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Abstract

In this work we are presenting the synthesis of novel classes of transparent Hole
Transporting Materials (HTMs) based on Low-Cost Phenothiazine (PTZ) for
perovskite solar cells applications. Three scaffolds based on PTZ were prepared
either by alkylation of the nitrogen atom by nucleophilic substitution in presence of
base (scaffold 1) or by Buchwald-Hartwig arylation (scaffold 2). Scaffolds 1 and 2
were brominated using bromine to prepare the intermediates for the coupling
reactions, and the brominated scaffold 2 was further oxidized the prepare the
scaffold 3 intermediate. The Suzuki coupling was used for the synthesis of small
molecule based HTMs, while for the polymeric based HTMs Buchwald amination
polymerization was preferred to polymerize the brominated scaffold 1 intermediate
with different low-cost anilines. All HTMs were properly characterized with several
techniques and were transparent to visible light. The tuning of the phenothiazine
core and of their substituents gave access to new HTMs with different properties.

Some of them were applied in perovskite solar cells, obtaining interesting results.
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1 INTRODUCTION

1.1 Motivation

To date, most of energy sources in the world are non-renewable sources, e.g. coal,
crude oil, nature gas and uranium.! Their use has harmful effects on the environment
causing the global warming and fast climate change on Earth. According to
environmental scientists, the earth temperature has increased by more than one
degree comparing to the 19* century.?

The earth temperature rising is mainly due to greenhouse effect, which is a result of
the combustion of non-renewable energy sources. By 2070 the average air
temperature during the summer of the Gulf-countries would make these states
unsuitable for human life if the greenhouse gas release continues increasing with the
current rates.>™ Therefore, a constant and significant reduction of greenhouse gases
release is required to overcome the issue of climate change.

Beside the above-mentioned harmful side-effects, the scarcity of not-renewable
energy sources, is forcing the global community to look for new sustainable and
cleaner energy resources, such as, solar, wind, hydroelectric, biomass, geothermal,

ocean energy.® A 430 quintillion Joules of energy (430 x 108 J) are emitted every

8|Page



hour by the sun while the world need of energy per year is 410 quintillion Joules,
making the sun a perfect match as clean and sustainable source.”

Recently, the International Renewable Energy Agency has published the renewable
capacity statical report of 2021, specifying that the world added more than 260
GW of renewable energies in 2020, exceeding expansion in 2019 by close to 50 %.’
In practice, solar and wind energy sources have shown remarkable expansion, with
127 GW and 111 GW of new installations in 2020, respectively, and both now
make up more than half of the total installed renewable energy capacity.” This is
showing that solar as an energy source is one of the promising sources to achieve
the global energy demands and the requirements of the Paris Agreement which
requires the decrease the temperature by 1.5 °C in next 5 years.” Although the raise
in the global solar energy share, the total consumption of modern renewable energy
sources including solar energy is too low (2%) comparing to fossil fuels (79.7%).2 To
increase the share of solar energy, there is a strong need to research and develop
new solar energy technologies. In general, photovoltaics solar cells are divided into

three generation as shown in Figure 1.
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1%t Gen.

Advantages: high carrier mobility, mature technology
Disadvantages: high cost, loss of photon energy

» Crystalline Silicon Solar Cells

Silicon PV

» Amorphous Silicon
» Copper indium Gallium Advantages: less expensive
> Selenide Cells Disadvantages: low efficiency

» Cadmium telluride

2nd Gen.

Thin Film PV

Advantages: cost effective, comparable efficiency
Disadvantages: new technology, short term stability

Figure 1. Generations of photovoltaics (Modified from Ref. 9).°

1.2 Perovskite solar cells (PSCs)

1.2.1 Basic and working principle

The Russian mineralogist Gustav Rose discovered perovskite material for first time
in 1839.1° CaTiOs; material was named perovskite after the Russian mineralogist
Count Lev A. Perovski (1792-1856). CaTiOs can be converted to a semiconductor
material by replacing the oxygen atoms by halogen atoms or a mixture of various
halogen atoms. In general, perovskites have the structure of ABX; (Figure 2) with
crystalline properties, containing three different inorganic or organic species: Ais an
Inorganic (e.g. Cs*) or organic (e.g. Methyl ammonium MA), while B is a divalent
cation (e.g. Pb(ll) or Sn(ll)), and X is a halogen or a mixture of different halogens (I,

Br,, CI). The first use of a perovskite material in solar cells was in 2009 by Miyasaka
10| Page



and co-workers using methylammonium lead bromide (CHs3NHs3PbBrs) and
methylammonium lead iodide (CHsNHsPbls) as sensitizers on TiO, in DSSC devices
giving efficiencies of 3.13% and 3.81%, respectively.!! Because of the interaction
between the used iodide/triiodide liquid electrolyte in DSSCs with the perovskite,
the two perovskites were degraded, rapidly. To overcome this degradation problem
a solid-state HTM was designed and used as electrolyte, Spiro-OMeTAD, to replace
the I/153 liquid electroltye.® These DSSCs based on halide perovskite materials as
active absorbent of light and solid state HTMs are called Perovskite Solar Cells (PSCs)
and have captured the interest of many researchers in the field of photovoltaics

technology.
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Figure 2. A) perovskite structure (Reproduced from Ref. 12 with permission from John

Wiley and Sons),*2 B) Schematic diagram of the working mechanism of PSCs (Reproduced
from Ref. 13 with permission from the Royal Society of Chemistry).:3

Since the early work of Miyasaka in 2009,! the research on perovskite solar cells have grown
rapidly as the power conversion efficiency (PCE) raised from 3.9% to 10% using a solid-state
HTM in PSCs,**> reaching 25.6% in 2021 approaching the highest values obtained by

single-crystalline silicon solar cells as shown in (Figure 3) . PSCs have a potential to be the PV
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technology of the future due to its high performance and the cost-effective solution based

process used in perovskite solar cells fabrication.
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1.2.2 Architectures and building blocks of Perovskites Solar Cells

Mainly we have two architecture types of PSCs (Figure. 4), the first one is the regular
n-i-p (negative-intrinsic-positive) and the second one is the inverted p-i-n (positive-
intrinsic-negative). Both of them can be mesoporous or planar. In the first one a n-
type electron transport layer (made of an Electron Transporting Material, ETM e.g.,
TiO,, SN0y, etc.) is lying at the bottom of device structure where it is deposited onto
a conductive glass (FTO), followed by the active layer (perovskite) and finally by the
p-type hole transport layer (made of a Hole Transporting Material, HTM: e.g., Spiro-
OMeTAD, P3HT, PTAA, etc.) and finally by a metal electrode on the top. As far as the
second one is concerned, the inverted p-i-n architecture, the hole transport layer is
laying over the glass, at the bottom of the solar cell, followed by the perovskite active

material, by the electron transport layer and, finally, by the metal electrode.'®

1.2.3 Mesoscopic and planar structures

1.2.3.1 Mesoscopic structure

In case of mesoscopic structure, the perovskite crystals are filling the pores into the
mesoporous n-type metal oxide (e.g. TiO,, Sn0;, Al;03, ete.) and covering it. The

mesoscopic structure has a larger interface at the perovskite/HTM or
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perovskite/ETM interface in normal and inverted structures and the mesoporous
scaffold provides an efficient extraction of charges.!® Adding to that, the
performance of the perovskite device can be enhanced by changing the mesoporous
ETL. In the case of the first cell, made using mesoporous TiO; as n-type ETM layer
and Spiro-OMeTAD as HTM layer, the efficiency was around 8% using 300 nm
thickness of a perovskite layer of methylammonium lead iodide chloride
(CH3NH3Pbl,Cl) halide, but when Al,03 was used as a mesoporous oxide the PCE
increased to 10% as Al;Os acts as an insulator due to its wide band gap of 7.00 and
7.6 eV for am- and y- Al,0s3, respectively,’® and cannot transport the electrons due
to energy level mismatch with the CB of perovskite active layer. In fact, Al,O3
supports only the crystallization of the perovskite, and since in this kind of solar cells
there is no n-type oxide the devices are not sensitized solar cells as upon excitation
of the electron from the VB to the conduction band we have only the movement of
holes to the HTM.% Also, the current density of PSC devices can be enhanced by
using a mixture of larger particles of TiO,-ZrO, in the mesoporous layer can increase

20 Mesoscopic based PSC devices have been investigated,

the light scattering.
reaching efficiencies of more than 25%. Devices based on the mesoscopic structure

show negligible hysteresis (fluctuations in current-voltage response in forward and

reverse directions) in comparison with planar architecture due to the large area
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contact between the perovskite active layer and the mesoporous resulting in
efficient electron transfer and separation.'>?! However, TiO, have some drawbacks
as it has low electron mobility, can show charge accumulation at the TiO,/perovskite
interface because of its photocatalytic activity and the presence of trap states, which
lower the stability of the PSC devices under UV irradiation.?? Also, the production of
the TiO; layer needs sintering at very high temperatures (around 500 °C), which
results in the degradation of the polymeric materials (e.g. polyethylene napthalate,
polyethyelene terephthalate) of flexible solar cells making the use of TiO, unsuitable
in flexible optoelectronic devices. Because of these disadvantages many efforts have
been done to replace the mesoporous TiO; layer, TiO; nanowires were synthesized
using atomic layer deposition, to enhance the electron collection and the absorption
coefficient.? Besides that, SnO, based mesoporous materials which have a valence
band (VB) of -7.94 eV that is deeper than the -7.2 eV of the TiO, ETL, were explored
and developed due to their excellent properties as SnO; has a 100 times higher
electron mobility, wider band gap around 4 eV and deeper conduction band (CB) of
-4.23 eV than TiO2, which has a conduction band placed at -4.05 eV.??>%* When the
mesoporous SnO; ETL is treated with TiCls, the device PCE jumps at 8.54%, higher
than the mesoporous TiO; ETL, for which PCE was only 7.20%.%° In conclusion,

introducing mesoporous ETL in PSC based devices provides improved control of the
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morphology of the device, negligible hysteresis and high performance and
reproducibility.?®?7 Still, the mesoporous layer has some drawbacks, as without it the
device structure is simplified, and the efforts and device production costs are

reduced.?®

1.2.3.2 Planar structure

The structure of the PSC planar architecture is shown in Figure 4. A planar PSC device
was fabricated initially by Snaith et al.’® with a compact ETL (TiO2), a 150 nm
perovskite active layer (MAPbIs«Clx) and a HTL layer (based on Spiro-OMeTAD) giving
a PCE of 1.8%. After controlling the processing condition, film thickness, atmosphere
and annealing temperature, the morphology of PSC device was optimized giving a
high photocurrent when a complete surface coverage was obtained, achieving a PCE
of 11.4% with a short-circuit current density (Jsc) of 20.30 mA/cm? and an open-
circuit voltage (Voc) of 0.89 V.2’ Furthermore, the use of highly uniform vapour
deposited layer perovskite active layer, while ETL (TiO2) and HTL (Spiro-OMeTAD)
layers were deposited by solution-based processes, improved the performance of
planar PSC devices leading to PCE over 15% with Vo of 1.07 V which indicates that it
not always necessary to use complex nanostructures to obtain high performances of
PSC devices.?® It was found that the introduction of a hydrophilic buffer layer of

PMMA (Poly(methyl methacrylate), which was treated by a homemade ozone
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plasma generator for the hydrophilic grafting (HGG) onto the non-wetting HTMs, can
dramatically improve PCE to 20.75% with very high air stability, excellent
reproducibility and imperceptible hysteresis.>° From the commercialization point of
view, the inverted planar (p-i-n) structure have a high potential for large-scale
fabrication because of its moderate processing temperature, around 100 °C, good

air stability, low cost, and short production time.?83!
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Figure 4. Schematic illustration of the most common device architecture of PSCs: (a) (n-i-p)
mesoporous and planar structures. (b) Energy diagram of the different components of a
conventional PSC. (c) Inverted (p-in) mesoporous and planar structures. (d) Energy diagram
of the different components of an inverted PSC (Reproduced from Ref. 32 with permission
from the Royal Society of Chemistry).32
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2 BUILDING COMPONENTS OF PSCS

2.1 An Overview

Beside the perovskite active layer, the main parts of the perovskite solar cell device
are the counter electrode (CE), the electron transporting layer (ETL) and the hole
transporting layer (HTL). The counter electrode is important for the device
performance and stability by collecting holes. Generally, noble and transition metals
such as Ni, Mo, Cu, Cr, Au and Ag are used as counter electrode. The counter
electrode has to collect and extract the charge carriers efficiently from the
perovskite sensitizer with the help of HTL and ETL. Thus, the CE should have high
electric conductivity and aligned work function. For example, the Fermi level of the
counter electrode must be above the valence band and below the conduction band
edge of the perovskite active layer.33

It was reported that the CE is one of the main causes of cell degradation, which can
occur due to metal migration into the HTM layer or the corrosion of the CE if and
when it comes in contact with the perovskite layer. Lately, in a device with the
FTO/TiO2/MAPbI3/HTM/Au configuration it was reported that Au diffuses into the
perovskite layer and dramatically decreases the solar cell performance.3*

To overcome this issue a buffer interlayer was added between the CE and the

perovskite layer but it provided protection for a short-time frame. Until now, the
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need for long-term stability still remains, as the perovskite active layer tends to
diffuse under continuous light irradiation, which degradates the PSC devices. To
increase the long-term stability, new electrodes are used.3*38 It was reported that
copper (Cu) electrodes are stable for many years even in direct contact with the
perovskite active layer and can replace the Au electrodes because of the high
resistance to corrosion of Cu even in presence of harsh halogens and non-oxidizing
acids (e.g. HBr, HI, HCI). Due to the absence of the interaction between the Cu
counter electrode and the perovskite after a long-term under sun irradiation and
thermal annealing, the Cu did not migrate nor diffuse into the perovskite layer.3® It
is so clear that it is important to obtain a long-term stable CE for constructing a stable
PSC device.

Electron transporting materials (ETMs) have an important role in perovskite solar
cells (PSCs). The main role of the ETM is to extract and transport the perovskite’s
photogenerated electrons while blocking the holes.3%#1

Also, the homogenous and uniform ETL can increase the air stability of the solar cell
device by blocking the diffusion of oxygen, metal particles and moisture.*? For an
ETM to be ideal it should have these properties: i) excellent electron affinity and

tuned energy levels with the perovskite active layer to increase charge separation

and block recombination; ii) excellent electron mobility, which helps extracting and
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transport the electrons; iii) chemical stability to prevent any interaction with the
perovskite or the anode; iv) facial processability and low-cost; v) hydrophobicity, to
block moisture infiltration into the perovskite.**=* The most common ETMs used in
perovskite devices are inorganic metal oxides (e.g. TiOz, ZnO, Sn0,, W03, Zn,Sn04
and SrTiOs), while also organic compounds are used, e.g., fullerene derivatives.*34¢~
°1 The most highly performing devices are based on mesoporous ETLs as they give
large surface area and maximize the loading of the absorber, that leads to low
recombination due to continuous electron flow. Beside fullerene, many other
organic molecules were used as ETM in high-performing PSCs. These are small
molecules, polymers and ionic liquids, e.g. based on perylene derivatives because of
their high chemical stability, thermal stability and high electron mobility. The non-
fullerene organic ETMs have some advantages over the fullerene ones, as they have
easily tunable chemical structure, high synthetic yield, facial processing and it is
highly possible to decrease their cost.>>>° Bai et al.”® have fabricated a cell with a
PCE of 19.5% and maintaining 90% of initial performance using an interesting
designing of ETM in which a cross-linkable silanol bound used to the carboxylic acid
group of a fullerene, which was decorated with a hydrophobic CF3 group, to increase
the water resistance. To resolve the issue of stability, besides the design of new high-

performing ETMs, many various strategies have been such as, the use

21| Page



fulleropyrrolidinium iodide (bis-Ces) and amine-functionalized DMAP-Cgso layers to
prevent oxygen or moisture and at the same time giving high performing devices.>®
61 Although a lot of efforts have been done for the development of new strategies to
produce efficient ETMs, there are still challenges to be addressed. One of the
challenges is the use of SnO; as ETL. Tin oxide is known as an excellent ETM which
can provide devices with high efficiencies, but the annealing temperature can affect
the film characteristics and thus its effect on the film characterization and the device

performance still needs to be explored.*’

2.2 Hole-transporting materials (HTMs)

HTMs play an important role when we are looking for highly performing and long-
term stable perovskite solar cell devices. The HTM is a “must” in all PSCs devices as
it is responsible for efficient extraction and transport of holes from the perovskite
active layer to the metal electrode. Besides, it protects the perovskite layer from the
diffusion of the metal from the electrodes (Au, Ag and Al).6%%3 HTMs work on the
reduction of the charge recombination at the Perovskite/HTM interface covering the
perovskite surface uniformly, as the HTM should have a higher LUMO energy level
than the conduction band (CB) of the perovskite to prevent the electron back

transfer (charge recombination). Besides that, the HTMs improve the stability of the
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perovskite devices by surface passivation via ionic, covalent, and non-covalent
interactions.®*%” HTMs can act as a barrier to avoid the entrance of oxygen and/or
moisture which protects the perovskite active layer from the ambient-induced
degradation, leading to the improvement of long-term stability of the device.®®

The Ideal HTM for a perovskite solar cell should follow several requirements: i)
tunable energy levels; ii) high hole mobility; iii) soluble in the common organic
solvents used for its deposition; iv) hydrophobic; v) highly conductive; vi) low-cost;
vii) chemical and thermal stability; viii) transparency in the visible region for enabling
the highest light absorbance by the perovskite active layer.!® Also, easily attainable,
biodegradable and environmentally friendly HTMs are required to obtain green solar
cell devices.®*’1  The polymeric PEDOT:PSS (Figure 9) HTM is a commonly used
material, which gave low efficiency of 3.9% in a planar device due to the un-
optimized absorber layer thickness (< 50 nm) and the modest characteristics of the
Perovskite/HTM interface (MAPbIs). By using perfluorinated isomers to tune the
HOMO energy level of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) from 4.86 eV to 5.4 eV the device performance was increased to
11.7%.”> The PEDOT:PSS has many pro, as affordability, facile synthesis and it has
been investigated in organic electronics but it still have some cons, like i) its acidity

which can result an issue for the electrodes; ii) its hydrophilic and hygroscopic nature
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lead to reduction of device stability and iii) the molecular weight batch from batch
variation. Currently the most used HTM in perovskite solar cells is Spiro-OMeTAD
(2,2’,7,7’-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene.”> HTMs can

divided into two main categories: 1) Inorganic HTMs and 2) Organic HTMs.
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2.2.1 Inorganic HTMs

Inorganic hole transporting materials have the advantage of wide band gap and high
hole mobility. The energy alignment between the HOMO level of the HTM and the
VB of the perovskite is an important factor for device high efficiency. For this reason,
the energy levels of inorganic HTMs in PSCs are shown in Figure 5. Cu based HTMs
like CuSCN, Cul and CuOx have been used extensively because of their band matching
and good efficiency. Oxides such as NiOx, MoOx and MoOQs are a very promising HTMs
as they have very good and reproducible results in PSCs devices. MoQs in inverted

structure has showed an efficiency of 18.2%, which is an outstanding achievement.”
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Figure 5. The energy levels alignment of inorganic HTMs in PSCs (Reproduced
from Ref. 74 with permission from Elsevier).”*
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2.2.2 Organic HTMs

The organic HTMs can be divided into 2 major classes: small molecule®’> and

polymeric HTMs.”>76

2.2.2.1 Small molecules

Small-molecules HTMs are interesting since they can be produced and easily purified
by assembling different moieties, containing Donor and/or Acceptor functional
groups tailoring and adapting their properties to the specific perovskite needs, based
on the molecular structure and on the solid-state packing state.”” In fact, the hole
mobility value of pristine organic HTMs, for both small molecules and polymers, is
relatively low, in the range 107%=107% cm? V-1 S, For a better performance in a PSC,
a HTM should have a hole mobility of at least 10™* cm? V™1 s71; 78 5o, the required

hole mobility can be usually obtained by doping.”®

Here we are presenting some of the most used units for organic small molecules

HTMs.

2.2.2.1.1 Spirobiflurorene

The bulky twisted spirobifluorene-based Spiro-OMeTAD (Figure 6a) is the most

studied HTMs small molecule and showed one of the best efficiency performances
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since its first use was in 1998.2 At the beginning it was used for DSSCs and gave an
efficiency of 0.74% which was improved by the use of dopants 4-tert-butylpiridine
(t-BP) and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), achieving a PCE of
2.56%.8! Then the efficiency was improved to 7.2% by adding a Co"' complex (FK102)
dopant.®2 Although the first 2 dopants are still used to improve the hole mobility and

Vo, various Co""

complexes were examined to enhance the hole mobility of the Spiro-
OMeTAD. A PCE of 19% was obtained by using a mixed perovskite having the
composition (FAPbI3)oss(MAPbBr3)o.15.83 Another mixed Perovskite absorber
prepared through the optimization of the ratio of lead iodide/formamidinium iodide
and excess of Pbl,, gave an efficiency of 20.8 % in the mesoscopic configuration using
doped Spiro-OMeTAD.8* As a matter of fact, the presence of the methoxy groups (-
OCHs) in the HTM is responsible for tuning the HOMO level of the molecule, beside
the important role they play in attaching the molecule to the perovskite layer. To
notice this behavior, Seok et al.% studied the electric and optical properties of Spiro-
OMeTAD having methoxy groups in para- (pp-OMe, Figure. 6b), ortho- (po-OMe,
Figure. 6 d) and meta- (pm-OMe, Figure. 6¢) positions. The methoxy unit has electron
withdrawing effects due to the inductive effect, nevertheless, as Hammett

demonstrated, depending on the substitution pattern it can behave as electron-

donating (if resonance can act for it) or withdrawing unit in the para- and meta
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position respectively, while in the ortho-position it has a more important steric

effect.

pp-Spiro-OmeTAD: R'=H, R?=H, R®=0CH;
pm-Spiro-OMeTAD: R'=H, R?=0CHj,, R3=H

C,
(d) po-Spiro-OMeTAD: R'=OCH3, R?=H, R3=H

Figure 6. Structures of Spiro-OMeTAD HTMs.

2.2.2.1.2 Thiophenes

They present a striking class of compounds, which were used intensively as building
units for organic semiconductors and were widely studied due to their
optoelectronic properties and their high hole mobility which is an attractive property
for HTMs.”® Nazeeruddin et al.®® obtained a PCE of 20.2% using a thiophene based
HTM (Figure 7) with mixed perovskite (containing mixed MA and FA cations, with |

and Br anions).
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Figure 7. Structure of a thiophene based HTM.

2.2.2.1.3 Triphenylamines

Triphenylamine (TPA) unit is one of the most used building blocks in organic
electronics. Because of its propeller-like structure, it gives rise to non-planar
geometry that control the packing of the material in solid state and influence the
optoelectronic properties of the TPA based material.® Many star-shaped HTMs
based on TPA unit were designed, for example, Ko et al., (Figure 8 (a) and (b)), with
a diphenyl ethenyl side arm acting as acceptor,?’ giving efficiencies of 9 and 11.8%,

respectively, in MAPbIs based devices.

N
OO $

|
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Figure 8. Structure of triphenylamine based HTMs: a) “TPA-MeOPh”; b) “FA-MeOPh”.
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2.2.2.2 Polymers

Conjugated polymers have been used for many years in organic electronics, like
OFET,® OPV,% OLED,®° etc. HTMs based on polymers can be divided into three main
types: i) homopolymers; ii) copolymers and iii) D-A (Donor-Acceptor) copolymers. As
a matter of fact, homopolymers have been used in large scale because of their facile
synthesis and availability.”® Polymeric HTMs have higher stability comparing to
molecular HTMs (normally known as “small molecules”), which in general results in
more stable devices.®? Even if small molecules offer a defined molecular weight and
structure with high synthetic reproducibility and easy purification, on the other
hand, polymers often have better properties in terms of mechanical and thermal
stability, higher hole mobilities and processability.>>® High device efficiencies
exceeding 20% can be obtained using low-cost and air stable conjugated polymers
by replacing the hygroscopic and expensive molecular HTM, such as Spiro-
OMeTAD.?%7:%8 Currently, the most studied conjugated polymers as HTMs in PSCs
are the polymers based on Polytriarylamine (PTAA), P3HT and PEDOT:PSS that are

shown in Figure 9.%8
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PEDOT:PSS

PEDOT PTAA

Figure 9. Structure of the most used polymers as HTMs.

2.2.2.2.1 Polytriarylamines (PTAA) based HTMs

As a results of the high hole mobility induced by the triphenylamine unit, PTAAs are
an important class of hole transporting materials in organic photovoltaics.>® The
PTAA is a commercially available polymer, in which the 2,4,6-trimethylaniline is
linked to a biphenyl moiety. Its own properties are excellent and made it the
standard reference for the polymer-based PSC efficiency. PTAA-like polymers have
high hole mobility of (102 - 102 cm?V!s') under doping conditions, strong
interaction with the perovskite and low thermal degradation. PTAA-based polymers
are considered as efficient HTMs.2® Beside the effectivity of PTAA polymers as

HTMs, they have been used in different perovskite solar cell based devices to achieve
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long-term stability because of the presence of amino group nitrogen in the backbone
of PTAA based polymers which prevent the delocalization of electrons between
adjacent phenyl units and decreases the conjugation length (cross conjugation), thus
resulting into an anti-oxidative ability and thus a higher stability under ambient

conditions.58101

2.2.2.2.2 P3HT-based HTMs

P3HT is the most popular among thiophene-based polymers, being a conjugated
polymer and showing a good solubility, high stability, and a relatively high hole
mobility.1%2 P3HT based polymers are good candidates for PSCs application, even
though, in the primary work the performance of a device having P3HT HTMs was
low, mainly due to low hole mobility 3 x 10* cm? V! s and the fast recombination
behavior at HTM/perovskite interface.10%103

The first device based on P3HT as HTM and CH3NH3PbBrs; as perovskite active layer
obtained a very low PCE of 0.52%.%%* Although, the improvements, still the low hole
mobility of P3HT is a big issue for the efficiency of PSCs devices which could be
partially resolved using LiTFSI and or t-BP.105197 The efficiency of PSC was increased
from 5.6% to 14.2% when Li-TFS and t-BP were added to the HTM as dopants, Li-
TFSI/t-BP additives demonstrated better hole mobility than the P3HT without

additives because of the extra hole transport by Li-TFSI/t-BP mediated hole
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conduction.'%> Recently, Seo and others®” reported a double-layered halide structure
(DHA) in PSCs using P3HT as HTM obtaining a certified PCE of 22.7% in the undoped
state. The introduction of the wide band gap halide (WBH) layer into the perovskite
structure effectively reduced the charge recombination at the HTM/perovskite
interface and increased the self-assembly of P3HT, resulting in the remarkable
improvement in the obtained PCE. In addition, the DHA-based PSCs showed good
long-term stability, preserving nearly 80% of its initial efficiency after 1008 h at
relative humidity of 85% without encapsulating and 95% of it initial efficiency for
1370 h under sun irradiation after encapsulation.

The effect of regioregularity (RR) and molecular weight on the performance of and
stability of PSCs was investigated and it was found that the higher the molecular
weight of the P3HT, the higher efficiency of the devices and that a P3HT with lower
RR will form a film with and face-on arrangement onto perovskite, thus enhancing

the cell efficiency.1%®

2.2.2.2.3 PEDOT:PSS- based HTMs

PEDOT:PSS polymers have been widely used as HTMs in inverted PSCs as it has high
work function, excellent conductivity and high transparency.'® As we mentioned
before PEDOT is one of the first HTMs used for perovskite solar cells. Further
development in the crystallinity and grain size of the perovskite layer using solvent
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annealing, moisture-assisted film growth and single-step spin-coating methods

resulted in PSC devices with efficiencies of 15.6%, 17.1% and 18.1% respectively.1%-

112

2.2.3 Chemical Doping

Doping is an important tool to increase the efficiency of devices in organic electronic
by increasing the conductivity, reducing the ohmic loss in charge transport parts and
injection barriers at the interface with the electrodes, and controlling the energy
levels.!?31% p-dopants in organic semiconductors work by adding mobile charge
carriers which are created by electron acceptors, that remove electrons from the
HOMO to generate holes in the HTM (Figure 10).1*>1%6 Various numbers of p-type
semiconductors have been introduced today and in Figure 11 the structures of the
most used ones are shown. Moreover, the use of dopants is giving serious problems
for the cell stability because of the sophisticated oxidation procedure and undesired
ion migration. For example, the hygroscopic character of LiTFSI leads to the
recruiting of moisture from the air and the formation of pinholes into the HTM layer,
resulting in the chemical degradation of the perovskite layer, which negatively
affects the stability of the solar cell device.*>'” Also, tBP can interact with perovskite

active layer and could dissolve it.11&119
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Figure 10. Schematic illustration of the molecular p-type doping mechanism,
where the dopant is an acceptor.
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Figure 11. Structure of most used p-dopants.
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3 PHENOTHIAZINE

3.1 Phenothiazine as a building block in organic
semiconductors

Since the beginning of organic photovoltaics, various numbers of small molecules
and polymers were produced based on different building blocks having electron
donating or withdrawing properties. Most of them have a rigid coplanar structure
which improves electron delocalization and enhance co-facial n-mt stacking in the
solid phase state, thus increasing the charge transport in the devices. However, this
often is accompanied with higher order crystallinity and aggregation, which reduce
the solubility in the processing solvents and negatively affect the charge mobility,
leading to lower performance of the photovoltaics device.'?>!?! To solve this
problem not-planar scaffolds are needed to be introduced which can give reasonable
conformational twist and less coplanar conjugated backbone. Furthermore, the
presence of a not-planar scaffold can introduce useful properties which are critical
for high performing Organic Solar Cells (OSCs) such as solution-processability, film-
morphology, and desired aggregation.

Phenothiazine (PTZ) is well known as an electron-rich not-planar heterocyclic
compound which contains sulfur and nitrogen.'??> As showing in Figure 12 the
phenylene rings of PTZ have the aspect angle of 21° as they are folded along the S...N
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vector. Phenothiazine is well known as a building unit in dye synthesized solar cells,
organic light-emitting diodes and organic thin-film transistors due to its ability to
decrease molecular aggregation because of the non-planar butterfly conformation
together with the good thermal and electrochemical properties, easy energy levels

122 pye to the low hole bulk

tunability, commercially availability and low price.
mobilities and its non-planar geometry, phenothiazine building units have not been

fully explored as a building blocks for organic solar cells.*?3
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Figure 12. Chemical structure of phenothiazine and top and side view of DFT
optimized geometry structure.
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Scheme. 1 Synthesis of phenothiazine.'?2

As shown in Scheme 1 phenothiazine is usually prepared by reacting sulfur with
diphenylamine in presence of AICl5.222 One of the most important advantages of
phenothiazine molecule that it can be functionalized with various substituents at
position C-2, C-3, C-7, C-8 and N-10 leading to the tuning of its electrochemical and
photo-physical properties. In most cases, the N-10 position is decorated for solubility
processing proposes by using alkyl, aryl or aralkyl. Commonly, positions at carbon C-
3 and C-7 are the most used for the substitution with electron withdrawing or
electron donating groups, to tune the molecular properties and to afford the desired
semiconductors. Typically, electrophilic substitution reactions such as halogenation
and formylation take place at positions C-3, C-7. Phenothiazine is mono- or di-
halogenated at these positions to generate aryl halides which are a fundamental
reagent in palladium-catalyzed coupling reactions (Stille, Suzuki, Heck or Buchwald)
with aryl-tin, aryl-boron, aryl-alkene or amine respectively. In addition to that, PTZ is
an aromatic S-heterocycle having a sulfur which can show different oxidation states
such as (sulfide, sulfoxide, and sulfone) which could be achieved easily through

oxidation and reduction reactions.
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3.2 Properties of Phenothiazine derivatives

10H-phenothiazine is an electron rich heterocyclic compound, containing sulfur and
nitrogen. Phenothiazine has the ability to give a stable radical cation with deep color
because it undergoes a reversible one-electron oxidation process with low
potentials.’?* Also, a dicationic species can be obtained by a further one-electron
oxidation (see Scheme 2).!2> Cyclovoltammetry is used to measure both the
oxidation steps related to both one and two electron transfer (E1/2%*!= 270 mV and
E1/2"Y*2= 770 mV)*25, and the presence of the radical cation can be detected by UV-
Vis?’, EPR'28 and Raman spectroscopy.*?® As a matter of fact, phenothiazine based
compounds have promising applications in material science as electron donating

units in electronically conducting charge-transfer materials3°

and as electrophoretic
sensors in supramolecular systems for photoinduced electron transfer (PET).131-133
Due to their low oxidation potential, phenothiazines are capable of acting as
electron donors in fluorescent donor-acceptor chromophores, which are very useful
for organic light-emitting diodes applications.’3*3> and for electrooptical and

nonlinear effect base applications.'3®

H ] H . H
N -e Nt -e i :N:: i
C:S:C e C:S:C te §7
Scheme 2. Two steps one-electron oxidation of PTZ and corresponding radical cation and

dication.
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3.2.1 Phenothiazine Based Hole Transporting Materials for PSCs

To have a better performance of the perovskite solar cells, the properties of the hole
transporting materials should be improved. Therefore, many studies were
performed on the HTMs and perovskite active layer in view of obtaining stable and
commercially available perovskite solar cells.®” HTMs are an important part for the
PSCs to improve the efficiency and stability of the devices.'3®

To commercialize the PSCs, a lot of research groups are working on the development
and enhancement of the HTMs properties. Recently, phenothiazine based HTMs
have brought the attention of many researchers.

In 2018, Xiaojuan Zhao et al.’® have reported three new HTMs based on
dithienopyrrolobenzothiadiazole (DTPBT) core, and terminated with triphenylamine
(TPA), phenothiazine (PTZ) and octyloxy-triphenylamine (CgH130-TPA), giving the
HZ1, HZ2 and HZ3 HTMs respectively (Figure 13). The highest performance was
shown by HZ2, the HTM bearing phenothiazine as an end group, with a PCE of 14.2
% (which is close to the PCE of the state-of-the-art Spiro-OMeTAD in the same
conditions, 14.9 %), Jsc of 20.43 mA cm2, Vocof 1.026 V and FF of 68% and having a

better stability of 280 h without encapsulation under 20% relative humidity. The HZ1

and HZ3 HTMs showed efficiencies of 7% and 10.2% respectively.'3°
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Figure 13. Chemical structures of the HZ1, HZ2 and HZ3 HTMs.13°

In 2018, Fei Zhang et al.}*° reported three new HTMs based on phenothiazine core
attached through double bonds (conjugation bridge) with the 4,4’-
dimethyltriphenylamine, N-ethylcarbazole (linked at its carbon in position 3) and
4,4’-dimethoxytriphenylamine groups (Figure 14). The HTMs 728, 729 and Z30
showed the HOMO energy level values of -5.39 eV, -5.44 eV, -5.27 eV, respectively,
while the perovskite active layer has a VB energy level of -5.5 eV. The space charge
limited current method was used to measure the hole mobility values of the new
HTMs giving 6.18 x 10 cm?V-1s! for 728, 6.82 x 10°cm?V-!s! for Z29 and 6.70 x 10°
> ecm?V-ist for Z30. Z30 gave the highest PCE of 19.17% (with spiro-OMeTAD showing
a PCE of 19.66% in the same conditions) and Jsc of 23.53 mA cm™, Voc of 1.114 V and
FF of 0.73%, also demonstrating that this HTM has a higher stability than that of 228

and Z29 under ambient air and relative humidity of 40% in the dark without
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encapsulation (1108 h) and under continuous sunlight soaking without
encapsulation (600 h). The Z28 and 7229 HTMs, however, gave PCE of 17.77% and
14.65% respectively, showing that the use of the phenothiazine as a core scaffold is

undoubtedly promising.
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Figure 14. Chemical structures of the Z28, 729 and Z30 HTMs.14°

In 2017, Grisorio et al.}*! have synthesized two new HTMs based on Phenothiazine
core PTZ1 and PTZ2 (Figure 15) They found that a very small variation of the
molecular structure showed a strongly effect on the photovoltaic performance of
the PSC. The difference between the two HTMs is simply the presence of a phenyl as
a spacer between the phenothiazine and the amino nitrogen in PTZ2 with respect to

PTZ1. The HTMs have HOMO of -4.77 eV and 5.15 eV for PTZ1 and PTZ, respectively.
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The PCE of PTZ1, PTZ2 and Spiro-OMeTAD were 2.1%, 17.6% and 17.7% respectively.
PTZ2 (Jsc=2.11mA/cm?, Voc=1.11V and FF=0.75) showed to approach an efficiency not
so far from to the state-of-art Spiro-OMeTAD and incredibly higher than PTZ1, simply

due to extension of conjugation.
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Figure 15. Chemical structures of the PTZ1 and PTZ2 HTMs. 14!

In 2019, Salunke et al.'*? have designed and synthesized two new HTMs based on
phenothiazine molecule AZO-I and AZO-Il (Figure 16) via facile, eco-friendly and
cheap Schiff base chemistry and low-cost precursors. The PCE of AZO-I, AZO-Il and
Spiro-OMeTAD are 14.3%, 16.6% and 19.3%, respectively. It was found that devices
based on AZO-Il were more stable than AZO-Il and the state-of-art Spiro-OMeTAD, as
it retained 91% of their intial efficiency after 60 days, while, devices based on AZO-I

and Spiro-OMeTAD retained 68% and 86%, respectively. Both of the HTMs AZO-l and
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AZO-1l have similar vales of HOMO energy level of 4.97 eV and 4.94 eV but different
hole mobilities of 2 x 10® cm?V-1st and 2 x 10° cm?V-1s?, respectively. The better
results of AZO-Il are probably related to its symmetric structure, while AZO-I is

asymmetric.
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Figure 16. Chemical structures of the HTMs AZO-l and AZO-Il HTMs.#?

Lately, Ding et al.}*® have developed two new phenothiazine-5,5-dioxide (PDO)
based HTMs PDO1 and PDO2 (Figure 17). In PDO1 the 10-N position was substituted
with anisole while for in the PDO2 it was substituted with 4,4'-
dimethoxytriphenylamine. The 4,4 -dimethoxydiphenylamine is the final substituent
group on the phenothiazine for both HTMs. These HTMs were synthesized via
Buchwald-Hartwig amination, radical substitution with bromine, followed by the
oxidation of sulfur atom and, finally, by a Buchwald-Hartwig cross coupling. The PCE
obtained by PDO1, PDO2 and Spiro-OMeTAD are 16.7%, 20.2% and 19.8%. PDO2
gave a better performance than PDO1 as the 4,4'-dimethoxytriphenylamine is a
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stronger electron-donating unit comparing to the anisole unit. PDO2 also slightly
overcame the state-of-art Spiro-OMeTAD, indicating that it is a promising HTM for
PSCs. PDO1 is the oxidized form of PTZ1 shown above!*! and has a higher PCE of
16.7% comparing to 2.1 of PTZ1. This is due to the introduction of the sulfone group
which changes the molecule structure to a D-A HTM, tunes the energy level, gives
excellent charge mobility, thus dramatically improving the device performance. The
oxidized phenothiazine core (PDO) also shows a more planar geometry and a strong

molecular stacking.
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Figure 17. Chemical structures of the PDO1 and PDO2 HTMs.1*#3

In 2019, Tsang’s group** developed a D-1t-D skeleton containing phenothiazine as
dopant-free hole transporting materials (BDT-PTZ and BDT-POZ) (Figure 18). The

concept of the molecular design is to have two donor units connected through a
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fused benzodithiophene core leading to better electron donating character and hole
mobility. The two HTMs were prepared through the Suzuki cross coupling reaction.
The recorded PCE of devices based on dopant-free BDT-PTZ, BDT-POZ and PTAA are

18.26%, 19.16% and 17.85%, respectively. Both the new HTMs have a better

behavior than the state of art PTAA HTM.

CeHis
BDT-PTZ BDT-POZ

Figure 18. Chemical structure of the BDT-PTZ and BDT-POZ HTMs.1#

Liu et al.»*> developed a new dopant-free HTM based on phenothiazine core unit,
PTZ-TPA (Figure 19), with an efficiency of 14.3% recorded without any dopant. In the
same conditions, the dopant-free Spiro-OMeTAD gave a very low efficiency (7.39%).
According to the long term stability measurements, PTZ-TPA based solar cells are
more stable than Spiro-OMeTAD based devices under air exposure. The easy
synthesis, the appropriate energy levels and the high hole mobility are making PTZ-
TPA a promising alternative HTM to Spiro-OMeTAD for large scale production of

stable and high performance perovskite solar cell devices.
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Figure 19. Chemical structure of the PTZ-TPA HTM.!%

In 2019, Maciejczyk et al.1*® prepared two new HTMs based on the triphenylbenzene
core TPB(2-MeOTAD) and TPB(2-TPTZ) Figure 20. The use of phenothiazine increased
the solubility and decreased the cost of the new HTM TPB(2-TPTZ). The new HTMs
were prepared from low cost and commercial starting material 1,3,5-tris(2-
bromophenyl)-benzene, which could also be prepared via aldol condensation from
2’-bromoacetophenone and SiCls. This compound was then reacted with the proper
terminal groups by Buchwald-Hartwig amination, giving good yields (73% and 50%)
and very low total cost of 12.98 $/g and 3.09 $/g respectively for the final HTMs
TPB(2-MeOTAD) and TPB(2-TPTZ), comparing to Spiro-OMeTAD (around 100 to 400
S/g). The efficiencies of TPB(2-MeOTAD), TPB(2-TPTZ) and Spiro-OMeTAD were

12.14%, 4.32% and 19.04%, respectively.
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Figure 20. Chemical structures of the TPB(2-MeOTAD) and TPB(2-TPTZ) HTMs.4®

To obtain low-cost HTMs, Robertson et al.!*” had developed a series of HTMs based
on spiro[fluorene-9,9’-xanthene] core, SFX-TCz, SFXTAD, SFX-MeOTAD, and SFX-
TPTZ (Figure 21). The novel HTMs were prepared using Buchwald-Hartwig coupling
giving very good yields. SFX-MeOTAD HTMs gave the best PCE of HTMs series of

12.4% which is close to spiro-OMeTAD in the same conditions (PCE 13%).
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Figure 21. Chemical structures of the SFXMeOTAD, SFXTAD, SFXTPTZ and SFXTCz.24’
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Liang et al.'®® have designed and synthesized two SFX-centered compounds
tetrasubstituted with phenothiazines at the positions 2,2°,7,7'- (SFX-PT1) and
2,3',6',7- (SFX-PT2) respectively, as well as one spiro-centered compound Spiro-PT
(Figure 22). It has been demonstrated that SFX-centered HTMs have higher LUMO
levels, larger Stokes shift, higher thermal stability and hole mobility than that of
spiro-centered HTMs. As a result, SFX-PT1 containing the SFX core and 2,2',7,7'-
tetrakis (N-phenothiazylo) substitutes have the highest LUMO energy level, Stokes
shift, Tq, T and hole mobility. They believe that SFX-centered phenothiazine
substituted HTMs can be used as efficient candidates to substitute the state-of-the-
art Spiro-OMeTAD if their solubility can be enhanced.

The hole mobilities of SFX-PT1, SFX-PT2 and Spiro-PT are estimated to be 2.08 x 1073
cm?Vist 2,76 x 10* cm?V-1s7! and 1.29 x 107 cm?V~1s7!, respectively. The hole
mobility of SFX-PT1 is higher than that of Spiro-PT and Spiro-OMeTAD (2.0 x 107
cm?V~1s71). This indicates SFX-PT1 could be a promising HTM and can contribute to

the better performance of PSC devices.
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Figure 22. Chemical structures of the SFX-PT1, SFX-PT2 and Spiro-PT HTMs. 48

SFX-PT2

In 2021, Zhai et al.’° prepared and investigated the impact of spatial molecular
structure of phenothiazine based monomer and dimer HTMs PTZT and D-PTZT
(Figure 23) on their photoelectrochemical and physicochemical properties. It was
found that PTZT, having better hole mobility than D-PTZT showed a higher PCE than
D-PTZ (18.74% vs 15.48%), also slightly higher than Spiro-OMeTAD (18.45%).
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Figure 23. Chemical structure of the D-PTZT and PTZT HTMs.#°
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4 TRANSPARENT TANDEM SOLAR CELLS

The main goal of the project on which this thesis is based, is to develop a transparent
photovoltaic (PV) system to convert selective ranges of light spectral wavelength in
the UV and NIR region while excluding the visible region to reach colorless and fully
transparent solar cell devices. To achieve this goal, an innovative approach have
been followed based on hybrid tandem UV-perovskite solar cell (UV-PSC) with NIR-
dye-sensitized solar cell (NIR-DSSC). The main goal of the overall project is to obtain

full transparency and PCE of 14% with device lifetime of 25 years.

4.1 Absorption of light irradiation in the UV-region
(<450nm) and the NIR part (>700nm) portions of
the solar spectra.

Currently, most PV devices absorb light in the visible region of the light spectrum
which indicates why these devices are not transparent. The opsin and rhodopsin
receptors contain the three types of cones of retina are sensitive around 555nm and
500nm at shadow (Figure 24). To obtain the transparency to human eyes, the project
will focus on developing and integrating UV efficient PSC with A < 450 nm and near

IR-DSSC with A > 700 nm to obtain a fully transparent tandem solar cell (Figure 24).

51| Page



(A) (B)
How the Eye Perceives Color

NIR-DSSC

Relative sen sitivity

05

Spectral irradiance (W m2nm™)

500 0 i S
Spectral Wavelength 300 400 500 600 700 800 900 1,000
Wavelength (nm)

o
o

Figure 24. (A) Absorption threshold and sensitiveness of the three families of
cones composing human retina, (B) Solar spectrum at A.M.1.5G conditions vs. the
spectra position of UV-perovskite solar cells and NIR-dye sensitized solar cells
(Modified from ref. 150).1%°

4.2 Transparent Hole Transporting Materials

Recently, a lot of attention has been devoted to transparent semiconductors for
tandem solar cells applications. 1°%1>2

Mostly inorganic HTMs are used as transparent hole transporting materials such as
CuSCN, 133154 Cul, 1> NiOy, %157 Mo0y, '8 CuGa0,,%*° and Sr3Cu»Sc,205S,.10 In the case
of organic transparent HTMs, currently PTAA and Spiro-OMeTAD are the most used

compounds. 8384161

52| Page



However, PTAA and Spiro-OMeTAD have limitation for commercialization in the
future because of their high synthesis and purification cost. 70162

In fact, in order to bring PSCs to commercialization it is required to synthesize highly
efficient and low-cost new HTMs to replace PTAA and Spiro-OMeTAD to improve the
photovoltaic efficiency and performance of perovskite solar cells-based devices,
while maintaining a reasonable cost.1®3

One of the most challenging issues is the development and design of transparent
organic HTMs, because it is important to extend the m-conjugation to minimize the
reorganization energy and also to gain larger electronic coupling between the
neighbor molecules in the molecular packing structure, but the extension the m-
conjugation causes the red shift (bathochromic shift) in the light absorption of the
molecules.'®* Also, tuning the HOMO energy level with the active layer is a key factor

165

for high performance PSCs devices'® since it is important to tune the energy levels

of HTM with the perovskite active layer. 16
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5 METHODOLOGY DEVELOPMENT

5.1 An overview

The main task of the thesis project is about the synthesis, characterization, and
selection of transparent Hole Transporting Materials (HTMs) for perovskite solar
cells (PSC) having tailored properties and a proper energy levels alignment with the
perovskites developed by other partners, according to existing projects on
perovskite solar cells and tandem cells involving them.

As a matter of fact, the HTMs are highly conjugated systems (small molecules or
polymers) providing fast charge extraction and transport to avoid the recombination
of photogenerated excitons at the interface between the HTM and the perovskite.
This extended conjugation path of HTMs often makes them colored. The main task
of the thesis project is to obtain light-selective transparent photovoltaic devices, for
which HTMs with high transmittance in the visible region are required. The proposed
materials should warrant an average visible transmittance (AVT) > 85% in the visible
range and, at the same time, should provide a power conversion efficiency of 6% at
least in perovskite solar cells.

To ensure transparency, a wide band gap (i.e. an absorption below 450 nm) is
required. Beside transparency, the more important feature of a HTM is the energy
of its HOMO level, that should be relatively high to be easily oxidized, being thus
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prone to extract holes efficiently from the perovskite (PSK) layer with which it is in
contact. However, to assure the PSC to work properly, the HOMO and LUMO
energies should be higher than the perovskite valence band and conduction band,
respectively. In fact, the difference between the HTM LUMO energy level and the
perovskite conduction band should be large enough to prevent the electron
backflow from perovskite to the HTM which is an undesired process, that can result
in a substantial performance reduction. These requirements could be obtained by
the engineering of the molecular structure of the HTMs through the introduction of
specific functional groups on a central core. The literature on molecular HTMs is
enormous®>’” and different combinations of heterocycles and functional chemical
groups have been proposed. Among them, the class of triarylamines showed to be
highly efficient and most HTMs are based on this structural element.'®’>77 As a
matter of fact, the reference small molecule and polymer HTMs, spiro-OMeTAD and
Poyltriarylamine (PTAA) belong to this class. Searching for a different and new
scaffold that could comply with the project’s requirements, the phenothiazine unit
seems to be an interesting heterocycle to be used as main scaffold for transparent
materials since its peculiar structure breaks the conjugation at the nitrogen level
resulting in a limited or no absorption above 450 nm. The phenothiazine was thus
chosen as the main scaffold, which was then modified by: (i) introducing alkyl or aryl

groups on the nitrogen atom, (ii) functionalizing the 3 and 7 positions with several
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different pendant groups and (iii) oxidizing the phenothiazine sulphur atom (Figure
25). All these modifications have led to the tuning of the HOMO energy level, which
is essential to allow the energy matching with the perovskite valence band in order
to obtain an effective extraction of holes. The electrochemical, optical, and thermal
characterizations of the proposed materials helped to select the best materials to be

proposed for the preparation of perovskite solar cells.

R

N

AL

(O)o,1

R = alkyl, aryl, substituted aryl

R = H, Br, aryl

Figure 25. General structure for the proposed HTMs.

The investigation involved the synthesis and the structural, electrochemical, optical,
and thermal characterization of three different series of phenothiazine-based HTMs
for applications in (semi)-transparent perovskite solar cells. Particularly, the various
characterizations helped to select among the different series of HTMs the best
candidates for the photovoltaic application and, finally, the one which was selected

as the most reliable HTM. Selected HTMs showed a very high AVT, close to 90%; a
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value much higher compared to the targeted values (85%) and comparable with the
literature standards. Additionally, once implemented in the devices, the most
performing HTMs provided overall efficiency over 7% and a remarkably high Voc (1.65

V) proving limited internal energy losses.
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5.2 Development of phenothiazine-based hole
transporting materials

The phenothiazine has been chosen as the base scaffold to build new HTMs as it is
cost effective and easy to be functionalized at 3 and 7 positions. Moreover, the
presence of nitrogen allows a functionalization, while the sulphur can be useful both
for further oxidation (vide infra) and for the possible interaction with the lead
contained in the perovskite (i.e., leading to a better interface between the active
layer and the HTL). This kind of interaction is very important in the PSCs, since it can
result better surface morphology and crystallinity and contributes to the
improvement of the stability and performance of the device.'¢167 Based on this
scaffold three main classes of derivatives were prepared. The main difference was
the substitution pattern of the phenothiazine nitrogen (Figure 25). The series 1
contains a hexyl (alkyl) group on the phenothiazine nitrogen while the series 2
contains an aromatic moiety, the 4-butoxyphenyl group. The series 3 is a further
derivative of the series 2, since in this case the sulphur is oxidized to a sulfoxide
moiety. The modification of the functionalization of nitrogen (series 1 and 2) should
not have a sizeable impact on the energy level of the systems but it is expected to
play a role in the deposition of the HTM on the PSK layer and on the packing of the
former. On the other hand, the oxidation of the S atom will lead to a severe
stabilization of the core, leading to deeper HOMO (i.e., less easily oxidizable
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molecules). Several compounds belonging to these series were prepared and
characterized, to find the best material and conditions to fulfil the project needs.
First of all, the general synthetic strategy and the approach to the optimization of

reaction conditions will be presented.

5.3 Synthetic Strategy

In this thesis three series of small molecule HTMs will be presented, along with their
characterization. Before discussing the characterization and the application of those
HTMs, it is opportune to introduce the chemistry of the phenothiazine and the
synthetic strategy used to obtain the different classes of compounds. The three
series are shown in Figure 26, where it can be immediately appreciated that they
contain a central phenothiazine, surrounded by two lateral substituents. The
functionalization at the ring nitrogen makes the difference between series 1 (alkyl)
and series 2 and 3 (aromatic), while series 3 differs from series 2 since the
phenothiazine sulfur atom was oxidized to sulfoxide. While the intermediates can be
prepared by using literature methods we tried to adapt and optimize the synthesis
to the specific compounds, when possible. The challenges encountered during the

functionalization of phenothiazine and the final Suzuki cross-coupling are described
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below, along with suggestion on how to improve the methods to facilitate the

purification.
OC,4Hqg OC,Hg
C6H13
N
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Figure 26. Structure of the three different series of HTMs.
5.3.1 Scaffolds core preparation

Here the preparation of the compound 1l and 2l (Figure 27) is described as the
intermediate for the preparation of the series 1 and 2. The main ways to obtain

compound 1l are in principle two, which are reported here below. The route 1
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proposes to brominate first the phenothiazine and after to alkylate the heterocyclic

nitrogen.

OC,4Hg
CeHi3
N N

Br- : S : “Br Br- : :S: : ~Br
11 2|

Figure 27. Compounds 1l and 2I, as the fundamental intermediates to prepare
series 1 and 2.

5.3.1.1 Scaffold 11

Route 1 was proposed to brominate first the phenothiazine and after to alkylate the

heterocyclic nitrogen.

5.3.1.1.1 Route 1:
CeH13

H
H N N
0 — LA, — L
S Br S Br Br S Br
A 1l

Scheme 3. Route 1 to compound 1l.
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In principle this way should be interesting, since the first intermediate, A, can be
used to produce several scaffolds, by simply changing the alkylation/arylating
reagent to functionalize the phenothiazine nitrogen.

While being more interesting for the above reasons, route 1 was a bit complicated
from the practical point of view. At first, we tried to brominate the phenothiazine
using NBS as bromine source, but the reaction did not work as expected. Further, we
tried using bromine as the brominating agent, but the intermediate was not pure
enough due to the formation of mono and dibromophenothiazine derivatives
(Scheme 3) which were impossible to separate. However, we tried to alkylate this
material, hoping to get rid of impurities (monobrominated phenothiazine and other
impurities) after the second step but, still, we could not obtain a final pure material,
nor by crystallization nor by chromatography. Finally, due to these practical
complications, we decided to resort to route 2 (Scheme 5).

During the bromination step using bromine it was not easy to obtain the
dibromophenothiazine. In this process the formation of phenothiazine perbromide
salts also occurs as in the mechanism shown in Scheme 4 and the work up needs to
be performed using sodium sulphite and it takes 2 to 3 hours. The final product was

difficult to be purified from the small quantity of impurities.
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Scheme 4. Mechanism for the bromination of the phenothiazine.®®

5.3.1.1.2 Route 2:

H CeHia CeHia
Yy eoween Ayty L O
?
S 2) CeHal, rt, 4h S CHXCl; B S Br
88% 93%
1a 11

Scheme 5. Route 2 to compounds 1a and 1l.
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The sequence of route 2 is related to route 1 simply by switching the order in which
the reaction steps are performed as described in scheme 5. This gave an easier way
to get the final material in a pure form and high yields. Therefore, we can suppose
that in the route 1, probably the presence of the NH group can be the source of side
reactions, i.e, the ipso-bromination that can bring to the perbromide salt,'®%1° or at
least it can influence the bromination reaction, giving small quantities of impurities
(unwanted mono-brominated phenothiazine and degradation products) that could

not be further separated.

5.3.1.2 Scaffold 21

OC,H,g OC,Hg

BrOOC4H9

Pd,dbas, P(Bu)s

S o-xylene CHCI3 rt, 1h Br S Br

80°C,12h 75% 87%
2a 2]
Scheme 6. Synthetic pathway to intermediates 2a and 2I.

ZT

Intermediate 2l was prepared in 2 steps, starting from phenothiazine, by using the
Buchwald-Hartwig cross coupling reaction to functionalize the heterocyclic nitrogen,
followed by bromination. Since the preparation of the dibrominated phenothiazine

A in route 1 for the preparation of 1l was not successful, the strategy for the
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preparation of 2l was based directly on the route 2 approach. This synthetic pathway
worked well and with good yields. The first step was accomplished by a Buchwald-
Hartwig protocol, with Pd,dbas as catalyst, P(tBu)s as ligand and NaOtBu as base, in
o-xylene at 80°C for 12h. The product 2a was obtained in very good yield 75 %. This
kind of reaction works with a mechanism as that reported in scheme 7. As one can
see, a LPd(0) complex can undergo the oxidative addition by the Aryl halide (Ar-X)
followed by the addition of the Amine (NHRR’). This complex reacts with the base
which extracts the proton of the amine, thus activating the complex towards the last
step, the reductive elimination which expels the final product (a further substituted

amine, Ar-NRR’), restoring the LPd(0) complex.

L,Pd
Ar-BR/‘ {Ar
/ d‘X
H %
Base-HX I5d\Ar HNRR
Base

Scheme 7. Mechanism of the Buchwald-Hartwig reaction.'’®

65| Page



5.3.2 Preparation of Arylboronate reagents

Boron element (2s? 2p?) can engage in three sp? hybridized bonds, resulting in a
trigonal planar geometry. Boron compounds are highly electrophilic, having an
empty p-orbital orthogonal to the plane, inexpensive and readily prepared. They
have a broad functional-group tolerance, are relatively stable and generally
environmentally benign. Some are thermally stable and inert to water and oxygen,
thus easy to handle (especially for industry). Besides, they can easily transmetalate
with a variety of metal compounds under exceptionally mild reaction conditions,
especially versatile with palladium(ll) complexes. This has allowed the Suzuki-
Miyaura reaction to develop into the most widely applied transition metal catalyzed
C-C bond forming reaction to date.

To exploit the scaffolds to build final HTMs, the bromine of the scaffold can be
substituted with aryl-based substituents. Many cross-coupling reaction can be
exploited (e.g., Suzuki, Buchwald Hartwig, Stille protocols), depending on the kind of
reagents one wants to use. The Suzuki protocol is attracting because it is simple and
easy to perform. Thus, starting from arylbromides, many boronated reagents were
produced to be used in the cross coupling with the phenothiazine scaffolds. We
planned to introduce as many substituents as possible on the phenothiazine
scaffolds. Apart from commercial reagents, being boronic acids or esters (mainly

boronic acids), we needed to prepare some of them. We chose to prepare boronic
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esters because they are more stable and easier to be purified. We used a general
borylation reaction based on bromine-lithium exchange using n-Buli, followed by

trasmetallation with the boron compound, as reported below in Scheme 8.

+ >—O n-BuLi, THF (o)
Ar-Br B‘O » Ar-B
g 78 °C-RT 0
)@T overnight
60-85%

Scheme 8. General borylation reaction used for the preparation of some intermediates.

5.3.2.1 Lithium-Bromine exchange

The first step is based on the Li-Br exchange on the Aryl bromide. While quite old,

two mechanisms were hypothesized.

5.3.2.1.1 The Gilman’s Mechanism

Gilman proposed a mechanism which suggests a nucleophilic attack of the butyl

carbanion on the bromine atom and the formation of the lithium aryl salt:1"*

m n-Bu-Br +

‘A Br - Li—Ar

Scheme 9. Gilman mechanism for the lithium-bromide exchange.
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5.3.2.1.2 The Wittig’s mechanism

The mechanism proposed by Wittig postulated a reversible formation of an "ate-
complex" (a term coined by Wittig), which further decomposed to the

bromobutane and the aryl lithium salt (Scheme 10).172

n-Bu_Ll Ar\BrQ

Bu

® ,
+ Ar—Br =— Li == ArlLi * n-BuBr

Scheme 10. Wittig mechanism for the lithium-bromide exchange.

5.3.2.2 Transmetalation

As the reactivity of C-Metal bond generally increases with the increasing the ionic
character of the C-M bond, the percent ionicity (ionic character) is related to the
electronegativity difference (EN) of the C-M bond (Table 1). One can note that the
lithium can give the higher percent ionicity of the C-M bond.

Thus, the Aryl lithium salt reacts with the boronic ester 2-isopropoxy-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (Scheme 11) when the anionic aryl electron rich
group attacks the boron. At the same time, the isopropoxy group is expelled as an

anion, giving a lithium salt.
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Schemell. Mechanism for the transmetallation step.

Table 1. Electronegativity vales and ionic character of some metallic elements and carbon.

Element Li Mg Ti Al Zn Cu Si Sn B C
EN* 097|123 | 132|147 | 166 | 1.75 | 1.74 | 1.72 | 2.01 | 2.50
%lonicity | 43 35 30 22 15 12 12 11 6 --
*Allred/Rochow electronegativity (EN).

5.4 HTMs Synthesis

The HTMs, being both small molecules or polymers, where prepared starting from
the dibromophenothiazine scaffold shown above, and using either Suzuki or

Buchwald-Hartwig cross coupling reactions.

5.4.1 HTM Small Molecules

All HTMs were prepared by Suzuki cross coupling reaction, using the above

phenothiazine scaffolds and the aryl boronic acid or esters.
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5.4.1.1 Suzuki coupling

The Suzuki reaction is an organic cross coupling reaction for C-C bond formation,
where the coupling partners are an organo-halide and organo-boron species, and
palladium(0) complexes are used as catalyst.?’3-17>

The first publication was released in 19793 by A. Suzuki. The Suzuki coupling
reaction is now a classic method for researchers and industry for they synthesis of
fine chemicals, pharmaceuticals, nature products and polymers (Scheme 12).176:177
The impact of this and similar reactions was enormous in all practical organic
chemistry related fields: pharmaceutical, agrochemical, organic electronics, etc.'”®
Due to the wide applicability of Pd-catalyzed cross-coupling reactions, A. Suzuki, R.F.
Heck and E. Negishi were awarded the Nobel prize in Chemistry in 2010, for their
contribution in the discovery and development of this class of reactions.'’”® Some of
the advantages of Suzuki coupling are low toxicity, facile access to the organoboron

species, mild reaction conditions and their chemo-selectivity.8°

Ar1_BY2 + Ar2—X —_— R1—R2

Scheme 12. General scheme for the Suzuki reaction.

The mechanism of the reaction is shown in Scheme 13. The L,Pd(0) complex

undergoes the oxidative addition by the Ar-X aryl halide giving a Pd(Il) complex. This
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complex gives the base-assisted transmetalation with the Ar,-B(OH),. The halogen
and the boric acid are expelled during this step. As a result of the transmetalation, a
LnPd(I)ArtAr? complex was produced, which finally gives the Art-Ar? coupling product

and restores the L,Pd(0) catalyst.

Ar' Oxidative Addition
4 Ar'-X
Ar2 LnPdO
Reductive
Elimination
/Ar2
LnP\d" ,_np\gn
Ar’ Ar'

Ar?

B
HO™ "OH
Transmetalation

Scheme 13. Catalytic mechanism of the Suzuki coupling reaction.

5.4.1.2 Optimization of conditions for the Suzuki Coupling reaction.

We tried to apply different Suzuki reaction conditions. We used the preparation of

the HTM 2c as a test reaction (Scheme 14). The reaction was first performed
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following the original Suzuki protocol, in benzene/ethanol (1:1) at 130°C, but

working under MW irradiation with an excess of boronic ester over the bromide of

1.1, obtaining a yield of just 16% (Table 2).

OC,Hg

@t“&@

Scheme 14. Optimization reaction for HTM 2c.

OC4Hg

Pd(PPh
3)4’ K,co,

>
Toluene or Benzene

@EJCL sge

Table 2. Optimization of conditions for the Suzuki reaction for the preparation of the HTM

2c.

Entry | 2(eq) | c(eq) | Aliquat | Solvent Time Temp. Yield
125 1 2.20 - (J/eos | 1h | 130°C | 16%
220 1 2.70 - ) 1h | 130°C | 30%

3¢ 1 270 | 20% | ()~ | 12h | 110°C | 80%
49 1 240 | 20% ()~ | 12h | 110°C | 87%

Conditions used in all entries: Catalyst: Pd(PPhs)40.05 eq.; Base: K,COs, 6.30 eq. *:
Microwave irradiation, ®: Reaction scale on 0.8 millimole of starting material; ©: Reaction
scale on 3.4 millimole of starting material; ¢: Reaction scale on 8.7 millimole of starting
material; Yield: Isolated yield.

By changing the reaction conditions using toluene as a solvent (entry 2) and
increasing the boronic ester / bromine ratio to 1.35, we got 30% of yield, which is
minimal improvement over the use of benzene (entry 1). It was evident that to

obtain a high yield it would be needed a further increase of time and/or of
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temperature. In particular, the increase of temperature can also increase the risk of
decomposition and the production of large quantities of impurities, while the
increase of time is unpractical when using microwaves since they are used to shorten
the reaction time and in general the microwave driven reactions take from a few
minutes to 1-2 h at maximum. Besides, in the case of a scale up, the microwave
method is not the option of choice since it is difficult to warm correctly large volumes
of solution. Thus, we resorted to the classical heating (entry 3). Since it was reported
in the literature that the use of Aliquat as an additive (sometimes it is referred as a
co-catalyst) can increase the reaction rate we set-up the reaction of entry 3 ata 3.4
mmol scale, using 20% of Aliquat at a 110°C for 12h 81, This reaction was successful
and, after work up and precipitation with methanol from a concentrated
dichloromethane solution the HTM 2c¢ was obtained in a 80% vyield. This was a
remarkable result, slightly improved when the reaction scale was increased to 8.7
mmol by reducing the boronic ester excess to 1.2, obtaining a 87% yield.

When we tried to apply the same conditions defined for 2c to the synthesis of 2a
(Scheme 15) the yield was lower, 67% (Table 2). We rapidly tried a reaction to
analyze this case and to ascertain if there were some other modifications applicable
to the protocol. Some reactions were performed again under microwave by raising
the temperature (entry 1 and 2) and the boronic ester /bromine ratio (entry 1 and

3), but the product obtained was always impure and virtually impossible to be
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purified. Once again, the classical heating method was preferred. Another aspect to
be studied was the quantity of Aliquat 336 additive to be used. Just 2 drops of Aliquat
336 were used into a reaction on a 0.2 mmol scale performed at 110°C for 1h, thus
obtaining a yield of 71%, while when the reaction was performed on a 4-time larger
scale, 0.8 mmol, the yield was lower and the product was impossible to be purified,
once again. This meant than the Aliquat 336 additive could not be reduced below
20%. As a final result on this specific compound, the maximum yield was lower than
in other case and ranged just below 70%. To obtain the product in large quantities,
it seems that the classical heating method is working better than microwaves and

that a 20% quantity of Aliquat 336 is needed as shown in scheme 17.182

OBu
OBu

Pd(PPh
i OO 3)a K2CO3 N

JO SO e ML
e N
Br S Br %_@ O O
] QD

2|

Scheme 15. Optimization reaction for HTM 2a.
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Table 3. Optimization conditions for the Suzuki reaction for the preparation of

the HTM 2a.

Entry 2 (eq) a(eq) Aliquat Solvent T(°C)/Time(h) Y%
12b 1 2.2 - Toluene 130/1 -
2%b 1 2.2 --- Toluene 160/1 -¢
3ab 1 2.7 - Toluene 140/1 -
425 1 2.7 2 drops Toluene 100/1 71
52 d 1 2.7 2 drops Toluene 100/1 <

64 14 2.7 20% Toluene 100/12 67

Conditions used in all entries: Catalyst: 0.05 equivalent of Pd(PPhs)4; Base: 6.30 equivalent
of K,COs. *: Microwave irradiation; : 0.2 millimole scale; ©: Isolated product contains non-
separable by-product; % 0.8 millimole scale; Y: Isolated yield. Note: Entries 1 to 5 where
done under microwave irradiation.

The application of the same conditions (Pd(PPhs)4 0.05 eq., K,COs 6.3 eq., Aliquat
336 20%, toluene 110°C, 12h) on the scaffold 1 gave 1c in a 94% yield and 1a in 67%
in only 4 h. As a general final remark, this work opened the way to the preparation
of a potentially large series of HTMs based on phenothiazine scaffolds. The two
series 1 and 2 were developed by using the boronic acid or ester derivatives under

the above conditions. The yield of the series 1, 2 and 3 ranged in between 49% and

95%.
R R
4 Aliquat §36, Pd(PPha)s 0
0 ,CO5
+  Ar-B =
Br S Br ke Toluene Ar S Ar
(5)0_1 110 °C, overnight (12h) &) 9

R= C4HQO@§- or Hexyl-

Scheme 16. Optimized conditions for the Suzuki coupling reaction.
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Ar,-X

Pd°

Oxidative
Addition

Ar-Ar, 2(Me(Oct)sN"Cl) + K,CO,

Reductive
Elimination

1

L (Me(Oct)3N;_')2‘3C’3f2

X—Pd"-Ar, 2KClI

Ar—Pd-Ar,

(Me(Oct)sN")2C05

o
_t-0—Pd"Ar,

2(Me(Oct)sN* X))

(Me(Oct)sN*),C0;? Organic Phase
1

Aqueous Phase

(Me(Oct)sN*),C0O5 2 + 2KCI

2(Me(Oct)sN"Cl) + K,CO,

Scheme 17. Catalytic cycle mechanism of Suzuki coupling reaction in the presence of
Aliquat.'®?

5.4.2 Polymeric HTMs

All polymers were prepared using the Buchwald-Hartwig coupling polymerization,

by using the dibrominated scaffold 1l and differently substituted anilines.
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5.4.2.1 The Buchwald-Hartwig amination

The Buchwald-Hartwig cross coupling is widely used in organic synthesis for
carbon-nitrogen bond formation through palladium-catalyzed cross coupling
reaction of aryl halides with amines.®? In the last decades, Buchwald amination has
become a fundamental tool in the organic chemistry for the C(sp?)- N bond
formation.?2%* The present nature of aryl amines and related heterocyclic
compounds in pharmaceuticals, agrochemicals, natural products and organic
molecules related to material science has pushed the development of better
methodologies and catalysts, which now are widespread in both academic research
and industrial processes.®>=®° Previously, the C(sp?)-N bond was obtained through
nucleophilic aromatic substitutions (SnAr) or via copper-mediated reactions
reported by Goldberg’® and Ullmann’! in the 20t century. However, these methods
have drawbacks, as they suffer from narrow substrate scope and require long
reaction time, toxic solvents, high temperature and in the case of Ullman coupling,
also high copper loading and, last but not least, often the yield are not high. Some
of these disadvantages have been overcome in the last decade by using copper-
based catalysts which often bear chelating ligands.”?>~7> In 1983, the use of Pd-
complexes for C(sp?)-N bond formation was introduced by Migita and others, who

reported that Pd-complexes of P(o-tol); catalyze the C(sp?)-N bond formation of
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aryl amines from aryl bromides and aminostannanes.”®’” The withdraw backs
related to both the use of toxic aminostannanes and the narrow substrate scope
obtained in this work were later overcome by Stephen L. Buchwald and John F.
Hartwig, who reported in 1994 an improved protocol of the amination of aryl
bromides and aminostannanes’®’? and in 1995 a Pd-catalyzed tin-free coupling of
amines with arylbromides (Scheme 18).8%81 The mechanism of the Buchwald amination

was discussed before in Scheme 7.

Pd cat. R,

— H —
X+ N_ Base N
\ - EEEE— \
R1Q RZ” "Rs " Ligand R % R,

X= Cl, Br, I, OTf
R,= Alkyl, Aryl, H
Ry= Alkyl, Aryl

Scheme 18. General protocol of the Buchwald-Hartwig reaction.

5.4.2.2 The Buchwald-Hartwig polymerization

While the Buchwald-Hartwig reaction was strongly improved during the next
decades, it was also studied to perform polymerizations. The application of this
reaction to obtain polymers was pushed by the widespread application of organic

HTMs in organic electronics. The two most reliable and well performing HTMs, a
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small molecule (spiro-OMeTAD) and a polymer (polytriarylamine, PTAA), were both
belonging to the polytriarylamine class. The urge for new, cheaper, and
outperforming HTMs was a strong motivation to develop better synthetic methods
that could be adapted also for polymerizations and to control the characteristics of
the final product. The best conditions to obtain polytriarylamines with a high degree
of control on the structure and molecular weight of the final polymers were obtained
by Sprick et al.*®3 They have prepared a library of PTAA based molecules via (NHC)-
Pd catalyzed Buchwald amination polymerization of anilines and dibromo arene.
They demonstrated that by adding fused ring structures into the polymer backbone
and replacing the pendant phenyl groups with electron-withdrawing fluorine or
electron-donating methoxy group can influence the molecular weight of the

resulting polymer.

Ar
NH, \[N’ ‘L
R (IPr)Pd(allyN)CI
*  Br—Ar-Br >
KOtBu /_
Cl/ \

(IPr)Pd(allyl)CI

Scheme 19. General Scheme of the Buchwald Polymerization.
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6 SYNTHESIS AND CHARACTERIZATION OF
SMALL MOLECULE BASED HTMs

6.1 Series 1

6.1.1 Synthesis

The organic molecules to be used as HTMs need to be soluble in organic solvents, in
order to be deposited by spin coating of their solutions on the perovskite. To ensure
the solubility, often alkyl chains are used, thus we planned to introduce a hexyl chain

on the phenothiazine nitrogen (Scheme 20).

H CsH13 C6H13
QI 0y Lo e @[@ J@[@
S Ce3H13I DCM gy
10 min
1a

Scheme 20. Synthetic pathway to obtain the HTMs 1a and 1l. The HTM 1l is also an

intermediate to obtain the other HTMs of the series.

The compound 1a was obtained by simple alkylation of phenothiazine with sodium
hydride and 1-iodohexane in DMF from 0 °C to room temperature in just a few hours
of reaction. Starting from 1a, the dibromo derivative 1l was obtained by a fast

bromination (5-10 min) with bromine and dichloromethane and was both an HTM
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by itself and an intermediate. The reactions to obtain 1a and 1l were performed up
to a scale of 20 g and 10 g of starting material, giving a yield of 90 % and 93 %
respectively. This proves the scalability of the proposed approach. Compound 1l was
then used in a Suzuki reaction as the key starting material to obtain the whole library
of series 1 HTMs by cross-coupling with the boronic acids or boronic esters of the
aryl moieties to be used as substituents on the main scaffold. The Suzuki protocol is
a robust reaction which is also less harmful than others cross-coupling protocols. The
cross coupling was thus performed using Pd(PPhs)s as catalyst in presence of Aliquat
336 as a co-catalyst and potassium carbonate as base, in toluene at reflux for 12 h
(Scheme 21). Those conditions were found to give good yields for 1a, 1b, 1c, 1d, 1e,
1f and 1k of 90%, 67%, 94%, 74%, 67%, 57% and 80%, respectively. The reaction

conditions were maintained also to prepare the HTMs of the series 2 and 3.

R
Aliquat i2(36 Pd(PPh3)4 N
O3
Q Kl e - L
Toluene R! S R’
110 °C, overnight o)
(Oo.4

R: CgH -
6r113 Of :—<j>—OC4H9

Scheme 21. General synthetic method used for all the HTMs belonging to the three series
1,2and3.
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6.1.2 Characterization

CsH13

oD ‘(“ Q‘(‘QQ

1c

*.”v Q“C%‘Q

CeH13

QJQL

Figure 28. Chemical structures of the series 1 HTMs.
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6.1.2.1 Absorption and emission through UV-Vis and Fluorescence
spectroscopy

For the series 1 the compounds 1a, 1b, 1c, 1d, 1e, 1f, 1k, 1l were prepared. These
products were characterized by UV-Vis (Figure 29) and fluorescence spectroscopy
(Figure 30) to assess the transparency of the HTMs and to calculate their band gap.
Notably, all compounds show wide bands, and only 1d showed a fine structured
band as a characteristic for systems based on carbazoles. The data are reported in
Table 4. The electrochemical characterization, performed by cyclic voltammetry (CV)
in DCM to obtain an estimate of the HOMO energy level of each HTM. Finally, the
TGA thermal characterization assessed the thermal stability of the HTMs (Table 4).
One should note that the values reported hereafter (and for the other series) are
referred to pure materials. As a matter of fact, the employment of dopants (required
for efficient charge transport in the working device) could induce some modifications
in the measured properties: for example, (i) a slight modification of HTMs energy
levels could be expected due to the creation of charge trap state and (ii) a decrease
in thermal stability of HTMs, should be considered.

Compared to reference compound 1a and 11, the functionalization in position 3 and
7 lead, except for 1k, to a more pronounced absorption in the range 350-450 nm

(Figure 29); yet this should not negatively impact on the AVT of the proposed
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materials, once deposited as HTMs. Indeed, all the proposed materials have a band

gap higher than 2.7 eV, completely fulfilling project’s requirements.

Table 4. Optical, electrochemical and thermal characterization of small molecule

Compound

1a"
1b
1c
id
le
1f
1k

}\absa
(nm)
256
305
319
240
291
248
313

HTMs of series 1.

}\onseta

(nm)
371
440
450
445
450
436
324

}\ema
(hm)
452
470
475
480
554
472
472

HOMOP

(eV)
-5.01
-5.40
-5.28
-5.35
-5.39
-5.35
-5.02

Bg
(eV)
3.3
2.8
2.7
2.8
2.7
2.8
2.8

Tstab. ¢

(°C)

375
391
399
395
385
385

Te
(°C)
80
88
121
n.a.
43
81

a) Solvent: dichloromethane; b) CV measurements: HOMO determined from E1; vs
Ferrocene as standard; solvent: dichloromethane, supporting electrolyte: TBAPFg; c)

measurements performed under N,. * the compound was obtained as an oil.

Normalized Absorbance

1.0 4

°
o
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o
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Figure 29. Absorption spectra in DCM for the compounds of the series 1.
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Figure 30. Fluorescence spectra in DCM for the compounds of the series 1.

6.1.2.2 Electrochemical characterization through cyclic voltammetry

The electrochemical characterization, performed by cyclic voltammetry (CV) can be
very useful to determine the oxidation potential of the molecule in solution, which
is normally taken as a fair estimation for the determination of the HOMO of the
molecule. For the CV measurements a glassy carbon electrode, a platinum wire and
an Ag/AgCl electrode were employed as working electrode, counter electrode, and
reference electrode, respectively; TBAPFs (0.1M in DCM) was used as supporting

electrolyte and ferrocene as internal standard. The HOMO energy levels were
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calculated through the formula Exvomo = - (Ef1/2, ox vs. F¢*/rq) #5.1). The molecules of
series 1 showed a HOMO around -5.40 eV which was raised a bit by the introduction
of the triphenylamine substituent (1c, -5.31 eV), as expected by its electron donating

ability, or by the absence of any substituents (1a, - 5.01 eV) (Figure 31).

- H

1e

p—1f

Normalized Current
1
T

] ——— N

T T T T T T T T T T T T T
-1500 -1000  -500 0 500 1000 1500 2000
Applied Voltage (V) vs Fc/Fc+

Figure 31. Electrochemical measurements (CV, Cyclic Voltammetry) for compounds of the
series 1.
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6.1.2.3 Thermal Stability through TGA and DSC

The thermal stability of all the HTMs (considered as the temperature at which the
material lost the 5% of its initial weight) was remarkable, with very high values for
1c and 1e, approaching 400°C (Figure 32). The compounds showed a Tg ranging in
between 43°C - 121°C (Figure 33). A very low or very high T; (i.e. outside of the
working temperature experimented by the device) can be useful for final devices

since they should not be affected by the heating occurring during operative

conditions.
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Figure 32. TGA graphs of the compounds of the series 1.
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Figure 33. DSC graphs of the compounds of the series 1.



6.2 Series 2 and 3

6.2.1 Synthesis

Based on the first series 1 it was of interest to replace the alkyl moiety onto the
nitrogen of phenothiazine with an aromatic one. This modification introduces a
triarylamine-like nature directly into the central core. Since both phenothiazine and
triarylamine compounds are easily oxidized, this kind of structure should be an
opportunity to further tune HTMs electronic properties. On this basis, the scaffold
for the series 2 was prepared by inserting a 4-butoxyphenyl group (Scheme 2 2). The
selection of butoxy-substituted moieties would improve the solubility of the whole
materials. This scaffold was further modified by the sulfur oxidation to give a
sulfoxide. This modification heavily changes the heterocyclic nature, from electron
donor (series 2) to electron acceptor (series 3), thus lowering the HOMO energy level

consistently (vide infra).

89| Page



OC,Hg OC,Hg
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Pd,dbag
N (tBu)sP CHCI
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80°C,12h 2a 2|
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OC4Hg OC4Hg
N N
o) o)
3a 3l

Scheme 22. Synthetic pathway to obtain the HTMs 2a, 2I, 3a and 3l. The HTMs 2l and 3l
are also intermediates to obtain the other HTM of those series.

Analogously to series 1, the first step was the functionalization of the phenothiazine
nitrogen, in this case with an aromatic substituent. The reaction was performed
following the Buchwald-Hartwig protocol, with 4-bromobutoxybenzene, Pd,dbas as
catalyst, the tri(tert-butyl)phosphine) ligand and sodium tert-butoxide as base, in
xylene at 80°C for 12h. The HTM 2a was obtained with a 75% yield. This compound
was easily converted into the dibromo derivative 21, as we did for the case of 1l, with
a 95% yield. These two reactions were performed up to a scale of 5 g of starting
material, to be ready for a possible scale-up. The series 3 is based on the compound

3a, which can be obtained directly from 2a as a sulfoxide, by the sulphur oxidation
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performed with m-chloroperbenzoic acid at 0°C for 2h. In order to obtain the
dibromo derivative 3I, the best approach was to oxidate the compound 2l to 3|,
instead of oxidating first 2a to 3a followed by bromination to 3l. Starting from
compounds 2l and 3l as starting materials and by applying the reaction already
reported in Scheme 23 for the HTM of series 1, several compounds were obtained:

2a-2l and 3a, 3¢, 3d, 3i and 3I.

Table 5. Optical, electrochemical and thermal characterization of small molecule
HTMs of series 2 and 3.

Compound = Yield%  Aabs?  Aonset® Aem HOMO = Bg  Tstab. ¢ Tg€

(hm) ~ (nm) (ev) (ev) (°C) (°Q)
2a 80 325 396 448 -535 3.2 281 -5.6
2b 67 305 440 468 -5.41 2.8 388 108
2c 80 322 460 468 -5.34 | 2.8 407 115
2d 88 293 455 477 -5.48 2.8 403 142
2e 64 297 460 478 -538 2.7 425 95
2f 72 281 450 465 -532 2.8 407 64
2g 42 283 449 462 -536 2.8 355 48
2h 30 254 436 459 -535 2.8 345 47
2i 50 290 465 482 -5.43 2.7 380 61
2j 44 296 461 478 -534 2.7 402 88
2k 84 329 460 476 -5.01 | 2.7 409 103
21 97 330 424 461 -5.52 | 29 332 n.a
3a 80 267 361 488 -595 34 297 n.a
3c 50 365 413 424 -560 3.0 378 129
3d 46 345 386 415 -5.62 3.2 418 178
3i 40 341 376 415 -555 33 299 101
3l 90 287 369 387 -6.13 34 277 n.a

a) Solvent: dichloromethane; b) CV measurements: HOMO determined from E;/; vs
Ferrocene as standard; solvent: dichloromethane, supporting electrolyte: TBAPFs; c)
measurements performed under N..
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6.2.2. Characterization
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Figure 34. Chemical structures of the series 2 and 3 HTMs.
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6.2.2.1 Absorption and emission through UV-Vis and Fluorescence
spectroscopy

As already demonstrated for series 1, even in the case of series 2 and 3 the UV-Vis
measurements showed that nearly all compounds fulfill the transparency
requirements, having practical null absorption above 450 nm (Figure 35 and Figure
37, Table 5). Only a few compounds slightly exceeded this limit, up to 460 nm (2c,
2e, 2k) and 465 nm (2j), but showing minimal absorption at that wavelength. In
general, the absorption of compounds of the series 3 are shifted towards the UV
region, at lower wavelengths, due to the oxidation of the sulphur atom. The band
gap is also high, at least 2.7 eV for series 2 and even 3.0 eV for series 3. A such high
band gap ensures transparency and the blocking of the back electron transfer from

the perovskite to the HTM, thus limiting recombination processes at the interface.
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Figure 35. Absorption spectra in dichloromethane for the compounds of the series 2.
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Figure 36. Absorption spectra in dichloromethane for the compounds of the series 2.
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Figure 37. Absorption spectra in dichloromethane for the compounds of the
series 3.
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Figure 38. Emission spectra in dichloromethane for the compounds of the series
3.
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6.2.2.2 Electrochemical characterization through cyclic voltammetry

The electrochemical characterization showed that most substituents, namely for the
compounds 2d-2h and 2j, made minimal modification to the HOMO of the
unsubstituted reference material 2a (HOMO at -5.35 eV), while in a few cases a more
important effect in tuning the HOMO was found (Figure 35). In particular, the
compound 2c showed that the triarylamine substituent slightly raised the HOMO
(HOMO at -5.34 eV). Other two substituents, the acenaphtene in 2b and the
trifluoromethylphenyl group in 2i contributed to lower the HOMO (to -5.41 eV and -
5.43 eV, respectively). A remarkable lowering of HOMO was obtained by the
compound 2l (-5.52 eV), bearing two bromine atoms. While the presence of halide
atoms can sometimes be detrimental due to the formation of hole traps, the low
HOMO of 2l can be interesting to better match the valence band of wide band gap
perovskites proposed within the project, especially those with mixed halides, such
as MAPDbI1..Brx or MAPbBr1Clx ones.

The series 3 was proposed just to further lower the HOMO (Figure 36) and extend
the energy level tuning, aiming at finding the best matching with the perovskites
used by the project partners. The HOMO of the few compounds prepared, namely
3a, 3¢, 3d, 3i and 3I, showed well lower HOMO energy levels, ranging in between -
5.60/-6.13 eV. The oxidation of the phenothiazine sulfur accounted for a reduction

of 0.6 eV of the potential vs their series 2 counterpart (-5.35 eV for 2a and -5.95 eV
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for 3a), which is consistent with the totally different nature of the scaffold (electron
donor for 2a and electron acceptor for 3a). The use of the triphenylamine substituent
in the compound 3c raised the HOMO by 0.35 eV vs 3a (to -5.60 eV), but with a 0.26
eV lowering vs 2c (-5.20 V). The effect of the carbazole in 3d was almost similar to
that the triphenylamine group. Once more, the presence of the two bromine

substituents lowered the HOMO and 3l reached a very low energy level (-6.13 eV).
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Figure 39. Cyclic voltammograms for the compounds of the series 2.
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Figure 40. Cyclic voltammograms of the series 3.

6.2.2.3 Thermal characterization

All HTM series, 1, 2 and 3 showed an excellent thermal stability, in most cases in the
range 350-425°C (Figure 41 and Figure 42). This is mandatory to survive the device
production process and, even more important, to not jeopardize the device stability
under operative conditions. Most of the compounds showed a T, (Figure 43 and 44)
in the range -6 °C of 2a to 178°C with 3d. According to device performance data
obtained from EPFL (PCE of 7.5 % and the highest Voc (Voc = 1.65 V), vide infra),

compound 2c is the best candidate having T value of 115°C (Figure 43).
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6.3 Conclusions

As a result, for the series 2 and 3, a total of 17 HTMs were produced, in which the
HOMO energy level could span from -5.20 eV to -6.13 eV, providing a wide library of
materials, having tailored properties, to be tested in complete perovskite devices.

The choice of best compounds strongly depends on the nature of the absorbing
layer, i.e., the perovskite absorber, since the HTM should match the perovskite
energy level. From the point of view of transparency all the compounds meet the

requirements. As far as the HOMO energy level, several compounds are compatible
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with the level of the perovskite MAPbBrs, selected by the partners, which have a
valence band located at around -5.8/ -6.0 eV (Figure 45). Since also compound 3a
(HOMO at -5.95 eV) is well working in cells based on this perovskite (vide infra), it

seems reasonable that the matching of energy level is well achieved.
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Figure 45. Frontier Molecular Energy Levels of selected HTMs compared to commercials
one and the ones of other PSCs components.

To further prove the transparency of selected molecules (even in comparison with
standard HTMs) we performed (with the help of partners at CHOSE) some absorption
measurements of the deposited films. HTM films were deposited by spin coating on
a glass slide. This approach was selected to avoid any spurious contribution to the
absorption due to the other layers (ETL, PSK, etc.); one should note that the behavior

in the final device could be slightly different depending on optical losses at the
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interface (i.e. the glass/HTM one could not be compared to the PSK/glass one).
Nevertheless, data reported showed that for compounds 2c and 2e an AVT values
close to 90% could be found, higher compared to the reference (PTAA) and with only
1% loss compared to the bare glass. These results proved that a HTM with a T > 85%

(much higher indeed) has been developed.
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Figure 46. Transmission spectra of thin films of selected HTMs and the reference glass.

Material 2c was selected as HTM to perform an initial screening on MAPbBr3 based
wide band gap perovskite devices. The perovskite composition has been described

in a dedicated deliverable whereas the device architecture is the following:

105|Page



Glass/FTO/CompactTiO2/mesoporousTiO,/MAPbBrs/NPACI/Spiro  HTL/Gold. The
photovoltaic efficiencies reported are really promising, being highly reproducible
(Table 6) and showing a limited hysteresis (see Figure 47 a); indeed, the latter is
greatly reduced during the working period of the device as proved by the slight
increase in PCE during the MPP tracking (Figure 47). IPCE measurement (Figure 47)

further confirm the good performance of the devices and the cut-off at 540 nm.

Table 6. Photoelectrochemical parameters of PSCs employing 2c as HTM.

Cell Voc/V Jsc/ mA*em™? FF PCE %
1 1.661 6.26 0.598 6.22
2 1.597 5.99 0.658 6.30
3 1.626 5.23 0.653 5.55
4 1.625 5.81 0.637 6.02
5 1.632 6.26 0.644 6.77
6 1.617 6.11 0.636 6.27
7 1.650 5.76 0.587 5.58
8 1.642 5.86 0.56 5.39
9 1.653 5.87 0.593 5.76
10 1.647 5.89 0.569 5.52
11 1.651 5.91 0.610 5.95
12 1.655 6.01 0.587 5.83
13 1.656 6.02 0.598 5.98
14 1.658 5.97 0.543 5.37
15 1.654 5.87 0.535 5.24
Averaged 1.642 5.92 0.601 5.85
Deviation 0.015 0.16 0.031 0.34
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Figure 47. Photoelectrochemical characterization of a PSK devices with 2c as
HTM: (a) JV curves, (b) Maximum Power Point tracking and (c) IPCE spectrum. The
selected device was the one having the higher Vo (i.e. 1.66 V).

From further tests performed with optimized materials by the partners at EPFL, it
appeared that in the series 2 the best performing compound is 2c and 3a in the series
3. As an example, the best performances were achieved by the compounds 2a, 2¢
and 3a that reached photovoltaic efficiencies (PCE) of 6.5%, 7.5% and 7.7%,
respectively. Also important for the project targets is the achievement of an open
circuit voltage (Voc) of 1.65 V (Figure 48). This is not yet reaching the initially
proposed target (Voc = 1.8 V) but since the power output is higher than the target
(PCE at least 6%), this could be sufficient for the project needs.

As specified above, the devices made by the partners at the EFPL employed gold as
performing back electrode. Yet, gold is not transparent and to fulfil project’s
objectives it should be replaced by a transparent back contact. At this purpose,

partners at CHOSE (Center For Hybrid And Organic Solar Energy, University of Tor
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Vergata, Rome, Italy) built up a cell using indium tin oxide glass (ITO) to replace gold
obtaining very promising (albeit lower) efficiency, showing a PCE close to 5% and a
Voc higher than 1.40 V. The lower efficiency compared to gold-based device are likely
due to not optimized HTM/Back contact interface. This point is under investigation

to obtain very efficient semi-transparent PSCs to be implemented in tandem devices.
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Figure 48. Photovoltaic characterization for the devices based on compound 2c, best
compound selected among the HTMs of the project.
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6.4 Effect of slight modifications of the
triphenylamine unit on the HTMs properties and
performance
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Figure 49. Chemical structures of the 2¢, 2d and 2k HTMs.

6.4.1 Absorption and emission through UV-Vis and Fluorescence
spectroscopy

The recorded UV-Vis Spectra (Figure 50) of 2¢c, 2d and 2k exhibit absorption peaks in
the ultraviolet region (<350 nm) as result of electronic transition occurring due to
the interaction of radiation with the three HTMs. The optical band gap of the HTMs
can be calculated through the intersection point of the absorption curve with the
baseline.’® For 2¢, one main absorption peak occurs centered at 323 nm with two

shoulder peaks one at 271 nm and the other one at 382 nm In the case of 2d we
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found a blue shifted spectra due the presence of carbazole unit instead of TPA unit.
We observed 3 main peaks, the main one at 236 nm, the second one at 293 nm with
two shoulder peaks at 283 nm and 309 nm and the third peak at 343 with a further
shoulder peak at 384 nm. The blue shift of 2d comparing to 2c is due to the extra
chemical bond between the phenyl units of the carbazole lead to noticeable
hypochromic effect on the absorption of UV-Vis. The optical band gaps (Eg) of 2c, 2d
and 2k are 2.81 eV, 2.86 eV, respectively.

When analyzing 2k behavior, we got three main peaks at 272 nm, 310 nm, and 328
nm with a shoulder peak at 381 nm. It appears that the presence of the methoxy
groups at the two para positions in the diphenylamine unit lead to three main peaks
instead of one peak as in 2c molecule, in which the methoxy groups at para positions
are lacking. Besides, the presence of the methoxy group in para position leads to a
red shift effect on the UV-Vis spectra, which was also reported in literature.'®

The recorded fluorescence spectra for 2¢, 2d and 2k are showing peaks at 467 nm
(shoulder peak at 494 nm), 472 nm (shoulder peak at 496 nm) and 467 (shoulder
peak at 494 nm), respectively. It is clear that the presence of a chemical bond
between two phenyl units in carbazole (with respect to a diphenylamine) leads to a

slight red shift in emission spectra as it forms a more polar excited state comparing

to the ground state.
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The three HTMs 2¢, 2d and 2k showed Stokes shifts of 144 nm, 235 nm, and 132 nm,
respectively, and these values are relatively high comparing to the Stokes shift value
of Spiro-OMeTAD which is only 33 nm. These high values of stokes shift indicates
that the three HTMs can undergo large geometrical change upon excitation and thus
a good molecular flexibility of the excited state. This can improve the pore filling the
HTM in mesoporous systems like mesoporous TiO; in DSSCs or among perovskite

grains in PSCs.180
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Figure 50. UV-Vis and fluorescence spectra of the 2c, 2d and 2k HTMs.
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6.4.2 Electrochemical characterization through cyclic voltammetry

The oxidation potential of the HTMs were obtained through cyclic voltammetry
(Figure 51). Generally, there is a relationship between the open circuit voltage (Vo)
of the perovskite solar cell and the energy level matching of the HTM and the
perovskite. Provided that the HOMO of the HTM is higher in energy than the
perovskite CB, the lower the HOMO of the HTM the better, and the better the energy
level matching the higher the open circuit voltage. When the HTM HOMO energy
level is very close to the valence band of the perovskite, a low Vo is obtained. This is
often due to a real mismatch of the levels, since in the solid-state film the HOMO of
the HTM can be slightly downshifted and can be even lower than the perovskite CB,
thus hampering the correct hole transfer from the perovskite to the HTM. As a
matter of fact, to obtain a good energy level matching, the HOMO energy level
should be 0.2 eV higher than the perovskite valence band (VB), which ensures a
thermodynamic driving force for the process of hole mobility to take place rapidly.

The highest occupied molecular orbitals (HOMOs) energy levels of the HTMs 2c, 2d
and 2k were obtained using cyclic voltammogram (CV) as indicated in figure 47
through the formula E vomo = ( Ef1/2, ox vs. ret/Fc) + 5.1) . Regarding these data, the HOMO
values of the HTMs 2¢, 2d and 2k are -5.34 eV, -5.48 eV and 5.01 eV, respectively. It
is so clear why 2c is giving the best Vo of 1.63 V which is close to the value of the

state of art Spiro-OMeTAD, (-5.22 eV)*¥’.
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Figure 51. Cyclic voltammograms of the 2c, 2d, 2k HTMs.

6.4.3 Thermal Stability through TGA and DSC

Glass transition (Tg) is a valuable tool to assess the stability of perovskite solar cells.
It is important to obtain HTMs with high glass transition as one of the reasons of the
fast degradation of the PSCs is the transformation of the metastable amorphous
state of the HTM during the operation of the device. The obtained results of Tg, T,
and Tstab. are summarized in Table 7 and Figure 53. From the graphs in Figure 54,
during the 1t heating cycle (red color downside), 2c exhibited only a sharp
endothermic melting point at 208 °C (melting point is the point where the
crystallinity order is destroyed) which proves the pure crystallinity of 2c. For 2d and
2k in the first cycle only a molecular relaxation was observed, which appeared as a

weak endothermic transition near the glass transition at 142 °C and 103 °C for 2d
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and 2k respectively. This confirms the amorphous state of the 2d and 2k. It seems
that the simple presence of an additional bond connecting two phenyl moieties in
the phenylcarbazole unit (2d), compared to the normal triphenylamine unit (2c),
induces a more amorphous character for 2d vs 2c, this is because the additional bond
strongly limit the freedom of movement of the end group, leading to a structure
which are less flexible that also remains partially interactive after higher molecular
movement, which leads finally to an amorphous structure.’®® As a result, the
presence of the methoxy groups at 4- and 4’- positions in the 4,4'-
dimethoxytriphenylamine unit makes 2k to behave as an amorphous HTM These DSC
data indicates that a minimal change in the structure of the triphenylamine
substituent on phenothiazine core can severely affect the morphology of the HTMs
in the solid state.

After cooling the isotropic liquid in the cooling cycle, in the second heating cycle the
Tg values were evidenced at 115 °C, 143 °C and 103 °C for 2c, 2d and 2k, respectively
(Figure. 53). For, 2c the melting point disappeared in second heating cycle and the
HTMs became amorphous with a Tg of 115 °C. The higher glass transition of 2d (143
°C) comparing to of 2c (115 °C) emphasizes the structural differentiation of
phenylcarbazole unit and triphenylamine unit. The chemical bond among the 2
phenyl units in the carbazole, results into a substance with high level of organization

and structure in the liquid form phase comparing to triphenylamine, leading to more
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rigid molecules which should present more stable and strong intermolecular
interactions. This indicates that the intermolecular bonding disruption during the
fusion transition is more related to TPA.1® As a final result, the presence of the
methoxy groups at 4- and 4’- positions in the 4,4’-dimethoxytriphenylamine lowers
the Tg of 2k comparing to 2c which is not substituted with the methoxy groups.

The thermogravimetric analysis (TGA) of 2c¢, 2d and 2k (Figure 52) showed the
temperatures of 407 °C, 403 °C and 407 °C, respectively, at 5% weight loss, which
indicates an excellent thermal stability and that the modification of the
triphenylamine unit structure does not influence it too much since only a slight
decrease of 4 °C was noticed for 2d. At 800 °C, due to their structural modifications,
2d and 2k retained around 60% of the initial weight while 2c only retained 35% of
the initial weight.

Thus, we have demonstrated that a minor change in the triphenylamine substitution
unit dramatically influences the molecular geometry and optoelectronic parameters

of the HTMs to be used in perovskite solar cells.
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Figure 53. DSC second heating cycles of the 2c, 2d and 2k HTMs.
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cycle.

6.4.4 Photovoltaic efficiencies of selected compounds 2¢, 2k and 2d

HTMs 2c, 2d and 2k were tested on PSCs with MAPbBrs3 perovskites along with the
state-of-art standard Spiro-OMeTAD (Figures 55, 56, 57 and 58 for PCE, V., FF and
Jsc respectively). The three compounds performed quite well but their PCEs were
lower than Spiro-OMeTAD (Table 7). One can appreciate, however some interesting
trend. The best compound was 2k (achieving 7.9%), having the TPA substituents
bearing methoxy group in para position. The HTM 2¢, having a simple TPA

substituent showed a slightly lower PCE (6.8%). Even for the case of a low-lying
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valence band perovskite the presence of methoxy groups on the TPA moiety afford
better PCE, probably due to the stabilizing effect of the methoxy groups on the
transient radicals forming during the hole transfer process. Quite surprising, 2d
showed a markedly lower PCE (4.9%). While the further bond through the two
phenyl units in carbazole should promote a higher planarity and a better
conjugation, this structural feature seems not to help the device to gain better
performance. The reason of this behavior is unknown, at this moment.

However, 2c showed the highest Vo in the series, while it did not show the highest
short circuit current. Since a high Voc was one of the most important requirements
for purpose of the project, 2c was the best compound in series 2 to be promoted for
large scale PSCs tests.

Table 7. Optoelectronic properties of the 2c, 2d, 2k and Spiro HTMs and their

performances.
HTM FF Voc Jsc PCE
(V)  (mAcm?) (%)
2c 0.63 1.63 6.5 6.8
2d 0.37 1.48 8.6 4.9
2k 0.62 1.49 8.1 7.9
Spiro'®” 0.72 1.62 5.8 9.9
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6.5 Effect of the modification of the phenothiazine
core on the properties and performances of HTMs
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Figure 59. Structures of the 1c, 2c and 3¢ HTMs.

6.5.1 Absorption and emission through UV-Vis and Fluorescence
spectroscopy

The structures of 1c, 2c, and 3c are reported in Figure 59. Normalized UV-Vis
absorption and emission spectra of 1c, 2¢c, and 3c are shown in Figure 60, and all
optical data are reported in Table 8. It is worth noting that the three absorption
profiles of 1c and 2c are slightly different but of 3cis quite different comparing to 1c
and 2c. The absorption maximum peaks for 1c, 2c, and 3¢ HTMs in DCM at 319 nm,
323 nm, and 365 nm respectively are assigned to m- t* transition of the aromatic
rings of triphenylamine. The emission peaks are at 475 nm, 468 nm, and 423 nm,
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respectively, for 1c, 2c and 3c. However, according to Figure 60 the maximum
absorption peak of 3c is red shifted while the onset absorption is blue shifted due to
oxidation of sulfur heteroatom of the phenothiazine core. As a result, it appears that
the oxidation of sulfur is very useful to obtain higher transparency of phenothiazine
based HTMs. Stokes shifts of the new HTMs are 156 nm for 1c, 128 nm for 2c, and
58 nm for 3c it is obvious that from 1c to 2c we have a slight decrease of 25 nm in
the Stokes shift but from 1c to 3c it appears that we have a huge reduction of the
Stokes shift of 98 nm, this could lead to a better pore filling for ability 1c and 2c than
3¢ possibly leading to higher hole mobility.!8¢ It appears that all the new HTMs do

not absorb in the visible region.
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Figure 60. UV-Vis and Fluorescence of the 1c, 2c and 3¢ HTMs.
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6.5.2 Electrochemical characterization through cyclic voltammetry

The oxidation potential of the HTMs should be tuned with respect to the energy
levels of the perovskite to obtain a high open-circuit voltage (Voc) of the solar cell
device and to ensure an efficient hole mobility kinetic. The highest occupied
molecular orbitals (HOMOs) energy levels of the new PTZ based HTMs 1c, 2c, and 3c
were measured using cyclic voltammograms (CVs), which are indicated in Figure 61.
According to electrochemical data, the HOMO energy levels of the new HTMs have
been estimated as -5.28 eV for 1c, -5.34 eV for 2c, and -5.61 eV for 3c in solution,
whereas the HOMO energy level value of the spiro-OMeTAD is -5.20 eV. This lower
HOMO of 3c could be important to obtain higher V. in PSCs devices and, possibly,
with specifically deep CB perovskites, but the relatively higher HOMO of 1c¢ and 2c

could lead toward faster hole transfer between the HTM and the perovskite.®®
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Figure 61. Cyclic Voltammograms of the 1c, 2c and 3¢ HTMs.
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6.5.3 Thermal Stability through TGA and DSC

The glass transition temperature (Ty) is one of the most important factors for the
assessment of the stability of PSCs. One of the causes of the rapid degradation of
PSCs performances is the transformation of a metastable amorphous state of the
hole transporting material during the operative conditions to which the solar cell
should normally survive.’®® The obtained results of Ty, Tm, and Tstap are summarized
in Table 1 and Table 2. From Figure 64, during the 1% heating cycle, 1c exhibited a
glass transition accompanied by enthalpic relaxation and followed by an exothermal
crystallization before the endothermic melting point. This confirms its amorphous
character. In the case of 2c, in the first heating cycle only the endothermic melting
point was obtained, thus confirming its crystallinity due to the replacement of the
hexyl-chain with the butoxyphenyl group. This indicates that the substitution pattern
of the nitrogen of the phenothiazine is important: the N substitution with an
aliphatic chain (hexyl) is giving an amorphous HTM, while the substitution with an
aromatic butoxyphenyl group gives a more crystalline HTM. It was already reported
that the crystallinity of the phenothiazine derivatives dramatically increases the hole
mobility of HTMs.123 As far as the 3¢ HTM is concerned, in the 15theating cycle a glass
transition temperature Tg was noticed, accompanied by an enthalpic relaxation and
followed by the endothermal melting point. This confirms its semicrystalline

character. These data indicates that the oxidation of the sulfur atom of the
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phenothiazine based HTM 2c to sulfoxide (giving the sulfur monoxide 3c) is affecting
the crystallinity nature of HTM, transforming it from a crystalline to a semicrystalline
HTM. During the 2" heating cycle (Figure 63), the glass transition temperature T,
was found at 88 °C, 115 °C, and 129 °C for 1c, 2c, and 3c respectively. It was found
that 2c is giving a higher value as expected due to its crystalline nature but 3¢ which
seems to be semicrystalline gave a higher value, even higher than Spiro-OMeTAD
which Tg was found at 122 °C. On the basis of these results, it can be concluded that
2c has a glass transition temperature slightly lower than Spiro-OMeTAD, while 3¢ has
a higher glass temperature indicating that it is more stable in the amorphous state
than the Spiro-OMeTAD making both 2c¢ and 3c particularly interesting for
photovoltaics applications.’®1%2 Figure 62 shows the thermogravimetric analysis
(TGA) of 1c, 2¢c, and 3¢, whose thermal stabilities were found at 373 °C, 413 °C, and
378 °C respectively. Therefore, the introduction of an aromatic unit (such as the
butoxyphenyl moiety) instead of an aliphatic unit at the phenothiazine nitrogen is
beneficial to the thermal stability of the HTMs, while oxidation of the sulfur atom is
not beneficial for the thermal stability but it makes it more stable in the amorphous

state.
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Figure 62. TGA graphs of the 1c, 2c and 3¢ HTMs.
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Figure 63. DSC graphs of 1c, 2c and 3c HTMs.
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Figure 64. DSC of the 1c, 2c and 3¢ HTMs, the down red color line is the first heating cycle
and the upper red color line is the first cooling cycle, while the black line is second heating
cycle.

Table 8. Optoelectronic properties of the 1c, 2c, 3c and Spiro-OMeTAD HTMs.

HTM  Aabs  Aoset  Aem  SS HOMO = By  Tsan. Tg = T
(hm) (nm)  (nm) (nm)  (eV) (ev) (°C) (°C) (°C)

1c 319 424 475 156 -5.28 2.87 373 88 224
2c 323 460 467 144 534 281 413 115 188
3c 365 405 423 58 -561 3.3 378 129 171
Spiro'¥ 386 426 419 33  -522 2.7 409 103 248

Table 9. Photovoltaic performances of the 2c and Spiro-OMeTAD HTMs.

HTM FF | Vo Jsc PCE
(V) (mAcm?) (%)

2c 0.63 1.63 6.5 6.8
Spiro®” 072 1.62 5.8 9.9
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Figure 65. Frontier Molecular Energy Levels of the 1c, 2¢c and 3c HTMs compared
to Spiro-OMeTAD and the other PSCs components.
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7 SYNTHESIS AND CHARACTERIZATION OF
PHENOTHIAZINE POLYMERIC BASED HTMS:
RESULTS AND DISCUSSION

7.1 An overview

A common building block in the HTMs, based on small molecules or polymers, is the
triphenylamine unit,111%3-1% \which is an electron-rich moiety that can build
materials with high hole mobility. Polymer based HTMs have been shown, with
either the triphenylamine inserted in the polymer backbone®®>'7 or as pendant
unit.’®® These polymeric HTMs usually require a long multistep synthesis with long
and time expensive purification procedures for the monomers, resulting expensive

materials with low overall yield.
7.2 Synthesis

In this work we were inspired by the previous materials using phenothiazine as a
scaffold unit and choosing the scaffold 1 (see previous chapters) for its facile
synthesis and cost-effective preparation. We synthesize a novel family of polymers
via one-pot Buchwald-Hartwig coupling reaction. Buchwald-Hartwig amination gives
nitrogen-carbon bond when an aryl halide is reacted with a primary or secondary

amine in the presence of a palladium catalyst and base. The reaction between 3,7-
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dibromo-10-hexyl-10H-phenothiazine (Scaffold 1) with selected commercially
available low-cost aniline derivatives feature a facile work up, leading to reduction
of time-consuming purification steps. The reaction was carried out in 24 hours and
to minimize the reaction steps 0.01 equivalent of 4-bromoanisole were added to
terminate end amino groups. It has been reported that the degradation of HTM
molecules caused by radical at the 4-position of a pendant group of the amine.***To
avoid the possibility of degradation, beside aniline amines with different functional
groups at the position 4 were used. The functional groups were selected to study the
effect of electron withdrawing and electron donating units at the 4-position on the
characterization and functionality of the final polymer. The yield of the polymers
P1a, P1b, P1c, P1d, Ple, P1f were 22%, 55%, 49%, 44%, 56%, and 35%, respectively.

NH, CeHi3 t-BuOK Coltis

: N 0
N (IPr)Pd(allyl)Cl @ :@\ @/ N
Br Br

S Toluene, 105°C

Pla_ 1
R = -H, -CHg, -OCH3, -OCgHs, -C4Hg, -F B 12 R =CH
R = OCH

Pi1c
R=0C 3

Ple 5 _ £4Hg
P1f R=F

Scheme 23. Synthetic route for the polymeric HTMs through Buchwald coupling.
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7.3 Characterization

7.3.1 Molecular weight measurement by SEC

The weight average molecular weight (My) value for all polymers is in the range from
5-8 kDa (Table 9). Due to that, polymers can improve the stability of the device by
protecting the perovskite active layer from degradation. The obtained polymers
have a reasonably low polydispersity from 1.2 to 1.6, which indicates their
homogeneity.

The presence of an electron withdrawing group (-F, P1f) on the aniline unit at the
para position led to a decrease in the molecular weight of the polymer while the
presence of electron donating groups increased the molecular weight of the

polymer.

7.3.2 Absorption and emission through UV-Vis and Fluorescence
spectroscopy

The polymeric HMTs (Pla-f) were characterized by UV-Vis and Fluorescence
spectroscopies (Figure 66, Figure 67,and Table 10). All the UV-Vis spectra of the
polymers are similar and have a maximum absorption peak in between 263 and 269
nm, followed by a shoulder peak at around 340 nm. The introduction of an electron
donating group at the para position of the aniline unit led to a small red shift of the

absorption maximum, as found for the small molecule 2k. This agrees with the
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conjugation breaking attitude of the triarylamine, through its nitrogen. The polymers

behave similarly for the emission spectroscopy, showing emission peaks in the range

480-484 nm.
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——P1le[
—P1f}

Absorbance

0,0 T T T T T T T r
250 300 350 400 450 500 550 600

Wavelength [nm]

Figure 66. UV-Vis Spectra of polymeric HTMs.
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Figure 67. Fluorescence Spectra of polymeric HTMs.

7.3.3 Thermal Stability through TGA and DSC

The polymers (P1a-1f) demonstrated good thermal stability (Table 10 and Figure 68).
The general structure of the polymer is the same and therefore it is reasonable to
obtain similar values since this should be mainly related to the stability of the
polymeric backbone. The variation in the thermal stability is minimal and can be
related to the substituent on the para position of the aniline moiety. The values
obtained for the polymers show that the unsubstituted polymer (P1a, R = H) and the
polymers substituted with alkyl groups and electron acceptors (P1b, R = CHsz and Ple,
R = C4Hg, P1f, R = F) show the higher stability temperatures (between 372 and 380
°C), while the polymers substituted with strong electron donor groups (P1c, R = OCH3

and P1d, R = OCgHs) are somewhat less stable (362-367 °C) probably connected to
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the presence of the ether group. However, the overall stability is still very good.
These values showed that the polymers can be processable for the preparation of
perovskite solar cells.

From the DSC plots the glass transition, reported in (Table 10 and Figure 69), was
obtained for all polymers. The presence of a glass transition in one of the most
studied molecular HTMs, Spiro-OMeTAD (Tg = 126 °C), is considered an essential
point in favoring the good performance of the cell, as it ensures that an amorphous
structure can be maintained. The HTM is stable in the film until glass transition is
reached. Furthermore, stiffness is a symptom of strong packing while remaining in
an amorphous state, where the polymer chains are in close contact with each other,
favoring in principle the transfer of charge and therefore the transport of the holes,
in the case of p-type polymers. The glass transition (Tg), for P1la is observable at
111.97 °C and for P1b at 117.91 °C. This demonstrates a significant difference in
stiffness between the two polymers, due to the presence of the methyl group in the
para position of the pendant phenyl group (R = H for P1a and R = CHs for P1b). In the
case of polymer Ple (R = C4H9) the glass transition is less evident, and lower (99.80
°C) probably due to the steric hindrance of the butyl chain, which strongly reduces
the polymer packing. The polymer P1c has a high T¢ (133.29 °C). Packing and stiffness
are particularly high, most likely because of the presence of oxygen which can

provide interactions with portions of the polymer chain in which a partial positive
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charge is present. This effect is less marked in the case of the P1d polymer, in which
probably the size of the benzene ring of the phenoxy group (R = OCgHs) distances the
polymer chains from each other. In conclusion, the materials can maintain their solid

phase structure at least up to 99 ° C and up to about 109 °C, if polymer Ple (R = C4Ho)

is excluded.
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Figure 68. TGA curves of the Polymeric HTMs.
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Figure 69. DSC curves of the second heating cycle of the polymeric HTMs.

7.3.4 Electrochemical characterization through cyclic voltammetry

The HTM substituted with Fluorine atom at the para position of the aniline unit, P1f,
showed the deepest HOMO energy, as expected from the acceptor nature of the
fluorine substituent. As expected, the most effective donor substituent, OCHs (P1c),
showed the highest HOMO level, but this is still very close to the others. In fact, the
HOMO values, as seen also by the Ei/; potentials (Figure 70), do not vary much
between them. This is mainly due to the localization of HOMO around the
phenothiazine core since the breaking of conjugation imposed by the triarylamine

nature of these polymers. Therefore, the effect of the substituent of the benzene
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ring of the aniline unit only marginally affects the energy value of HOMO. It should
be emphasized that, although the differences between the values can be considered
within the experimental error, a relationship between the energy value of the HOMO
of the polymer and the inductive characteristics of the substituent can be outlined.
In any case, given the proximity of the energy levels of the polymers, it is likely that
important differences in the photovoltaic behavior of the polymers are dependent
on the morphological state of the polymer film deposited on the perovskite, for
which the glass transition temperature of the polymer can be an important

indication.
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Figure 70. Cyclic Voltammograms of the polymeric HTMs.

Table 9. Optical, electrochemical and thermal characterization of the polymeric HTMs.

137 | Page



HTM

Pla
P1b
Plc
P1d
Ple
P1f
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Amax(Nm)

269
266
263
266
263
269

)\onset
(nm)
418
430
408
415
402
422

}\em
(nm)
480
480
480
480
480
485

HOMO
(eV)
-4.98
-4.94
-4.91
-4.95
-4.94
-5.00

Be
(eV)
2.97
2.88
3.04
2.99
3.08
2.94

Tstab
(°C)
372
373
366
362
380
376

(°C)
111.97
117.91
133.29
119.61

99.8
109.34



8 EXPERIMENTAL

8.1 Materials and instruments:

8.1.1 Materials

All chemicals and solvents were purchased as pure grade for synthesis or
spectroscopy from Merck, TCI Chemicals, abcr and VWR, and used without further

purification.

8.1.2 Instruments

8.1.2.1 NMR Spectra:

NMR spectra were recorded a JEOL ECZ-R 600, working at 600 MHz and 151 MHz for

'H-NMR and 3C, respectively.

8.1.2.2 Mass Spectra:

ESI-MS experiments were performed with a Thermo Fisher Scientific LCQ Advantage

Max ion-trap mass spectrometer, equipped with an ESI source.

8.1.2.3 UV-Vis spectra:

The UV-Vis spectra were recorded in dichloromethane (DCM) with an Agilent

Technologies Cary60 UV-Vis spectrometer.
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8.1.2.4 Fluorescence spectra:

Fluorescence spectra were acquired in dichloromethane (DCM) with a Cary Eclipse

Fluorescence spectrophotofluorometer.

8.1.2.5 SEC - Molecular weight measurement

SEC—Molecular weight measurements were performed with Waters SEC
chromatographic system equipped with a refractometer detector, using a guard
column and three columns in series (Styragel HR2,HR4 and HR6). The analyses were
performed at 35°C and THF was used as the mobile phase at a 1 ml min flow rate.
A calibration curve was prepared with a series of polystyrenes of different molecular

weight (575-3848000 g mol).

8.1.2.6 Cyclic Voltammetry Measurement

Cyclic voltammetry analyses were performed with SP-300 BIOLOGIC potentiostat
using DCM as solvent and tetrabutylammonium hexafluorophosphate (TBAP) as
support electrolyte. Scan rate was set to 50 mV/s and the scan was performed from
-1.2 to 1.5 V using Ag/AgCl as reference electrode and Ferrocene (Fc/Fc+) as internal

reference.
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8.1.2.7 Thermal Analysis:

Thermogravimetric analyses (TGA) were performed with a TGA TAQ 600 (TA
Instruments) in nitrogen atmosphere with a heating gradient of 30°C/min from 30°C

to 800°C.
Calorimetric analyses (DSC) were performed with a DSC TAQ 200 (TA Instruments) in

nitrogen atmosphere with a heating gradient of 30°C/min from -50 °C to 250°C.
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8.2 Synthesis

8.2.1 10-hexyl-10H-phenothiazine (1a)

CeH1s
N
98¢

Phenothiazine (5 g, 25.1 mmol, 1 eq) was dissolved in dry DMF (10 mL) under argon
atmosphere, then it was cooled to 0 °C and after that NaH (903 mg, 32.62 mmol, 1.5
eq) was added portion wise to the mixture and kept stirring for 1 hour. 1-lodohexane
(18 g, 38 mmol, 1.7 eq) was added to the mixture and kept stirring at RT until
consumption of phenothiazine, monitoring by TLC using an eluent of 10% EtOAc in
PE (petroleum ether). The reaction was quenched by ice cold water and extracted by
EtOAc and brine. After drying with Na;SO4 the organic phase was evaporated under
vacuum. The crude was purified by a short silica column using hexanes eluent giving
a yellow oil (6.319 g, 88%). 'H NMR (600 MHz, DMSO-dg) 6 7.16 — 7.11 (m, 2H), 7.08
(dd, J = 7.6, 1.5 Hz, 2H), 3.77 (t, ) = 7.0 Hz, 2H), 1.63 — 1.55 (m, 2H), 1.34 — 1.24 (m,
2H), 1.15 (td, J = 6.6, 3.3 Hz, 4H), 0.82 — 0.71 (m, 3H). 13C NMR (151 MHz, DMSO-ds)
6 145.35, 128.10, 127.64, 124.17, 122.93, 116.35, 46.93, 31.36, 26.73, 26.36, 22.59,

14.36.
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8.2.2 3,7-dibromo-10-hexyl-10H-phenothiazine (11)

CeH1s

N
Br/@s:Q\ Br

10-hexyl-10H-phenothiazine (2 g, 7.1 mmol, 1 eq) was dissolved in dichloromethane
(DCM) (20 mL), then bromine (5.6 g, 35.3 mmol, 5 eq) was dissolved in DCM (10 mL)
and added dropwise, the mixture was stirred at room temperature until
consumption of the starting material. Then, the mixture was cooled to -5 °C and
sodium bisulfite was added slowly until the color changed from purple to white then
NaOH solution was added, and the crude mixture was extracted twice with DCM.
The organic layer was dried over Na;SO4, and the solvent was evaporated under
vacuum giving as yellow oil which turned onto a greenish solid (2.9 g, 93%). 'H NMR
(600 MHz, DMSO-Ds) 6 7.33 — 7.27 (m, 4H), 6.89 (d, J = 8.6, 0.7 Hz, 2H), 3.75 (t, J =
7.0 Hz, 2H), 1.57 (q, J = 7.5, 6.1 Hz, 2H), 1.33 = 1.25 (m, 2H), 1.22 — 1.13 (m, 4H), 0.79
- 0.72 (m, 3H). 13C NMR (151 MHz, DMSO-D®) 6 144.35, 130.89, 129.60, 126.01,

118.17,114.54, 47.17, 31.30, 26.45, 26.23, 22.58, 14.35. MS/ESI*: 440.89 a.m.u.
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8.2.3 10-(4-butoxyphenyl)-10H-phenothiazine (2a)

OC,Hy

N
LI
The reaction was performed in a 20 ml MW vial dried in an oven overnight, closed
with a crimp and purged with argon. Phenothiazine (5 g, 25.1 mmol, 1 eq), 1-bromo-
4-n-butoxy-benzene (7.5 g, 32.6 mmol, 1.3 eq), Pd,(dba)s
[tris(dibenzylideneacetone)dipalladium(0)] (460 mg, 0.5 mmol, 0.02 eq), sodium t-
butoxide (3.7 g, 38.4 mmol, 1.5 eq) and tri-t-butylphosphine (102 mg, 0.5 mmol, 0.02
eq) were dissolved in o-xylene (10 mL) and stirred under argon at 80 °C for 12h. After
completion of the reaction, the mixture was cooled down to room temperature and
guenched with water. The mixture was extracted three times using dichloromethane
and water. The organic layer was separated and dried with anhydrous sodium
sulfate, and then the solvent was removed using a rotary evaporator. The crude
product was precipitated from MeOH giving white crystals (6.5 g, 75%). *H NMR (600
MHz, Acetone-d¢) 6 7.33 -7.27 (m, 2H), 7.21—-7.15 (m, 2H), 7.01 - 6.95 (m, 2H), 6.87
(m,J=8.3,7.3,1.6 Hz, 2H), 6.79 (m, 2H), 6.19 (dd, J = 8.2, 1.3 Hz, 2H), 4.08 (t,J] = 6.4

Hz, 2H), 1.83 — 1.75 (m, 2H), 1.57 — 1.47 (m, 2H), 0.97 (t, J = 7.4 Hz, 3H). 3C NMR (151
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MHz, Acetone-ds) 6 159.19, 144.74, 133.00, 132.20, 127.08, 126.50, 122.43, 119.55,

116.51, 115.82, 67.81, 31.27, 19.12, 13.32.MS/ESI*: 347.08 a.m.u.
8.2.4 3,7-dibromo-10-(4-butoxyphenyl)-10H-phenothiazine (21)

OC,4H,

N
BrQSD\Br
10-(4-butoxyphenyl)-10H-phenothiazine (2.5 g, 7.2 mmol, 1 eq) was dissolved in
CHClI5 (150 mL) and the temperature was maintained at O °C. Then Br; (2.3 g, 14.4
mmol, 2 eq) was dissolved in 50 mL of CHCl; and was dropped into the flask very
slowly while keeping the temperature at around 0 °C. The reaction mixture was
stirred until consumption of all starting material. Then, the mixture was cooled to -5
°C and sodium bisulfite was added slowly until the color changed from purple to
white then NaOH solution was added and the crude mixture was extracted using
DCM twice, the organic layer was dried over Na;SO4 and the solvent was dried under
vacuum giving a crude product which was purified by redissolving in minimum
dichloromethane and precipitating it from MeOH, giving a white powder (3.15 g,
86.7%). 'H NMR (600 MHz, CDCl5) § 7.23 — 7.18 (m, 2H), 7.11 — 7.04 (m, 4H), 6.89

(dd, J = 8.7, 2.4 Hz, 2H), 6.00 (d, J = 8.8 Hz, 2H), 4.02 (t, J = 6.4 Hz, 2H), 1.85 — 1.78
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(m, 2H), 1.58 — 1.48 (m, 2H), 1.00 (t, J = 7.4 Hz, 3H). 3C NMR (151 MHz, CDCls) &
159.27, 143.60, 132.28, 131.84, 129.77, 128.79, 121.08, 117.01, 116.73, 114.59,

68.13, 31.38, 19.37, 13.96.

8.2.5 10-(4-butoxyphenyl)-10H-phenothiazine 5-oxide (3a)

OC4Hg

N

L

ol

To a solution of 10-(4-methoxyphenyl)-10H-phenothiazine (500 mg, 1.64 mmol, 1
eq) in 10 mL of DCM, a solution of 3-chloroperbenzoic acid (366.92 mg, 1.64 mmol,
1 eq, 77%) in 20 mL of DCM was added dropwise over 30 min at 0 °C. The reaction
was completed with 2 h. The reaction mixture was washed with saturated Na,COs3
aqueous solution, and then the reaction mixture was extracted with DCM (3 x 20 mL)
and the combined organic layers were dried with Na;SO4 and completely removed
by rotary evaporation. The residue was purified with column chromatography using
80% EtOAc in PE as eluent (467 mg, 89%).*H NMR (600 MHz, CDCl3) 6 7.98 (dd, J =
7.8, 1.7 Hz, 2H), 7.42 = 7.37 (m, 2H), 7.31 = 7.28 (m, 2H), 7.22 (t, J = 1.6 Hz, 2H), 7.18
—7.13 (m, 2H), 6.77 (d, J = 1.1 Hz, 2H), 4.07 (t, J = 6.5 Hz, 2H), 1.90 — 1.80 (m, 2H),

1.65 — 1.49 (m, 2H), 1.02 (t, J = 7.4 Hz, 3H). 13C NMR (151 MHz, CDCl3) 6 159.76,
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139.50, 132.85, 131.95, 131.41 (d, J = 5.3 Hz), 122.14, 117.59, 116.82, 68.22, 31.37,

19.38, 13.98. MS/ESI*: 363.98 a.m.u.

8.2.6 3,7-dibromo-10-(4-butoxyphenyl)-10H-phenothiazine 5-
oxide (31)

OC4Hg

N

ol

To a solution of 3,7-dibromo-10-(4-butoxyphenyl)-10H-phenothiazine (3 g , 5.94
mmol, 1 eq) in 60 mL of DCM, a solution of 3-chloroperbenzoic acid ( 1.33 g, 5.94
mmol, 1 eq) in 120 mL of DCM was added dropwise over 30 min at 0 °C. The reaction
was completed within 2 h. The reaction mixture was washed with saturated aq. of
Na,COs, and then the reaction mixture was extracted with DCM (3 x 50 mL) and the
combined organic layers were dried with Na;SO4 and completely removed by rotary
evaporation. The residue was purified by column chromatography using % 80EtOAc

in PE giving 2.9 g of a white solid, 94%. 'H NMR (600 MHz, CDCl5) § 8.07 (d, ) =2.3
Hz, 2H), 7.46 (dd, J = 9.2, 2.3 Hz, 2H), 7.24 (dd, J = 9.0, 2.5 Hz, 3H), 7.15 (d, ) = 8.7 Hz,
2H), 6.65 (d, J = 9.1 Hz, 2H), 4.06 (t, ) = 6.4 Hz, 2H), 1.90 — 1.80 (m, 2H), 1.60 — 1.50

(m, 2H), 1.02 (t, J = 7.4 Hz, 3H). 3C NMR (151 MHz, CDCls) & 160.07, 138.04, 135.71,
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133.88, 131.00, 130.70, 123.39, 119.51, 117.07, 114.26, 68.30, 31.32, 19.36, 13.96.

MS/ESI*: 521.81 a.m.u.

8.2.7 N,N-diphenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)aniline (c)
o<
o,

O

To N-(4-bromophenyl)diphenylamine (5 g, 15.42 mmol, 1 eq) in a 100 mL Schlenk
flask, 90 mL of anhydrous THF was added and the solution was cooled to - 78 °C. To
this, 2.5 M n-butyllithium in hexane (9.25 mL, 23.13 mmol, 1.5 eq) was added slowly
and stirred for 30 min. Then 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(4.88 g, 26.22 mmol, 1.7 eq) was added and slowly allowed to warm to room
temperature. The reaction was stirred overnight and then quenched with brine. The
product was then extracted with diethyl ether, washed with brine, dried over Na;S04
and the solvent was removed under vacuum. The crude product was
chromatographed on silica gel eluted with 0-10% ethyl acetate in hexane, giving a
white solid 5.6 g (97%) of a yellow oily liquid. *H NMR (600 MHz, Acetone-dg) 6 7.69

—7.57 (m, 2H), 7.38 (tt, ) = 7.6, 1.7 Hz, 4H), 7.21 - 7.13 (m, 6H), 7.10 — 6.89 (m, 2H),
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1.38 (s, 12H). 3C NMR (151 MHz, Acetone-ds) & 150.86, 147.44, 135.85, 129.73,

125.41,124.04, 121.07, 117.49, 83.74, 25.22. MS/ESI*: 372 a.m.u.

8.2.8 2-(1,2-dihydroacenaphthylen-5-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (b)

8
e

o 0

This product was obtained by applying the same procedure for the compound (c).
The crude product was chromatographed on silica gel, eluted with 0-10% ethyl
acetate in hexane giving a 70% yield. *H NMR (600 MHz, Acetone-ds) 6 8.33 (dt, J =
8.4,0.8 Hz, 1H), 7.98 (d, J = 6.9 Hz, 1H), 7.44 (dd, ) = 8.4, 6.8 Hz, 1H), 7.27 (tt,) = 6.7,
1.2 Hz, 2H), 3.34 (t, J = 0.9 Hz, 4H), 1.38 (s, 12H). 13C NMR (151 MHz, Acetone-ds) &
150.35, 146.09, 138.85, 137.74, 135.63, 128.11, 123.70, 119.16, 118.80, 83.36,

30.08, 29.78, 24.48.
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8.2.9 9-(4-bromophenyl)-9H-carbazole (d-Br)

Br

N
A mixture of carbazole (1 g, 1eq), 1-bromo-4-iodobenzene (2.6 g, 1,5 eq), copper
powder (762 mg, 2 eq), potassium carbonate (3.4 g, 4 eq), and anhydrous DMF
(20mL) were added into a 50 ml round bottom flask. After stirring and degassing for
15 min, the reaction system was refluxed for 12h under Ar. The reaction mixture was
cooled to room temperature. After adding deionized water, a brown solid was
obtained by filtration and purified by silica gel column chromatography with hexane.
932 mg of 9-(4-bromophenyl)-9H-carbazole were obtained as white crystals, 48%. *H
H NMR (600 MHz, Acetone-ds) 6 10.29 (s, 1H), 8.19 (dt, J = 7.8, 1.0 Hz, 1H), 8.08 (m,
1H), 7.88 — 7.82 (m, 1H), 7.62 — 7.54 (m, 1H), 7.48 (dt, J = 8.1, 0.9 Hz, 1H), 7.45 - 7.39
(m, 1H), 7.41—7.35 (m, 1H), 7.38 = 7.32 (m, 1H), 7.27 (m, 1H), 7.15 (m, 1H). 3C NMR
(151 MHz, Acetone-de) 6 140.63, 136.98, 133.29, 129.05, 126.28, 123.52, 120.53,

120.40, 120.35, 109.64.
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8.2.10 9-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-
9H-carbazole (d)

This product was obtained by applying the same procedure for the compound (c).
The crude product was chromatographed on silica gel eluted with yield 0-10% ethyl
acetate in hexane. Isolated yield 72% (380 mg). '*H NMR (600 MHz, Acetone-d¢) &:
8.20 (m, 2H), 8.05 — 8.02 (m, 2H), 7.65 — 7.62 (m, 2H), 7.47 — 7.39 (m, 4H), 7.27 (m, ,

2H), 1.37 (s, 12H).

8.2.11 2-([1,1'-biphenyl]-4-yl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (e)
OJ§<
é\o

This product was obtained by applying the same procedure for the compound (c).
The crude product was chromatographed on silica gel eluted with 0-10% ethyl
acetate in hexane giving 3.397 g, 94%. *H NMR (600 MHz, Acetone-ds) 6 7.82 — 7.80

(m, 2H), 7.67 — 7.64 (m, 4H), 7.47 — 7.43 (m, 2H), 7.36 (m, 1H), 1.33 (s, 12H). 3C NMR
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(151 MHz, Acetone-d6) 6 143.72, 140.76, 135.27, 128.97, 127.75, 127.00, 126.25,

83.74, 24.38.

8.2.12 4-methoxy-N-(4-methoxyphenyl)-N-(4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)phenyl)aniline (K)

o o

-

This product was obtained by applying the same procedure for the compound (c).
The crude product was chromatographed on silica gel eluted with 0-10% ethyl
acetate in hexane giving 2.16 g, 76%. *H NMR (600 MHz, Acetone-dg) 6 7.52 — 7.48
(m, 2H), 7.07 — 7.03 (m, 4H), 6.91 — 6.88 (m, 4H), 6.75 - 6.73 (m, 2H), 3.77 (d, J = 1.1
Hz, 6H), 1.27 (s, 12H).23C NMR (151 MHz, Acetone-ds) & 156.82, 151.69, 140.18,

135.73,127.51, 126.55, 120.45, 117.70, 114.88, 114.75, 83.20, 54.90, 24.35.
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8.2.13 4,4'-(10-hexyl-10H-phenothiazine-3,7-diyl)bis(N,N-
diphenylaniline) (1c)

CeH1z

A o
q q

The reaction was performed in a 25 ml round bottom flask connected with
condenser and purged with argon. A mixture of 3,7-dibromo-10-hexyl-10H-
phenothiazine (600 mg, 1.36 mmol, 1 eq), (4-(diphenylamino)phenyl)boronic acid
(1.06 g, 3.67 mmol 2.7 eq) and Pd(PPhs)s (79 mg, 0.68 mmol, 0.05 eq) and Aliquat
336 (0.110 mg, 0.272 mmol, 0.2 eq) in toluene (10 mL). To this solution, a mixture
K2CO3 (1.18 g, 8.57 mmol, 6.3 eq) aqueous solution (4.3 mL) was added. Then the
reaction was stirred overnight at 110 °C. After cooling down the reaction to room
temperature, the mixture was diluted with dichloromethane and washed with
water. The organic layer was dried over Na,SO4 and evaporated. The crude product
was concentrated and passed through a short pad of silica, then the organic phase
was concentrated under vacuum and precipitated from MeOH giving 988 mg as a
yellow solid, 94%. *H NMR (600 MHz, THF-ds) 6 7.46 — 7.42 (m, 4H), 7.37 — 7.33 (m,

4H),7.22 - 7.18 (m, 8H), 7.06 — 7.03 (m, 12H), 6.96 (m, 6H), 3.95 — 3.89 (m, 2H), 1.84
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—1.78 (m, 2H), 1.46 (q, J = 7.2 Hz, 2H), 1.35 — 1.29 (m, 4H), 0.86 (m, 3H).7.1 Hz, 2H),
1.84 - 1.78 (m, 2H), 1.47 (q, J = 8.3, 7.8 Hz, 2H), 1.33 - 1.29 (m, 4H), 0.86 - 0.84 (m,
3H). 13C NMR (151 MHz, THF-ds) 6 147.89, 146.96, 144.02, 134.89, 134.29, 129.10,
126.93, 125.16, 124.90, 124.16, 124.05, 122.69, 115.48, 31.55, 26.85, 26.52, 22.59,

13.41. MS/ESI*: 769.27 a.m.u.

8.2.14 4,4'-(10-hexyl-10H-phenothiazine-3,7-diyl)bis(N,N-bis(4-
methoxyphenyl)aniline) (1K)

C6H13

oS o
. )

/ /

This compound was obtained by applying the same protocol as for the compound
1c. Yield: 324 mg, 80%. 'H NMR (600 MHz, THF-ds) &: 7.36 — 7.29 (m, 8H), 7.01 - 6.97
(m, 8H), 6.93 (dd, J = 8.5, 1.3 Hz, 2H), 6.90 — 6.87 (m, 4H), 6.82 — 6.79 (m, 8H), 3.89
(t, J = 7.2 Hz, 2H), 3.72 (d, J = 1.0 Hz, 12H), 1.81 — 1.76 (m, 2H), 1.45 (m, 2H), 1.33 -
1.28 (m, 4H), 0.90 — 0.79 (m, 3H). 13C NMR (151 MHz, THF-ds) 6 156.25, 148.02,
143.76, 140.94, 135.12, 132.01, 126.56, 126.35, 124.88, 124.64, 120.72, 115.40,

114.49,54.64,47.08,31.57, 26.86, 24.85, 24.72,22.61, 13.42. MS/ESI*: 889.27 a.m.u.
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8.2.15 3,7-bis(1,2-dihydroacenaphthylen-5-yl)-10-hexyl-10H-
phenothiazine (1b)

CeHis
N
O O S O O
This compound was obtained by applying the same protocol as for the compound
1c. Yield : 359 mg, 67% . *H NMR (600 MHz, CDCls) &: 7.73 = 7.71 (m, 2H), 7.42 (dd,
J=8.4,6.8 Hz, 2H), 7.38 — 7.34 (m, 6H), 7.32 — 7.28 (m, 4H), 7.00 (d, J = 8.8 Hz, 2H),

3.98-3.94 (m, 2H), 3.44 —3.40 (m, 8H), 1.93 (g, J = 7.5 Hz, 2H), 1.51 (dd, J = 8.6, 6.6

Hz, 2H), 1.39 — 1.33 (m, 4H), 0.93 — 0.89 (m, 3H). MS/ESI*: 587.19 a.m.u.

8.2.16 3,7-bis(4-(9H-carbazol-9-yl)phenyl)-10-hexyl-10H-
phenothiazine (1d)

T

This compound was obtained by applying the same protocol as for the compound
1c. Yield: 647 mg, 74% yield. 'H NMR (600 MHz, CDCl3) 6 8.15 (m, 4H), 7.78 - 7.74
(m, 4H), 7.64 — 7.59 (m, 4H), 7.50 — 7.45 (m, 8H), 7.42 (m, 4H), 7.30 (m, 4H), 7.01 —
6.98 (m, 2H), 3.95 (t, J = 7.3 Hz, 2H), 1.91 (m, 2H), 1.54 — 1.48 (m, 2H), 1.37 (m, 4H),
0.93 — 0.90 (m, 3H). 3C NMR (151 MHz, CDCls) & 144.62, 140.95, 139.15, 136.65,
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134.70, 127.91, 127.47, 126.14, 126.06, 125.97, 124.98, 123.50, 120.43, 120.06,

115.75, 109.94, 47.82, 31.62, 26.98, 26.82, 22.75, 14.15. MS/ESI*: 765.28 a.m.u.

8.2.17 3,7-di([1,1'-biphenyl]-4-yl)-10-hexyl-10H-phenothiazine
(le)

CeH1s
N
O O S O O
This compound was obtained by applying the same protocol as for the compound
1c. Yield: 346 mg, 67%. 'H NMR (600 MHz, CDCl3)  7.66 — 7.60 (m, 12H), 7.46 — 7.42
(m, 8H), 7.37 —=7.33 (m, 2H), 6.94 (d, J = 9.0 Hz, 2H), 3.93 —3.88 (m, 2H), 1.87 (p, ) =

7.5 Hz, 2H), 1.47 (t, ) = 7.5 Hz, 2H), 1.34 (m, 4H), 0.91 — 0.87 (m, 3H). MS/ESI*: 587.19

a.m.u.

8.2.18 3,7-di([1,1'-biphenyl]-3-yl)-10-hexyl-10H-phenothiazine
(1f)

CeHis
N

This compound was obtained by applying the same protocol as for the compound
1c. Yield: 460 mg, 57%. *H NMR (600 MHz, CDCl5) § 7.66 — 7.60 (m, 12H), 7.46 — 7.42

(m, 8H), 7.37 = 7.33 (m, 2H), 6.94 (d, J = 9.0 Hz, 2H), 3.93 — 3.88 (m, 2H), 1.87 (p, J =
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7.5 Hz, 2H), 1.47 (t, J = 7.5 Hz, 2H), 1.34 (m, 4H), 0.91 — 0.87 (m, 3H). 13C NMR (151
MHz, CDCls) & 144.51, 141.91, 141.27, 140.63, 135.54, 129.31, 128.90, 127.51,
127.36, 126.18, 126.05, 125.95, 125.58, 125.55, 124.86, 115.59, 47.73, 31.60, 26.96,

26.80, 22.73, 14.12, 1.12. MS/ESI*: 588.17 a.m.u.

8.2.19 4,4'-(10-(4-butoxyphenyl)-10H-phenothiazine-3,7-
diyl)bis(N,N-diphenylaniline) (2c)

SN s acaa sl
) )

This compound was obtained by applying the same protocol as for the compound
1c. Yield: 2.8 g, 80%. *H NMR (600 MHz, THF-ds) 6 7.40 — 7.36 (m, 4H), 7.33 — 7.30
(m, 2H), 7.22 = 7.14 (m, 12H), 7.05 — 7.00 (m, 14H), 6.97 — 6.93 (m, 4H), 6.19 (d, J =
8.6 Hz, 2H), 4.05 (t, ) = 6.4 Hz, 2H), 1.82 — 1.77 (m, 2H), 1.53 (dt, J = 14.9, 7.5 Hz, 2H),
0.99 (t,J = 7.4 Hz, 3H). 13C NMR (151 MHz, THF-dg) 6 147.86, 146.94, 143.33, 134.75,
134.07, 132.03, 129.10, 126.77, 124.58, 124.14, 124.04, 122.69, 119.78, 116.34,

115.79, 66.97, 31.42, 19.26, 13.28. MS/ESI+: 838.39 a.m.u.
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8.2.20 4,4'-(10-(4-butoxyphenyl)-10H-phenothiazine-3,7-
diyl)bis(N,N-bis(4-methoxyphenyl)aniline) (2K)

OC,4Hqg

.
e e o
Q .

This compound was obtained by applying the same protocol as for the compound
1c. Yield : 635 mg, 84% *H NMR (600 MHz, THF-ds) § 7.31—-7.27 (m, 6H), 7.18 = 7.13
(m, 4H), 7.00 - 6.96 (m, 10H), 6.87 — 6.84 (m, 4H), 6.81 - 6.78 (m, 8H), 6.17 (d, J = 8.6
Hz, 2H), 4.04 (t, J = 6.4 Hz, 2H), 3.71 (d, / = 0.7 Hz, 12H), 1.80 - 1.77 (m, 2H), 1.57 —

1.50 (m, 2H), 0.99 (t, J = 7.4 Hz, 3H). MS/ESI*: 953.39 a.m.u.

8.2.21 3,7-bis(4-(9H-carbazol-9-yl)phenyl)-10-(4-butoxyphenyl)-
10H-phenothiazine (2d)

.
48

This compound was obtained by applying the same protocol as for the compound

1c. Yield: 725 mg, 88%. *H NMR (600 MHz, THF-ds) & 8.11 (m, 4H), 7.84 — 7.78 (m,
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4H),7.62 - 7.58 (m, 4H), 7.44 - 7.31 (m, 12H), 7.25 - 7.18 (m, 8H), 6.31 (d, ) = 8.6 Hz,
2H), 4.08 (t, J = 6.4 Hz, 2H), 1.86 — 1.78 (m, 2H), 1.60 — 1.51 (m, 2H), 1.01 (t, ) = 7.4
Hz, 3H). 13C NMR (151 MHz, THF-ds) & 159.43, 143.95, 140.87, 138.91, 136.62,
134.40, 132.88, 132.02, 127.50, 127.22, 125.74, 125.22, 124.70, 123.51, 120.03,

119.79, 116.48, 116.03, 109.58, 67.76, 31.44, 19.29, 13.30. MS/ESI*: 773.26 a.m.u.

8.2.22 10-(4-butoxyphenyl)-3,7-bis(1,2-dihydroacenaphthylen-5-
yl)-10H-phenothiazine (2b)

This compound was obtained by applying the same protocol as for the compound
1c. Yield : 346 mg (yellow solid), 67%. *H NMR (600 MHz, CDCl3) 6: 7.70 (dd, J = 8.3,
0.9 Hz, 2H), 7.43 — 7.38 (m, 4H), 7.33 (d, ) = 7.1 Hz, 2H), 7.30 — 7.26 (m, 4H), 7.22 (d,
J=2.0 Hz, 2H), 7.17 = 7.14 (m, 2H), 7.04 (dd, J = 8.4, 2.1 Hz, 2H), 6.34 (d, J = 8.4 Hz,
2H), 4.06 (t, ) = 6.5 Hz, 2H), 3.43 - 3.38 (m, 8H), 1.86 — 1.81 (m, 2H), 1.57 = 1.55 (m,
2H), 1.01 (t, J = 7.4 Hz, 3H). 13C NMR (151 MHz, THF-ds) & 146.03, 145.23, 143.75,

139.62, 134.74, 132.15, 129.79, 128.05, 127.82, 127.73, 127.37, 120.51, 119.71,
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119.07, 118.87, 116.39, 115.50, 31.43, 30.21, 29.67, 24.85, 19.26, 13.27.MS/ESI*:

651.29 a.m.u.

8.2.23 3,7-di([1,1'-biphenyl]-4-yl)-10-(4-butoxyphenyl)-10H-
phenothiazine (2e)

OBu

.

N
-~ 489 -~
(J (J
This compound was obtained by applying the same protocol as for the compound
1c. Yield: 330 mg, 64%. 'H NMR (600 MHz, CDCls) § 7.63 — 7.54 (m, 12H), 7.45 - 7.41
(m, 4H), 7.35 = 7.32 (m, 4H), 7.29 (d, J = 2.2 Hz, 2H), 7.15 — 7.09 (m, 4H), 6.26 (d, J =
8.5 Hz, 2H), 4.06 (t, ) = 6.5 Hz, 2H), 1.88 — 1.81 (m, 2H), 1.57 (d, J = 7.6 Hz, 2H), 1.02

(t,J=7.4 Hz, 3H). MS/ESI*: 651.35 a.m.u.
8.2.24 10-(4-butoxyphenyl)-3,7-diphenyl-10H-phenothiazine (2g)

OBu

Q

P

This compound was obtained by applying the same protocol as for the compound

1c. Yield: 333 mg, 42% .'H NMR (600 MHz, CDCls) 6 7.66 — 7.60 (m, 12H), 7.46 — 7.42
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(m, 8H), 7.37 = 7.33 (m, 2H), 6.94 (d, J = 9.0 Hz, 2H), 3.93 — 3.88 (m, 2H), 1.87 (p, J =
7.5 Hz, 2H), 1.47 (t, ) = 7.5 Hz, 2H), 1.34 (m, 4H), 0.91 — 0.87 (m, 3H). MS/ESI*: 499.14

a.m.u.

8.2.25 10-(4-butoxyphenyl)-3,7-bis(4-fluorophenyl)-10H-
phenothiazine (2h)

OBu

.

CLO
This compound was obtained by applying the same protocol as for the compound
1c. Yield: 685 mg, 65 %. 'H NMR (600 MHz, CDCls) § 7.43 —7.39 (m, 4H), 7.32-7.29
(m, 2H), 7.17 (d, ) = 2.2 Hz, 2H), 7.14 — 7.11 (m, 2H), 7.08 — 7.03 (m, 4H), 6.99 (dd, J
=8.5,2.2 Hz, 2H), 6.22 (d, J = 8.6 Hz, 2H), 4.05 (t, J = 6.5 Hz, 2H), 1.87 — 1.78 (m, 2H),

1.57 (s, 2H), 1.02 (t, J = 7.4 Hz, 3H). MS/ESI*: 535.13 a.m.u.
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8.2.26 10-(4-butoxyphenyl)-3,7-bis(4-(trifluoromethyl)phenyl)-
10H-phenothiazine (2i)

OBu

Q

N

O 1‘
FsC CF3

This compound was obtained by applying the same protocol as for the compound
1c. Yield: 375 mg, 49%. *H NMR (600 MHz, CDCls) § 7.66 — 7.60 (m, 12H), 7.46 — 7.42
(m, 8H), 7.37 = 7.33 (m, 2H), 6.94 (d, J = 9.0 Hz, 2H), 3.93 —3.88 (m, 2H), 1.87 (p, ) =
7.5 Hz, 2H), 1.47 (t, ) = 7.5 Hz, 2H), 1.34 (m, 4H), 0.91 — 0.87 (m, 3H). MS/ESI*: 635.15

a.m.u.

8.2.27 10-(4-butoxyphenyl)-3,7-bis(4'-fluoro-[1,1'-biphenyl]-4-yl)-
10H-phenothiazine (2j)

OBu

.

eNe
AR ®
O L,

This compound was obtained by applying the same protocol as for the compound

1c. Yield: 480 mg, 70%. *H NMR (600 MHz, THF-ds) & 7.69 — 7.56 (m, 12H), 7.36 — 7.31
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(m, 4H), 7.22 — 7.10 (m, 8H), 6.24 (d, J = 8.5 Hz, 2H), 4.06 (t, J = 6.4 Hz, 2H), 1.85 —
1.74 (m, 2H), 1.61 — 1.48 (m, 2H), 1.00 (t, J = 7.4 Hz, 3H). 13C NMR (151 MHz, THF-ds)
& 161.75, 159.35, 143.73, 138.58 (d, J = 4.5 Hz), 136.96, 134.58, 132.96, 131.99,
128.41, 128.36, 127.04, 126.36, 124.98, 119.89, 116.41, 115.91, 115.45, 115.31,

67.73,31.43,19.27, 13.29. MS/ESI*: 829.28 a.m.u.

8.2.28 10-(4-butoxyphenyl)-3,7-bis(4-(diphenylamino)phenyl)-
10H-phenothiazine 5-oxide (3c)

a7 a0
< <

This compound was obtained by applying the same protocol as for the compound
1c. Yield: 650 mg, 49%. 'H NMR (600 MHz, THF-ds) § 8.19 (d, J = 2.2 Hz, 2H), 7.63 (dd,
J=8.9, 2.3 Hz, 2H), 7.57 — 7.54 (m, 4H), 7.38 — 7.34 (m, 2H), 7.25 — 7.19 (m, 10H),
7.10 = 7.05 (m, 12H), 6.97 (m, 4H), 6.80 (d, J = 8.9 Hz, 2H), 4.09 (t, J = 6.4 Hz, 2H),
1.82 (m, 2H), 1.56 (m, 2H), 1.01 (m, 3H). 3C NMR (151 MHz, THF-ds) & 159.90,
147.82, 147.32, 138.05, 134.24, 133.53, 131.41, 129.72, 129.16, 129.03, 127.20,
124.81,124.28,124.02, 122.84, 117.56, 116.57, 67.86, 31.40, 19.26, 13.28. MS/ESI*:

849.27 a.m.u.
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8.2.29 3,7-bis(4-(9H-carbazol-9-yl)phenyl)-10-(4-butoxyphenyl)-
10H-phenothiazine 5-oxide (3d)

This compound was obtained by applying the same protocol as for the compound
1c. Yield: 715 mg, 73%. 'H NMR (600 MHz, CDCl3) & 8.35 (d, J = 2.2 Hz, 2H), 8.16 (m,
4H), 7.86 — 7.82 (m, 4H), 7.75 (dd, J = 8.8, 2.3 Hz, 2H), 7.69 — 7.65 (m, 4H), 7.49 (m,
4H), 7.43 (m, 4H), 7.41—7.38 (m, 2H), 7.31 (m, 4H), 7.24 (d, J = 7.0 Hz, 1H), 6.95 (d, J
= 8.8 Hz, 2H), 4.13 (t, J = 6.4 Hz, 2H), 1.97 — 1.85 (m, 2H), 1.62 — 1.58 (m, 2H), 1.06 (t,
J=7.4 Hz, 3H). 13C NMR (151 MHz, CDCl;) 6 159.98, 140.89, 138.64, 138.38, 137.19,
134.45, 131.40, 131.34, 131.27, 130.27, 128.18, 127.66, 126.11, 123.57, 122.99,

120.45, 120.16, 118.36, 117.01, 109.92, 68.33, 31.40, 19.41, 13.99.
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8.2.30 10-(4-butoxyphenyl)-3,7-bis(4-(trifluoromethyl)phenyl)-
10H-phenothiazine 5-oxide (3i)

OC,Hg

N
-
Besatach

This compound was obtained by applying the same protocol as for the compound
1c. Yield : 380 mg, 56%, *H NMR (600 MHz, Acetone-ds) & 8.39 (t,J = 2.5 Hz, 2H), 7.98
(dd, J = 8.5, 2.5 Hz, 4H), 7.90 (m, 2H), 7.80 (dd, J = 8.6, 2.5 Hz, 4H), 7.42 (dd, J = 8.8,
2.7 Hz, 2H), 7.37 = 7.29 (m, 2H), 6.94 (dd, J = 8.9, 2.6 Hz, 2H), 4.16 (m, 2H), 1.83 (m,
2H), 1.59 — 1.51 (m, 2H), 1.00 (m, 3H). 13C NMR (151 MHz, Acetone-ds) & 160.11,
142.95, 139.04, 133.13, 131.41, 131.29, 131.14, 130.12, 128.91, 127.23, 125.98 (q, J

=4.5 Hz), 124.46, 118.33, 68.04, 31.25, 19.12, 13.31. MS/ESI*: 652.07 a.m.u.
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8.2.31 P1a Polymer

CeH13

feweWen
D

The t-BuOK (610.37 mg, 5.44 mmol, 4 eq) was inserted into a 20 ml reactor and
heated with heating-gun under applied vacuum. The vial was fluxed with argon until
it reached room temperature. The 3,7-dibromo-10-hexyl-10H-phenothiazine (600
mg, 1.36 mmol, 1 eq) and the catalyst and (IPr)Pd(allyl)CI (15.54 mg, 0.027 mmol,
0.02 eq) were added in the vial under argon. The system was evacuated for 10 min
and then filled again with argon. Dry toluene (5 ml), freshly distilled aniline (127 mg,
124 microliters, 1.36 mmol, 1 eq) and a 50 mmol/L solution of 4-bromoanisole in
toluene (1.53 mg, 0.206 ml, 8.16 pmol, 0.01 eq) were added in sequence. The vial
was heated using an oil bath at 105 °C and stirred for 22 hours. At the end, the
mixture was left to cool and was precipitated from methanol. The crude was
dissolved into dichloromethane and filtered through a short pad of silica and then
washed with a 0.1 M of sodium diethyldithiocarbamate solution to remove any
remaining traces of Pd. The organic phase was dried with MgS04 and concentrated
under vacuum. The product was obtained from the concentrated solution by
precipitation with methanol. The crude has been extracted four times with Soxhlet

with the following solvents in succession: methanol, hexane, acetone, and
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dichloromethane. The solution extracted with dichloromethane was concentrated,
precipitated in methanol and the final product was recovered by filtration (100 mg,
18.3%). H NMR (600 MHz, THF-ds) § 7.30 — 6.57 (m, 11H), 3.85 (m, 2H), 1.80 (s, 2H),
1.46 (s, 2H), 1.32 (m, 4H), 0.87 (m, 3H). SEC (35°C, THF): Mn= 4.9 KDa; Mw= 6.1 KDa;

PDI=1.2.

8.2.32 P1b Polymer

CeHi3

feseWen

P1b was prepared using the same method used for the preparation of P1la. Yield:
185 mg, 19.6 %. 'H NMR (600 MHz, THF-dg) 6 7.31 — 6.53 (m, 10H), 3.78 (s, 2H), 2.27
—2.08 (m, 3H), 1.76 (s, 2H), 1.44 (s, 2H), 1.32 (m, 4H), 0.87 (m, 3H). SEC (35°C, THF):

n= 5.9 KDa; My= 7.7 KDa; PDI=1.3.
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8.2.33 P1c Polymer

CeHi3

IO

-

P1c was prepared using the same method used for the preparation of P1a. Yield: 397
mg, 40.5 %. 'H NMR (600 MHz, THF-ds) & : 7.27 — 6.48 (m, 10H), 3.97 — 3.64 (m, 5H),
1.85 (s, 2H), 1.45 (s, 2H), 1.32 (s, 4H), 0.86 (m, 3H). SEC (35°C, THF): Mn= 5.0 KDa;

Mw= 8.1 KDa; PDI=1.6.

8.2.34 P1d Polymer

CeHi3

IsesNen
o

P1d was prepared using the same method used for the preparation of P1a. Yield:
488 mg 43.6 %. 'H NMR (600 MHz, THF-dg) 6 : 7.45 — 6.59 (m, 15H), 3.98 — 3.71 (m,
2H), 1.78 (s, 2H), 1.45 (s, 2H), 1.34 (m, 2H), 0.88 (t, J = 1.2 Hz, 3H). SEC (35°C, THF):

Mn= 2.5 KDa; Mw= 3.3 KDa; PDI= 1.3.
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8.2.35 P1le Polymer

CeHi3

4Hg
Ple was prepared using the same method used for the preparation of P1a. Acetone
soluble polymer yield: 349 mg, 33.6%. DCM soluble polymer yield: 214 mg, 20.6%.
'H NMR (600 MHz, THF-ds) &: 7.34 — 6.48 (m, 10H), 3.79 (s, 2H), 2.52 (s, 2H), 1.77 (s,
2H), 1.55 (s, 2H), 1.45 (s, 2H), 1.34 —1.26 (m, 6H), 0.87 (t, 3H). SEC (35°C, THF): My=

5.6 KDa; M= 7.9 KDa; PDI=1.4.
8.2.36 P1fPolymer

CeHiz
N

"Sesven

?

P1f was prepared using the same method used for the preparation of P1a. Yield: 355
mg, 37.3%. 'H NMR (600 MHz, THF-ds) & : 7.29 — 6.58 (m, 10H), 3.79 (s, 2H), 1.78 (s,
2H), 1.45 (s, 2H), 1.32 (d, 4H), 0.88 (s, 3H). SEC (35°C, THF): My= 4.3 KDa; Mw= 5.9

KDa; PDI=1.4.
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LIST OF ABBREVIATIONS

S: American dollar

(IPr)Pd(allyl)Cl

°C: Celsius

Ag/AgCl: silver/silver chloride

Au: gold

AVT: average visible transmittance
Bg: optical band gap

Bra: bromine

CE: counter electrode

CH3NH3PbBr3: methylammonium lead bromide
cm: centimeter

CV: cyclic voltammetry

DCM or CHCl,: dichloromethane
DFT: density function theory

DHA: double-layered halide structure
DMF: dimethylformamide

DSSCs: Dye Sensitized Solar Cells

e-: electron
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E1/2: half wave potential

EN: electronegativity

EPR: Electron Paramagnetic Resonance spectroscopy
Eq: molar equivalent

ETL: electron transport layer

eV: electron volt

FF: fill factor

FTO: fluorine-doped tin oxide glass

g: gram

GW: Giga Watt

h: hour

HOMO: Higher Occupied Molecular Orbital
HTL: Hole Transporting Layer

HTMs: Hole Transporting Materials

ITO: indium tin oxide glass

Jsc: short circuit current density

K2COs: potassium carbonate

KOtBu: Potassium tetra butoxide

LiTFSI: bis(trifluoromethanesulfonyl)imide

LUMO: Lower Unoccupied Molecular Orbital
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M: molar concentration
mCPBA: meta-chloroperoxybenzoic acid
N2: nitrogen gas

NaH: sodium hydride

NaOtBu: sodium tert-butoxide
n-BulLi: butyl lithium

NIR: Near InfraRed

nm: nanometer

0OSCs: Organic SemiConductors
P(tBu)s: tri-tert-butylphosphine
P3HT: poly(3-hexylthiophene)

PCE: Power Conversion Efficiency

Pd(PPhs)a4: Tetrakis(triphenylphosphine)palladium(0)

Pd: palladium

Pd,dbas: tris(dibenzylideneacetone)dipalladium(0)

PEDOQT: Poly(3,4-ethylenedioxythiophene)

PEDOT:PSS: poly(3,4-ethylenedioxythiophene) polystyrene sulfonate

PET: Photoinduced Electron Transfer
PMMA: (poly(methyl methacrylate)

PSCs: Perovskite Solar Cells
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PSK: Perovskite

PTAA: polytriarylamine

PTZ: phenothiazine

PV: photovoltaics

RR: regioregularity

rt: room temperature

s: second

S...N vector: sulphur nitrogen vector
Spiro-OMeTAD:(2,2’,7,7’-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-
spirobifluorene

SS: Stokes Shift

TBAPFe: tetrabutylammonium hexafluorophosphate
t-BP: 4-tert-butylpiridine

Temp. or T: temperature

Tg: glass transition Temperature

THF: tetrahydrofuran

TiO,: titanium dioxide

Tstab: Stability temperature

Uv-Vis: ultraviolet—visible spectroscopy

V: volt
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Voc: Open circuit voltage

WBH: Wide Band gap Halide

A: wavelength

Aabs: absorption maximum wavelength
Aem: emission wavelength

Aonset: absorption onset wavelength
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