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Self-assembling molecules (SAMs), as selective contacts, play an important role in perovskite solar cells
(PSCs), determining the performance and stability of these photovoltaic devices. These materials offer
many advantages over other traditional materials used as hole-selective contacts, as they can be easily
deposited on a large area of metal oxides, can modify the work function of these substrates, and reduce
optical and electric losses with low material consumption. However, the most interesting thing about
SAMs is that by modifying the chemical structure of the small molecules used, the energy levels,
molecular dipoles, and surface properties of this assembled monolayer can be modulated to fine-tune
the desired interactions between the substrate and the active layer. Due to the important role of organic

chemistry in the field of photovoltaics, in this review, we will cover the current challenges for the design
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DOI: 10.1039/d35c04668k reported synthetic protocols that have been employed for the synthesis of molecules for SAMs, helping
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synthetic chemists to develop novel structures and promoting the fast industrialization of PSCs.

Introduction

Since their discovery in 2009, perovskite solar cells (PSCs) are
considered nowadays amongst the most promising next-
generation photovoltaic technologies.! PSCs have achieved
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a power conversion efficiency (PCE) of 25.8% (vs. 3.8% in 2009),
comparable to the current record certificated for traditional
crystalline silicon solar cells (26-27%).> Among the advantages
that have caught the attention and interest of many researchers
are their high efficiency, low-cost manufacturing, versatility
(shapes, colors, and flexibility) or their potential to combine
with either c-Si, CIGS, organic or other existing solar cells in
multijunction devices (tandem cells). In addition, their high
performance in low light conditions and compatibility with
other renewable energy sources have pushed the further
industrialization of PSCs.>”

Such as other photovoltaic devices, PSCs are made of
a multilayer device structure in which the active and light-
absorbing layer (perovskite layer) is sandwiched between two
charge transporting layers (CTLs), ie., hole transporting layer
(HTL) and electron transporting layer (ETL).>*® According to the
direction of the current flow, perovskite devices can be divided
into two well-known architectures: regular (n-i-p) and inverted
(p-i-n) configurations (Fig. 1). Although slightly higher PCE are
currently achieved with the regular nip-structures,'* the pin-type
PSCs exhibit several attractive advantages, such as low-
temperature fabrication process, high device stability, negli-
gible hysteresis, and excellent compatibility with flexible and
tandem devices."

To design stable and efficient PSCs, the selection of the
electron and hole transport layers, as well as the perovskite
material, results are crucial. The light-absorbing perovskite
material is represented with the general formula ABX;, and its
composition, morphology, and crystallinity are well optimized
to boost the performance of PSC devices toward higher effi-
ciency and stability.*** The ETL promotes the collection of
photogenerated electrons from the perovskite layer to the cor-
responding electrode, consisting of metal oxides (TiO,, ZnO,
SnO) for regular PSCs and hydrophobic [6,6]-phenyl-Ce;-butyric
acid methyl ester (PCBM) or its derivatives for inverted PSCs.***¢
On the other hand, the 2,2',7,7tetrakis[N,N-di(4-
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Fig.1 Common architectures of PSCs (regular and inverted) and their
working mechanism. h: holes, e: electrons.

methoxyphenyl)amino]-9,9-spirobifluorene  (Spiro-MeOTAD)
has been the most employed hole transport material (HTM)
for regular PSCs. In the case of inverted PSCs, different HTLs
have evolved from copper (Cul, CuCrO,), nickel (NiO,), and
polymers such as (poly(3,4-ethylene dioxythiophene)polystyrene
sulfonate (PEDOT:PSS) and poly|[bis(4-phenyl)(2,5,6-
trimethylphenyl)amine](PTAA)), to diverse organic small mole-
cules (SMs), including the emerging self-assembled monolayers
(SAMS).17_20

Regardless of its composition, the role of these hole trans-
port materials (HTMs) is (i) the extraction and transport of holes
from the perovskite layer to the electrode;* (ii) establishing an
energy barrier to block the flow of electrons, and thus, reducing
recombination and current leakage;* and (iii) protecting the

Dr Emilio Palomares is ICREA
Professor and group leader at
ICIQ who became director of the
Institute in 2020. He has exten-
sive experience in the design and
synthesis of materials for energy
and the construction of third
generation  solar cells of
different nature such as organic,
quantum dot, dye sensitised or
perovskite based. He was awar-
ded in 2009 with an ERC Start-
ing Grant and, in 2023 with an
ERC Advanced Grant. Prof. Pal-
omares has co-authored more than 200 peer-reviewed scientific
papers on molecules and materials for energy-related devices.

Emilio Palomares

Chem. Sci., 2024, 15, 1534-1556 | 1535


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc04668k

Open Access Article. Published on 10 November 2023. Downloaded on 12.07.24 21:57:16.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

perovskite layer from moisture and oxygen, improving the
device stability by reducing corrosion.* Although several works
focused on the development of different HTMs are available in
the literature,>® it is worth mentioning that the design prin-
ciples and the desired properties of the currently used HTMs
differ substantially between regular (n-i-p) and inverted (p-i-n)
architectures.

Among all the HTLs, during the last 5 years, special attention
has been put to the development of self-assembled molecules as
HTMs. These ordered arrays of organic molecules with a thick-
ness of one or a few molecules have promoted the fabrication
and study of efficient perovskite devices, the so-called SAM-
based PSCs. Considering the accelerated growth, and the
importance of organic chemistry in the design of these organic
molecules, in this review we will cover the current challenges for
the design and synthesis of SAMs for perovskite solar cells. The
present review will be divided into three main topics: (i) the
structural features that define a SAM, and how each part of the
molecule has a counterpart and interacts with other layers; (ii)
a quick overview of all commercial SAMs that have been used
from the beginning, and how they have inspired the synthesis of
new and complex SAMs to pursuit better efficiencies; and (iii)
we will discuss all the synthetic protocols, mostly reported in
the Supporting information of already published articles, to
discuss their pros- and cons- and enhance the role of organic
chemistry in this field, guiding the synthetic chemists to
develop novel structures and benign procedures that promote
the industrialization of PSCs.

Self-assembled molecules (SAMs)

Low molecular weight organic molecules (so-called “small
molecules”) can be used as HTMs under two different
approaches: first, as a randomly deposited non-ordered array of
planar and extended m-conjugated organic molecules deposited
as a layer, or, as an ordered array of organic molecules with
a very low thickness creating a layer that is well-known as a self-
assembled molecule (SAM) (Fig. 2). The concept of SAMs was
first described in the 1940s when a method to adsorb surfac-
tants on different metal surfaces was reported. Then, in 2014, it
was first applied in the fabrication of PSCs,* when benzoic acid
and a fullerene derivative were used in inverted (p-i-n) config-
urations,* inspired by the results obtained in polymer solar
cells.®*3

The formation of SAMs is a thermodynamically favorable
process depending on two main aspects: (i) the adsorption of
each molecule to a specific surface, and (ii) the intermolecular

a) -~ b)
% os sescetecvestacs”
2 SRRXRRRRRRRRARAR

Organic molecules
randomly distributed

Organic molecules ordered as a
self-assembled molecules (SAMs).

Fig.2 Organic small molecules as HTMs in different organizations: (a)
random or (b) as SAMs.
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interactions that form the unidirectional monolayer.***
Nevertheless, the most attractive feature of SAMs is that each
molecule that conforms to the monolayer can have a specific
functional group, resulting in a highly functionalized, packed,
and ordered unidirectional monolayer with different properties
deposited on a desired surface. The combination and control of
these three remarkable aspects of SAMs can be easily tuned
varying the chemical structure of the molecules that form the
SAMs. Therefore, it is in this field that organic chemistry plays
an important role in the design and synthesis of the molecules
that will be an important part of perovskite devices.

Thus, the structural requirements needed for a molecule to
be able to form a SAM are an anchoring group, that allows the
chemical adsorption onto the surface, a linker or spacer moiety,
to assist and promote the self-assembly process, and a func-
tional group, to modify the nature of the monolayer and trigger
all the possible interactions with the overlayer in the PSCs
device (Fig. 3).

The anchoring group is involved in the bonding interactions
of each molecule to the surface through chemical reactions
such as hydrolysis and condensation.*® For PSCs the most used
and common anchoring groups are Brgnsted-Lowry acids such
as the carboxylic acids (-COOH) and phosphonic acids (-
PO(OH),) that can allow mono-, bi-, and tridentate binding
modes, depending on the surface type.*”

The spacer group, besides being the bridge between the
anchoring and the functional groups, is in charge of developing
a well-organized molecular packing during the self-assembly
process via van der Waals forces. Thus, inactive aliphatic and
conjugated benzene rings, of different sizes and lengths, are
often used as spacer groups.*®

Finally, the functional group will define the nature of the
new monolayer. Inspired by other HTMs, these groups are
responsible for all the physical and chemical interactions at the
interface, which in most cases is in contact with the perovskite
layer, so these functional groups create a template for the
deposition of the next layer, influencing in its structure and
morphology. Different nitrogen, sulfur, and oxygen heterocycles
and some organic cations that possess strong interaction with
the perovskite frameworks are the most common groups used
in PSCs.*

The deposition techniques (vapor deposition, dip-coating,
and spin-coating methods), characterization, and role in the

Self-Assembled Molecules
(SAMs)

Organic molecule

Spacer
group

Anchoring
group 7

7NN
FXNAFE AN F KX

Surface

Fig. 3 Structural components of the SAM and self-assembly process
to form the monolayer.
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electronic function and performance of PSCs of SAMs are well
documented in the literature.®®** The presence of an anchoring
group and a functional group, with different electron densities
and separated by the spacer group, in the chemical structure of
the molecules that form SAMs, results in a monolayer with
a specific dipole that could decrease or increase the work
function of the metal surface containing the SAM.** The spacer
group governs the charge transport at the interface, deter-
mining the electronic conductivity and optical properties of the
PSCs.* While the functional groups, beyond interacting with
the overlayer, contribute to the energy level alignment (HOMO-
LUMO) between the SAM and the perovskite, and add addi-
tional surface dipoles that contribute to the changes in the work
function.* Other important effects of SAMs in the performance
of PSCs are: improving the crystal quality of the perovskite layer
reducing the degree of defects, protecting the perovskite layer
isolating it from the metal contact, and reducing the undesired
charge recombination. Noteworthy, the low cost of the material
and low material consumption during the fabrication of large-
area perovskite devices, makes the design and synthesis of
organic molecules, for the preparation of SAMs, an interesting

View Article Online
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and promising field to contribute to the study and industriali-
zation of PSCs.

Commercial self-assembled molecules
(SAMs)

Before organic chemists became interested in the design and
preparation of molecules to form SAMs, several research groups
recognized the potential of SAMs for the development of effi-
cient photovoltaic devices. By that time, those studies were
based on different simple and easily commercially available
compounds as a platform to make progress in the formation
(deposition techniques), characterization (IR, X-ray, SEM,
contact angle, etc.), role (conductivity, passivation, template,
work function, etc) of SAMs for the fabrication of perovskite
solar cells.

These pioneer works not only established the structural
parameters that a molecule must have to be considered as
a promising building block for SAMs, but also, inspired the
organic chemists to actively participate in the molecular design
of novel chemical entities, proposing and exploring different
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Fig. 4 Commercial molecules are used for the formation of SAMs in PSCs, indicating the highest PCE obtained in each case.
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anchoring, spacer and functional groups, creating interesting
combinations between them, and reaching outstanding PCEs
and stable PSCs.

Although nowadays one of the main topics in the field is the
design and synthesis of small molecules to form SAMs for PSC
devices, some interesting works continue exploring commercial
compounds with remarkable results. The library of available
molecules used for SAMs is quite vast, and it has been well
described in the literature,*®*® however in this section we
selected some of the relevant molecules, that in our opinion,
have inspired most of the synthesis of novel derivatives,
according to their chemical structure (Fig. 4).

The first report based on the use of a commercial SAM in
PSCs backs to 2015, where aminopropyltrimethoxysilane 1 was
used to incorporate a SAM between the TiO, and CH;NH;Pbl;
perovskite, obtaining a PCE of 12.7% with a SAM composed of
silane groups as an anchoring group, a propyl chain as linker
and a primary amine as a functional group.* At the same time,
ZnO-coated glass/ITO substrates were modified with a SAM
formed by 3-aminopropanioc acid 2, and the PCE was improved
by 15.6% by using carboxylic acids as anchoring groups and
reducing the length of the linker group.*® This study inspired
the use of some benzoic acid derivatives 3-9 where the most
efficient result was 4-pyridine carboxylic acid 6 with a PCE =
18.8%, demonstrating that ternary amines or aromatic N-
heterocycles were better functional groups than primary
amines,*” while 4-bromobenzoic acid 9 demonstrated to have
a positive effect passivating the surface, reducing the recombi-
nation and minimizing the energy offset between NiO, nano-
particles and the perovskite in both, regular and inverted
devices.*®

The acidity of carboxylic acid function as an anchoring group
results in a problem for the stability of the PSCs, due to the
corrosion that induces. To reduce this negative impact, boronic
acids were tested as an anchoring group where the best
results were obtained with the 3,5-difluoro derivative 11
(PCE = 15.66%).*

The localization of positive ions caused by hydroxyl groups
present at the metal surface (SnO,, TiO,, etc.) increases hyster-
esis and degradation of the device. Thus, to prevent this event,
the respective Cgo pyrrolidine 13, with 3-carboxylic acid func-
tions, was used as a SAM for the fabrication of a PSCs device
that resulted stable after 1000 h of continuous illumination
without any significative decrease in the PCE.*®

Aliphatic boronic acids 14-16 of different chain lengths, and
without any functional group, demonstrated that the charge
transport properties were enhanced from Cg to Ci,, although
very low PCE was achieved (3.4%).”

Exploring other benzoic acid derivatives, but using TiO, as
a substrate and CsgFAMA as a perovskite layer, afforded efficient
PSCs devices when 4-chlorobenzoic acid 8 was employed as
a SAM (PCE = 21.35%), while derivatives with electron-
withdrawing groups such as nitro group (-NO,) 17 resulted in
very inefficient devices (PCE = 1.01%) in both, regular and
inverted configurations.*

Usually, the SAM layer is deposited below the perovskite
layer. However, a self-assembled monolayer could also be

1538 | Chem. Sci, 2024, 15, 1534-1556
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formed on top of the perovskite layer to encapsulate and protect
the active material. This was achieved with perfluorinated
aliphatic carbon chains of different lengths 18-20 and termi-
nated with an iodine atom as the anchoring group, finding that
a Cyp-carbon chain exhibited a PCE of 21.3%.>* Another example
of the formation of SAMs on top of the perovskite layer was
reported with the phenyltrimethylammonium bromide 21,
which successfully passivated the Pbl;~ defects and enhanced
the photovoltaic properties and stability of the device with
a PCE of 20.13%, exhibiting a PCE = 17.31% after 60 days.**

A monolayer of self-assembled molecules can be formed as
well by polymers as reported for poly[3-(6-carboxyhexyl)
thiophene-2,5-diyl] 22 that formed an ordered and homoge-
neous monolayer promoting the growth of high-quality perov-
skite film in a device that exhibited a PCE of 19.21%, being
stable for 5000 h.*

Despite their low PCE, boronic acids continue to captivate
attention as a precursor of SAMs. Although the nitro group
demonstrated to be less efficient when carboxylic acids were
used as an anchoring group 17, when boronic acids were
employed instead, the changes in the dipole and the work
function induced by (4-nitrophenyl)boronic acid 26 resulted in a
slight improvement of the PCE for this kind of PSCs
(PCE = 3.17%).°

Phosphonic acids are one of the best anchoring groups that
can be used in the formation of SAMs for PSCs, since they
strongly attach, through one-, two-, or three binding sites, to
different metal surfaces. This was demonstrated by a series of p-
substituted phenylphosphonic acids 27-29 on NiO,-ITO
substrates, where the best results were obtained from the cyano
derivative 28 with a PCE of 18.45%.%

Sulphur is one of the atoms that have shown great affinity for
lead-based perovskites, because of the S---Pb interactions, many
crystallization defects are covered by sulphur. For example, 3-
mercaptopropyltrimethoxysilane (MPTMS) 30 formed a SAM in
regular PSCs devices on SnO, reaching a PCE of 20.03%,
enhancing the extraction efficiency of photogenerated electrons
and restraining recombination.*®

Due to its small size and strong electron-withdrawing prop-
erty, fluorine influences the perovskite crystallization kinetics
and regulates the properties of the interface more than other
functional groups. This was observed in the series of
compounds 31-33 where 4-(trifluoromethyl)benzoic acid 32
improved the PCE to 18.67% and a high open-circuit voltage
(Voc) of 1.160 V was achieved with a significant decrease of the
defects and non-radiative recombination.*

Although less common, sulphonic acids can also be prom-
ising anchoring groups, as in the case of p-chlor-
obenzenesulfonic acid 34 which mitigates two of the most
adverse problems in NiO,-based inverted perovskites. On one
side, the chlorine functional group of 34 promotes perovskite
growth, while the sulfonic acid group passivates the surface
defects detected in NiO,, reaching a PCE of 21.8%.%

One of the benchmark sensitizers widely employed in dye-
sensitized solar cells (DSSCs) has been recently used to
promote the formation of SAM in PSCs. The Z907 dye 35 is an
amphiphilic ruthenium dye that is chemically and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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spontaneously absorbed on the TiO, forming a monomolecular
layer that allows the fabrication of a perovskite device with low
energy loss and higher interface coupling with the perovskite. In
addition, the obtained SAM built a back surface field through
a p-type doping effect that promoted the hole extraction and
suppressed the carrier recombination, resulting in a PCE of
20.4%, a high value for a transition metal-SAM.**

But SAMs cannot only be formed by one single molecule, in
2023. It was demonstrated the synergic effect of combining
[6,6]-phenyl-Cq;-butyric acid 36 and 3-carboxypropyl-triphenyl
phosphonium bromide 37 to form a monolayer where the
strong fullerene 36 interactions promoted the ordered array of
37. The resulting monolayer simultaneously influences defect
passivation and improves carrier transportation in a PSC device
to reach a PCE of 20.4%.%

Finally, and more recently, a series of simple polar molecules
38-40, with permanent dipole moments and different
anchoring groups, were used to modify the perovskite surface
through a SAM approach. Once again, the role of the fluorine
atom becomes relevant, especially the pentafluoride benzene
moiety, because of its hydrophobicity that protects the perov-
skite layer from water. On the other hand, the dipoles at the
interface produced an offset in the vacuum level, leading to
PSCs with a PCE of 24.53% for molecule 38, which possessed
the carboxylic acid function as an anchoring group (Fig. 4).%

The chemical structures depicted in Fig. 4 are just correlated
with the power conversion efficiency (PCE) achieved by each
molecule in different PSC devices. Nonetheless, we want to state
that other important parameters are needed to take into
account for evaluating the performance of those devices, such
as the work function (WF), open circuit voltage (Voc), current
density (Jsc), and fill factor (FF), so we encourage the readers to
examine these excellent works and also get inspired to design
new molecules that can be used as SAM.

The success of small organic molecules and SAMs is not
exclusively for PSCs, indeed some commercial molecules such
as fluorobenzoic phosphonic acids have been deposited on ITO
surfaces for the fabrication of organic light-emitting diodes
(OLEDs).** While techniques such as atomic layer deposition
(ALD) have been employed and explored for the formation of
high-quality self-assembled molecules (SAMs) using octadecyl-
phosphonic acid in other photovoltaic applications.*

In the following sections, we will discuss in detail the
protocols developed for the preparation of the most promising
synthetic molecules, according to their main structural
features, reported so far for the formation of SAMs in perovskite
solar cells, including some interesting examples that are already
patented and commercialized.

CGO'SAMS

To the best of our knowledge, 2014 was reported as the first SAM
for PSCs inspired by previous works on polymer solar cells,
where fullerene derivatives proved to be efficient.®® Thus, the
Ceo-substituted benzoic acid 44 (Scheme 1) was used for regular
PSC devices reaching a 17.3% PCE with significantly reduced
hysteresis. Compound 44 was synthesized through a 1,3-dipolar

© 2024 The Author(s). Published by the Royal Society of Chemistry
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O, Chlorobenzene ~N
140°C, 12 h

Scheme 1 Synthesis of Cgo-SAM 44 through Prato reaction. (Red)
Anchoring group; (Blue) spacer group; (Brown) functional group.

cycloaddition reaction, known as a Prato reaction, between Cgo
41, 4-carboxybenzaldehyde 42, and N-methylglycine 43 using
chlorobenzene as a solvent under reflux for 12 h. This reaction
yielded the desired fullerene 44 functionalized with the
carboxylic acid function as an anchoring group in 95% (Scheme
1).” Derivative 44 is now commercialized under the name Cg,-
SAM (CAS No. 631918-72-4) and was recently used for the
fabrication of regular (n-i-p) perovskite/silicon tandem solar
cells with a PCE of 27.1%.%®

Using a molecular hybridization strategy, where two molec-
ular entities are bonded through a specific linker. Derivative 49
was prepared to employ a click chemistry strategy, where the
commercially available Cgo-carboxylic acid 45 was subjected to
an esterification process with the corresponding 10-undecyn-1-
ol 46 to give the functionalized Cq, intermediate 47 in 75%
yield. Then, it reacted with the respective dihydroxy azide 48
under the traditional reaction conditions for the azide-alkyne
Huisgen cycloaddition, furnishing the fullerene diol 49 in 56%
yield (Scheme 2). SAMs were formed on tin oxide (SnO,)
surfaces, using the diol fragments as an anchoring group, for
the fabrication of planar heterojunction perovskite solar cells
with PCE = 21.3%, that resulted in stable and displayed
a negligible hysteresis.** Employing the Prato reaction for the
functionalization of fullerenes, compound 52 was designed and
prepared based on Ceo-SAM 44, selecting the cyano group as an
anchoring group to enhance the solubility of these derivatives
and adding a thiophene ring into the pyrrolidine core to
promote the interaction of the perovskite material and the
sulfur atom and 7t-7 interactions. Thus, 52 was isolated in 44%
yield from Cgo 41, N-(2-cyanoethyl)glycine 50, and 2-thio-
phenecarboxaldehyde 51 after 22 h at 135 °C (Scheme 3).
Derivative 52 was used as an ETM in PSCs to achieve a PCE of
20.58%, which is one of the highest values reached for full-
eropyrrolidine analogs reported to date in PSCs.”

Fullerenes are widely used in the construction and study of
efficient PSCs, improving stability, lowering the hysteresis, and
increasing the PCE.”* Although phenyl-C¢;-butyric acid methyl
ester (PCBM) is one of the most common fullerene-based
materials used in PSCs, it is mainly employed nowadays as an
ETM instead of a SAM. In this sense, the Prato reaction stands
out as one of the best approaches for the synthesis of fullerene-
based molecules that can be used as SAM in PSCs, however, two
main challenges need to be addressed: (i) explore the structural
diversity of the starting materials, and (ii) study the reaction
conditions, to decrease the reaction temperatures and use
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Scheme 3 Prato reaction for the synthesis of fulleropyrrolidine 52
substituted with the thiophene moiety.

alternative solvents to replace traditional halogenated aromatic
hydrocarbons.

Carbazole-SAMs

Carbazole is a tricyclic ring system based on a pyrrole ring fused
with two benzene rings, and it is the presence of the electron-
rich pyrrole ring that one responsible for the hole-
transporting properties of this inexpensive starting material.
Due to its substitution pattern, carbazoles can be easily func-
tionalized at the nitrogen and the “benzene” rings, furnishing
a huge library of small molecules and polymers with applica-
tions in photovoltaics.” Carbazole exhibits good charge trans-
porting ability, chemical stability, and electronic and optical
properties that can be tuned by well-known organic chemistry
processes, which has attracted researchers to design molecules
as SAMs for PSCs.”>"*

The first example of a carbazole-based HTM modified with
a phosphonic acid as an anchoring group used as a SAM was
prepared in 2018 from carbazole 53.”” The synthesis of 58
involved 5 steps starting with the bromination of carbazole 53 to
furnish 3,6-dibromocarbazole 54 (>99%), that was then alky-
lated with 1,2-dibromoethane to give the intermediate 55 with
yield over 90%. The subsequent transformation of the aliphatic
bromide into the corresponding phosphonic acid ethyl ester 56
was performed through the Arbuzov reaction with excellent
yield. In the next step, the dimethoxydiphenylamine fragments
were introduced via palladium-catalyzed Buchwald-Hartwig
amination reaction to give the derivative 57 in moderate yield.
Finally, bromotrimethylsilane (TMSBr) was used to cleavage the
ester functions and obtain the desired carbazole derivative 58 in
86% (Scheme 4). Compound 58, known as a V1036, was ob-
tained in 46% global yield and formed a layer of SAMs onto
indium tin oxide (ITO) surfaces through the phosphonic acid
group that acted as an anchoring group, giving a PCE of 17.8%
in p-i-n PSCs devices.

1540 | Chem. Sci, 2024, 15, 1534-1556

Certainly, the later application in 2019 of [2-(9H-carbazol-9-
yl)ethyl]phosphonic acid (2PACz) constituted a breakthrough
in the development of PSCs, since the prepared devices out-
performed the traditional polymer PTAA. In comparison to
V1036 58, the structure of 2PACz 61 is quite simple, and this
compound and its derivatives have allowed us to prepare
devices with excellent efficiencies and stability. The synthesis of
2PACz 61 and its derivatives 65-71 follows the same approach as
for V1036 58, involving the N-alkylation with 1,2-dibromo-
ethane, then the Arbuzov reaction and finally the cleavage of the
ethyl groups to obtain the anchoring group (Scheme 5). In the
case of 2PACz 61,° it was prepared from carbazole 53 in a 3-step
lineal synthesis in 40% global yield, and although the first PCE
reported was 20.9% for a SAM formed in Pb-PSCs, recently,
2PACz 61 was absorbed with methyl phosphonic acid to fabri-
cate a Sn-Pb PSC with a PCE of 23.3% (Scheme 5).””

For the insertion of the methoxy groups, intermediate 54 was
transformed into the corresponding 3,6-dimethoxy-9H-carba-
zole 62 through a Cu-catalyzed methoxylation reaction in 63%
yield,”® then the same approach was performed to obtain the
MeO-2PACz 65 after 5 steps and in 28% global yield (Scheme
5).”* The presence of methoxy donor groups in MeO-2PACz 65
resulted in PSCs with a slightly lower PCE of 20.2% in the first
study. However, currently, the synergy between 2PACz 61 and

TBAB KOH
0°C tort 70°C, 72h
24h
53 54 55 Br
>99% 90 %
160 °C
P(OEt)s
OMe MeQ 18h
MeO. OMe
N Br
H
s SRS S
tBU3P HBF4 N
NaOtBu
Toluene 56
110°C, 5h 959 OB,
63% PO(OEt),
OMe MeO
TMSBr
1,4-Dioxane
1,24 h

e NNQOMS

86 %

V1036 PO(OH),

Scheme 4 Synthesis of V1036 58, the first carbazole-based SAM in
PSCs.
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Scheme 5 Synthesis of 2PACz 61 and its derivatives under the reactions sequence: halogenation/N-alkylation/Arbuzov reaction.

MeO-2PACz 65 is successfully applied, so when they are
combined, mixed layers of SAMs are formed where the uncov-
ered areas of one molecule are filled with the other, allowing the
fabrication of flexible PSCs (PCE = 24.7%)’® and perovskite-
silicon tandem solar cells (PCE = 28.3%).*

To modify the electronic nature of 2PACz 61, by introducing
electron-withdrawing groups such as bromine and chlorine,
compounds 66 and 71 were prepared under the same approach.
The dibromo derivative 66 was obtained in 36% global yield
after 4 steps from carbazole 53 and a PCE = 18.4% was reported
for the PSCs devices where the SAM layer was formed on ITO
surfaces.®" Although 71 was prepared to form a SAM for perov-
skite light-emitting diodes (PeLEDs), the synthesis of this
dichloride derivative has been also reported under the same
protocol but using N-chlorosuccinimide (NCS), however, the use
of 1,2-dichoroethane for the N-alkylation required an additional
step to exchange the halogen and increase the reactivity of 69
towards the Arbuzov reaction.®

2PACz 61 (CAS No. 20999-38-6) and MeO-2PACz 65 (CAS No.
2377770-18-6) are now commercially available references.
However, it is worth mentioning that, as an alternative
approach, in our group the synthesis of 2PACz analogs is carried
out with the commercial diethyl 2-bromoethyl phosphonate as

© 2024 The Author(s). Published by the Royal Society of Chemistry

a starting material, reducing the synthetic steps and reactions
carried out at high temperatures for prolonged times.

New derivatives have been explored to study the effect of the
length of the spacer group applying the synthetic protocol of
2PACz 61, as a starting point. Thus, a series of derivatives with
2C, 4C- and 6C-aliphatic chains between the anchoring and the
function group, were designed, synthesized, and applied in
devices, revealing an optimum value of the fill factor for 2C and
4C derivatives. On the other hand, current-voltage hysteresis
was observed in the devices prepared with SAMs of the 6-carbon
chain independently from the substituent at the carbazole
core.® In this study, the methylation of 3,6-dibromocarbazole
54 was performed under Ni-catalysis in moderate yield and after
the halogenation/N-alkylation/Arbuzov reactions sequence, the
series of derivatives 75a-e were obtained in good to excellent
global yields (Scheme 6). Compound 75b proved to be the most
promising derivative to form a layer of SAM on ITO surfaces for
the fabrication of monolithic perovskite/silicon tandem cells
with a PCE of 29.15%.

Another important study based on the structure of MeO-
2PACz 65 was focused on the insertion of the methoxy groups
at different positions in the carbazole core. Thus, introducing
the methoxy groups at positions 2 and 7, instead of 3 and 6,

Chem. Sci., 2024, 15, 1534-1556 | 1541
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Scheme 6 Synthesis of 2PACz-based molecules 75a—e with different spacer group lengths, n = 2, 4 and 6.

allowed the preparation of compound 80 from the commercial
carbazole 76 using diethyl 2-bromoethyl phosphonate 78 for the
N-alkylation, furnishing the desired product in 36% global yield
over 4 steps (Scheme 6). The authors found that the change in
the position of the methoxy groups resulted in the reduction of
the electron-donating strength in comparison to MeO-2PACz
65. This effect downshifted the highest occupied molecular
orbital (HOMO) energy creating a favorable dipole moment.
Thus, derivative 80 was combined with 6-(iodo-A\*-azanyl) hex-
anoic acid (IAHA) to form a SAM in inverted PSCs reaching
a PCE = 23.59% (Scheme 7).3

In 2021, our group reported for the first time the use of
aromatic rings in the spacer group in carbazole-based SAMs for
PSCs. These molecules were designed inspired by our previously
reported HTMs based on the triphenylamine moiety,* and
included the 1,3-dimethoxybenzene substituent at the carbazole
core to align the energy levels of the molecules with the perov-
skite material. The synthesis started with the bromination of
carbazole 53 followed by the double Suzuki coupling to give the
disubstituted intermediate 82 in 90% yield. This was subse-
quently subjected to the Buchwald-Hartwig amination with
bromo benzoic acid esters derivatives that, upon hydrolysis,
furnished the derivatives 83 (89%) and 84 (48%). Each molecule
had one and two aromatic rings as spacer groups, respectively,
with the carboxylic acid function as an anchoring group
(Scheme 8).*® Both molecules formed good quality SAM layers
on ITO giving outstanding efficiencies and excellent lifetimes.
The derivative 83, also known as EADRO03, gave PCE of 21.2%
and is currently commercialized while the derivative 84,
EADRO4, has demonstrated promising results in the increase of
the efficiency and lifetime in PeLEDs.*’

Conjugated and aromatic spacer groups exhibit effective
hole-transporting capabilities in comparison with the aliphatic

MeONa/MeOH

Br
N DMF, 110 °C N PO(OEt),
H 24h H
76 77 78
65 %
MQOOME TMSBr MeOOMe NaH
1,4-Dioxane N DMF, 0 °C
1,24 h 12h
go OO 79  PO(OEt),

65 % 70 %

Scheme 7 Synthesis of MeO-2PACz analog 80 substituted in posi-
tions 2 and 7.
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linkers, along with higher stability due to the stabilization of the
electron-rich carbazole core through electron/charge delocal-
ization. This was also demonstrated with a series of molecules
containing the same functional group that MeO-2PACz 65, but
with one and two aromatic rings as a spacer group, in addition
to the cyanoacetic acid moiety as an anchoring group.
Compounds 88 and 91 were prepared from 3,6-dimethoxy-9H-
carbazole 62 through a Ullmann-type reaction to give the N-
phenyl carbazole intermediates 87 and 88 good to excellent
yields (Scheme 9). Carboxaldehyde derivative 87 was subjected
to a traditional Knoevenagel condensation with cyanoacetic
acid to furnish the final product 89 in 48% global yield, while
the bromine analog 88 was transformed into the corresponding
carboxaldehyde intermediate via Suzuki coupling in 74% yield
to finally introduce the anchoring group, obtaining the
compound 91 in 35% global yield. Both molecules formed SAM
layers on ITO giving similar results in terms of efficiency (PCE
= 20%), slightly lower in comparison to analogues 83 and 84.
However, it is important to highlight that the strong electron-
withdrawing properties of this anchoring group resulted in

OMe
MeO, OMe
Br. Br Pd(PPh3),Cly O OMe MeO O
OMe Cs,C03
* B DMF/H,0
N o o 2
H 120°C, 12 h N
H
54 81 82
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NaOtBu MeOH/ITHF

Toluene, 115 °C 85°C,12h

Br
1)68 % 1)53%
2)89 % 2)48 %
(¢}
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()=

[}

OOZ
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EADRO3

EADR(M HO Yo

Scheme 8 Introduction of aromatic rings in the spacer group of
molecules 83 and 84.
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Scheme 9 Synthesis of molecules 89 and 91 with conjugated spacer groups and cyanoacetic moiety as anchoring group.

beneficial charge delocalization, and the passivation of the
perovskite material due to the presence of the -CN.*®

One of the latest structural modifications performed on the
2PACz 61 structure has been the asymmetric and helical -
expansion of the carbazole core and the use of a 4C aliphatic
chain as a spacer group to obtain derivatives with higher dipole
moment and strengthen the m-m interactions. Under this
approach, commercially available 7H-benzo[c]carbazole 92 and
7H-dibenzo[c,g]carbazole 93 has been employed as starting
materials to perform the reaction sequence: N-alkylation/
Arbuzov reaction/deprotection, giving the corresponding (4-
(7H-benzo[c]carbazol-7-yl)butyl)phosphonic acid 98 (asym-
metric -expansion) and (4-(7H-dibenzo[c,g]carbazol-7-yl)butyl)
phosphonic acid 99 (helical m-expansion) in 66% and 63%
global yield, respectively (Scheme 10). Both compounds
exhibited excellent photo and thermal stability under sunlight
and at temperatures above 366 °C. A PCE of 24.1%, with
improved device stability was achieved by compound 99 in an
inverted PSC. The higher dipole moment of 99 (2.4 D-
calculated), down-shifted the WF to —5.15 eV and induced
a more efficient hole extraction to achieve a FF of 83.39% and
a Voc of 1.17 V.%°

The derivative 99 stands out as one of the most promising
SAMs for PSCs, indeed, this compound has been also recently
used to form a SAM layer in perovskite tandem solar cells with
a PCE = 27.0%, FF = 82.6 and Vp¢ 2.12 V.

In conclusion, carbazoles have shown their potential to act
as excellent cores for the synthesis of HTMs with application
in perovskite solar cells, increasing the PCE from 17.8 to

24.1%. Despite its low cost, high carrier mobility, chemical
stability, and easy functionalization, the commercialization of
the carbazole derivatives will come with the improvement of
cost-effective synthetic methods. On the other hand, the
increase in the PCEs will require the exploration of other
functional groups along with the study of cost-effective
synthetic protocols.

TPA-SAMs

The triphenylamine (TPA) group is a strong electron donor
moiety commonly employed in molecules used as an HTM in
several optoelectronic applications such as organic light-
emitting diodes (OLEDs), Dye-Sensitized Solar Cells (DSSCs),
and organic field-effect transistors (OFETSs). This fragment has
a butterfly-like shape with a sp> central nitrogen that generates
a non-planar structure, in comparison with the rigid carbazole
core, controlling the packing of the molecules, which is very
useful during the formation of layers of SAMs.**

The TPA fragments show good thermal and morphological
stabilities, ionization potentials, as well as excellent charge
transport properties.®” The nitrogen atom in the TPA core can be
easily oxidized and stabilized by hyperconjugation electronic
effects, resulting in high hole mobilities. For these reasons, the
TPA fragment is the main core in two of the most important
HTMs used in PSCs nowadays: the 2,2',7,7"-tetrakis[N,N-di(4-
methoxyphenyl)amino]-9-9-spirobifluorene (spiro-MeOTAD)**
and the  poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA).%

Br
Br TN P(OEt); TMSBr
TBAB, KOH 140°C 1,4-Dioxane
60°C. 12h 12h M, 12h
92R=H 94R=H 95% 9%R=H 90% 98R=H 77%
93 R = CyHy 95R=CyHs 92% Br 97R=C4H, 88% PO(OEY), 99R =C4H, 78% PO(OH),

Scheme 10 Synthesis of w-expanded carbazoles 98 and 99 as an approach for the formation of stable and efficient SAMs.
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for SAM in PSCs.

Inspired by our previous studies in DSSCs, our group re-
ported for the first time the introduction of the TPA in two
derivatives for the formation of SAMs for PSCs. The first mole-
cule included two TPA fragments attached to a benzene ring,
a spacer group, and a carboxylic acid function as an anchoring
group.” The synthesis of this derivative involved the double
Suzuki cross-coupling between methyl 3,5-dibromobenzoic acid
100 and 4-(diphenylamino)phenyl boronic acid 101 to give an
intermediate that was then hydrolysed to obtain the desired
compound 102 (Scheme 11).

The second molecule, 109, prepared in our group was
a structural analog of 84, substituting the carbazole core with
a TPA moiety, which is attached to the spacer group (two
aromatic rings) and possesses two electron-donating fragments
substituted with dimethoxy groups. The synthesis of 109 starts
with the double Suzuki coupling between 4-bromo-N-(4-bro-
mophenyl)-N-phenyl aniline 103 and 2-(2,4-dimethoxyphenyl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane 104. The obtained
intermediate 105 (92%) is then brominated with NBS in good
yield (88%) resulting in the functionalized TPA fragment 106,
which upon a Suzuki reaction with [4-(methoxycarbonyl)phenyl]
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Scheme 12 Synthesis of derivative 109 introducing the donor dime-
thoxyphenyl fragment on the TPA moiety.
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boronic acid 107, gives the key intermediate 108 in 74% yield.
Finally, the hydrolysis generates the corresponding anchoring
group, and the desired compound 109 is obtained after 4 steps
in 50% global yield (Scheme 12).°® Molecules 102 and 109
formed layers of SAMs on ITO and were used in the fabrication
of p-i-n PSCs. Due to the electron-donating groups introduced
in the TPA backbone, a PCE = 17.3% was achieved because of
the reduction of the oxidation potential of 109 in comparison to
102. Although the PSCs devices fabricated with 84 and 109 have
a different architecture, closing the TPA fragment and gener-
ating the pyrrole ring to form the carbazole derivative 109,
enhances the PCE to 20%.

Further, we examined the role of the substitution pattern in
the TPA fragment by modifying the positions of the methoxy
substituents. Thus, disubstituted molecules: ortho-para 113a,
ortho-meta 113b, and meta-para 113c were prepared in a three-
step synthetic route starting from 4-bromo-N-(4-bromophenyl)-
N-phenyl aniline 103 that was formylated through the Vilsme-
ier-Haak reaction to furnish the carboxaldehyde 110. This
intermediate was then subjected to the Suzuki coupling with
different disubstituted boronic acids 11la-c to obtain
compounds 112a-c in good to excellent yields (85-90%). Finally,
the oxidation with KMnO, furnished the desired compounds
113a-c with the carboxylic acid as an anchoring group in
moderate yields (Scheme 13).”

Depending on the substitution pattern, the work function
and surface properties of the electrode changed, and following
theoretical calculations, the ortho-para 113a derivative gave the
best results with a PCE = 19.8%. This is because the methoxy
groups at ortho-para positions contributed to forming a well-
ordered array during the SAM deposition, enhancing its
stability and bonding on the metal oxide surface as well.

In 2020, it was reported the combination of the benzothia-
diazole core with the TPA in the design of HTMs and SAMs for
PSCs. This combination arose from previous experience on the
synthesis of several metal-free dyes used in DSSCs following the
strategy of the donor-acceptor backbone, where the benzo-
thiadiazole core acted as a spacer and the 2-cyanoacetic acid as
the anchoring group. The resulting dyes enhanced the intra-
molec