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Perylene-Based Dyes in Dye-Sensitized Solar Cells:
Structural Development and Synthetic Strategies

Marco Giordano, Francesca Cardano, Claudia Barolo, Guido Viscardi, and Andrea Fin*

The versatile absorption and fluorescence properties alongside the
outstanding chemical and photostability make the rylene-based derivatives
one of the most investigated compounds in the field of third-generation solar
cells. Over the last 25 years, an intensive research activity has made the
rylene-based derivatives one of the most interesting and modular class of
sensitizers in the dye-sensitized solar cells. This critical analysis compares
and discusses the state of the art of the rylene-based dyes, starting from the
pioneering studies on the perylene bisimides to the latest N-annulated rylene
derivatives. The focus of this review is to discuss the structure-to-properties
relationship highlighting how critical points have been overcome and what
are the most recent approaches toward the achievement of novel record

efficiencies in the dye-sensitized solar cells.

1. Introduction

World energy consumption is a daily modern-society challenge.
The 600 BTU (British Thermal Unit) values, currently used, are
expected to rise by 50% by 2050: the socio-economic growth re-
quests energy sources that are still, unfortunately, based on fos-
sil fuels.['] The environmental impact of fossil fuels represents
the main drawback for their use as a long-term solution and
their shortages and costs result in additional weak properties.
Renewable and economic energy sources are the only possibili-
ties for a sustainable global development.?] Photovoltaic technol-
ogy is considered one of the most promising option among the
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renewable energy solution.3] Sun is the
most powerful energy source available, ev-
ery year it provides the earth with 174
petawatts (PW) of energy: the sun provides
more energy to the earth in 1 h than the
earth/humans’ energy needs of a whole
year.l The photovoltaic technologies have
therefore been a hot topic in the interna-
tional research and politics over the last
twenty years due the almost “unlimited
power”, the global availability, and the low
cost.[>6

A photovoltaic cell (PV) is an electrical
device converting the sun’s incident light
directly into electricity by using photo-
voltaic effect. Several technologies have
been developed over the years after the
first crystalline silicon solar cell reported
by Chapin et al. in 1954 following this concept.”] The first-
generation solar cells are based on monocrystalline or polycrys-
talline silicon, they achieve efficiencies of over 25%, and they are
dominating the PV global market.[®! Their production remains
limited regarding sustainability, but the reduced production costs
enforce their competitiveness.*] Over the years, different PV
technologies have been developed: thin-film solar cells, based on
semiconductor materials such as gallium arsenide and copper
indium gallium selenide (CIGS) and the latest third-generation
technologies including dye-sensitized solar cells (DSSC), organic
solar cells (OSC), quantum dots solar cells (QDSC), and per-
ovskite solar cells (PSC).'21] DSSCs result in today’s most
consolidated technology reaching conversion efficiencies above
14%.122] DSSCs remain attractive thanks to low-cost materials,
easy-to-scale manufacturing, versatile design (colors and pat-
terns), high performance and stability under low or diffuse light
conditions, and lower performance than other third-generation
technologies.[81322-25]

New interesting DSSC-based approaches like i) textile-DSSCs
for wearable electronics, ii) semi-transparent DSSCs for the ap-
plication in agrivoltaic systems (AVs), and iii) colorless and trans-
parent DSSCs for the building integration photovoltaics (BIPVs)
are indeed in constant development.[26-28]

1.1. DSSC Structure and Working Principle

A typical DSSC (Figure 1a) is a multicomponent photoelec-
trochemical device constituted by several components: i) a
transparent glass sheet covered by a conductive indium-tin oxide
(ITO) or fluorine-tin oxide (FTO) layer used as anode substrate;
i) a mesoporous oxide layer, typically TiO,, deposited on the
substrate to transfer electrons; iii) a sensitizer adsorbed on the
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Figure 1. a) Schematic overview of a classic DSSC highlighting the different components. b) Schematic overview of charge transfer processes in DSSCs.
1) Photoexcitation, 2) electron injection, 3) electron migration, 4) redox couple regeneration, 5) dye regeneration, 6) deactivation of the excited state, 7)
geminate electron recombination, and 8) non-geminate electron recombination. —~AG;,; and —=AG,,, are the driving force energy for electron injection
and dye regeneration, respectively. —AG; is defined by the potential difference between the conduction band of semiconductor and LUMO level of the

dye while, ~AG,,,

mesoporous oxide layer to harvest incident light; iv) an electrolyte
for the recovery of dye, typically based on triiodide/iodide redox
couple or on the most performant cobalt- and copper-based
complexes; v) a counter electrode made of a conductive layer
glass sheet coated with a catalyst, typically platinum, to catalyze
the redox couple regeneration reaction and collect the electrons
from the external circuit.[329-33]

The operating principle in DSSCs under light involves four
main processes with different time scales (Figure 1b): i) the pho-
toexcitation of the sensitizer followed by the electron injection
from the dye excited-state to the conduction band (CB) of the
semiconductor (fs up to ps); ii) the dye regeneration (ns up to
ps); iii) the electron transport toward collection (ms); iv) the dif-
fusion of the redox mediator to/from the counter electrode (ms
up to s).2" Nevertheless, some undesirable reactions as the deac-
tivation of the excited state of the dye, the geminate, and the non-
geminate electron recombination can occur beside the desired
electron transfer processes resulting in efficiency’s losses.343°]

The photovoltaic conversion efficiency (PCE) is correlated to
the short circuit photocurrent density (Jsc), the open circuit volt-
age (Vy), the fill factor of the cell (FF), and the intensity of the
incident light (P;,), as shown by the Equation (1):

PCE=2%¢ _°9¢ "~ (1)

The fill factor is the ratio between the maximum power ob-
tained with the device and the theoretical maximum power (Js-
Voc), it can vary between 0 and 1 and describes the electrical
and electrochemical losses during cell’s operation. Another fun-
damental measurement of the performance of a DSSC is the “ex-
ternal quantum efficiency”, usually called the Incident Photon
to Current Conversion Efficiency (IPCE). The IPCE value corre-
sponds to the photocurrent density produced in the external cir-
cuit under monochromatic illumination of the cell divided by the
photon flux that strikes the cell. IPCE values provide practical in-
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is defined by the potential difference between the HOMO level of the sensitizer and the redox couple.

formation about the monochromatic quantum efficiencies of a
DSSC and is calculated by Equation (2):

Jsc [mA cm’z]
A [nm] - P, (4) [mW cm—2]

IPCE = 1240 [¢V nm] 2)

The successful production of current relies on reaching a
quantitative yield of electron injection and dye regeneration, but
italso requires the minimization of the undesired recombination
processes. Each unfavorable deactivation path requires to be at
least 10° times slower than the favorable pathway to reach 99 + %
yield.?]

The optimization of each component and process previously
described is required to achieve high efficiencies. Over the years,
each component of the device was in depth investigated. Most re-
cently, conversion efficiencies above 15% were achieved by pursu-
ing different strategies covering the development of new sensitiz-
ers, novel composite photoanodes, and copper-based electrolytes,
up to the co-sensitization approach.[?2374]

A great attention was dedicated to the improvement of dye
properties.l3] The ideal photosensitizer should fulfill some es-
sential characteristics: i) the dye should have a panchromatic
absorption spectrum with a high molar extinction coefficient;
ii) strong anchoring groups are required to bind the dye onto
the semiconductor surface; iii) the LUMO level of the sensitizer
should be higher in energy than the conduction band edge of
semiconductor to lead to an efficient electron injection; iv) op-
timized molecular structure is off importance to avoid unfavor-
able aggregation phenomena; v) high photo- and thermal sta-
bility are required.[*!! Many classes of dyes were tested start-
ing from the ruthenium-based complexes with the goal to fulfill
these requirements.[*?*3] Porphyrin, phthalocyanine, metal-free
organic dyes including coumarins, indolines, triarylamines, poly-
methines, are just few examples.[**2] Among these molecules,
perylene-based dyes were intensively studied for their i) remark-
able photophysical properties; ii) outstanding conductive behav-
ior; iiil) exceptional chemical, thermal, and photostability; iv)
easy tunability of the optical and physical properties.>3-6] Over
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Figure 2. a) Chemical structures of 1 and PDls widely used as industrial pigments. b) Basic molecular structures of the 1 highlighting the different

reactive sites.

their application as sensitizer in DSSCs, perylene-dyes were
also widely exploited in fully-organic solar cells (OSCs), in or-
ganic field-effect transistors (OFETs) technologies, in bioimag-
ing applications, in organic light-emitting diode technologies
(OLED) and in luminescent solar concentrators (LSCs).[167-82]
In this review, we provide a complete overview on the use
of perylene-based dyes in DSSCs, highlighting the relation-
ship between the molecular design and the photovoltaic perfor-
mance for a useful overview and an outline for future research
strategies.

2. Synthesis

It is important to highlight how the photophysical and electro-
chemical properties of rylene dyes can be tuned via several syn-
thetic strategies before examining the application in DSSCs. A
general overview on the main synthetic strategies to modify both
perylene imides and N-annulated perylene derivatives will be
herein discussed, highlighting the state-of-the-art strategies to
synthetize the main building blocks and the final dyes. The syn-
thetic functionalization of the perylene core could be essentially
described by two complementary pathways. The most functional
synthetic approach aims on conferring solubility to the perylene
scaffolds by replacing the anhydride moieties with the imide
functions on the molecular edges. The strategic insertion of the
imides not only confers higher processability to the material but
can also provide additional functionalities, reactive groups, link-
ers for further synthetic steps, and chemical decorations as later
discussed in this review. In a complementary manner, the other
synthetic approach is strictly related to the tuning of the photo-
physical and electrochemical features of the dyes by the function-
alization of perylene core with various substituents following a
common halogenation stage. The straightforward halogen inser-
tion on the dye core facilitates and widens the possible further
functionalization that has a remarkable effect on the photophys-
ical, and electrochemical properties of the final dye as discussed
in the following sections. The combination of these two strate-
gies along with appropriate molecular design allows the prepara-
tion of symmetrical, asymmetrical, core-extended perylene-based
dyes bearing various substituents on the dye scaffold and either
one or two functional amides on the dye edges suitable for appli-
cation in many research fields and applications.[#2] Additional
details on the reactivity and synthesis of rylene-derivatives can be
found in other literature resources.[>36-62]
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2.1. Synthesis of Perylene Imides

Perylene-3,4,9,10-tetracarboxylic acid diimide derivatives (PDIs)
were introduced in 1912 in the dyes industry where the perylene-
3,4,9,10-tetracarboxylic dianhydride 1, was first synthetized and
further reacted to prepare brilliant red dyes used in vat dyeing
processes on cellulosic fiber (Figure 2a). Four decades later in-
dustrial scale production of PDIs started to fulfill the demand of
this chromophore family due to their versatility and stability as
pigments.[>>83] The pivotal common starting material of all PDIs,
1, is a flat symmetrical oligo aromatic scaffold bearing two anhy-
dride functions at the so-called peri-positions, which are, by reac-
tion with functionalized amines, condensed to the corresponding
imines and play a crucial role in the physical properties of the fi-
nal dyes (e.g., solubility, hydrophilicity). The four core positions
on the perylene, named bay positions, are instead used to tune
the photophysical properties by extending the z-system or intro-
ducing various functional substituents (Figure 2b).

The first approach, leading to the development of high-
performance industrial pigments based on 1, were described
for the preparation of Pigment Red 179 and Pigment Red 149
(Figure 2) by a classical imidization reaction on both anhy-
dride sites to obtain the symmetrical PDIs as 2 (Scheme 1).51:84]
These molecules were characterized by high photostability, bril-
liant color but poor to no solubility in most organic solvents,
as most pigments. Therefore, substitutions at the imide sides
with various alkyl or aryl moieties were explored to improve their
processability.¥l Long branched alkyl chains or ortho-substituted
aryl groups were particularly effective as solubilizers since their
out of plane geometry was reported to lower PDIs aggregation,
mostly driven by z—x stacking phenomena.l®*#>8¢] The solubil-
ity of these bulky-substituted PDIs was reported as good in halo-
genated solvents (e.g., dichloromethane, chloroform) but poor in
polar media (e.g., water, alcohols) that were often exploited to pre-
cipitate and collect the desired products. Symmetrical PDIs as 2
were commonly synthetized by high-temperature condensation
of 1 with aniline or aliphatic primary amines in high-melting
point solvents such as imidazole or quinoline using zinc acetate
as catalyst. This synthetic approach allowed large-scale produc-
tion in high isolated yields (> 80%) after relatively simple purifi-
cation by precipitation in polar solvents.[>*60:64]

Unsubstituted PDIs 2 are usually characterized by i) a strong
vibronically structured absorption maxima =525 nm, ii) mo-
lar extinction coefficients ~10° m~lcm™!, iii) fluorescence spec-
tra with small Stokes-shift, and iv) outstanding fluorescence
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Scheme 1. Synthesis and modification of perylene imide derivatives.
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Figure 3. a) Dependence of the dihedral angle and the apparent overlap for different halogen-substituted perylene diimides; b) Chemical structures for

different substituted perylene diimides. Reproduced with permission Copyright 2007, American Chemical Society.

quantum vyield, higher than 95%.%¢] In general, the solubil-
ity and the supramolecular interactions could be addressed by
the functionalization at the imide sites, while these modifica-
tions are not affecting the fundamental photophysical or electro-
chemical features such as absorption/fluorescence maxima and
HOMO/LUMO levels of 2. In few cases, like for 3, the imidiza-
tion performed with aromatic diamines provided the extension
of the aromatic core of 1 depicted by a remarkable bathochromic
shift and a higher molar extinction coefficient compared
to 2.[62]

An important breakthrough to broaden the functionalization
and, consequently, the applications of PDIs was represented by
the introduction of a selective electrophilic aromatic halogena-
tion of the perylene core.l¥”] While activating reactive sites, the
halogenation of the bay positions induces a distortion on the PDI
planar scaffold, depicted by an increase of the dihedral angles in
the bay area, which is related to the number and type of halogen
atoms (Figure 3).[38]

The tetrachlorinated 4 is commonly synthetized from 1 by
an electrophilic substitution with chlorosulfonic acid and a cat-
alytic amount of iodine at 70 °C for 20 h, leading to a quan-
titative yield of almost pure product with minimal contamina-
tion of pentachlorinated analog.[®! Similar result can be obtained
for the preparation of the PDI 5 starting from 2.1l The inser-
tion of bromine, instead of chlorine, requires harder conditions
as reported by BASF for the preparation of 7 in fuming sulfu-
ric acid at high temperature (> 80 °C) for 18 h.°’l An insoluble
mixture of 1,7, and 1,6 dibrominated regioisomers with traces
of tribrominated compound in ratio 76:20:4 is obtained and pu-
rified after the subsequent imidization step.l?l The halogenated
dianhydride 4 and 7 can be easily converted to the corresponding
imines 5 and 8 in N-methyl-2-pyrrolidone (NMP) as solvent and
a catalytic amount of acetic or propionic acid. It is worth nothing
that generally aromatic amines require higher temperature and
longer reaction time to react compared to the alkyl ones.[**) Sim.-
ilarly to 5, 8 can be also obtained in milder conditions followed
by recrystallization starting from 2.0%%]

An alternative way to tune the PDI photophysical features
is represented by the lateral core extension on 8 to get 11 as
coronene diimide (n = 0) and dibenzocoronene diimide (n = 1) by
Sonogashira reaction with alkynes and subsequent aromatization
with 1,8-diazabicyclo[5.4.0lundec-7-ene (DBU).[263] In a similar
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[88]

logic, the extension of the z-system along the main molecular
axis is reported as a useful approach to modulate the molecular
dipole moment and the photophysical properties of the dyes.

The halogenated 5 and 8 pave the way to tune the proper-
ties of di and tetra-substituted PDI as 6 and 9 by traditional nu-
cleophilic substitution or metal-catalyzed coupling like Suzuki,
Stille, Sonogashira, and Heck couplings.l® Functionalization at
the bay positions with phenols, thiophenols, and alcohols is re-
ported to red-shift the absorption maximum while preserving
the emission features. Substitution with amines provides large
bathochromic shift but lowers both the fluorescence and photo-
stability properties.[>*>7:94]

Perylene monoamide (PMI) as 12 are the key structures to
pursue this strategy and can be directly obtained from 1.7
The direct mono imidization to isolate 12 in a single step is car-
ried out in autoclave over a day at high temperature (180-190
°C) and under pressure (15 bar). Reactions with hindered aro-
matic amines such as 2,5-di-tert-butylphenylamine or 2,6-di-iso-
propilphenylamine led to the desired products in better yield (al-
most 50%) than reactions whit aliphatic amines (< 30%).178

Subsequent mild or hard bromination conditions provides the
selective single brominated 14 or the tri brominated 15 as versa-
tile building blocks for the z-system extension.®*!%! The bromi-
nated bay positions in 15 can be selectively reacted, as previously
described, to insert donor groups as in 16 with poor yields gen-
erally below 35%.[6!] Both the brominated PMI 14 and 16 can
be further coupled and aromatized to prepare larger rylene di-
imides 17 as terrylene diimide (m = 1), quaterrylene diimide (m
= 2), pentarylene diimide (m = 3) and hexarylene diimide (m =
4) that are usually characterized by excellent photophysical prop-
erties but very low solubility in many organic solvents.[6263.101.102]
The extension of the rylene core moves the absorption maxima
toward the near infrared region of the spectra and increases the
molar extinction coefficient in linear dependence with the num-
ber of naphthalene units (Figure 4a,b).

Finally, looking at the application as a sensitizer, the pres-
ence of a strong anchoring group as an anhydride on the dye
structure is essential to maximize the device results.!'3] As men-
tioned, NDIs suffer from poor processability; therefore, the hy-
drolysis of the solubilizing imide group to the corresponding an-
hydride, as in 10 and 13, is usually performed as the last synthetic
step.[>4l
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Figure 4. a) Absorption spectra shift rylene diimides as number of fused naphthalene units. b) Correlation between the number of naphthalene units
and the molar extinction coefficient. Reproduced with permission Copyright 2014, Royal Society of Chemistry.[®3]

2.2. Synthesis of N-Annulated Perylene

n-extended heteroarenes containing nitrogen or chalcogens in
fused aromatic rings are deeply investigated for their optoelec-
tronic properties and their potential application in organic field-
effect transistors (OFETS), light emitting diodes (LEDs), and pho-
tovoltaic devices.l'%l N-annulated perylene (NP) derivatives have
been successfully employed in DSSCs as sensitizers due to their
electron-rich nature as an ideal electron donor structure that can
be further functionalized (Figure 5).

The first reported synthesis of N-annulated perylene is a two
steps procedure reported by Looker in 1972.1%] The mono-
nitration of 18 to the resulting 1-nitroperylene 19 was carried out
using fuming nitric acid in 1,4-dioxane at 60 °C for 30 min fol-
lowed by the final heterocyclic annulation in triethyl phosphite
for 2 h to obtain 20. While the second step occurs with high
yield (> 80%), the first one is limited by the formation of the 3-
nitroperylene regioisomer that lowers the yields to 30%. To date,
this is the most straightforward procedure to synthetize 20, a key
intermediate in the synthesis of other hetero-annulated perylenes
21 and 22.1°%] The introduction of nitrogen in 20 does not induce
a significant change in the packing motif compared to perylene
18 (Scheme 2). The crystal structure of 20 exhibits a nearly planar
molecular conformation with a packing arrangement consisting
of edge-to-face dimers (Figure 6a).l]

On the other hand, the hetero-annulation leads to a hyp-
sochromic shift of the absorption maxima and to a lower mo-
lar extinction coefficient of 20 respect to 18 (Figure 6b). As for
most unsubstituted perylene dyes, the planar structure in 20 in-
duces a strong z—r interaction lowering the dye solubility. To

a)

4 3
5 2
LI

‘ Bay—positions7

7 12
8 11
9 10

Perylene

b) Peri-positions 4

overcome this limitation, N-alkylation or N-arylation strategies
were reported to confer acceptable solubility of the dyes 23. The
former is an established and efficient procedure (yields > 90%)
that usually occurs using a strong base as sodium hydride, alkyl-
bromide as alkylating agent at high temperature while, the latter
usually exploits the Ullmann coupling.[1%1%7] The alkyl- or aryl-N-
annulated 23 can be further functionalized by classical bromina-
tion with N-bromosuccinimide (NBS) to obtain the correspond-
ing mono 24 or di brominated 25 derivatives at position 3 and 11
in high yields.[191%8] As mentioned for 8, the halide presence on
the N-annulated perylene core of 24 and 25 allows further func-
tionalization by metal-catalyzed coupling reactions. Another in-
teresting strategy consists in the direct mono-formylation of 23 to
26 that can further react in a Knoevenagel condensation to install
a cyanoacrylic acid, one of the best-performing anchoring group
in DSSCs.[103:108]

Another interesting synthetic strategy, starting from bromi-
nated 24 allows the preparation of polycyclic aromatic hydrocar-
bon (PAH) based on the N-annulated perylene scaffold, nowa-
days among the best-performing sensitizers in DSSCs. A clas-
sical Stille coupling on 24 provides the biaryl product 27 with
a functionalized thiophene that undergoes a subsequent Grig-
nard reaction to provide a tertiary alcohol moiety in 28. A final
intramolecular Friedel-Crafts cyclization catalyzed by a solid acid
catalyst led to the formation of the PAH N-annulated perylene
isomers 29a and 29b in a 2:1 ratio (Scheme 2).1%]

In this section, the most general synthetic strategies for
the preparation and functionalization of perylene diimides,
monoimides, or N-annulated derivatives were discussed. The
symmetrical nature of the perylene core along with the poor

3 Meta-positions

Amino
position

N-annulated perylene

Figure 5. a) Chemical structures of perylene and b) of a N-annulated perylene.
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Scheme 2. Synthesis and modification of N-perylene derivatives.

processability of the planar scaffolds are the key parameters
that require a careful evaluation in the dyes design and in
the synthetic pathways rationale to maximize the final output.
Obviously, peculiar structures or functional groups can limit if
not completely hamper the discussed strategies and require case
by case evaluation.

3. Perylene Imides-Based Dyes in DSSCs

Perylene imides were, at first, introduced as sensitizes in 1996
when an electron injection rate of 190 fs was reported for
2,5-bis(tert-butyl)-9-methylphosphonic acid perylene adsorbed on

a) ) b) 40000
/ 30000 4

‘s

<
" 20000 -

3

w

nanocrystalline TiO,."'% This brilliant result confirmed the ver-
satility of perylene derivatives in which the high emission can
facilitate the time-related emission experiments used to mea-
sure charge injection rates promoting the use of perylene dyes
in DSSC.

3.1. Perylene Diimide Derivatives

The first ever photovoltaic application of perylene dyes was car-
ried out with the sensitizers 30-32 onto SnO,.1""!] The dyes were
anchored on a 2.5 um thick nanoporous SnO, film on FTO glass
through their carboxylic acid groups. A solution of LiBr (0.5 M),

300 400 500

Wavelength A /nm

Figure 6. a) The sandwich-herringbone arrangement of N-annulated perylene. b) UV-vis absorption spectra of hetero-annulated perylene in chloroform.

Reproduced with permission Copyright 2008, American Chemical Society.
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Br, (0.05 M), and 4-tert-butylpyridine (0.2 M) in 80/20 (v/v) ethy-
lene carbonate/propylene carbonate was used as electrolyte and
a platinum-coated F-SnO, glass substrate as the counter elec-
trode. Cells containing the sensitizer 31 could reach a maximum
IPCE of #30% in the 458-488 nm spectral region and an over-
all power conversion efficiency of 0.89%. PDI 32, bearing a car-
boxylic group on each phenyl ring rather than directly linked on
the perylene core, was efficiently adsorbed on the SnO, showing
comparable spectral properties to 31. Nevertheless, 32 exhibited
a small short-circuit photocurrent density (%100 pm cm=2) most
likely due to the different dye orientation on the surface, driven
by the orthogonal disposition between the anchoring phenyl
group and the perylene core.'"] This first work highlighted the
potentialities of PDI derivatives in dye sensitized solar cells,
despite the lower efficiency compared to the optimized ruthe-
nium complexes-based devices. To better understand the sensi-
tizing behaviour of perylene derivatives, Li et al. studied TiO,
nanocrystalline films sensitized by 31 and 33 reporting a maxi-
mum IPCE of 40% (440-530 nm) for 31 and of 14% (460-510 nm)
for 33. Additionally, the effect of bromine-doping of the TiO,
nanocrystalline film was discussed for the first time, highlight-
ing a decrease of IPCE values (about a tenth of the non-dopped)
and a red-shift of around 20 nm for the wavelength with the
maximum quantum yield compared with the non-doped films
(Scheme 3).1112]

Until then, only carboxylic groups on the PDI scaffold were
tested as anchoring group, however, the anhydride moieties can
easily react with inorganic semiconductors, such as TiO,. Icli et
al. prepared a series of PMI sensitizers 34-38 varying the sub-
stituents on the imide side to evaluate their photovoltaic perfor-
mance in DSSCs.["3] Dyes with longer and branched alkyl chains
achieved higher device efficiencies since hindered alkyl chains
prevented self-aggregation of the dye and reduced the charge re-
combination with the electrolyte.[''*115] Among the tested dyes,
34 was the best performer by reaching an efficiency of 1.61% un-
der AM 1.5 solar light (photovoltaic parameters of Z907 standard:
J. =18.02mA cm™2, V,, = 0.550 V, FF = 0.42, PCE = 4.22%) 11
PMI 38 yields double efficiency value compared to 37 due to the
stronger electron donating character of the aromatic ring in com-
parison to the cyclohexyl substituent. This effect resulted in bet-
ter electron injection to TiO, conduction band for 38.1'13] In the
whole series 34-38 the electron transfer from the sensitizer to the
conduction band of the semiconductor was not efficient enough
because of the absence of a strong intermolecular push-pull effect
since the sensitizer consisted of ordinary chromophores bearing
an anchoring group (Scheme 3).

Imahori et al. have introduced pyrrolidines as electron-
donating groups in the 1,6-position of the perylene core 39-42, to
overcome the poor electron injection and improve the efficiency
of perylene sensitizers.['] The results on these structures led to
a couple of benefits. The strong electron-donating ability of the
pyrrolidine groups shifted both first oxidation and reduction po-
tentials, generating a more exothermic electron injection from
the excited singlet state to the conduction band of TiO, electrode
along with a bathochromic shift of the absorption maximum. The
bay-substituents prevented the dye aggregation on the TiO, sur-
face lowering the intermolecular charge recombination, result-
ing in the highest efficiency of 2.6% under AM 1.5 solar light
with 39. The effect of the pyrrolidine substituents could be fur-
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ther emphasized by simply comparing the devices differences be-
tween 39 (PCE 2.6%) and the analog sensitizer 37 (PCE 0.6%).
Similarly, the linker effect appeared clear by comparing the de-
vice efficiency between the anhydride anchored 39 and 40 (PCE
2.6 and 1.5% respectively) with benzoic acids linked 41 and 42
(PCE < 0.02%) that suffered from lower electron injection due to
a larger distance from the dye to the anchoring site.!!!]

Following the work of Imahori, Odobel et al. prepared a series
of sensitizers 43-50 to correlate the effect of the position and na-
ture of the anchoring groups, the presence of a fused benzimida-
zole moiety on the perylene scaffold, and the nature of electron-
donating substituents on the bay positions to the final device
performances.[''’] DSSCs sensitized with 43-50 reached efficien-
cies from 0.2% to 2.3% (photovoltaic parameters of N3 standard
obtained with 0.1 M 4-TBP-based electrolyte: |, = 13.7 mA cm~2,
V,. = 0.663 V, FF = 0.62, PCE = 5.59%).['"7] The highest per-
formances were systematically obtained with the sensitizers an-
chored through the anhydride acid group in 45, 47-50 showing a
better electronic communication with the TiO, conduction band
(Scheme 3).

The notable difference in the device performances in 43 and
46 was related to the presence of electron-rich groups, a phenoxy
and a benzimidazole respectively, and their relative positions to
the anchoring site, opposite in 43 and on the fused ring on 46.
As a result, the electronic coupling in the excited-state was re-
duced, since the electronic density shifted away from the elec-
tron rich moieties to reach the most electron-withdrawing group
that unfortunately is too far from the TiO, surface. The extension
of the z-system in 44, 46, and 47 led to a similar bathochromic
shift of the absorption spectra in all three dyes, while the con-
current presence of the anchoring sites on the benzimidazole in
44 and 46 lowered the devices performances compared to 47 in
which the extension of the conjugated system was opposite to
the linkage moiety. Looking at the substituent in the bay posi-
tions, the presence of four phenoxy groups in 45-48 provided
similar effects as two piperidine rings in 49 and 50 along with
less dye aggregation, confirming the stronger electron density of
the N-piperidinyl substituted perylenes compared to the O-aryl
substituted analogs.[1'?] Interestingly, the two isomers 49 and 50
exhibited a slightly different behaviour. The HOMO level in 49
was more destabilized compared to 50 by the trans- N-piperidinyl
substituents that was depicted by a lower energy gap resulting
in a red-shifted transition and a lower oxidation potential. Vice
versa, the cis-N-piperidinyl substituents lowered the aggregation
on TiO, surface explaining the higher efficiency of the cis isomer
50 versus 49.

The substituents versatility at the imide edge was also investi-
gated by Palomares et al. by introducing an azacrown moiety in 51
to selectively bind lithium ions to improve the control of ions in
the electrolyte and therefore the device performances.'!811] Un.
der simulated sun light, the DSSCs assembled with 51 showed
higher voltages but lower photocurrent compared to the control
prepared with 52. This behavior led to a shift of the TiO, conduc-
tion band edge due to the complexation of the lithium ions with
the aza crown ether, which could be responsible of the formation
of dipole at the semiconductor surface (Scheme 3).

As mentioned above, the presence of bulky substituents on
the bay position of the perylene core was shown to lower the
self-aggregation on the TiO, surface and to reduce the charge
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recombination. Over the last years, many interesting studies
were reported focussing on this molecular aspect to improve the
DSSC performances. The 4-tert-octylphenoxy substituent, intro-
duced for the first time by Miillen et al. on the perylene core,
represented one of the best bulky-substituents to prevent the
aggregation.['%?] Few years later, Palomares et al. and Sharma
et al. reported detailed correlations among the dye loading, the
charge recombination, and the effect of the deoxycholic acid
(DCA) on the photovoltaic performance using PMI decorated
with the same bulky phenoxy derivative in 53 and 54.1120121]
Sensitizers 53 was deposited on a 12 pm thick TiO, film (8 +
4 pym of scattering layer) on FTO glass varying the dye-loading
times. The electrolyte was made by a solution of BMII (0.6 M), I,
(0.05 M), LiI (0.1 M), and TBP (0.1 mwm) in 15/85 (v/v) valeroni-
trile/acetonitrile. The highest efficiency of 3.15% was reached for
the film sensitised for 5 h.[12] Shorter dye-loading time showed
both less photocurrent and voltage, demonstrating the key role of
the recombination between the photo-injected electrons and the
oxidized electrolyte on the overall device efficiency. Interestingly,
longer dye-loading time did not involve either a decrease of the
electron injection or of the cell voltage, in contrast with the usual
trend of other organic dyes (Table 1).['%]

Dye 54 was also employed in the evaluation of the deoxy-
cholic acid (DCA) effect as co-adsorber on the photovoltaic
performance.'2]' A 12 um thick TiO, film on FTO glass was
dyed by a solution of sensitizer 54 (0.5 mm) with and without
DCA (10 mwm) in THF for 24 h. The co-adsorption of DCA re-
sulted in a significant improvement of photocurrent and a slight
increase of the open circuit voltage that led to an overall better ef-
ficiency. An efficiency of 4.48% was achieved, which represents
the highest value among the DSSCs sensitized with perylene di-
imide derivatives.!*2!]

Slightly less hindered O-alkyl branched substituents dyes 55—
58 were tested by Dincalp et al. reporting quite low device ef-
ficiencies in the 0.009-0.067% range under AM 1.5 solar light
(photovoltaic parameters of Z907 standard: J,, = 11.87 mA cm 2,
V.. =0.700 V, FF = 0.56, PCE = 4.66%).[12] The low efficiencies
were elated to the strong electron-withdrawing nature of imide
group, limiting the photo generated electrons transfer from the
donor-side to the anchoring-side of the dye. PDIs with pyridine
57 and pyrazine 58 anchoring moieties led to overall better photo-
voltaic parameters compared to the sensitizer with cyanoacrylic
acid anchoring group 56. These differences were related to the
lower LUMO level of 57 (—3.61 eV) and 58 (—3.58 eV) compared
to 56 (—3.75 eV), corroborating the key role played by the dis-
tance between the chromophore core and the anchoring site. The
best efficiency was achieved with 55 with bearing a anhydride acid
group anchoring site, highlighting their already reported advan-
tages (Scheme 3).

Among the latest strategies applied to improve the device per-
formance with perylene-based dyes, the functionalization of one
imide with a strong electron-donating group such as tripheny-
lamine (TPA) showed interesting results. TPA is a bulky aromatic
group well-known to prevent dye-aggregation and to improve the
intramolecular electron transfer, leading to an overall improve-
ment of the photovoltaic performance.[50124126]

Insuasty et al. reached the efficiencies of 1.00% and 1.30%
applying the TPA functionalized PMI 59 and 60, further high-
lighting the electron-donating group effect on the photovoltaic
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performance.['””] However, compared to 39 and 40, the latest sen-
sitizers show worse efficiency, confirming that the insertion of
electron-donating group on the bay position is more effective to
better the device performance (Scheme 3).

PDI derivatives show good results in the assembly of several
devices, justifying the generally development and further inves-
tigation of perylene dyes in the dye-sensitized solar cells field.
The presence of an electron-withdrawing group on both sides of
the molecule represents one of the main drawbacks of PDIs that
prevents a preferential directed photo-generated charge transfer
from the molecule toward the conduction band of the metal ox-
ide. This represents the main reason that led to the development
of new dyes based on the PMI that allow to design a molecule
with a strong push-pull effect. Other key parameters highlighted
by the recent experimental results are directed to optimize the
dye-anchor site distance, to limit the dye aggregation due to the
flat core and to improve the sensitizer solubility to achieve opti-
mal dyeing results.

3.1.1. Multi-Chromophores Systems

An interesting strategy to improve the photovoltaic efficiency is
based on multi-chromophores system where suitable molecular
design provides dyes characterized by a broad absorption spectra
and high molar absorption coefficients.

A first application of this approach based rylene dyes was re-
ported by Tian et al. by merging an NMI and a PMI to bipyri-
dine ligand in 61 and 62 to extend the absorption properties of
ruthenium complexes.['?] The photophysical features of 61 and
62 were better than the ruthenium-based dyes alone, but the de-
vices efficiencies reached only 3.08% and 1.75%, respectively.'3]
The main responsible for these low efficiency was found in the
electron-withdrawing nature of the imide groups, weakening the
electrons mobility toward the semiconductor conduction band.
Moreover, dye 61 showed higher performance than 62, which
worse efficiency was due to the lower adsorption on TiO, due
to the larger PMI scaffold (Scheme 4).

Similar approach, but operating on the PDI bay positions,
was described by Meng et al. linking cyanine unit 63 to a
benzo|e]indole unit 64 thorough an acetylene linker. In addition
to the excellent optical properties, both sensitizers 63 and 64
showed efficiencies of 0.34% and 1.38%, respectively because of
an improper intramolecular charge transfer direction caused by
the strong electron-withdrawing nature of the imide group. The
slightly better conversion efficiency of 64 depended just on its
higher LUMO level compared to 63.

A supramolecular dyad formation, by self-assembly via metal-
ligand coordination, was reported by Saha et al. using PMI and
Zn-porphyrin or Zn-phthalocyanine as chromophores.[!30:131]
A 5 pym thick TiO, film was first sensitized by PMI solution
(0.15 mm in CH,Cl,) and later immersed in the Zn-porphyrin
or Zn-phthalocyanine solution (2 mm in CH,Cl,) to form the
supramolecular assembly. A solution of 0.06 M I,, 1.0 M Lil in
propylene carbonate was used as electrolyte. The supramolec-
ular dyads 65 and 66 reached the efficiencies of 1.10% and
2.20%, respectively. The remarkable efficiency shown by dyad
66 was attributed to the better electron-donating ability of
Zn-phthalocyanine compared to Zn-porphyrin that led to a
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faster electron transfer and a better charge-separation in the
device.

3.1.2. Polymer Dyes

The stepwise evolution of sensitizers has finally outlined organic
dyes as the winning choice for high photovoltaic performance.**!
Meantime, polymer dyes have also been investigated to evalu-
ate devices’ efficiencies. Polymer dye-sensitized solar cell (PSSC)
shows the same structure and operation principles of the above-
described DSSCs with the only difference residing on the poly-
meric nature of the dye.

Many examples of PSSC were reported using polythio-
phenes, polyanilines, phenyl-conjugated oligoenes, polyflu-
orenes, diketopyrrolopyrrole-based copolymer, polytriphenyl-
based polymers among the others as key component.!3213% The
main advantages of the polymeric matrix rely on good thermal
and environmental stabilities, solution processability, excellent
mobility and conductivity, satisfying exciton generation under
illumination, easy deposition on substrates, broad absorption,
and high extinction coefficients.['**1*1] These properties have also
been widely exploited in solid-state dye solar cells, that will be
later analyzed.[3%]

Perylene diimide derivatives were also employed in these de-
vices as reported by Niu et al. by synthetizing perylene-containing
polyamides 67 and 68 that were later adsorbed on TiO, for 48 h
(Scheme 4).'*2] Unfortunately, these two sensitizers were solu-
ble just in high boiling point solvents such as m-cresol, DMAc,
and NMP that could undesirably dope the dyed TiO, film. To
avoid this effect additional washing of the film with ethanol
and acetonitrile was required. Finally, a solution of 1-butyl-3-
methylimidazolium iodide (BMII) (0.6 M), LiI (0.1 M), I, (0.05 M),
4-tert-butylpyridine (4-TBP) (0.5 M) in acetonitrile was used as
electrolyte. Nevertheless, the poor recorded efficiencies of the
PSSC cells with 67 and 68 were of 0.116% and 0.083% respec-
tively, most likely due to the lack of chemical bonds between the
dyes and the TiO, (photovoltaic parameters of N719 standard: J
=14.1mA cm2, V,, = 0.735V, FF = 0.52, PCE = 5.94%.142!

Slightly better efficiencies were reported by Patra et al. with
perylene diimide and thiophene-based copolymers 69 and 70
functionalized with alkyl or perfluoroalkyl chains (Scheme 4).[143]
The polymers were adsorbed on the semiconductor surface for
8 h from chloroform and the electrolyte consisted of 1-butyl-3-
methylimidazolium iodide (BMII) (0.6 M), I, (0.03 M), guani-
dinium thiocyanate (0.10 M) and 4-tert-butylpyridine (4-TBP)
(0.05 M) in 85/15 (v/v) acetonitrile/valeronitrile solution. Effi-
ciencies of 2.71% and 2.96% has been reached with 69 and
70, respectively. The higher photovoltaic performance of the
perfluoroalkyl-containing polymer dye 70 was attributed to var-
ious reasons: i) the introduction of perfluoroalkyl chain can en-
hance the internal dipole moment within the polymer backbone;
ii) the functionality helped to provide an ordered microstruc-
ture at the donor-acceptor interface, which would lower the
charge recombination and improve the exciton dissociation at the
TiO, /dye/electrolyte interface; iii) the enhanced z-stacking inter-
actions with TiO, surface. It is important to highlight that the ef-
ficiency reported for 70 is, up to date, the highest value reordered
among the polymer dye-sensitized solar cells.
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3.2. Terrylene Sensitizers

The possibility to take an advantage of the photophysical proper-
ties of expanded rylene homologs represents an interesting strat-
egy to improve the photovoltaic performance. As previously dis-
cussed, the extension of the perylene core via additional naphtha-
lene units along the molecular longitudinal axis leads a gradual
bathochromic shift along with improving the molar absorptivity
values (Figure 4).

Following this strategy, Hagfeldt et al. have reported a terrylene
monoimide monoanhydride decorated with four bulky phenoxy
groups 71 that showed a strong absorption band at 680 nm with
an outstanding molar absorption coeflicient of 178 000 M~'cm™!
in dichloromethane (Scheme 4).**] Dye 71 has been linked on
an 8 um thick TiO, film on FTO glass through the anhydride
group and an efficiency of 2.4% has been recorded under AM 1.5
solar light by using 0.5 m Lil and 0.05 M I, in acetonitrile as elec-
trolyte. A comparison with similar less extended perylene-based
dyes 45 and 48 highlights slightly improvement in the terrylene
derivatives. A possible reason for the lower performances of the
smaller dye might reside on the incompatibility with additives
such as 4-tert-butylpyridine, usually used to improve the photo-
voltaic performance. The limited device improvement, the worse
processability along with a more challenging synthesis, limited
the development of these sensitizers. To date, this is the only ex-
ample of expanded-rylene dye applied in DSSCs.

3.3. Perylene Monoimide Derivatives

The imide electron-withdrawing nature and the resulting lack
of strong electronic push-effects, as already described for the
perylene diimide derivatives, compromises the electron injec-
tion in the semiconductor and thus the overall photovoltaic per-
formance. Perylene monoimide derivatives have been employed
with the aim to overcome these limitations in a similar way as
was done by introduction the ruthenium-complexes in DSSC
(Scheme 5). These complexes have demonstrated that charge sep-
aration in the sensitizers is a fundamental feature to provide an
efficient charge transfer. Spatial separation of the positive charge
left on the dye and the injected electrons after the MLCT (metal-
to-ligand charge transfer) considerably lowers the rate of recom-
bination phenomena between injected electrons and oxidized dye
molecules.'*! Transposing this concept in the organic dyes do-
main, the orbital partitioning can only be achieved by a push-
pull design, as for example, by combining a strong donor with a
strong acceptor and thus creating a strong intramolecular dipole.
In the monoimide perylene derivatives, an appropriate molecular
design can lead to a LUMO located on the perylene core and on
the anchoring group, thus close to the metal oxide, and concur-
rently a HOMO preferentially located on the donor moiety, close
to the electrolyte. This design, at first, helps the intramolecular
charge transfer and the electron injection from the LUMO of the
excited dye to the conduction band of the metal semiconductor,
next, it is also useful for the dye’s regeneration by the electrolyte.

In addition to a strong desired push-pull effect, the dye’s ag-
gregation has been considered as an extremely incident factor on
the overall efficiency. The perylene monoimide derivatives have
been already known for their strong tendency to aggregate.!14]
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Scheme 4. Perylene diimide-based for multi-chromophores and polymer systems.

Taking advantage of this information, the attachment of bulky
strong electron-donating groups in position 9 has been the first
structural modification applied on the perylene monoimide core
to control this phenomenon.

The first-ever application of monoimide perylene derivative
in DSSCs has been reported by Gregg et al. showing how both
the photocurrents and power conversion efficiencies can be im-
proved by 100 times by UV treatment.'¥148] Four sensitizers
were prepared to evaluate the effect of the bulky alkyl chain and
the type and position of the anchoring group. Dyes 72 and 73 are
classical push-pull molecules where the alkyl amine attached at

Adv. Funct. Mater. 2024, 2411230 2411230 (14 of 38)

the peri-position caused a strong coupling of the HOMO on the
electron-donating amine group while the LUMO was located on
the perylene monoanhydride core. The greatest steric effect of the
N,N-dioctylamine substituent led to a better efficiency of 1.92%
under AM 1.5 solar light for 73 compared to 72. Replacing the
anhydride in 73 with canonical carboxylic acid in 74 has shown
variation on the relative orientation of the dye on the surface and
therefore resulting in different morphologies of the film (Scheme
5). Moreover, the photophysical features of the dye on the TiO,
surface were also affected producing a small bathochromic shift
in 74 upon adsorption. The anhydride anchoring group led to
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a better photovoltaic performance proved by the experimental
results where dye 74 achieved higher photocurrent than 73 (],
= 9.7 mA cm™2) but lower voltage (V,. = 400 mV) resulting in
lower efficiency of 1.2%. Finally, the position of the anchoring
group was evaluated by recording how 75, bearing a carbamic
acid-anchoring group at the peri-position instead of an electron-
donating moiety showed similar photovoltaic performance as 74,
resulting an efficiency of 1.3% (photovoltaic parameters of N3
standard: ], = 21.0 mA cm~2, V,, = 0.590 V, PCE = 4.4%).147] It
is worth nothing that the molecular design of 75 is the common
structure of the dyes applied in the p-type dye-sensitized solar
cells, which will be discussed later.

The same dyes 72 and 73 along with four other monoanhydride
perylene derivatives 76-79 were reported by Matsui et al. in ZnO
based device (Scheme 5).1*1 Quite surprisingly the best photo-
voltaic performances in the series were achieved by the bromo-
substituted 77 that showed an efficiency of 0.52%. This unex-
pected result could be related to the higher fluorescence quan-
tum yield of the series dyes compared to the one of 77 promoting
alternative pathways for the electrons rather than injection.

A major improvement was achieved by Otsuki et al. with a sim-
ilar molecular design in 80 bearing a piperidine-substituent as
electron-donating group and achieving an efficiency of 3.1% un-
der AM 1.5 solar light (Scheme 5).[15

The push-pull character conferred by bulky electron-donating
substituents in position 9 of PMIs improves their efficiency,
but the simple HOMO-LUMO separation is not sufficient to
achieve useful photovoltaic performances. A minimum driving
force, quantified around at least 0.2 eV, is required to promote
both an efficient electron injection and a quick dye regeneration
process.[13] This concept translates in proper molecular design to
tune the HOMO and LUMO level by insert proper substituents
on the bay positions in PMI modulating at the same time the
photophysical and the electrochemical features while preventing
undesired aggregation phenomena. >4l

Following this concept, Nazeeruddin et al. synthetized 81
bearing a bis(4-(2,4,4-trimethylpentan-2-yl)phenyl)amine donor
in the peri-position and phenylthio-groups in the bay-positions
(Scheme 5).1'>" The optimized device has shown an outstanding
power conversion efficiency of 6.8% under standard AM 1.5 solar
conditions. To date, this is the highest value obtained for DSSCs
with sensitizers based on PMI derivatives. Another extraordinary
result obtained by 81 was an IPCE up to 87% (> 50% between 400
and 625 nm) using a solution of 1-butyl-3-methylimidazolium io-
dide (0.6 M), I, (0.05 M), LiI (0.1 M) and 4-tert-butylpyridine (0.5 m)
in 85/15 (v/v) acetonitrile/valeronitrile as electrolyte. Solid-state
DSSCs have also been assembled with 81 and by replacing the lig-
uid electrolyte by spiro-MeOTAD proving an efficiency of 1.8%.

Structurally similar compounds 82-84, functionalized with
no to large and even larger bay-substituents have been pre-
pared by Miillen et al. to investigate the relationship between the
photovoltaic performance and the substituents steric hindrance
(Scheme 5).112] The dyes in the series shared similar absorption
spectra but, strong decrease in the absorption spectra were ob-
served to be directly related to the dyes size and molecular weight,
upon adsorption on the TiO,.Moreover, the unsubstituted 82 ex-
hibited a broad absorption spectrum compared to 83 and 84, sug-
gesting a higher aggregation rate due to the smallest size of the
dye, which was compensated by a greater dye loading of 82 on
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TiO, versus 83 and 84. The photovoltaic performance showed a
direct correlation between the efficiency and the dyes molecular
size with the smallest PMI showing the best result. The devices
with 82, 83, and 84 have reached the efficiencies of 2.9%, 2.7%,
and 2.5%, respectively under 1 sun (Table 2).

The amount and type of substituents on the PMI core affects
the photovoltaic performances as it was shown by Valiyaveettil et
al. with a series of sensitizers 85-87 bearing a different number
of triphenylamine moieties in different positions (Scheme 5).[1>%]

The comparison between the tri-substituted 85 and 86 pointed
out that the different positions of the triphenylamine group on
the dye core had no effect on the efficiency, which was 0.95 and
0.85% for the two dyes respectively. On the other hand, increas-
ing the number of substituents as in 87 led to an improved effi-
ciency up to 1.14% due to the higher intramolecular charge trans-
fer character in the PML.

Not only the number and the position but also the distance be-
tween the donor and the acceptor part of the sensitizer is a criti-
cal factor for the photovoltaic application. A spacer can play dual
role in the dyes molecular design. It can enhance the absorption
by taking part in the conjugation between the donor and accep-
tor or it can generate a stronger orbital separation by hindering
the conjugation and therefore improve the intramolecular charge
transfer.

Following this concept, Edvinsson et al. reported a series of
sensitizers 82, 88-90 for pioneering the evaluation of the effect
of various spacers on the photovoltaic performance.'*] A rigid
conjugated acetylene spacer and a flexible phenylene bridge, were
employed in 89 and 90, respectively.

The phenylene spacer in 89 increased the distance between
the amine donor and the anhydride acceptor while weakening
the donor ability of the diphenylamine by twisting it out of
the plane and lowering the conjugation, reflected in a less efhi-
cient intramolecular charge process in 89 compared to 90. The
prepared devices with 82, 88-90 have reached the efficiencies
of 3.9%, 3.2%, 2.4%, and 2.2%, respectively (photovoltaic pa-
rameters of N719 standard: PCE = 6.0%).'>*] Interestingly, dye
82 bearing only a peri-substituent without any spacer nor bay-
functionalization, showed the best result compared to the other
sensitizers of the series, probably due to the higher concentration
on TiO, surface. Therefore, the spacer is an effective tool in the
molecular design but, since multiple parameters are involved in
the real devices, the dyes design requires to find the right molec-
ular compromises to achieve the best possible results.

Additional evidence of the spacer effect on the photovoltaic
performance was reported by Imahori et al. in the dyes 91—
93, where an acetylene spacer was introduced between three
substituted triphenylamine and the acceptor PMI core (Scheme
5).[1° The presence of the acetylene bridge in 91-93 betters sep-
arated and forces the alignment between the phenylene moi-
eties and the conjugation plane of the perylene the increasing
donor strength in comparison to the previously discussed sim-
ilar dye 89. In accordance with the improved electron donation
effect, the best efficiency of 2.9% was recorded with the dye 93
while the other sensitizers 91 and 92 showed both an efficiency
of 2.1%. Finally, a comparison between 91 and the analogue
without the acetylene spacer 85 characterized by and efficiency
of 0.95%, clearly demonstrates the spacer effect on the device
features.
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Table 2. Photovoltaic performance of DSSCs employing perylene monoimide-based dyes.

www.afm-journal.de

Dye Auax (sol) [nm] e [M~'em™"]  Ayax (film)  IPCE[%] [range/nm]  Jsc [MAcm™2] Ve [V] FF PCE [%] Electrolyte References
[nm]

72 556 (ACN) - < 480 (TiO,) - 4.0 0.41 - 0.59 1=/15~ [147]
1.02 0.542 - 0.26 2

561 (DMSO) 25 000 444 (ZnO) 9.2% 0.66 0.37 67 0.16 1=/15~ [149]

73 560 (ACN) - 452 (TiO,) 62% (450) (1481 8.9 0.54 - 1.92 1=/15~ [147]
3.12) 0.632 - 0.922

564 (DMSO) 22 700 458 (ZnO) 12.3% 0.70 0.44 63 0.20 1=/~ [149]

74 500 (ACN) - 531 (TiO,) 25% (550) [148] 9.7 0.40 - 1.2 1=/15~ [147]
550 (CH,Cl,) 0.16 2 0.542 - 0.0522

75 506 (CH,Cl,) - 500 (TiO,) > 40% 9.8 0.41 - 1.3 1=/15~ [147]
(450-540) [148] 279 0502 - 0.689

76 495 (DMSO) 38 100 424 (ZnO) 29.5% 1.44 0.45 65 0.42 1=/~ [149]

489 (CHCly) 10 000 450 (TiO,) 80% (450) 7.6 0.45 63 2.2 [150]

77 503 (DMSO) 35200 431 (ZnO) 35.5% 1.78 0.46 64 0.52 1=/15~ [149]

78 561 (DMSO) 22 100 462 (ZnO) 14.0% 0.81 0.41 64 0.21 1=/15~ [149]

79 566 (DMSO) 22 400 458 (ZnO) 12.3% 0.70 0.44 63 0.20 1=/15 [149]

80 544 (CHCly) 16 000 450 (TiO,) 70% (470) 7.7 0.57 70 3.1 1=/~ [150]

81 620 (CH,Cl,) 22 700 506 (TiO,) 87% (550) 12.6 0.73 74 6.8 1=/15~ [157]

82 605 (CH,Cl,) 21000 478 (TiO,) 60% (500) 10.4 0.651 58 3.9 1=/15~ [154]

605 (CH,Cl,) 21000 473 (TiO,) 65% (500) 8.99 0.58 55 2.9 [152]

83 606 (CH,Cl,) 25200 473 (TiO,) 55% (500) 7.52 0.64 57 2.7 1=/15~ [152]

84 606 (CH,Cl,) 18 800 481 (TiO,) 50% (515) 6.99 0.63 56 2.5 1= /13~ [152]

85 582 (CHCly) - - - 2.22 0.59 69.5 0.95 1=/~ [153]

86 595 (CHCl;) - - - 2.07 0.57 69 0.85 1=/15~ [153]

87 624 (CHCl;) - - - 3.08 0.53 66.8 1.14 1=/15~ [153]

88 599 (CH,Cl,) 32000 470 (TiO,) 47% (500) 7.96 0.696 59 3.2 1=/15~ [154]

89 540 (CH,Cl,) 35000 430 (TiO,) 54% (475) 6.13 0.651 55 2.2 1=/15~ [154]

90 568 (CH,Cl,) 35 000 450 (TiO,) 54% (485) 7.50 0.598 54 2.4 1=/15~ [154]

91 574 (CH,Cl,) - - > 30% (410-570) 5.0 0.58 74 2.1 1=/15~ [155]

92 588 (CH,Cl,) - - > 40% (435-550) 5.6 0.60 74 2.1 I'/ly [155]

93 595 (CH,Cl,) - - > 40% (420-570) 6.5 0.61 72 2.9 1=/15~ [155]

94 448 (THF) 116 000 - - 0.349 0.439 44 0.07 1=/15~ [156]

95 437 (THF) 157 000 - - - - - <0,02 1=/~ [156]

9% 805 (CHCly) 89 000 - 31% (772) 7.11 0.329 54 1.26 1=/15~ [157]

97 847 (CHCly) 81000 - 30% (790) 7.66 0.333 52 1.36 1=/15~ [157]

98 536 (DMF) 49 000 503 (TiO,) - 0.85 0.470 69 0.28 1=/15~ [159]
2.87"9 0.440 %) 729 0.90

99 538 (DMF) 54 000 514 (TiO,) - 0.24 0.380 60 0.06 1= /13~ [159]
0.53 %) 0.390 % 68 b 0.14 )

100 538 (DMF) 38 000 503 (TiO,) - 0.70 0.450 35 0.13 1=/15~ [159]
4.20% 0.480 709 1420

101 545 (DMF) 56 000 538 (TiO,) - 137 0.510 68 0.47 1=/15~ [159]
5.60 ) 0.460 ) 719 1.80%

102 536 (DMF) 40 000 503 (TiO,) - 1.30 0.480 69 0.42 1=/~ [159]
3.28% 0.430 710 1.00®

131 590 (CH,Cl,) 25 000 550 (TiO,) > 20% (400-600) 4.2 0.440 66 1.2 1=/15~ [196]

% photovoltaic parameters achieved without UV treatment;

Adv. Funct. Mater. 2024, 2411230
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b ) . ) o
) Photovoltaic parameters achieved with an acetonitrile-based electrolyte.
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In summary, the reported works demonstrated the easy tun-
ability of the photophysical and electrochemical properties of the
PMI derivatives. As seen, i) the modification of the peri-position
allows to reach more suitable push-pull designs for a better local-
ization of the HOMO and LUMO levels; ii) the modification of
the bay-positions helps to prevent the dye aggregation, but ex-
cessively bulky substituents could dramatically reduce the dye
loading; iii) the insertion of an appropriate spacer could improve
push-pull effect on the molecule, promoting better efficiencies.
Therefore, the PMI derivatives generally provide improved pho-
tovoltaic performance compared to the previous class of PDI sen-
sitizers.

3.3.1. Porphyrin-Based Perylene Monoanhydride Dyes

In this paragraph, the application of differently functionalized
PMI with a porphyrin core will be discussed as an efficient strat-
egy to improve photovoltaic efficiency similarly to the multi-
chromophoric systems described in Section 3.1.1.

Yeh et al. designed the dyads 94 and 95 to evaluate the in-
fluence on the photovoltaic performance of dye orientation on
the TiO, surface.’®! In 94 a PMI was linked through acetylene
spacer to a Zn-porphyrin that was decorated at the meso positions
with bulky substituents to prevent aggregation and with a ben-
zoic acid, by another acetylene spacer, to provide an anchoring
group. On dye 95, instead, the anchoring group was provided by
the anhydride moiety on the PMI derivative, and the porphyrin
functionalized with three bulky groups. The photovoltaic per-
formances were measured for both the sensitizers but only 94
showed an appreciable efficiency of 0.07% while 95 was affected
by poor adsorption on the TiO, surface most likely because of the
hindered dye structure that lowered the dye-loading efficiency.

Despite the initial poor reported efficiency, the porphyrin-
based dyad concept was further investigated by Wang et al. with
a remarkable improvement, by extending the conjugated system
fusing perylene monoanhydride core to a Ni-based porphyrin.!17]
Sensitizers 96 and 97 exhibited an outstanding NIR response
beyond 900 nm and the dye-loading was improved by mixing
with the dyes an unfunctionalized perylene monoanhydride. The
devices with 96 and 97 reached the efficiencies of 1.26 and
1.36%, respectively and the latter result was related to the greater
electron-donor strength of the amine-based substituent in 97 in
respect to the di-tert-butylphenyl group in 96.

3.3.2. Perylene Monoimide in Water-Based DSSCs

The electrolyte plays a key role in DSSC. Commonly employed
electrolyte solutions consist of organic solvent containing in
small percent iodide/iodine redox couple along with additives
to tune the open circuit voltage and the photocurrent. Ace-
tonitrile, valeronitrile, 3-methoxypropionitrile, are broadly used
as solvents for electrolytes solutions despite their volatility and
toxicity.[18] The possibility of designing water-based DSSCs rep-
resents a valuable alternative to avoid organic solvents. Water-
based DSSCs present the same structure and operation princi-
ples as classical DSSC with the only difference of the organic
solvent-based electrolyte replacement with a water-based one.
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These devices unfortunately have not reached yet comparable ef-
ficiencies to those with the organic-base electrolyte, but they rep-
resent a safer and cheaper alternative in which also PMI dyes
have been tested.*”]

Odobel et al. reported a series of PMI dyes to correlate the pho-
tovoltaic performance of a water-based DSSCs to the presence of
different anchoring group such as carboxylic acid 98, acetylace-
tone 99, phosphonic acid 100, hydroxyquinoline 101, and dipicol-
inic acid 102 (Scheme 5).[*° The perylene monoimide core was
decorated with bulky hydrophobic units to prevent deleterious
dye aggregation and to minimize desorption in the media. The
prepared devices with 98 and 102 reached efficiencies of 0.06 and
0.47% in aqueous electrolyte while slightly better results were
achieved with acetonitrile-based ones. The hydroxyquinoline-
based dye 101 shows the best efficiency due to a broader absorp-
tion compared to the others, both in water and in acetonitrile-
based electrolyte. On the other hand, the acetylacetone dye 99
showed the lower efficiencies in both the electrolytes due to the
perpendicular orientation of the anchoring group with respect
to the perylene core, preventing the electron-withdrawing effect
from the anchoring site and thus, reducing the electron density
close to the TiO, surface. Interestingly, dye holding the phospho-
nic acid anchor 100 showed a significant different behavior de-
pending on the electrolyte. The dye produced higher photocur-
rent and thus a better efficiency by switching from aqueous to
acetonitrile-based media, probably due to high recombination
phenomena involving the interactions of water with the phospho-
nicacid and the surface of TiO,. Despite the lower efficiency com-
pared to top performing systems, the application of PMI deriva-
tives has been successfully introduced in water-based DSSCs and
might be of inspiration for further implementation.

3.4. Perylene Monoimide Derivatives in p-Type DSSCs

In addition to the classic n-type configuration, another type of
device configuration, namely known as p-type DSSCs with an
inverted structure and an opposite operating principle has been
deeply investigated over the years in the DSSC community. While
in the n-type cell the TiO,-based anode is the photoactive elec-
trode, in a p-type cell the photoactive electrode is a cathode based
on NiO.l'®I In a p-DSSC the dye’s light excitation leads to the
formation of its excited state that subsequently decays by a hole
injection into the valance band of the p-type semiconductor gen-
erating the charge separation (Figure 7a). A redox shuttle, as tri-
iodide/iodide, reacts with the reduced sensitizer to restore the
ground state of the dye and transports the electron to the counter
electrode where it is handed to the external electric circuit.

It is obvious that the molecular design of a p-type sensitizer
needs to fulfil different requirements compared to the dyes used
in n-type DSSC. Dyes with push-pull design bearing an electron-
withdrawing moiety localized on the opposite side of the anchor-
ing groups are particularly suitable in p-type DSSCs.["”] This
structure concept allows an electron flow from the anchoring
group to the opposite side of the dye, resulting in a better interac-
tion with the redox shuttle. Despite the lower efficiencies reached
in comparison to the more consolidate n-type DSSCs, the devel-
opment of efficient p-type cells is the missing key point for the
assembly of tandem-DSSCs.[16%]
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Figure 7. a) Schematic overview of charge transfer processes in a p-type DSSCs. Solid blue arrows describe the hole transfer processes, solid green
arrow describes the electron transfer process upon dye excitation, and dashed red arrows describe the undesired charge transfers. 1) Photoexcitation,
2) hole injection into the valance band, 3) regeneration of the oxidized redox shuttle, 4) restore of the dye’s ground state, 5) deactivation of the excited
state, 6) non-geminate electron recombination, 7) geminate electron recombination. b) Schematic overview of a tandem DSSC.

The tandem DSSCs are a multi-junction device in which a
photoanode and a photocathode are coupled in a sandwich con-
figuration (Figure 7b) that can lead to better photovoltaic effi-
ciencies and overcome the intrinsic Shockley-Queisser limit of
33.7% for a single-junction cell.'%?] Further insights on the re-
cent advances in p-type and tandem DSSCs can be found in re-
cent literature.[1¢161163] Tpy this context, perylene imide deriva-
tives (Scheme 6) have played a fundamental role to the technol-
ogy development being the best performing sensitizers in this
type of cells.

The first ever application of a perylene imide derivative in a
p-type DSSCs was reported by Odobel et al. where two PMI dyes
103 and 104 were decorated with three phenoxy-substituents in
the bay and 9 positions to tune the reduction potential and to pre-
vent the dye aggregation.l14165] The bay-substituents were bear-
ing tert-butyl groups while the one in the 9-position was function-
alized with carboxylic anchoring group. An electron-withdrawing
moiety, localized at the opposite side of the anchoring groups, is
particularly suitable in p-type DSSCs, therefore in 104 a naph-
thalene diimide unit was inserted as secondary electron accep-
tor. The comparison of the devices with 103 and 104 showed how
an additional electron-withdrawing group led to a longer charge
separation lifetime and a higher IPCE value (4%) compared to
103 (1.3%). The same dye 104 used in combination with a Co-
based electrolyte (tris(4,4'-di-tert-butyl-2,2’-bipyridine)cobalt'/!T)
by Hammarstrom et al. allowed to obtain an outstanding open cir-
cuitvoltage of 0.35 V and an efficiency of 0.20% that was four time
higher than the previous record reported by Mori et al.l!%5166] Ob.
viously, the remarkable improvements within the p-type counter-
part were converted to an improvement in tandem DSSCs perfor-
mance. Employing a TiO, photoanode sensitized with coumarin
343 (C343) and a NiO photocathode sensitized with 104, open cir-
cuit voltage 0of 0.91 V and an efficiency of 0.55% (n-type side) were
obtained, overcoming the previous record reported by Lindquist
et al.l17]

Following the same molecular concept, Odobel et al. syn-
thetized a series of dyes 105-107 to evaluate the insertion of a
phenylene spacer between the PMI and the additional acceptor-
group and to examine a new strongly electron-withdrawing group
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such a fullerene C,.['%] In the dyad 106 and 107 a longer sep-
arated charges were proven but the presence of the spaces did
not lead to a considerable improvement of the photovoltaic per-
formances compared to the results reported for 104. The devices
with dyes 105-107 achieved efficiencies of 0.043%, 0.074%, and
0.058% respectively. However, dye 107 with the fullerene accep-
tor showed an interesting IPCE of 57% and a high short circuit
current density of 1.88 mA cm™2, probably due to lower excited
state of C,, compared to NDI. A comparison between different
electrolyte such as I7/I,~ and Co(III/II) complexes has also been
investigated highlighting that the Co-based electrolyte facilitated
the regeneration process in competition with the undesired re-
combination pathway particularly for the dyad 106 and 107.

Not only the redox shuttle, but also the solvent type in the elec-
trolyte can affect the overall device photovoltaic performance. In
detailed studies by Gibson et al. and Hammarstrém et al. the
effect of solvents such as acetonitrile, propionitrile, and propy-
lene carbonate were investigated with dyes 80, 81, 108-111.116%170]
Both the hole injection from NiO to the electrolyte and the dye re-
generation processes were strongly solvent-dependent: the best
efficiencies for all dyes 80, 81, 108-111 were obtained using
propylene carbonate-based electrolyte.

As seen, the p-type cell has an opposite operating principle
compared to the n-type cell, therefore the electronic properties of
the optimal binding group for NiO are different from those for
TiO,-based photoanodes. NiO is a p-type semiconductor and is
composed of Ni(II) cation that is a weaker Lewis acid than Ti(IV)
in TiO,."11 The HOMO of the dye must fit with the valence
band to achieve a fast hole injection into the NiO valence band
and, in this fashion, the anchoring group orbitals can give a
significant contribution to the HOMO. A comprehensive study
of a series of PMI 98-102 decorated with different anchoring
group was reported by Hammarstrom et al. to evaluate this
property (Scheme 6).[1%0172] The phosphonic acid group 100
resulted the strongest anchoring group leading to the highest
dye loading, while the acetylacetone 99 and hydroxyquinoline
101 groups were the weakest. Dyes decorated with weakest
anchoring group showed better photovoltaic performance since
the lower dye-loading was translated into a lower degree of
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aggregation. The devices with dyes 99 and 101 both achieved an
efficiency of 0.086%. Interestingly, the same dyes have been also
successfully used in the first ever application of PMI derivatives
in water-based DSSCs as previously discussed.['>]

An outstanding breakthrough on p-type DSSCs has been
achieved by Bach et al. with dyes 112-114 in which a regioregu-
larly alkylated oligo-3-hexylthiophene spacer was added between
the PMI acceptor and triphenylamine donor group.['”3] In these
dyes, the LUMO was located exclusively on the PMI core and
the side thiophene ring, while the HOMO was distributed more
evenly over the entire conjugated system. The sharing on PMI
core decreased with the increasing oligothiophene-spacer length,
while a better charge separation was obtained along with the de-
sired reduction of charge recombination rates. Dye 114 based
on sexithiophene-spacer showed the outstanding efficiency of
0.41%, doubling the previous record achieved with dye 113.11]
Furthermore, 114 could convert absorbed photons into electrons
with a yield of up to 96% and when used to sensitize the NiO
photocathode, in a tandem combination with a N719 sensitized
TiO, photoanode an overall efficiency of 1.91% and an outstand-
ing open-circuit voltage of 1.079 V was achieved.

Later, Bach et al. further improved the photovoltaic per-
formance showed by 114 by modifying the redox shuttle in-
troducing the tris(1,2-diaminoethane)cobalt(II)/(III) complexes
as redox couple raising the previous efficiency from 0.41%
to 1.30%.117417%] The significant improving was mainly due to
the greater open-circuit voltage of 0.709 V compared to pre-
vious 0.218 V reported with iodide/triiodide redox couple. A
further improvement was reached using a cheaper and safer
tris(acetylacetonato)iron(I1I)/(II) complexes as redox couple.'”]
To date, the efficiency of 2.51% achieved by dye 114 with an iron-
base electrolyte was the best value for a p-type DSSCs.

Following the same concept, different spacers were tested by
Biuerle et al. in 115-117 to evaluate the effect of different bithio-
phene bridge regioisomers and the presence of an additional
acetylene spacer between the bridging bithiophene unit and the
triphenylamine donor (Scheme 6).['7%) In regioisomer 115 the
steric repulsion decreased resulting in a smaller torsion angle,
instead of creating a distortion between the PMI core and the
adjacent 3-hexylthiophene unit as previously seen in dye 113.
On the other side, the steric hindrance between the tripheny-
lamine and the bithiophene bridge increased. The comparison
of dyes 113 and 115 showed that the planarization of the PMI
core and the bithiophene bridge led to worse photovoltaic param-
eters as depicted by the 113-device efficiency of 0.09%, twice that
of 115. Moreover, the insertion of an acetylene additional spacer
was evaluated showing and improvement of the photophysical
feature in 116 compared to 115 due to the extension of the conju-
gated system, along with and increment of the distance between
the acceptor moiety and the NiO surface resulting in an efficiency
0f0.10%. These results proved the importance of the charge sepa-
ration, suggesting that distortion between the acceptor and donor
moieties may be required to achieve better efficiencies.

He et al.'”’] have reported a series of sensitizers 118-120
decorated with different fluorene-based spacers (Scheme 6).
The photophysical properties and the charge injection efficiency
were tuned by the further insertion on fluorene-core of dif-
ferent electron-rich heterocyclic aromatic groups such as 3,4-
ethylenedioxythiophene and thiophene. The direct comparison
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with dyes 112 and 115 suggested that the fluorene spacer pro-
vided better results than the bithiophene-based spacer as noted
by the achieved efficiencies of 0.184%, 0.160%, and 0.148% with
sensitizer 118-120.

Combining the structure of the record holder 114 and the
“double acceptor” design Sun et al. and Wu et al. have reported
a series of sensitizers 121-123, replacing one of the carboxylic
acid anchoring group with an additional oligothiophene-PMI
arm.['7817°] The double acceptor structure led to better photo-
physical properties than dyes 112 and 114 improving the mo-
lar extinction coefficient up to outstanding values of almost
10° m~em™, rising the efficiency up to 0.13% with 121. Interest-
ingly, while in a “single acceptor” design the sexithiophene-based
spacer led to better efficiencies, in the case of a “double acceptor”
design, the quaterthiophene-based spacer provided the best pho-
tovoltaic results. The device with dye 122 achieved an efficiency
of 0.28%, higher than the 0.24% of 124 most likely due to the
smaller size that resulted in greater dye-loading on the NiO sur-
face (Scheme 6).

The strategy of additional electron-acceptor group to in-
crease the charge separation in push-pull sensitizers was already
discussed.'®>1%8] However the relative position of the further ac-
ceptor group on the molecular structure can address the results
in a different manner like in the case of a D—A—rz—A configura-
tion that can facilitate to broaden the absorption band in respect
to D—r—A—A configuration.['®"] Following this concept, Hua et
al. synthetized the dyes 124 and 125 to study the effect of the two
molecular configurations on the photovoltaic performance where
a classical PMI and a quinoxaline were selected as acceptor moi-
eties, while a N-annulated perylene worked as donor.['®!] Dyes
based on this latter portion will be discussed later in details. The
comparison between the photophysical properties of 124 and 125,
proved that the configuration D—A—z—A affected the absorption
spectra with 124 showing a broader and more red-shifted absorp-
tion than 125, however the latter was characterized by a higher
molar extinction coefficient. Dye 125 provided the best device ef-
ficiency of 0.316% due to the better interaction with the redox
shuttle and thanks to a higher dye-loading on NiO surface com-
pared to dye 124 (spin-coating step-by-step deposition of NiO-a
four-layer photocathode).

The multichromophoric approach was investigated also in the
design of p-type DSSCs with the aim to improve the photovoltaic
performance. Odobel et al. have developed multichromophoric
dyes 126 and 127 starting by already studied sensitizers 112 and
113 and combining them with the well-known squaraine deriva-
tives (Scheme 6).1182183] Dyes 126 and 127 showed better photo-
physical properties compared to the benchmark structures 112
and 113 since the squaraine moiety led to a strong absorption
band near 665 nm improving the overall panchromatic behavior.
Additionally, both dyes were characterized by a long-lived charge
separation resulting in slower charge recombination processes.
The main difference between the performance of the multichro-
mophoric sensitizers and those of the reference were due to the
different photophysical operation mechanism. The presence of
a secondary electron acceptor near the squaraine sensitizer unit
allowed a competing intramolecular electron transfer over the de-
sired hole injection from sensitizer excited-state or energy trans-
fer from the PMI excited-state. Consequently, recombination of
the resulting charge separated state could compete with the hole
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injection from the oxidized sensitizer lowering the overall pho-
tovoltaic performances.l'® The device with multichromophoric
dye 127 achieved an efficiency of 0.083%, improving the result of
0.033% for dye 113 in the same conditions (Table 3).

In summary, the key role of the PMI derivatives in the devel-
opment of high-efficiency p-type DSSCs has been clearly estab-
lished. Good sensitizers for p-type devices require a push-pull
molecule with an opposite orientation in which the donor group
is adjacent to the photocathode while acceptor group interacts
with the electrolyte. The insertion of an appropriate spacer im-
proves the overall photovoltaic performances due to the long-
lived charge separation and slower recombination processes. Fi-
nally, adding another acceptor group or another chromophoric
moiety is a potential strategy to improve the photophysical prop-
erties and thus the efficiencies. Despite the lower photovoltaic
performance of the p-type DSSCs, their improvement could lead
in the incoming years to a development of high-efficiency tandem
devices.

3.5. Perylene Imides in Solid-State DSSCs

The liquid electrolyte is among the weakness of DSSCs and even
though in water-based DSSCs the solvent’s toxicity can be over-
come, the difficult task of junctions sealing to prevent the elec-
trolyte evaporation still persists.['®] Solid state dye-sensitized so-
lar cells (SS-DSSCs) overcome this limitation by replacing the
liquid electrolyte by solid charge transport materials.[2%301411 A
solid-state DSSC has the same structure as the liquid one with
the only difference of employing a solid redox electrolyte or a hole
transport material (HTM). While in the liquid-electrolyte DSSCs,
the charge transfer between the photoanode and counter elec-
trode is mediated by a redox electrolyte, in the solid-state DSSCs
a solid hole transporting material infiltrates the porous metal ox-
ide. The working principle is fundamentally the same, SS-DSSCs
show dye-regeneration progress from its oxidized-state with a
higher fast rate (few hundred picoseconds) than in the liquid
DSSCs due to a faster regeneration process related to a direct
hole transfer into the HOMO level of a solid-state hole trans-
porter from the oxidized state of the dye molecule.*! To date,
many examples of small molecule as spiro-OMeTAD, inorganic-
hole transport material as CuSCN, CsSnl;, copper complexes,
and polymers as P3HT, PEDOT have been successfully applied in
solid-state DSSCs.[812] In this context, perylene imide deriva-
tives show again interesting results that are discussed in this sec-
tion (Table 4).

Icli et al. reported in 2005 the first application of a PMI deriva-
tive in solid-state DSSCs where dye 128 was deposited on a 10
um thick TiO, film on ITO glass while poly-(3-hexylthiophene)
(P3HT) or poly(3-octylthiophene) (P30T) were used as HTM.[1%*]
A thin aluminum film, deposited by chemical vapor deposition,
was used as the counter electrode and both devices showed sim-
ilar photovoltaic parameter with an overall efficiency of 0.02%.
These results could be caused by a poor contact area of hole con-
ductor polymer and TiO, or, more likely, by the unsuitable struc-
ture of the sensitizer. This latter hypothesis was supported by
the low efficiency of 0.03% obtained in liquid DSSC with 128
(Scheme 7).
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Similar dye-structure in 129 was proposed by Sharma et al.
for the application in a quasi-solid-state device, simultaneously
demonstrating how the TiO, doping by Al,O, could shifts the
conduction band potential toward the negative direction and en-
hance the power conversion efficiency.'** Quasi-solid-state de-
vices have the same structure and the same working operation
concept, but the only difference consists in the use of a gel poly-
mer electrolytes (GPEs) that are liquid electrolytes encapsulated
in a polymer framework resulting in a trade-off situation that ex-
ploit the advantages of both liquid and solid configuration. GPEs
can hold large amounts of the electrolyte, their excellent contact-
ing and filling properties between the electrodes result in fast
dye regeneration and their high conductivity ensures fast charge
transport to the counter electrode.[?>3%*1] Dye 129 was deposited
on a 6 ym thick TiO, film modified with Al,O,, a quasi-solid-
state polymer (in particular polyethylene oxide, PEO) containing
0.5 M KI and 0.05 M I, was used as electrolyte and spin-coated to
form a hole conducting layer. A thin film of protonated poly-(3,4-
ethylenedioxythiophene)-polystyrene (PEDOT:PSS) was used as
counter electrode, over graphite-coated FTO glass substrates. The
device achieved an interesting efficiency of 3.42% highlighting a
remarkable improvement thanks to the quasi-solid-state nature
of the electrolyte. Interestingly, the sensitizer 129 proved once
more that the molecular design concepts required to reach high
efficiency in a liquid DSSC, such as the presence of an appro-
priate anchoring group, does not necessarily translate into good
photovoltaic performance in a solid-state DSSC. In support of
this evidence, interesting results were reported by Salbeck et al.
with the sensitizer 130 bearing a diphenylamine-functionalized
spirobifluorene group applied in a liquid DSSCs and in a solid-
state one (Scheme 7).'%] Liquid DSSCs achieved an efficiency of
1.72%, comparable to results reported by sensitizers with similar
scaffolds such as 59 and 60.!'?’] Contrarily, dye 130 in solid-state
DSSCs achieved a poor efficiency of 0.2%, confirming how the
sensitizers for the solid-state devices require different molecular-
design concept.

In the solid-state DSSCs, as in the liquid devices, the transi-
tion from the perylene diimide dyes to the PMI led to a generally
improvement of the photovoltaic performances. The first ever ap-
plication of PMI derivatives was reported by Nazeeruddin et al.
reaching an efficiency of 1.78% and an outstanding value of open
circuit voltage (V. = 0.838 V) applying dye 81.(1°1]

Starting from this encouraging result reported, Boschloo et
al. synthetized the PMI 131 with a new molecular design con-
cept where a carboxylic acid spaced by a methylene bridge was
attached to an imide nitrogen instead of the anhydride anchor-
ing group.*17] Applying 131 in both liquid and solid-state de-
vices, the efficiencies of 1.2 and 3.2%, were respectively achieved,
enforcing the requirement of a different molecular design for
solid-state application and showing a remarkable efficiency im-
provement using a novel anchoring group. In addition, extensive
studies on the interfacial properties of 131 in a solid-state DSSCs
with spiro-OMeTAD as hole transporter were also reported by
Boschloo et al.[1%7]

Following the same concept 131, Miillen et al. studied the PMI
132 bearing a branched terthiophene spacer group that led to a
stronger orbital partitioning lowering the unwanted recombina-
tion process and thus improving the photovoltaic performance
(Scheme 7).1%] The dendritic structure of the spacer was justified
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Table 3. Photovoltaic performance of p-type DSSCs employing perylene-based dyes.

Dye Auax (sol) [nm]  e[M7'em™"]  Ayax (film) IPCE [%] [range/nm] Jsc [NAcm™2] V(e [V] FF PCE [%] Electrolyte References
[nm]
98 536 (DMF) 49000 495 (NiO) ~ 20% (508) 1.52 0.161 25.4 0.062 1=/13~ [172]
99 538 (DMF) 54 000 497 (NiO) ~32% (513) 2.08 0.169 27.9 0.086 I=/15~ [72]
100 538 (DMF) 38 000 495 (NiO) ~ 20% (504) 127 0.181 17.7 0.041 1=/15~ 72]
101 545 (DMF) 56 000 514 (NiO) ~21% (527) 2.21 0.164 23.8 0.086 1=/15~ 172)
102 536 (DMF) 40 000 497 (NiO) ~ 26% (498) 133 0.168 24.6 0.055 I=/13~ 72]
103 515 (CH,Cl,) 32000 525 (NiO) ~ 3% (490-530) 0.26 0.08 26 0.006 [Co(dtb);]>+/3* [165]
521 (CH,Cl,) - - - 0.250 0.085 28.9 0.006 [Co(dtb),]*+/3+ [168]
~ 26% (490) 1316 0.110 31.6 0.046 I=/15~
517 (CH,Cl,) 31900 - 20% (517) @ 1.142) 0.105 2 322 0.042) 1=/15~ [169]
36% (517) Y 1710 0.090 ) 30 0.05
22% (517) 9 1429 0.085 349 0.04 9
104 525 (CH,Cl,) 29 000 - 31% (505) 1.66 0.35 34 0.20 [Co(dtb);]>+/3* [165]
- 0.979 0919 629 0.559 [Co(dtb);]2+/*+
- 0.88©) 0.53 ¢ 80°) 0.37°) [Co(dtb);]>+/**
530 (CH,Cl,) - - ~ 28% (520) 1.20 0.285 41.0 0.141 [Co(dtb);]>+/3* [168]
~32% (515) 1.76 0.120 34.5 0.073 1=/15~
105 522 (CH,Cl,) - - - 0.342 0.085 23.6 0.007 [Co(dtb),]>+/3+ [168]
~ 26% (510) 1.418 0.100 30.3 0.043 I=/15~
522 (CH,Cl,) 7500 - 18% (522) @ 0.70 2 0.100 329) 0.022) I=/13~ [169]
25% (522) ) 1420 0.100 % 300 0.04
23% (522) 9 1419 0.070 9 339 0.039
106 517 (CH,Cl,) - - ~ 14% (500) 0.78 0.210 29.3 0.048 [Co(dtb);]>+/3* [168]
~ 31% (490) 1.64 0.130 346 0.074 1=/13~
107 522 (CH,Cl,) - - ~ 23% (485) 0.58 0.180 38.8 0.040 [Co(dtb),]2+/3+ [168]
~ 43% (490) 1.88 0.095 32.4 0.058 1=/15~
108 566 (CH,Cl,) 10 000 - 14% (566) 0.972 0.100 2 3223 0.03 2 1=/15~ [169]
17% (566) ©) 1339 0.100 ® 330 0.04 %)
14% (566) 1419 0.085 © 309 0.04 )
109 560 (CH,Cl,) 37 400 - 8% (560) 2 0.48 2 0.100 3549) 0.022) I=/15~ [169]
16% (560) 1.04 0.095 ) 33h) 0.04
5% (560) 9 1.079 0.080 9 339 0.03 9
110 607 (CH,Cl,) 62 700 - 2% (607) 2 0.392) 0.095 2 302 0.022 1=/15~ [169]
18% (607) ©) 0.83 %) 0.105 ® 34 0.03 %)
5% (607) 9 0.94°) 0.070 9 339 0.029
1m 602 (CH,Cl,) 66 000 - 3% (602) @ 0.419) 0.095 2 419 0.022 I=/15~ [169]
9% (602) ® 0.75 % 0.085 ®) 33b) 0.02®
3% (602) 9 0.54 ) 0.075 9 339 0.019
112 370 (CHCly) 53 400 - ~ 11% (355) 2.06 0.153 29 0.09 1=/13~ [173]
361 (CH,Cly) 61800 358 (NiO) ~22% 1.77 0.146 30 0.08 1=/1;~ [176]
(380, 503)
113 362 (CHCly) 50 600 - > 15% 3.40 0.176 32 0.19 1=/13~ [175]
(330-540)
114 367 (CHCy) 52300 - ~ 48% (430) 5.35 0.218 35 0.41 1=/15~ 73]
- 2409 1.079 9 74 9) 1919 1=/13~
> 55% (390-530) 4.44 0.709 42 1.30 [Co(en),]2*+/3+ [174]
> 55% (400-530) 7.65 0.645 51 2.51 [Fe(acac);]%"! [175]
115 358 (CH,Cl,) 53 800 353 (NiO) ~ 10% (370) 1.06 0.122 29 0.04 I=/15~ [176]
116 362 (CH,Cl,) 613800 358 (NiO) ~15% 2.24 0.147 30 0.10 1=/15~ [176]
(370, 500)
117 362 (CH,Cly) 59 700 358 (NiO) ~ 12% (370) 123 0.136 28 0.05 1=/13~ [176]
(Continued)
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Dye Auax (sol) [nm] e [M~'em™"]  Ayax (film) IPCE [%] [range/nm] Jsc [NAcm™2] Ve [V] FF PCE [%] Electrolyte References
[nm]
118 357 (THF) 53 100 507 (NiO) 43% (367) 436 0.112 38 0.184 = /15" 177)
119 361 (THF) 64 700 334 (NiO) 48% (370) 4.00 0.1M 36 0.160 = /15" 177)
120 407 (THF) 55000 540 (NiO) 43% (373) 3.80 0.109 36 0.148 =1y 177
121 520 (CH,Cl,) 84 000 - - 43 0.097 31 0.13 =15~ [179]
122 515 (CH,Cl,) 96 000 - - 7.4 0.128 30 0.28 17/137 [179]
123 488 (CH,Cl,) 96 000 - - 44 0.095 31 0.13 /1y [179]
124 564 (THF) 39078 525 (NiO) ~ 20% (500) 5.85 0.126 33.16 0.244 =15~ [187]
125 528 (THF) 46782 490 (NiO) ~ 15% (415) 6.69 0.135 35.03 0316 = /15~ [181]
126 665 (CH,Cl,) - 660 (NiO) ~ 15% (490) 131 0.065 31 0.026 =15~ [184]
~25% (610) 0.34 0.095 28 0.009 [Co(dtb),]2+3+
127 665 (CH,Cl,) - 664 (NiO) ~ 17% (520) 2.73 0.095 32 0.083 =15~ [184]
~ 23% (625) 1.17 0.175 27 0.055 [Co(dtb),]+/3+

. . . I b
? photovoltaic parameters achieved with a propionitrile-based electrolyte; )

Photovoltaic parameters achieved with a propylene carbonate-based electrolyte; 9 Photovoltaic

parameters achieved with an acetonitrile-based electrolyte; ) Tandem-cell (n-side); ) Tandem-cell (p-side).

for a fine tuning of the energy levels. Despite of the weaker con-
jugation due to the a-f connection between the thiophene unit,
the second triphenylamine donor group provided a considerable
increasing of the LUMO energy level and thus a better electron
injection process. Moreover, the branched spacer increased the
bulkiness of the 132 preventing the aggregation contributing to
reach an efficiency of 3.8% under standard AM 1.5 solar con-
dition in combination with spiro-OMeTAD as hole transporter.
To date, this is the highest value achieved among the solid-state
DSSCs with sensitizers based on PMI derivatives.

To improve the electron injection another electron-donor
group was proposed and tested by Laquai et al. introducing a
bis(9,9-dimethyl-9 H-fluoren-2-yl) amine as donor group in 133
and reaching an efficiency of 3.7% in the testing condition just
described for 132."%1 Dye 133 shows better results than 131
mainly due to the presence of phenylene spacer that led to a
stronger orbital partitioning while provide comparable efficiency
to 132.

Good sensitizer for solid-state application required a slightly
different molecular design. While the concepts of push-pull
structure and the spacer employment remain useful, the typical
anhydride anchoring group is substituted by a more suitable car-

boxylic acid group. Despite the lower photovoltaic performance,
solid-state DSSCs are, nowadays, good candidates to overcome
the limitations of liquid electrolyte-based devices.

4. N-annulated Perylene-Based Dyes in DSSCs

In the previous sections, it was discussed how PDI-based sen-
sitizers suffer from the lack of preferential directed photo-
generated charge transfer from the chromophore toward the con-
duction band of the metal oxide, while the PMI-based devices are
affected by strong intrinsic self-aggregation phenomenon that
compromises the photovoltaic performances. In the case of the
PDI-based sensitizers, the improvement of photovoltaic perfor-
mances was addressed by synthetizing the corresponding PMI-
base structure, while for PMI-based sensitizers, partial improve-
ments of the performances were recorded upon the rational in-
sertion of bulky electron donor group in the dye structures. How-
ever, the intrinsic self-aggregation of the PMI-based sensitizers
was not the only drawbacks preventing the achievement of higher
photovoltaic performances. The anhydride anchoring group was
also demonstrated to be responsible for the limited performances
of PMI-based sensitizers because of the intrinsic cluttered

Table 4. Photovoltaic performance of solid state DSSCs employing perylene-based dyes.

Dye Juax (sol) € Jax IPCE [%] Jse Voc FF PCE HTM Refs.
[nm] [M~'em™] (film) [nm] [range/nm] [mAcm™2] V] [%6]
128 524 (ACN) 97 200 489 (TiO,) - 0.076 0.82 26 0.02 P30T (193]
- 0.081 0.70 26 0.02 P3HT

129 510 (THF) - 525 (TiO,) - 8.92 0.65 59 3.42 I=/1,~ in PEO [194]

130 546 (CH,Cl,) 57073 517 (TiO,) ~ 7% (475) 0.48 0.822 50 0.2 spiro-MeOTAD [195]

131 590 (CH,Cl,) 25000 550 (TiO,) > 40% 8.7 0.640 57 32 spiro-MeOTAD [196]
(435-670)

132 365 (CH,Cly) 41000 500 (TiO,) > 40% 8.7 0.680 63 3.8 spiro-MeOTAD [198]
(400-600)

133 360 (CH,Cl,) - 510 (TiO,) - 9.03 0.68 60 3.7 spiro-MeOTAD [199]
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131

Scheme 7. Perylene imide-based dyes for solid-state DSSCs.

anchoring mode that affected the dye-loading process and by ex-
hibiting relevant undesired phenomena of electron recombina-
tion of the injected charge.[1%] These limitations were clearly de-
picted by values of photocurrent density <10.0 mA cm~2 in the
PMI-based sensitized devices.

In this section, the N-annulated perylene-based sensitizers
(NP) will be discussed showing how the rational investigation
of novel structures and the optimization of the anchoring moi-
ety allowed to double the value of photocurrent density achieving
values over 20.0 mA cm~? and therefore better the device perfor-
mances (Scheme 8).

The first application of N-annulated perylene-based sensitiz-
ers in DSSCs was reported by Wang et al.?%! Following the
porphyrin-based multichromophoric systems results discussed
in Section 3.3.1, a series of multichromophoric dyes 134-137
were synthesized combining a N-annulated perylene unit and a
Zn-based porphyrin similar to the well-known YD2-0-C8.1201] All
sensitizers were linked to the TiO, surface by a 4-ethynylbenzoic
acid anchoring group, known for its rigid structure allowing an
efficient z-conjugation between the donor and acceptor moieties.
In the sensitizers 134 and 135 the dyes were directly connected
to each other, in 135 the porphyrin unit was fused with NP core,
while 136 and 137 presented an acetylene spacer between the
two chromophoric centres. The different connection between the
porphyrin and the NP units significantly affected the dyes’ op-
tical properties. The absorption spectrum of 134 was the linear
combination of the absorption of the two chromophores, while
the presence of the acetylene spacer in 136 and 137 increased
the z-conjugation, red-shifting the absorption component of NP

Adv. Funct. Mater. 2024, 2411230 2411230 (25 of 38)
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132 133

unit and lowering the absorption intensity of the Soret band.
This trend was particularly evident in 135 where the two units
were fused with a consequent increase of the z-conjugate system
leading to panchromatic absorptions spectra but also to a low-
ering of the LUMO energy levels. The comparison of the pho-
tovoltaic performance showed a dramatically difference between
135 and the other dyes. The low LUMO energy level of 135 was
depicted by weak electron injection force from the excited state to
the TiO, conduction band, resulting in a 0.3% device efficiency
under simulated AM 1.5 sunlight. The improved photophysical
properties of dyes 137 and 128 compared to 134 demonstrated
the beneficial effect of the acetylene spacer resulting in higher
short circuit photocurrents. Dye 134 achieved an efficiency of
5.6% while 136 and 137 reached outstanding values of 10.3% and
10.5%, respectively (photovoltaic parameters of YD2-0-C8 stan-
dard: J, = 16.33 mA cm~2, V. = 0.868 V, FF = 0.74, PCE =
10.5%).12°1 The slight difference between 136 and 137 was due
to the presence of the didodecoxyphenyl groups that better sup-
pressed the dye aggregation and also lifted up the LUMO level of
137.[200,201]

The outstanding device efficiencies above 10% reported by
Wang et al. did not demonstrate the potentiality of the NP unit
since the multichromophoric system was based on very efficient
well-known dye YD2-0-C8[20201 The first real evidence was
reported by Wang et al. by creating a push-pull dye 138 on a
NP core by using a bis(4-(hexyloxy)phenyl)amino moiety as
donor, a cyanoacrylic acid as acceptor/anchoring group and a
2-heptylundecyl hindered alkyl group on the amino position to
prevent aggregation.[?2] The device with dye 138 achieved an
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Scheme 8. N-annulated perylene dyes for solid-state DSSCs.
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Scheme 8. Continued

outstanding efficiency of 8.8% under standard AM 1.5 sunlight,
exceeding the previous record of 6.8% for a perylene-based dye
in DSSCs obtained with 81.(1%1]

The same group performed further investigation following
this trend to improve the photovoltaic performance replacing the
cyanoacrylic acceptor with a well-performing benzothiadiazole-
benzoic acid (BTBA) group.[2°3204] Preliminary theoretical calcu-
lations allowed to predict a large torsion angle between the pery-
lene core and the benzothiadiazole unit in 139, leading to a blue-
shifted absorption peak compared to the reference 138. To bal-
ance this behavior, the benzothiadiazole unit was also replaced
with a more electron-withdrawing pyridothiadiazole in 140 re-

Adv. Funct. Mater. 2024, 2411230 2411230 (28 of 38)

OCqzHzs  HpsCy0

ducing the energy gap and enhancing the light absorption. The
devices with 139 and 140 achieved efficiencies of 7.3% and 5.0%,
respectively employing tris(2,2’-bipyridine)cobalt (Co-bpy) com-
plex as electrolyte. The better performance of 139 was due to
the higher IPCE (81%) compared to 45% registered with 140.
Compared to the reference dye 138, 139 had similar photovoltaic
parameters with a slightly lower efficiency probably due to the
worse photophysical properties or for the smaller band gap be-
tween the Fermi level of the redox couple (—4.80 eV) and the
HOMO level of the dye (—4.98 eV for 138 and —4.87 eV for 139).
To overcome this limitation the alkyl chains replaced the alkoxyl
in 141 along with a space increase between the NP core and the
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benzothiadiazole unit was introduced by placing an acetylene
bridge.?) The replacement of the alkoxyl chains with the
alkyl ones lowered the HOMO level (—4.99 eV for 141 vs
—4.87 eV for 139) enlarging the band gap with respect to the
Fermi level (—4.80 eV) of the redox mediator and improv-
ing the driving force of the hole injection. Dye 141 achieved
an efficiency of 8% resulting a better dye compared to 139
due to the ameliorated interactions with the electrolyte. Fur-
ther improvement was achieved by introducing an acetylene
spacer in 142, improving the z-conjugation between the NP
core and the benzothiadiazole resulting in better photophysi-
cal features than 139. The device with 142 registered an ef-
ficiency of 8.8% under standard AM 1.5 sunlight, proving
the beneficial effect of both alkyl chain and acetylene spacer
(Table 5).

Another strategy investigated by Wang et al. consisted in
replacing the diphenylamine moiety with a triphenylamine
electron-donor group in 143.1'%) The theoretical calculations
showed a large torsion angle between the perylene core and the
side donor group, similarly to the case of benzothiadiazole unit,
and similarly solvable by the insertion of an acetylene spacer in
144. A red-shifted absorption and a higher molar extinction co-
efficient were recorded for 144 compared to 143, but the latter
provided a device efficiency of 9.0%, slightly higher than 8.6%
of 144, most likely affected by a lower dye-loading deriving by
a more tilted anchoring mode. This feature was well-associated
with the reduced photovoltage output compared to 143. The com-
parison between the photovoltaic parameters of the dyes 138, 143,
and 144 highlighted the key role of the anchoring mode. The best
efficiency showed by 144 mainly depended on higher open circuit
voltage, which was well-associated with the conformation of the
dye-layer on the TiO, surface.

The previous studies shown i) the beneficial effect of inserting
a benzothiadiazole unit as an electron acceptor, ii) the key role of
the acetylene spacer between the NP core and the acceptor group,
and iii) the increased push-pull effect due to a triphenylamine-
based donor group (Scheme 8). Combining these concepts, Wang
et al. synthetized 145 and 146 decorated with ethynylbenzothia-
diazolebenzoic acid (EBTBA) as an electron-acceptor and with
two different electron-donor groups.?®! Dye 145 was modi-
fied with a triphenylamine-based donor-group while 146 with a
bulky diphenylamine-based one, and the corresponding devices
achieved efficiencies of 10.6% and 11.5%, respectively. The com-
parison between 143 and 145 showed that the EBTBA accep-
tor group prompted better photovoltaic performances with re-
spect to the cyanoacrylic moiety due to a more efficient charge
injection into the conduction band and to a less tilted anchor-
ing mode of the dye on the TiO, surface reflected by a higher
dye-loading. However, the efficiency record was achieved by 146
using a diphenylamine-based donor group, characterized by a
higher open circuit voltage derived by the twisted configuration
of the bulky electron-donor group. The results discussed so far
indicated how the triphenylamine-based donor-groups allowed
to achieve better efficiencies while sensitizer 146 belied this re-
ported evidence (Scheme 8).

Wang et al. synthetized a series of dyes 147-150 to explore that
donor-group could better the photovoltaic efficiency on the 146
scaffold.272%8] Dye 147 without any donor-group on the NP core
was taken as reference and achieved an efficiency of 7.6%, show-
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ing the worse photophysical properties in terms of photocurrent,
open circuit voltage and tendency to aggregate over the whole se-
ries. Dye 148 decorated with a 9,9-bis(2-hexyldecyl)-9 H-fluorene
achieved an efficiency of 9.8% due to the presence of push-pull
system, better photophysical features and less self-aggregation
in comparison to 147. Further improvements in efficiency were
reached with 149 and 150 that achieved 10.7% and 10.6%,
respectively, thanks to a greater dye-loading on TiO, surface than
148. The dyes based on the donor-NP-EBTBA structure, namely
145, 146, 148-150, showed efficiencies in the 9.8-11.5% range,
proving the small improvement obtained by tuning the donor-
group’s properties. Nevertheless, alternative molecular design
strategies were explored to achieve a concrete improvement.

In this context, Wang et al. studied dyes 151 and 152 to evaluate
further modification of the well-known EBTBA acceptor group,
being inspired by the insertion of acetylene spacer between the
NP-core and the benzothiadiazole unit, previously proposed by
the same research group in 142, to planarize the structure and
improve the z-conjugation (Scheme 8).12°1 An additional acety-
lene spacer was added to prevent the twisting between the ben-
zoic acid anchoring group and the molecular backbone, result-
ing in a red-shifted absorption but no considerable improvement
on the photophysical properties. The devices with 151 and 152
achieved efficiencies of 10.2% and 10.1%, respectively, highlight-
ing that the longer synthetic pathway to get 152 was not an effec-
tive strategy to improve the device performance.

A completely different design was studied by Tian et al. in the
153-156 series bearing the cyanoacrylic anchoring group, dike-
topyrrolopyrrole (DPP) as electron acceptor-group and a thio-
phene spacer.[?1% Branched 2-ethylhexyl chains were introduced
at the amine site, both on the NP and DPP moieties to im-
prove solubility and preventing aggregation. The best efficiency
of 8.30% was achieved with 154 due to the higher push-pull effect
and bulky structure of the p-methoxyphenyl group compared to
the other proposed substituents.

Similar approach was followed by Hua et al. with dyes 157
and 158 linking a NP core to a quinoxaline acceptor and us-
ing two different types of anchoring groups such as cyanoacrylic
acid in 157 and 2-(1,1-dicyanomethylene) rhodamine (DCRD)
in 158 (Scheme 8).21"1 The Anchoring group, quinoxaline unit
and NP core were connected by thiophene spacers to extend the
z-conjugation while branched 2-ethylhexyl and 2-ethylhexoxyl
chains were introduced at the amine and peri sites respectively to
prevent the aggregation. Dye 157 showed and efficiency of 7.58%,
almost double the 4.43% recorded with 158 due to the wider spec-
tral absorption, larger molar extinction coefficient and the longer
electron lifetime of dye.

Wang et al. studied a series of dyes 159-162 to understand the
effect of thiophene spacer length between the NP core and the
anchoring group (Scheme 8).11%! A triphenylamine was used as
donor group and two methoxy substituents were attached on 160
and 161 to fine tune the energetic levels of the orbitals and im-
prove the solubility. The comparison between 160 and 161 high-
lighted an increase of the molar extinction coefficients along with
a decrement of the electron injection while elongating the thio-
phene spacer, leading to 7.74% and 7.40% efficiencies in the cor-
responding devices. Moreover, the methoxy substituent on the
triphenylamine upshifted the LUMO levels, increasing the elec-
tron injection driving force, which was lower in the unsubstituted

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

85UB017 SUOWILIOD 3A1RR1D 3|cedl|dde au Aq pausenob afe sapliie WO ‘88N JO S9INJ 10} Aeig1 3UIIUO AB|IM UO (SUOIPUOD-pUR-SLULIBY WD A8 | 1M ARR1q | U1 |UO//:SHNY) SUORIPUOD PUe SWiB L 83U} &3S *[7202/0T/6T] Uo ArigiTauljuo AB|IM ‘el RURIL0D AQ 0EZTTHZ02 WPR/Z00T OT/I0p/W0d A8 M ARiq Ut juo//Sdny WOy papeojumoq ‘0 ‘820€9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED

SCIENCE NEWS

www.advancedsciencenews.com

'ANCED

ADV,
FUNCTIONAL

Table 5. Photovoltaic performance of DSSCs employing N-annulated perylene-based dyes.

MATERIALS

www.afm-journal.de

Dye Auax (so) [nm] e [M~Tem™"]  Ayax (Ailm)  IPCE [%] [range/nm] Jsc [MAcm™2] Vo [V] FF PCE [%] Electrolyte References
[nm]
134 438 (CH,Cl,) 19 4700 - ~ 73% (455) 9.81 0.744 76.7 5.6 [Co(bpy);]>+/3* [200]
135 792 (CH,Cl,) 75 400 - ~ 5% (440) 3.00 0.500 29.9 0.3 [Co(bpy),]>*+/3* [200]
136 441 (CH,Cl,) 158 500 - ~ 82% (720) 18.43 0.766 733 10.3 [Co(bpy)s]2*+/3+ [200]
137 441 (CH,Cl,) 153 800 - ~ 84% (720) 17.69 0.809 73.5 10.5 [Co(bpy);]**/** [200]
441 (THF) 153 800 17.16 0.840 73.8 10.6 [Co(bpy);]2*+/3* [218]
138 544 (THF) 44100 - > 75% (450-620) 14.90 0.844 70.1 8.8 [Co(bpy),]>+/3* [202]
573 (Toluene) -
139 485 (THF) 23900 - 81% (470) 12.63 0.788 73.5 7.3 [Co(bpy);]>*+/3* [203]
489 (Toluene) - > 60% (460-590) 13.80 0.818 71.8 8.1 [Co(bpy);]**/** [209]
140 475 (THF) - - 45% (450) 8.83 0.742 76.8 5.0 [Co(bpy);]**/** [203]
141 471 (THF) 28 500 - > 80% (420-590) 13.40 0.813 73.8 8.0 [Co(bpy);]*+/3* [205]
142 526 (THF) 41400 - > 80% (420-620) 15.53 0.797 71.5 8.8 [Co(bpy);]>+/3* [205]
143 526 (THF) 32900 - > 80% (450-575) 14.50 0.928 66.9 9.0 [Co(bpy),]>*+/3* [108]
144 540 (THF) 48 500 - > 80% (450-575) 15.13 0.819 69.3 8.6 [Co(bpy);]2*/3+ [108]
145 523 (THF) 34500 - > 90% (450-600) 16.62 0.856 74.5 10.6 [Co(bpy);]**/** [206]
146 522 (THF) 40 100 - > 90% (450-600) 16.50 0.920 75.8 1.5 [Co(bpy);]**/** [206]
147 498 (THF) 30 600 - > 80% (485-545) 12.06 0.824 76.0 7.6 [Co(phen),]*+/3+ [207]
148 512 (THF) 52200 - > 80% (425-620) 14.78 0.887 74.9 9.8 [Co(phen),]*+/3+ [207]
149 517 (THF) 47 800 - > 80%(415-630) 16.71 0.883 722 10.7 [Co(phen),|*+/3+ [207]
150 512 (THF) 36 100 - > 90% (470-595) 15.81 0.897 74.4 10.6 [Co(phen),]?*/3* [214]
153 400 (CHCl,) 57 300 510 (TiO,) > 70% (440-560) 15.29 0.675 723 7.46 1= /13~ [210]
154 403 (CHCly) 43 900 510 (TiO,) > 80% (450—540) 17.14 0.698 69.4 8.30 1=/15~ [210]
155 397 (CHCly) 38 000 510 (TiO,) > 60% (450-550) 14.60 0.639 7.7 6.69 1=/13~ [210]
156 396 (CHCly) 46 900 510 (TiO,) > 65% (440-560) 15.59 0.643 69.9 7.01 1=/~ [210]
157 525 (THF) 36 600 537 (TiO,) > 70% (400-580) 14.89 0.728 70 7.58 1=/15~ [217]
158 516 (THF) 28 900 533 (TiO,) ~ 65% (350) 10.34 0.670 64 4.43 1=/15~ [217]
159 472 (CH,Cl,) 26 400 478 (TiO,) > 55% (420-515) 10.75 0.655 70.0 4.90 1=/15~ [106]
160 472 (CH,Cly) 25 200 482 (TiO,) > 70% (450-515) 17.05 0.687 66.1 7.74 1=/13~ [106]
161 472 (CH,Cly) 30 800 472 (TiO,) > 65% (440-535) 16.60 0.669 66.6 7.40 1=/~ [106]
162 512 (CH,Cl,) 30 100 484 (TiO,) > 75% (450-515) 16.50 0.734 68.4 8.28 1=/l3~ [106]
163 531 (CHCly) 32700 503 (TiO,) > 70% (450-565) 10.48 0.825 69.1 5.79 [Co(bpy);]**/** [212]
60% (510) 2 8.76 2 0.729% 7442 4.76 2
164 550 (CHCly) 44500 494 (TiO,) > 70% (430-545) 12.31 0.731 67.8 6.10 [Co(bpy);]>+/3* [212]
> 70% (430-545) 12.80 3 0.740% 7339 6.952
165 502 (CHCly) 49 600 465 (TiO,) > 50% (375-540) 10.27 0.739 72.0 5.46 [Co(bpy);]*+/3* [212]
> 55% (370-585) @ 11323 0.7662 72,62 6.302
166 501 (CH,Cl,) 41100 485 (TiO,) - 7.96 0.82 72 4.71 [Co(bpy);]**/** [213]
> 80% (435-525) ¥ 8.732) 0.76 2 782 5.142)
167 532 (CH,Cl,) 44700 486 (TiO,) - 10.24 0.78 71 5.65 [Co(bpy);]>*+/3* [213]
> 80% (450-590) @ 14.49 3 0.78 742 8.382
168 525 (CH,Cl,) 48 600 515 (TiO,) - 8.77 0.75 65 4.27 [Co(bpy);]**/** [213]
> 70% (430-600) 2 13.302) 0.79°2 742 7.78
169 536 (THF) 51100 - > 90% (500-625) 17.03 0.956 77.0 12.5 [Co(phen),J?*/3* [214]
170 492 (THF) 35800 - > 90% (440-540) 14.69 0.843 73.7 9.0 [Co(bpy);]>+/3* [215]
171 570 (THF) 44200 - > 90% (510-610) 17.70 0.810 73.1 10.5 [Co(bpy),]>*+/3* [215]
172 600 (THF) 65 100 - > 90% (490-650) 19.65 0.843 72.5 12.0 [Co(bpy) ]+ [215]
173 461 (THF) 37 700 - > 90% (465-580) 15.54 0.818 73.6 9.4 [Co(bpy);]2*/3+ [109]
174 560 (THF) 37 700 - > 90% (520-610) 19.42 0.820 72.4 1.5 [Co(bpy);]**/** [109]
175 565 (THF) 43200 - > 90% (500-675) 19.64 0.843 72.8 12.0 [Co(bpy);]+/3* [109]
(Continued)
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Dye Avax (sol) [nm] e [M'em™"]  Ayax (film)  IPCE [%] [range/nm] Jsc [MAcm™2] Ve [V] FF PCE [%] Electrolyte References
[nm]

176 470 (THF) 39 300 - > 80% (450-550) 14.81 0.734 73.6 8.0 [Co(bpy);]2*/*+ [217]

177 630 (THF) 58 900 - > 90% (575-670) 21.20 0.786 70.8 11.8 [Co(bpy),]>*/3* [217]

178 - - - > 90% (575-710) 21.69 0.815 73.5 13.0 [Co(bpy),]>*/3* [217]

179 544 (THF) - - ~ 90% (600) 16.57 0.950 74.1 1.7 [Co(phen),|?+/3* [218]

180 552 (THF) - - ~ 90% (600) 17.28 0.974 74.7 12,6 [Co(phen),|2+/3+ [218]

181 488 (THF) 64 080 - ~ 73% (490) 13.07 0.748 73.3 7.16 [Co(bpy),]#+/3* [107]
~ 73% (490) 14.63 2 07393 7239 7.82%

182 450 (THF) 43 900 - ~ 52% (390) 9.76 0.746 71.6 5.21 [Co(bpy);]#+/3+ [107]
~ 52% (390) @ 10612 07273 7293 5622

183 450 (THF) 67 300 - ~ 70% (440) 8.75 0.733 73.4 4.70 [Co(bpy)s]>*/** [107]
~ 66% (440) 7.88 % 07373 7483 4313

184 449 (THF) 50 000 - ~ 52% (390) 9.08 0.743 74.2 5.01 [Co(bpy),]>+/3* [107]
~ 50% (470) 2 8.279) 0.7343 7473 4533

185 454 (THF) 241600 - 70% (450) 8.05 0.078 77.7 44 [Co(bpy);2*/3* [219]

186 456 (THF) 167 600 - 40% (450, 700) 8.27 0.733 78.6 4.8 [Co(bpy)s]>*/** [219]

187 474 (THF) 132 000 - 72% (720) 15.93 0.770 75.2 9.2 [Co(bpy);]?*/** [219]

188 520 (THF) 40 400 - 73% (505) 10.55 0.681 72.4 5.19 1=/13~ [220]

189 525 (THF) 36 900 - 70% (505) 10.08 0.654 72.4 4.76 1=/13~ [220]

190 528 (THF) 38 400 - 63% (505) 9.96 0.633 711 448 1=/13~ [220]

191 545 (THF) 47 500 - 58% (500) 11.20 0.637 73.0 5.21 1=/13~ [220]

192 541 (THF) 35400 - 68% (540) 12.46 0.657 73.4 6.00 1=/15~ [220]

% Photovoltaic parameters achieved with deoxycholic acid (DCA) co-adsorbed.

159 leading to 4.90% device efficiency. Interestingly, the best re-
sult was achieved with 162 that did not present a thiophene spacer
resulting in a better electron injection into the TiO, conduction
band.

A different approach was reported by Wu et al. studying a se-
ries of dyes 163-165 in which a bulky O-alkoxy-substituted phenyl
group rather than flexible alkyl chain was chosen to suppress
the problematic dye aggregation (Scheme 8).[2!2) Using alkoxy-
substituted triphenylamine as electron-donor and cyanoacrylic
acid as anchoring groups, the effect of a gradual extension of
the z-conjugated system by the insertion of a cyclopentadithio-
phene (CPDT) in 164 and a benzothiadiazole unit in 165 was in-
vestigated. Dyes 164 and 165 were characterized by higher molar
extinction coefficient than 163. However, 164 showed a slightly
red-shifted absorption maximum while dye 165 an ipsochromic
shift due to the larger dihedral angle between the benzothiadia-
zole unit and NP core. The devices with dyes 163-165 achieved
efficiencies of 5.79%, 6.10%, and 5.46%, respectively with 164
providing the best efficiency due to best IPCE (75%) and better
photophysical properties. The same dyes were also co-adsorbed
with deoxycholic acid (DCA) to prevent self-aggregation achiev-
ing efficiencies of 4.76%, 6.95%, and 6.30%, respectively. The co-
adsorption of DCA led to better results for 164 and 165 while
reduced the efficiency for 163. The larger improvement recorded
for 165 strongly confirmed the dye aggregation issue without a
co-adsorbent compared to 163 and 164.

In a subsequently study, Wu et al. worked to ameliorate the
photovoltaic efficiency of 164 by the insertion of an acetylene
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spacer between the donor group and the NP core in 168.1213]
In parallel, other different acceptor/anchor groups replacing
the cyclopentadithiophene-cyanoacrylic acid moiety with the
ethynylbenzoic acid (EBA) in 166 and the well-known EBTBA
group in 167 were tested (Scheme 8). The insertion of acetylene
spacer in dye’s 168 structure led to a higher efficiency of 7.78%
using DCA as co-adsorbent. The other dyes 166 and 167 achieved
efficiencies of 5.14% and 8.38%, respectively, confirming the
EBTBA acceptor group as good performer. In the previous
work it was demonstrated how DCA could slightly improve the
photovoltaic performance of dye 164 and 165. On the other,
166-168 were negatively affected by the presence of DCA mainly
due to the more planarized structure that favors the aggregation.

The breakthrough in the N-annulated perylene-based dyes was
achieved by Wang et al. with 169 as result of a new design
concept to enhance the light absorption and the photovoltage
of dye by the formation of a polycyclic aromatic hydrocarbon
(PAH) based on N-annulated indeno-perylene structure (NIP)
(Scheme 8).2% Dye 169 showed an enlarged coplanar structure
that led to a red-shifted absorption and a significant improve-
ment of the molar extinction coefficient compared to the refer-
ence 150. In 169 the well-known EBTBA unit was used as accep-
tor group while branched 2-hexyldecyloxy and 2-hexyldecy alkyl
chain, were respectively attached on peri- and amino-position
to prevent the strongly intermolecular z-z stacking. The de-
vice with 169 achieved an outstanding efficiency of 12.5% un-
der standard AM 1.5 sunlight (photovoltaic parameters of YD2-
0-C8 standard: J, = 14.44 mA cm™2, V,. = 0.917 V, FF = 0.78,
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PCE = 10.4%).2'] Compared to the reference, the IPCE value
did not change (%92%) while the short circuit photocurrent and
the open circuit voltage deeply improved up to 17.03 mA cm—2
and 0.956 V, respectively.

The innovative molecular design concept was further investi-
gated by Wang et al. with 170 and 171 using alkoxy-substituted
triphenylamine as donor group, a benzothiadiazolebenzoic acid
(BTBA) in 170 and diethynylbenzothiadiazolebenzoic acid (EBT-
BEA) in 171 as acceptor groups (Scheme 8).12"] The compar-
ison of these dyes further proved the beneficial effect of the
acetylene spacer and was exploited for tailoring the molecular
design of dye 172 where a properly functionalized thiophene
was linked into the peri-position of NP-core and subsequently
the N-annulated 6 H-thienobenzoperylene (NTBP) structure was
obtained by intramolecular Friedel-Craft cyclization. Dye 172
showed better photovoltaic performance compared to 170 and
171 achieving an efficiency of 12.0% (photovoltaic parameters of
Z907 standard: ], = 13.76 mA cm~2, V. = 0.779 V, FF = 0.75,
PCE = 8.01%).121%

The different isomers resulting by the intramolecular Friedel-
Craft cyclization were lately investigated in relationship to the
photovoltaic performance.[19216] The series of dyes 173-175
was synthetized starting from the reference structure 150 in
which the acetylene spacer of EBTBA unit was replaced by a
thiophene bridge. In dyes 174 and 175, a properly functional-
ized thiophene was used to perform the intramolecular Friedel-
Craft cyclization leading to the formation of the two isomers,
the N-annulated 6H-thienobenzoperylene (NTBP) 174 and N-
annulated 13 H-thienocyclopentaperylene (NTCP) 175. The com-
parison between 174, 175, and 173 evidenced that the cyclization
red-shifted the absorption and improved the IPCE: #90% in the
range 450-600 nm for 173 while 174 and 175 presented the same
value in a larger range (450-700 nm). Lower IPCE led to an ef-
ficiency of 9.4% for dye 173 while the devices with 174 and 175
achieved efficiencies of 11.5 and 12.0%, respectively (photovoltaic
parameters of YD2-0-C8 standard: ], = 17.07 mA cm™2, V,, =
0.860 V, FF = 0.72, PCE = 10.6%).'1 The slightly better result
0f175 compared to 174 was due to the larger amount of sensitizer
dye-loaded onto the TiO, surface (Scheme 8).

To further reduce the optical energy gap of dye for better the
absorption of near-infrared solar photons, Wang et al. decorated
the peri-positions of the NP core with two properly functional-
ized thiophenes in 177, and 178 to enlarge the PAH structure
in comparison to similar sensitizers.?'”] Dye 176, synthetized
as reference bearing an EBTBA unit as acceptor group and an
ethoxyphenyl substituent as donor, showed an efficiency of 8.0%.
PAH dye 177 had better photophysical properties with a higher
molar extinction coefficient and a deeply red-shifted absorption.
The IPCE reached value upper than 80% over 750 nm while, at
this wavelength, 176 showed an IPCE near to 10%. The signif-
icant improvement of the IPCE led to an outstanding value of
short circuit photocurrent of 21.20 mA cm~2 for 177. Neverthe-
less, the extended coplanar structure in 177 induced a strong in-
termolecular z—r stacking reducing the open circuit voltage that
was overcome in 178 by the insertion of a bulkier 2-hexyldecyloxy
substituent on the phenyl group in the peri position. This novel
modification improved the open circuit voltage resulting in a bril-
liant efficiency of 13.0% under standard AM 1.5 sunlight. To date,
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this is not only the highest value among DSSCs with perylene-
based dyes, but it is also one of the highest values ever reached.

Following the same concept, Wang et al. studied another
PAH structure exploiting a double intramolecular cyclization on
the same thiophene to obtain a N-annulated benzoindenopen-
taphene (NBIP) structure 180 (Scheme 8).[28] Compared to the
mono-cyclized isomers 169 and 179, dye 180 showed a slightly
red-shifted absorption and IPCE. The di-cyclized 180 provided
an efficiency of 12.6% higher than the 11.7% registered with 179.
The performance improvement was due to the better photophys-
ical properties but also to the extra bulky alkyl chains that re-
duced the aggregation and the recombination processes. Interest-
ingly, the comparison between the two isomers 169 and 179 fur-
ther proved the better performance achieved by the N-annulated
indeno-perylene structure.

Finally, also the linkage mode of NP core on the TiO, surface
was explored. So far, the NP core was decorated with a large vari-
ety of anchoring unit but always exploiting the peri position. Wu
et al. synthetized 183 and 184 in which the amino position was
exploited to attach the anchoring group.!*’]

Dye 181 was synthetized as reference using a cyclopentadithio-
phene (CDP) spacer and a cyanoacrylic acid group as anchor-
ing group, while 182 was decorated with a further benzothiadi-
azole acceptor group between the NP core and the CPD spacer
(Scheme 8). The comparison between the two dyes showed that
181 drove to a better photovoltaic performance with an efficiency
of 7.82%. Benzothiadiazole unit in 182 improved the charge sep-
aration but the larger dihedral angle present, reduced the z-
conjugated system and lead to a lower molar extinction coeffi-
cient. Dyes 183 and 184 presented the same anchoring units but
they were attached to the amino positions of NP core via a phenyl
spacer. The different linkage mode led to lower photovoltaic per-
formance due to the worse IPCE of these dyes compared to 181
and 182. Interestingly, the comparison between dyes 183 and 184
showed how the dye with the benzothiadiazole unit achieved a
better efficiency of 4.53% compared to the 4.31% of 183.

The same concept was exploited in a multichromophoric-
system based on a Zn-porphyrin 137 and 185-187 (Scheme
8).1211 Dyes 137 and 187 were synthetized as reference using
an ethynylbenzoic acid (EBA) and an EBTBA unit as anchor-
ing groups, respectively. A Zn-porphyrin-based moiety bridged
the NP core and the anchoring group exploiting the peri posi-
tion while in 185 and 186 the Zn-porphyrin was attached on the
amino group of NP core. Confirming the evidence reported by
Wu et al., the linkage via the amino site led to a worse photo-
voltaic performance.'”’] Reference dyes 137 and 187 achieved ef-
ficiencies of 10.6% and 9.2% respectively, while dyes 185 and 186
achieved just of 4.4% and 4.8% respectively.

In summary, the key role of the N-annulated perylene-based
dyes in the development of high-efficiency DSSCs was demon-
strated. As seen, i) the bulky triphenylamine donor groups led
to a better push-pull effect and thus to a larger photovoltaic per-
formance, ii) the use of the acetylene spacer could provide better
performance or decrease the charge injection depending by the
context in which is employed, iii) the enlargement of NP core to a
PAH structure led to a huge improvement of the photovoltaic per-
formance and iv) the linkage mode via the amino position of the
NP worsened the photophysical properties and also the charge
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Scheme 9. N-annulated perylene dyes for solid-state DSSCs.

injection resulting in a lower efficiencies compared to the classic
linkage via the peri position.

5. Perylene-Based Dyes in DSSCs

Besides to the most performant N-annulated rylene sensitizers,
some dyes based on the simple perylene structure were tested in
DSSCs.[220-223] Dyes 188-192 were based on a perylene core func-
tionalized with a hindered diphenylamine donor-group and var-
ious anchoring moieties. An acetylene spacer between the pery-
lene and the anchoring moiety was used to planarize the struc-
ture and improve the z-conjugation. Dyes 188 and 189 bared a
carboxylic acid group as anchoring while 190 and 191 exploited
the cyanoacrylic acid group. The different anchoring groups and
spacers did not have any significant effect on the device efficiency
with the family dyes reporting comparable results except for 192
that achieved the best efficiency of 6.00% with the well-known
anchoring moiety EBTBA (Scheme 9).

6. Outlook

The structural evolution of perylene-based dyes has been re-
ported in detail in this review. The fine-tuning of their structure
allows to successfully achieve efficiency near 13% that remains,
up to now, among the highest in the DSSCs’ panorama. The
stability and the possibility to tune the photophysical properties
is the key value of DSSCs. However, the challenging synthetic
approach, above all for the monoimide- and the N-annulated
perylene-based dyes, is one of the critical points that limits their
use in comparison to other more common but less efficient
sensitizers. Further improvements from the synthetic point of
view will therefore be needed to specifically either achieve higher
yields in the desired product or lower the reaction’s step to pre-
pare the scaffolds. In this regards the initial synthetic step in-
volving the controlled halogenation plays a key role in the over-
all process, since side reactions, forming perhalogenated prod-
ucts or undesired isomers, are always occurring. Similarly, the
imide formation reaction requires to be strictly controlled in for
the optimal synthesis of either asymmetrical perylene derivatives
or mono imide scaffolds. Later, the device optimization should
be heavily addressed to optimize the dye-loading methods, eval-
uating the best electrolyte formulation and the possible use of
co-adsorbents. A general methodology can unlikely work for the
whole library on the perylene derivatives due to the high variabil-
ity of the possible substituent and functional groups present both
on the bay and edge positions. On the other hand, the robustness
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and tolerance of the perylene scaffold to many synthetic condi-
tions allows to explore an endless number of functionalization
both on the dye core and on the imide side. This feature can be
easily translated in novel sensitizer, co-sensitizer and dyes charac-
terized higher suitability for the application in DSSC in the next
years.

Moreover, the perylene-based dyes allow the fabrication of de-
vices operating over the whole visible spectrum by simply ex-
panding the perylene core and obtaining highly conjugated pla-
nar structures able to absorb light also in the NIR region. These
prospects can lead to the development not only of more efficient
DSSC but also colourless DSSCs capable of improving the possi-
bility of realizing building integrated photovoltaics systems BIPV.
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