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Abstract: Perylene diimide (PDI), initially synthesized and explored as an organic dye,
has since gained significant recognition for its outstanding optical and electronic proper-
ties. Early research primarily focused on its vibrant coloration; however, the resolution of
solubility challenges has revealed its broader potential. PDIs exhibit exceptional optical
characteristics, including strong absorption and high fluorescence quantum yield, along
with remarkable electronic properties, such as high electron affinity and superior charge
carrier mobility. Furthermore, the robust π-π stacking interactions and liquid crystalline
behavior of PDIs facilitate precise their self-assembly into highly ordered structures, posi-
tioning them as valuable materials for advanced applications in optoelectronics, photonics,
and nanotechnology. This article provides a comprehensive review of the progress made in
the design, synthesis, and optoelectronic performance of PDI-based liquid crystals. It ex-
plores how various substituents and their placement on the PDI core impact the properties
of these liquid crystal molecules and discusses the challenges and opportunities that shape
this rapidly evolving class of optical materials. This review is strictly focused on PDIs
and does not cover their elongated or laterally extended derivatives, nor does it include
monoimide or ester compounds.

Keywords: perylene diimide; liquid crystals; π-π stacking; charge carrier mobility;
aggregation-induced emission

1. Introduction
As early as 1913, PDIs were first synthesized by Kardos and gained widespread recog-

nition as a lightfast vat dye [1]. Imide groups, known for their high resonance energy and
structural stability in aromatic heterocycles, combine with perylene to form PDIs, resulting
in a highly persistent and robust molecular structure [2]. The typical synthesis of PDIs
begins with the oxidation of acenaphthene to form naphthalene-1,4,5,8-tetracarboxylic
dianhydride. This intermediate is then converted into an imide by reaction with ammo-
nia, followed by dimerization with molten alkali to yield PDIs. Additionally, PDIs can
be saponified with hot concentrated sulfuric acid to produce perylene tetracarboxylic
dianhydride (PTCDA) [3].

Due to the poor solubility of PDIs and their derivatives, these compounds initially
garnered limited attention and were primarily used as dyes. It was not until 1959 that
Geissler and Remy first reported the fluorescence behavior of perylene dyes in solution,
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marking a significant milestone in the exploration of their optical properties [4]. However,
the low solubility of perylene dyes significantly hindered the study and practical application
of their fluorescence properties. To address this challenge, Heinz Langhals proposed
modifying the imide positions of PDIs by substituting them with soluble alkyl or aryl
groups, thereby enhancing the solubility of PDI derivatives and facilitating the further
exploration of their potential [5]. In the 1990s, Langhals reported that the introduction of
tert-butyl-modified phenyl groups at the amine positions of PDIs significantly enhanced
their solubility and dissolution rate in organic solvents. This improvement was attributed
to the steric hindrance caused by the bulky substituents, which pushed them away from
the planar chromophore, thereby reducing the face-to-face π-stacking interactions between
PDI molecules. Among various substituents, tert-butyl groups were found to be more
effective at increasing solubility compared to primary or secondary alkyl groups. Long-
chain secondary alkyl groups also exhibited better solubilizing effects than long-chain
primary alkyl groups, the latter of which sometimes reduced solubility. For cycloalkyl
substituents, solubility was found to vary with ring size. PDIs substituted with medium-
sized cycloalkyl groups exhibited the lowest solubility, while those with cyclotetradecyl
groups showed the highest solubility [6–8].

Once the solubility challenges of PDI derivatives were addressed, researchers began
to explore their broader potential and applications. The rigid, large, planar aromatic con-
jugated system of PDIs and their derivatives, which closely aligns with the molecular
structure of discotic liquid crystals, sparked significant interest in their liquid crystalline
properties. This unique structural feature led to extensive studies on their ability to form
well-ordered mesophases, further expanding their applicability in advanced material de-
sign and optoelectronic technologies [9]. In 1993, Klaus Müllen and his team made a
groundbreaking contribution by reporting the first liquid crystalline derivatives of the
perylene core. They achieved this by incorporating urazole units and four flexible alkyl
chains into the perylene structure, resulting in perylene derivatives that exhibited discotic
liquid crystal mesophases. Additionally, by varying the number and length of the flexible
alkyl chains, they were able to induce a structural transition from a columnar mesophase
to a lamellar phase, demonstrating the tunability of these materials’ mesomorphic be-
havior [10]. The liquid crystalline behavior of PDI derivatives was first discovered in
1997 by Gregg and his colleagues, who reported a series of PDI derivatives featuring linear
or branched aliphatic side chains. This pioneering work highlighted the potential of these
materials to exhibit liquid crystalline phases, opening new avenues for the exploration of
their mesomorphic properties and applications [11]. Subsequently, Würthner conducted
extensive research on PDIs, focusing particularly on their synthesis, functionalization, and
self-assembly behavior. His work has significantly advanced the understanding of PDI
derivatives, shedding light on their structural versatility and potential for a wide range of
applications in optoelectronics and materials science [12–16]. Following this, researchers
began to conduct extensive studies and explore novel PDI-based liquid crystal materials,
motivated by their distinctive properties and potential for groundbreaking applications
across various fields, including optoelectronics, photonics, and materials science [17–19].

This review is organized according to the various substitution positions and types
of substituents on PDIs. It focuses on the molecular design of PDI-based liquid crystal
materials, exploring how different substituents influence their optoelectronic properties,
while also addressing the challenges and opportunities associated with this emerging class
of materials [20,21].
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2. Design and Synthesis of PDI Derivatives
Modifying the substituents of PDIs can significantly influence their chemical and

physical properties [9]. As shown in Figure 1, typically, the substituents on the imide
nitrogen positions of the PDI molecular structure are referred to as the “amine positions”,
while those on the 1, 6, 7, and 12 positions of the perylene core are known as the “bay
positions.” The substituents at the amine positions have minimal impact on the electronic
and optical properties at the molecular level but can influence aggregation, solubility, and
other structural characteristics [22]. In contrast, the “bay positions” play a significant role
in determining the electronic and optical properties of PDIs. As a typical n-type organic
semiconductor, PDIs exhibit near-unity fluorescence quantum yield, high photochemical
stability, and strong electron-accepting capabilities. These attributes render PDIs highly
suitable for a wide range of emerging applications in optoelectronics and related fields [23].
To date, PDIs and their related monoimide derivatives have been extensively utilized
in a range of electronic and optical applications, such as organic field-effect transistors
(OFETs) [24–28], fluorescent solar concentrators [29,30], electrophotographic devices [31,32],
dye lasers, organic photovoltaic cells (OPVs) [33], and optical power limiting [34,35].
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Figure 1. Schematic diagram of the molecular structure of PDIs. The blue part represents the core of
the perylene diimide molecule, while the red part indicates the common substitution positions of
perylene diimide.

2.1. PDI Derivatives Modified at the Amine Position

The modification of the imide position in PDIs involves the amidation of anhy-
drides with amino-containing substituents, such as long-chain or branched alkylamines,
alkoxyamines, anilines, and methylamines [36].

This process enhances the solubility of PDIs while simultaneously tuning its optoelec-
tronic properties and self-assembly behavior. Given that PDIs possess two symmetrical
imide positions, there are two modification approaches in Figure 2: symmetrical substi-
tution and non-symmetrical substitution [37,38]. Symmetrical substitution is typically
achieved by reacting PTCDA with aliphatic or aromatic amines as reactants [6,39,40]. This
reaction is carried out through a condensation process in high-boiling-point solvents, such
as imidazole, porphyrins, or N-methyl-2-pyrrolidone (NMP), and typically in the presence
of a metal catalyst, often zinc acetate [41]. This method typically yields high efficiency.
Non-symmetrical substitution can be achieved through two primary approaches. The
first approach involves the partial hydrolysis of symmetrical PDIs to produce perylene
monoimide–monoanhydride compounds, with a yield of approximately 50%. These com-
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pounds are then subjected to amidation reactions with different amines, leading to the
formation of non-symmetrically substituted PDIs [33]. The second approach involves
the partial hydrolysis of PTCDA to form a mixed anhydride-dicarboxylate intermediate,
which is then subjected to sequential imidation reactions to yield non-symmetrically sub-
stituted PDIs. In comparison, the first method generally offers higher yields and simpler
purification, making it the more commonly employed approach [36,42–45].
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2.1.1. PDI Derivatives with Symmetrical Substitution at the Amine Position

Kim et al. reported a PDI derivative (2.1) with the symmetrical substitution of alkyl
chains at the amine positions as illustrated in Figure 3 [46]. Generally, dialkyl-substituted
PDIs exhibit lower lowest unoccupied molecular orbital (LUMO) energy levels, which
enhances their effectiveness as electron acceptors compared to other aromatic PDIs with
similar bandgaps [47]. This opens up opportunities for efficient charge separation at the
interface between electronically complementary aromatic PDIs. PDI derivative 2.1 demon-
strated excellent liquid crystal (LC) properties. In devices with the original thin films,
relatively low hole mobility and higher electron mobility were observed. However, upon
annealing the organic thin film in its LC phase, a more organized structure was formed,
leading to a significant increase in hole mobility to 0.00851 cm2/(V·s) and a slight increase
in electron mobility to 0.01191 cm2/(V·s). ITO/PDI derivative 2.1/Al devices were fabri-
cated, and the drift mobilities of electrons and holes were evaluated using the time-of-flight
(TOF) technique. Under an electric field of 186 (V/cm)1/2, the electron and hole mobilities
were measured to be 0.0139 cm2/(V·s) and 0.0089 cm2/(V·s), respectively, with negative
charge carriers (electrons) exhibiting faster mobility than positive ones.
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Akinari Sonoda and colleagues synthesized a liquid crystalline semiconductor, desig-
nated as compound 2.2, based on PDIs featuring a 1,1,1,3,3-pentamethyldisiloxane chain as
depicted in Figure 4 [48]. The incorporation of oligosiloxane groups, owing to the increased
rotational flexibility of the Si–O bond, imparts greater molecular flexibility compared to
alkyl groups. This structural feature significantly improves the solubility of molecules with
oligosiloxane chains in a variety of solvents. Additionally, it reduces the crystallinity of
the mesogenic units, lowers the crystallization temperature, and consequently narrows the
LC temperature range [15,16]. Moreover, the oligosiloxane chains promote the formation
of a one-dimensional columnar structure. Differential scanning calorimetry (DSC) and
polarized optical microscopy (POM) analyses confirmed that PDI derivative 2.2 exhibits
an ordered columnar phase that remains stable at room temperature. TOF measurements
showed that the electron mobility of compound 2.2 in this ordered columnar phase at
room temperature exceeds 0.1 cm2 V−1 s−1. This high electron mobility is attributed to the
efficient molecular packing within the columnar stacks. Remarkably, the electron transport
properties remained consistent during phase transitions between low-temperature and
high-temperature columnar phases, with minimal variation in electron mobility. The mobil-
ity values were reproducible and stable across different sample sizes, and the photocurrent
signal remained stable even after storage in ambient air. Additionally, PDI derivative 2.2 is
soluble in a broad range of organic solvents, excluding alcohols, and can form thin films
of columnar aggregates aligned parallel to the substrate through spin-coating. Notably,
uniaxially aligned LC films with columnar stacks can be prepared using a rubbing transfer
method, showcasing the compound’s potential for practical applications.
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Cheng et al. successfully designed and synthesized two enantiomeric PDI derivatives
incorporating D-alanine and L-alanine, referred to as D-PDIs and L-PDIs, respectively [49].
As presented in Figure 5, perylene is inherently a fluorescent-emitting chromophore, and
by introducing chiral amino acid units at the amine positions of perylene, Cheng et al.
developed circularly polarized luminescence (CPL)-emissive materials. Under UV light
excitation (λex = 365 nm), the D/L-PDI derivatives that dissolved in chloroform (a good
solvent) exhibited bright yellow fluorescence with emission peaks at 531 nm and 578 nm,
achieving a high fluorescence quantum yield of 0.67. Upon the addition of methanol (a poor
solvent), the fluorescence intensity decreased significantly, likely due to the aggregation-
caused quenching (ACQ) effect. However, when the methanol fraction (fm) reached 95%, a
new fluorescence peak emerged at approximately 643 nm, attributed to the supramolecular
self-assembly of the D/L-PDIs via intermolecular π-π interactions. Meanwhile, at 578 nm,
the fluorescence lifetime of D/L-PDIs exhibited single-exponential decay with a lifetime
of 5.48 ns. At 643 nm (15.91 ns, 75%), the fluorescence lifetime increased significantly,
attributed to aggregation at fm = 99%. Although no circular dichroism (CD) or CPL signals
were observed for the D/L-PDI enantiomers in chloroform, prominent mirror-image Cotton
effects and CPL emissions were detected in the aggregated state. SEM revealed that
samples prepared from chloroform solutions formed D/L-PDI particles with diameters of
approximately 300 nm. Notably, L-PDIs assembled into an m-helical stacking structure,
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whereas D-PDIs adopted a p-helical stacking structure, attributed to the steric effects of the
ester groups from the chiral amino acid enantiomers. The optical anisotropy factor (glum)
for the D/L-PDIs reached as high as 0.02 at fm = 99%, representing exceptionally strong
CPL emission compared to most reported organic CPL materials. This pronounced CPL
performance was attributed to the intermolecular π-π interaction-driven self-assembly in
the aggregated state.
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Percec et al. designed and synthesized a series of perylene bisimide (PBI) molecules
with sequence-defined dendritic structures, enabling the formation of helical columnar
supramolecular self-assemblies as demonstrated in Figure 6 [50]. They systematically
examined the influence of alkyl chains of varying lengths (CnH2n+1, n = 6, 7, 9, 10) on
self-assembly kinetics and structural stability. The study revealed that the 9r9 sequence—a
precisely arranged dendritic architecture—enabled the formation of highly ordered helical
columnar crystals at unprecedented heating and cooling rates of up to 50 ◦C/min, making
it the fastest crystallizing supramolecular or covalent macromolecule reported to date.
This remarkable behavior was attributed to the optimized tertiary structure and dynamic
flexibility of the alkyl chains, which facilitate rapid molecular self-organization into highly
ordered assemblies. To elucidate the structural and phase transition behavior, advanced
characterization techniques such as fiber X-ray diffraction (XRD), DSC, and solid-state
nuclear magnetic resonance (NMR) were employed. The findings demonstrated that the
molecular packing of 9r9-PBI offers enhanced space-filling efficiency and significantly
faster self-assembly compared to other PBI derivatives. Building on these insights, the
authors proposed a novel supramolecular self-assembly mechanism based on the cogwheel
model, offering a framework for achieving high structural order using achiral building
blocks. These results pave the way for developing advanced optoelectronic materials with
rapid response characteristics, such as liquid crystal displays and other high-performance
soft materials.
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Figure 6. A cogwheel model of self-organization. (a) The molecular structure of rrr-PBI where r stands
for racemic dm8*. The chiral methyl group is indicated in pink. (b) The two crystalline columnar
hexagonal (Φh

k) phases are generated via the hierarchical self-organization of PBI dimers rotated around
the column axis being offset from the column axis in Φh

k1 and centered on the column axis in Φh
k2.

Due to its columnar shape and the absence of alkyl groups perpendicular or tilted to the long axes
of the column, the intercolumnar interdigitation of alkyl chains is absent, and therefore, we denote
Φh

k2 as the “cogwheel” assembly. (c) The formation of a Φh
k array with only one helical column in

the unit cell drives helical deracemization between columns. (d) Key aspects of the cogwheel model.
(e) Supramolecular columns assembled from r8r-, rr8-,8r8-, and88r-PBI, where 8 represents the n-octyl
group, and insets illustrate the incomplete space filling by the alkyl ends from the 3 and 5 positions of
the dendron. Dashed circles in insets indicate empty space on the column periphery [50].

Huang et al. reported the design and synthesis of a series of chemically symmetric
PBI molecules, functionalized with polyhedral oligomeric silsesquioxane (POSS) cages at
their periphery as represented in Figure 7 [51]. Unlike conventional PBIs, which predomi-
nantly self-assemble into columnar or lamellar structures driven by strong π-π stacking
interactions, the incorporation of bulky POSS cages introduces significant steric hindrance,
resulting in the formation of unprecedented spherical supramolecular structures, including
A15, σ, dodecagonal quasicrystalline (DQC), and body-centered cubic (BCC) phases. The
steric repulsion from the rigid POSS units disrupts typical columnar packing, facilitating
the emergence of these highly ordered spherical assemblies. Notably, the study uncov-
ered an atypical inverse phase transition from the BCC to the σ phase with increasing
annealing temperature, providing valuable insights into the thermodynamic stability and
phase behavior of PBI-based supramolecular systems. These findings expand the functional
versatility of PBI-based materials and open new avenues for their application in advanced
optoelectronic devices and high-performance soft materials.
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Figure 7. (a) The molecular structure of PBI-C1-6BP (The red part represents the core of the perylene
diimide molecule, while the purple part corresponds to the 1,2,3-triazole segment). (b) Packing
models of the A15 phase, σ phase, BCC phase, and the two-dimensional tiling pattern of the DQC
phase are illustrated. (c) A schematic representation of the hierarchical self-assembly mechanism
of POSS-based PBIs, where the central red blocks denote perylene cores and the gray shell of the
supramolecular spheres represents amorphous BPOSS cages [51].

2.1.2. PDI Derivatives with Non-Symmetric Substitution at the Amine Position

Mukundan et al. reported three different PDI derivatives, where the nature of the
substituents varied from hydrophobic alkyl chains to hydrophilic oligoethylene glycol
(OEG) chains as outlined in Figure 8 [52]. By modifying the properties of the substituents,
they investigated their impact on molecular self-assembly, structural order, and electronic
transport properties. POM and DSC analyses revealed that PDI derivative 1 exhibited a
three-dimensional crystalline structure, while derivatives 2 and 3 formed a two-dimensional
liquid crystalline phase. After annealing, the liquid crystalline materials exhibited enhanced
electronic transport efficiency due to their self-healing properties. At room temperature, the
electronic mobility of these derivatives was low in their unannealed state (10−5 cm2/V·s).
However, following annealing, the electronic mobility of the liquid crystalline PDIs 2 and
3 significantly increased, reaching 10−3 cm2/V·s, while the mobility of crystalline PDI 1
decreased. AFM imaging revealed that the annealed PDI 2 films exhibited smooth, step-
like structures, indicating highly ordered molecular stacking, which facilitated electron
conduction. These findings suggest that liquid crystalline ordering plays a key role in
enhancing charge transport in organic materials.



Molecules 2025, 30, 799 10 of 28
Molecules 2025, 30, x FOR PEER REVIEW 10 of 28 
 

 

 

Figure 8. Molecular structures of PDIs 1-3: (a) Crystalline phase of PDIs 1 at 172 °C. (b) Liquid crys-
talline phase of PDI 2 at 130 °C. (c) Liquid crystalline phase of PDI 3 at 155 °C. (d) Current density–
voltage (J–V) characteristics of electronic devices, showing the performance of PDI 1 (black squares), 
PDI 2 (red circles), and PDI 3 (blue triangles) before (empty symbols) and after annealing (filled 
symbols) [52]. 

2.2. Both the Amine Position and the Bay Position Are Modified in the PDI Derivative 

Bay region modification involves introducing various substituents at the bay posi-
tions (i.e., positions 1, 6, 7, and 12) of the perylene core. Modifying the bay positions is 
more challenging than altering the imide positions because the amine positions often need 
to be modified first to improve solubility. This enhanced solubility is crucial for the suc-
cessful attachment of substituent groups at the bay positions [53–56]. As indicated in Fig-
ure 9, PDI derivatives with bay region modifications are typically synthesized by first pre-
paring the corresponding intermediates through processes such as halogenation, nitra-
tion, and oxidation, followed by further reactions. The synthesis usually begins with 
3,4,9,10-perylene tetracarboxylic dianhydride as the precursor. Iodine is employed as a 
catalyst, and the reaction with 2.2 equivalents of bromine in concentrated sulfuric acid 
results in the formation of the major product, 1,7-dibromo-3,4,9,10-perylene tetracarbox-
ylic dianhydride [36,57]. The product is then subjected to amidation to enhance its solu-
bility, transforming it into 1,7-dibromo-3,4,9,10-PDIs. The bromine atom at the bay posi-
tion of 1,7-dibromo-3,4,9,10-PDIs is highly reactive and can be easily replaced by various 
nucleophiles [24,58]. Compared to PDI molecules with unmodified bay positions, the in-
troduction of functional groups at the bay region significantly alters their photophysical 
properties and solubility [59]. This effect is influenced by factors such as the substitution 
method, the size and volume of the substituents, the number of substituents, and the elec-
tronic properties of the substituent groups [60–63]. Bay region modification allows for the 
adjustment of the highest occupied molecular orbital (HOMO) and LUMO energy levels 
of the compounds, thereby modifying their optoelectronic properties [64–66]. On the other 
hand, bulky substituents at the bay region are pushed out of the plane of the PDI deriva-
tives due to steric interactions [67]. This can cause the distortion of the two naphthalene 
subunits in the PDI derivative, disrupting the π-π face-to-face stacking and, in turn, sig-
nificantly increasing solubility by several orders of magnitude [68]. Substituents intro-
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Figure 8. Molecular structures of PDIs 1-3: (a) Crystalline phase of PDIs 1 at 172 ◦C. (b) Liquid
crystalline phase of PDI 2 at 130 ◦C. (c) Liquid crystalline phase of PDI 3 at 155 ◦C. (d) Current
density–voltage (J–V) characteristics of electronic devices, showing the performance of PDI 1 (black
squares), PDI 2 (red circles), and PDI 3 (blue triangles) before (empty symbols) and after annealing
(filled symbols) [52].

2.2. Both the Amine Position and the Bay Position Are Modified in the PDI Derivative

Bay region modification involves introducing various substituents at the bay positions
(i.e., positions 1, 6, 7, and 12) of the perylene core. Modifying the bay positions is more
challenging than altering the imide positions because the amine positions often need
to be modified first to improve solubility. This enhanced solubility is crucial for the
successful attachment of substituent groups at the bay positions [53–56]. As indicated
in Figure 9, PDI derivatives with bay region modifications are typically synthesized by
first preparing the corresponding intermediates through processes such as halogenation,
nitration, and oxidation, followed by further reactions. The synthesis usually begins with
3,4,9,10-perylene tetracarboxylic dianhydride as the precursor. Iodine is employed as a
catalyst, and the reaction with 2.2 equivalents of bromine in concentrated sulfuric acid
results in the formation of the major product, 1,7-dibromo-3,4,9,10-perylene tetracarboxylic
dianhydride [36,57]. The product is then subjected to amidation to enhance its solubility,
transforming it into 1,7-dibromo-3,4,9,10-PDIs. The bromine atom at the bay position
of 1,7-dibromo-3,4,9,10-PDIs is highly reactive and can be easily replaced by various
nucleophiles [24,58]. Compared to PDI molecules with unmodified bay positions, the
introduction of functional groups at the bay region significantly alters their photophysical
properties and solubility [59]. This effect is influenced by factors such as the substitution
method, the size and volume of the substituents, the number of substituents, and the
electronic properties of the substituent groups [60–63]. Bay region modification allows
for the adjustment of the highest occupied molecular orbital (HOMO) and LUMO energy
levels of the compounds, thereby modifying their optoelectronic properties [64–66]. On
the other hand, bulky substituents at the bay region are pushed out of the plane of the
PDI derivatives due to steric interactions [67]. This can cause the distortion of the two
naphthalene subunits in the PDI derivative, disrupting the π-π face-to-face stacking and, in
turn, significantly increasing solubility by several orders of magnitude [68]. Substituents
introduced at the bay region also play a crucial role in altering the electronic configuration
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of the perylene core [69,70]. By introducing electron-donating or electron-withdrawing
groups at the bay positions, the light absorption and emission properties of PDI derivatives
can be tuned across a broad spectrum, ranging from the ultraviolet to the near-infrared
regions [71,72]. Due to the intramolecular charge transfer (ICT) effect, the introduction of
electron-donating substituents such as pyrrolidine, piperidine, and alkyl primary amines
at the bay positions causes the maximum fluorescence emission peak of the corresponding
PDI derivatives to red-shift into the near-infrared region [9,63,73,74].
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Würthner et al. reported a PDI derivative, 2.3, featuring four chlorine substituents at
the bay region as described in Figure 10 [23]. The presence of chlorine substituents stabilizes
the Colh phase of the compound, indicating that PDI derivative 2.3 exhibits a uniform π-π
stacking distance along the stacking axis. This ordered π-π arrangement facilitates electron
hopping, enabling the Col phase to exhibit high charge carrier mobility, similar to that
of non-chlorinated compounds. When mixed with hexa-peri-hexabenzocoronene (HBC)
derivatives, PDI derivative 2.3 also demonstrated enhanced carrier lifetimes, suggesting
that chlorinated derivatives may play a key role in devices requiring extended carrier
lifetimes. However, compared to the parent compound, PDI derivative 2.3 exhibits a
narrower phase width, reduced transparency, and a higher melting point. Overall, the
results indicate that chlorinated PDI derivatives have the potential to enhance charge carrier
mobility and prolong carrier lifetimes.

The self-assembly of PDIs with NH groups and large bay substituents originates
from the self-assembly behavior of π-conjugated rod-like molecules containing p-terphenyl
groups at their hydrogen bonding termini, which is significantly influenced by the presence
of bulky side chains [75].

Würthner et al. designed MEH-PBI, which features N-H groups at the imide positions
and is functionalized at the bay positions with four dendritic wedges, each carrying
branched 2-ethylhexyl groups as highlighted in Figure 11 [76]. The UV/Vis spectra of
MEH-PDIs in MCH solution and spin-coated films exhibit a sharp, intense band with a
maximum at 621 nm. Compared to the monomeric PDIs (λmax = 529 nm in MCH), this high-
intensity band shows a red-shift, indicating the formation of J-aggregates in both solution
and bulk states. POM images of MEH-PDIs reveal pseudo-focal conic textures, suggesting
the formation of a columnar LC phase. DSC studies show a single LC phase within the
temperature range of −47 ◦C to 263 ◦C. A uniform alignment of the columnar phase of MEH-
PDIs was successfully achieved using mechanical shearing, solution shearing, and friction
transfer, resulting in oriented LC phases with the columnar axes parallel to the surface and
shear direction. The PDI cores are arranged with their transition dipole moments parallel to
the columnar axis, representing an unprecedented structural organization in π-conjugated
columnar liquid crystals. Small- and wide-angle X-ray diffraction analyses revealed a helical
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structure, with three self-assembled, hydrogen-bonded PDI chains forming individual
columns of the columnar hexagonal phase. This remarkable columnar LC assembly mode
offers potential applications in novel anisotropic liquid crystalline materials for photonics.
Furthermore, the strong coupling of these molecular oscillators within the one-dimensional
J-aggregates, along with their ability to align into highly anisotropic films, holds significant
promise for optical applications.
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Figure 10. Molecular structure of PDI derivative 2.3: (a) Sum of minimum isotropic charge carrier
mobilities as determined by PR-TRMC for PDI derivative 2.3 (circular). (square and triangular shapes
represent the test results of the precursors of PDI derivative 2.3). (b) Photoconductive transients
obtained from FP-TRMC measurements of 60:40 molar ratio (perylene–HBC) thin films at 500 nm,
with approximately 1 × 1015 absorbed photons, for PDI derivative 2.3 (solid line) blended with
HBC-PhC12 (dotted line represent the test results of the precursors of PDI derivative 2.3). (c) Optical
liquid crystal textures at crossed polarizers of PDI derivative 2.3 cooled from the isotropic phase [23].

Wang et al. synthesized two PDI derivatives, 2.4 and 2.5, with cholesterol groups
attached at both the amine and bay positions as evidenced in Figure 12 [77]. The POM and
DSC results demonstrated that both PDI derivatives exhibited LC phases with relatively low
mesomorphic temperatures and broad LC phase ranges. In particular, the mesomorphic
temperature of PDI derivative 2.5 was as low as 32 ◦C, with a mesophase range spanning
an impressive 202 ◦C, which is rare for perylene liquid crystals. The influence of different
spacer groups led to a lower mesomorphic temperature and a broader mesophase range in
PDI derivative 2.5 compared to PDI derivative 2.4, suggesting that longer spacer groups
favor the formation of more stable mesophases. This highlights the superior mesomorphic
properties of cholesterol-substituted PDI liquid crystals over alkyl-substituted perylene
liquid crystals. The incorporation of cholesterol groups contributed to lower intermediate
phase temperatures and wider phase transition temperature ranges. XRD analysis revealed
that both derivatives exhibited hexagonal columnar phases, and the liquid crystalline alkyl
chains might adopt coiled, folded, or interdigitated configurations. In terms of lumines-
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cence performance, the large alkyl units in the cholesterol structure restricted the rotation
of the phenyl groups, minimizing energy loss and enhancing fluorescence intensity. These
restricted intramolecular rotation mechanisms are commonly used to explain fluorescence
enhancement in the field of aggregation-induced emission. Additionally, the increased
number of alkyl units led to greater steric hindrance, reducing the formation of ordered
aggregates in solution and further boosting fluorescence intensity. Moreover, PDI deriva-
tive 2.5 demonstrated stronger fluorescence than PDI derivative 2.4, indicating that longer
spacer groups are beneficial for fluorescence. Notably, the fluorescence quantum yield
of PDI derivative 2.5 reached an exceptional 0.96, making it one of the most remarkable
among all types of PDI discotic liquid crystals.
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Figure 11. Molecular structure of MEH-PDIs (The black part represents the core structure of the perylene
diimide molecule, while the red part corresponds to the substituent groups): (a) POM image of MEH-
PDIs at 230 ◦C. (b) Schematic representation of MEH-PDIs assembled into a columnar hexagonal LC
phase, highlighting the orthogonal orientation of the PBI units. (The blue arrows indicate the direction
of the main transition dipole moment (mag) of the PDI molecules in MEH-PDIs) [76].
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gates, whereas PDI derivative 2.6 exhibited only weak coupling between transition dipole 
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to design complex supramolecular assemblies with unprecedented stacking modes and 
intriguing optical properties. A tetraphenoxy dendronized PBI with two N-H functional 
groups has been shown to form H-bonded linear chains with slipped stacking arrange-
ments of twisted PDI cores. This results in LC and crystalline columnar J-aggregates 
where the chromophores are aligned parallel to the columnar axis. Remarkably, the com-
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Figure 12. Molecular structures of PDI derivatives 2.4 and 2.5 (The black part represents the core
structure of the perylene diimide molecule, while the red part corresponds to the substituent groups):
(a) POM image of PDI derivative 2.4, showing the textures on cooling at 130 ◦C (×400); (b) POM
image of PDI derivative 2.5, displaying the textures on cooling at 130 ◦C (×400); (c) schematic
illustration of the hexagonal columnar phase stacking for both derivatives [77].

Würthner et al. report a series of crystalline and LC PDIs self-assembling into single
or multi-stranded (two, three, and four strands) aggregates with predominant J-type exci-
ton coupling as shown in Figure 13 [78]. The present series of compounds (PDIs 2.6–2.9)
was designed by using four different phenoxy spacers (ortho-, meta-, para-hydroxyl-,
and 2-hydroxy-6-methyl phenoxy) and 3,4,5-tridodecyloxybenzoate dendrons. All PDI
derivatives self-assemble in ordered, anisotropic structures independent of the substitution
pattern at the phenoxy spacers. PDI 2.6 forms a crystalline phase while PDIs 2.7–2.9 gener-
ate LC phases. Meanwhile, PDI derivatives 2.7–2.9 formed strongly coupled J-aggregates,
whereas PDI derivative 2.6 exhibited only weak coupling between transition dipole mo-
ments. This demonstrates how the molecular engineering of PDI dyes can be utilized
to design complex supramolecular assemblies with unprecedented stacking modes and
intriguing optical properties. A tetraphenoxy dendronized PBI with two N-H functional
groups has been shown to form H-bonded linear chains with slipped stacking arrange-
ments of twisted PDI cores. This results in LC and crystalline columnar J-aggregates where
the chromophores are aligned parallel to the columnar axis. Remarkably, the composition
of these columnar assemblies can be tuned to consist of one, two, three, or four chains,
depending on the molecular design imparted by the appropriate dendritic wedge. In this
context, the relative position of the dendritic moieties at the phenoxy spacers of the PDI
core determines the spatial requirements (i.e., the twist of the perylene core, the pitch, and
consequently, the number of strands in a single column). Moreover, these structural features
directly translate into functional properties due to the electronic coupling of the transition
dipole moments of tightly stacked dyes. Here, it is demonstrated that the red-shift of
the absorption maximum in the aggregated state, compared to the monomer, depends
on the number of self-assembled chains and provides optimal J-aggregation (with purely
negative coupling between adjacent molecules) for the double-chain arrangement of PDI
2.9. Strongly coupled J-aggregates are promising materials for photonic devices, with
significant breakthroughs in the study of optical microcavities.
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Figure 13. Molecular structures of PDI derivatives 2.6–2.9 and their corresponding schematic repre-
sentations of self-assembly mechanisms [78].

3. AIE-Modified PDI-Based Discotic Liquid Crystals
Perylene diimide is a well-established lumophore consisting of multiple fused planar

aromatic rings, which enhances the extent of π-π coupling by increasing the conjugation
length and promoting stronger electronic interactions between the aromatic units [79–81].
The resulting larger discotic stacking can indeed lead to more efficient light emission in
solution, but at the same time, their ACQ effect becomes more severe [82,83]. As depicted in
Figure 14, N, N-Dicyclohexyl-1,7-dibromo-3,4,9,10-perylene-tetracarboxyldiimide (DDPD)
is not only a typical discotic liquid crystal (DLC) molecule but also an excellent lumophore.
As an example of the ACQ effect, DDPD shows high luminescence intensity in diluted
THF solution, but its emission significantly decreases when water is added to the THF,
as the immiscibility of DDPD with water increases the local concentration of lumophore,
leading to the aggregation of DDPD molecules [84–86]. As the water content increases to
60 vol%, the solvation ability of the THF/water mixture diminishes, causing most DDPD
molecules to aggregate. The formation of these aggregates results in the complete quenching
of DDPD luminescence. The central disk-shaped perylene core of the DDPD molecule
likely undergoes strong π-π stacking interactions within the aggregate, contributing to the
observed quenching [87,88].
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In 2001, Benzhong Tang’s research group observed an intriguing phenomenon while in-
vestigating silicon-based hole compounds, such as 1-methyl-1,2,3,4,5-pentaphenylsilicone [89].
The compound exhibited no light emission when dissolved but emitted light upon aggrega-
tion, a behavior that contrasts with the typical ACQ effect observed in many conventional
organic fluorescent materials [90,91]. Subsequently, Tang and colleagues measured the fluo-
rescence quantum yield (FF) of this compound in an ethanol/water system and discovered
that its FF reached 0.21 when the water fraction was 90%, representing a 333-fold increase
compared to its value in ethanol solution. This result demonstrated the compound’s en-
hanced fluorescence emission upon aggregation [92]. As this light emission is triggered by
aggregation, Tang and colleagues coined the term “aggregation-induced emission” (AIE) to
describe this phenomenon [93,94]. By modifying these systems with specific substituents, it
is possible to mitigate ACQ and enhance fluorescence through AIE. Since the introduction
of the concept of AIE, numerous research groups have focused on designing and synthe-
sizing new AIE luminophores, optimizing and modulating their aggregated forms, and
investigating and controlling their emission behaviors. A significant number of AIE-active
molecules have been synthesized [95]. One such molecule is hexaphenylsilane (HPS), a
helical, non-planar compound. The unique structural characteristics of HPS give rise to
distinct emission behaviors. In dilute solution, the six phenyl rotors of the HPS molecule
undergo dynamic rotation around the silicon core, which results in the non-radiative deac-
tivation of the excited state, effectively preventing the molecule from emitting light [96,97].
In aggregates, HPS molecules cannot stack through the π-π stacking process due to their
helical shape, and their phenyl rotors’ molecular rotation is significantly restricted due
to physical constraints [31]. This restriction on intramolecular rotation (RIR) blocks the
non-radiative pathways and opens up the radiative channel. Therefore, HPS molecules
emit light in the aggregated state. The competition between AIE and ACQ, two completely
opposite luminescent properties, has attracted the interest of researchers [98–100].

Since Tang and his colleagues first reported the phenomenon of AIE [89], extensive
research has been conducted on the development of AIE-active optoelectronic materials
and their applications across various optoelectronic fields [89]. Notably, the modification
of PDI-based discotic liquid crystal molecules has attracted significant attention from re-
searchers due to their promising properties and potential for diverse applications [101–104].
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In 2012, Tang’s group chemically modified PDIs by attaching two tetraphenylethylene
(TPE) groups to its bay positions as represented in Figure 15. This modification resulted
in a significant fluorescence red-shift (over 120 nm) and endowed the derivatives (1,6-
/1,7-dtpePDIs) with distinct AIE behavior [104,105]. Both 1,6-dtpePDIs and 1,7-dtpePDIs
exhibited bright red fluorescence in the solid state, marking the successful transition of
PBI from the traditional ACQ behavior to AIE behavior. This transition demonstrated that
modifying ACQ molecules with TPE groups is an effective strategy for constructing novel
AIE-active materials. The FF of 1,7-dtpePDIs aggregates (solid-state FF = 29.7%, liquid-
state FF = 90% when formed in hexane/dichloromethane mixtures) was approximately
424 times higher than that observed in dichloromethane solution (FF = 0.07%). Electro-
chemical studies confirmed that 1,7-dtpePDIs retained the inherent n-type semiconductor
properties of the PBI core. In various nonsolvent/solvent mixtures (e.g., water/THF,
methanol/DCM, hexane/DCM, methanol/dioxane), the bulky and twisted TPE moieties
attached to the PBI core did not impede the formation of ordered assemblies. Well-defined
one-dimensional (1D) microstructures, including fibers, wires, and rods, were obtained,
which emitted bright red fluorescence and demonstrated waveguiding properties [106–108].
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Figure 15. Molecular structures of the mono- and di-TPE-substituted PBIs (The black part represents
the core structure of the perylene diimide molecule, while the blue part corresponds to the AIE
molecule substituent group) [105].

Subsequently, Tang and colleagues investigated the effect of substituent numbers on
the AIE performance of PDIs by comparing the fluorescence properties of unsubstituted,
mono-, and di-TPE-substituted PDIs. The results showed that DBuT-PEPDIs exhibited
weak characteristic PBI emission in solution. In contrast, solid-state fluorescence studies
demonstrated that TPE-modified PBIs exhibited typical AIE behavior. This finding high-
lighted that the fluorescence (FL) properties of PBIs could shift from ACQ to AIE with
the modification of a single TPE fragment. However, attaching only one TPE group to
the larger PBI core partially altered its fluorescence characteristics. In dilute solution, the
mono-TPE-substituted PBI (DBuTPEPDIs) displayed characteristic fluorescence features,
albeit with a reduced FF (2.2%). When aggregates were formed in hexane/DCM mixtures
(fh = 90%), the powder samples emitted red fluorescence. In contrast, the di-TPE-substituted
PDIs (DBuDTPEPDIs) exhibited a very low FF (0.07%) and poor solubility in dilute solution.
However, in the aggregated state, formed in hexane/DCM mixtures (fh = 90%), these
molecules emitted efficient red-to-near-infrared FL in the powder form.

In 2017, Yang et al. successfully synthesized a 1,7-disubstituted PDI derivative (3.1),
incorporating the AIE-active molecule diphenylacrylonitrile, with a high yield as indi-
cated in Figure 16 [109]. This highly substituted PDI derivative exhibited well-ordered
hexagonal columnar liquid crystal behavior within the temperature range of 124.9–189.5 ◦C.
Upon excitation at 480 nm, the fluorescence intensity decreased as the water content in
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THF/H2O mixtures increased. However, when excited at 330 nm, a significant fluorescence
enhancement was observed, with the intensity reaching its peak at a water fraction of 40%.
This resulted in a tenfold increase in fluorescence intensity and a pseudo-Stokes shift of
251 nm. The observed phenomena were successfully explained by AIE and Förster res-
onance energy transfer (FRET) effects, which were further corroborated by fluorescence
quantum yield and lifetime studies.
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Figure 16. Molecular structures of PDI derivative 3.1: (a) POM texture of PDI derivative 3.1 obtained
upon cooling at 150 ◦C, with magnification at 200× for the large image and 500× for the smaller
image. (b) Emission spectra of compound 6 in THF/H2O mixtures with varying water fractions
(2 × 10−6 M) excited at λ = 330 nm. (Inset: variation in fluorescence intensity as a function of water
fraction in THF/H2O mixtures) [109].

In 2018, the Yang group successfully incorporated diphenylacrylonitrile into the side
chains of the amine substituents on PDIs, resulting in the synthesis of PDI derivative 3.2
as described in Figure 17 [110]. DSC, POM, and XRD studies confirmed that this mate-
rial could self-assemble into a stable hexagonal columnar liquid crystal phase within the
temperature range of 56–160 ◦C. The PDI derivative also exhibited robust fluorescence
in solution, thin films, and mesophases, which can be attributed to the synergistic effects
of AIE and FRET between the diphenylacrylonitrile and perylene moieties. It achieved
a pseudo-Stokes shift of 283 nm, with fluorescence quantum yields ranging from 0.62 to
0.79 in solution and from 0.68 to 0.86 in the solid state. This study presents an effective
strategy for converting columnar liquid crystals with ACQ effects into those exhibiting
AIE effects, successfully bridging the gap between outstanding columnar mesomorphic
properties and strong solid-state fluorescence. The structural features of TPE and dipheny-
lacrylonitrile play critical roles in inducing AIE in PDIs-DLCs. For TPE, the steric hindrance
created by its phenyl groups limits molecular motion and prevents the formation of tightly
packed aggregates prone to ACQ. This loose packing promotes efficient radiative transi-
tions in the aggregated state. Diphenylacrylonitrile, on the other hand, contributes through
its electron-rich and electron-deficient regions, which enhance electronic coupling with
the PDI core and allow for extended π-conjugation in the aggregated state. These features
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collectively result in fluorescence enhancement and make these systems highly suitable for
solid-state optoelectronic devices.
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Figure 17. Molecular structures of PDI derivative 3.2 (The black part represents the core structure
of the perylene diimide molecule, while the blue part corresponds to the AIE molecule substituent
group): (a) POM image of PDI derivative 3.2 in the mesophase at 120 ◦C. (b) Emission spectra of PBI
5 in a 10 mM THF–water system with varying water fractions (fw), excited at λex = 330 nm. (Inset:
variation in fluorescence intensity as a function of water fraction, fw) [110].

These findings suggest that for smaller conjugated systems, the attachment of a single
TPE unit to the core is sufficient to transition the emission behavior from ACQ to AIE.

4. Discotic Liquid Crystal-Modified PDI Derivatives
DLCs, first discovered by Chandrasekhar in 1977, typically feature a planar aromatic

core surrounded by multiple peripheral flexible chains [111–113]. In 1994, D. Haarer
reported that hexahexylthio-triphenylene (HHTT) demonstrated high hole charge carrier
mobility of up to 0.1 cm2 V−1 s−1 comparable to that of amorphous silicon. This significant
finding sparked considerable interest in triphenylene-based DLCs due to their potential
for electronic applications [114,115]. Triphenylene derivatives offer several advantages,
including tunable chemical structures, ease of processing, self-assembly capabilities, and
relatively high charge carrier mobility. Furthermore, their electron-rich nature contributes
to excellent hole transport properties, making them highly suitable for various electronic
applications [31,116–118]. The design and fabrication of triphenylene and perylene-based
donor–acceptor (D-A) bipolar transport self-organizing semiconductor structures have
garnered significant interest from researchers. These structures facilitate the spontaneous
nanoscale segregation of p-type and n-type domains within the bulk material, thereby
creating well-defined and distinct conductive pathways for each type of charge carrier.
This self-organization enhances charge transport efficiency and holds great promise for
advanced electronic applications [119–121]. Investigating the relationship between the
self-assembly of D-A liquid crystals with nanoscale segregated structures and their charge
transport properties offers valuable insights into the fundamental mechanisms that govern
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charge dynamics. This understanding can serve as a foundation for the rational design
of high-performance liquid crystal materials, particularly in the field of OPVs, where
optimized charge transport is crucial for device efficiency [122,123].

Ribierre et al. designed and synthesized two self-assembled discotic liquid crystalline
D–A and donor–acceptor–donor (D–A–D) systems, incorporating triphenylene and PDI
units as shown in Figure 18. These systems were engineered to explore the interplay
between their molecular structure and self-assembly behavior, aiming to optimize charge
transport and light absorption properties for potential applications in organic electron-
ics [124]. The photophysical properties of self-assembled discotic liquid crystalline D–A
and D–A–D systems, composed of triphenylene and PDI units, were investigated in thin
films using steady-state optical spectroscopy and subpicosecond transient absorption mea-
surements. These systems, in which triphenylene and PDI units are covalently linked by
flexible decyloxy chains, serve as the electron donor (D) and acceptor (A), respectively. The
liquid crystalline structures formed exhibit well-separated donor and acceptor π-stacked
columnar arrangements in thin films. In the dyad and triad systems, the molecules sponta-
neously self-assemble into columnar nanostructures with distinct arrangements of D and
A units. Dyads form alternate D–A stacks, while triads display more complex interwo-
ven structures. Absorption spectra of the films indicate the aggregation of the PDIs and
triphenylene moieties along the columns. Steady-state photoluminescence measurements
show significant fluorescence quenching, primarily due to photoinduced charge transfer
(CT) processes occurring between the triphenylene donor and PDI acceptor units. Subpi-
cosecond transient absorption measurements reveal that photoinduced CT states in the
dyad and triad films form within 0.3 ps and recombine on a time scale of 150–360 ps. A
correlation between charge recombination dynamics and the spacing between donor and
acceptor units was observed, with longer D–A spacing extending the lifetime of CT states
without significantly affecting their formation rate. This finding suggests a viable strategy
for optimizing molecular design in these systems. The flexible alkyl chains connecting the
D and A units allow for tunable self-assembly and enhanced optoelectronic properties. This
study provides valuable insights into how molecular packing influences charge transfer
dynamics and lays the groundwork for the rational design of high-performance organic
electronic materials.

Zhang’s research group synthesized a series of D–A liquid crystals, incorporating
pentoxyl benzofluorene as the electron donor, PDI units as the electron acceptor, and
nonylamine as the bridging chain [125,126]. It was found that these D–A liquid crystals
form highly ordered rectangular or hexagonal columnar phases at lower temperatures while
transitioning to hexagonal columnar phases at higher temperatures. Specifically, 5D9A8
and 5D9A4 formed nano-segregated structures, where the D–A components self-assembled
into separate columns, exhibiting distinct hexagonal and rectangular columnar phases,
as shown in Figure 19c,d, respectively. Characterization using steady-state spectroscopy
revealed that in the solid state, the benzofluorene and perylene cores stack separately
into columns, forming a well-defined nano-segregated structure. Notably, this structure
demonstrated charge carrier mobility up to 10−3 cm2V−1s−1, highlighting that the D-A
segregated arrangement creates distinct channels for hole and electron transport, effectively
enhancing charge carrier mobility.
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Figure 18. (a) Chemical structures of the dyad and triad molecules. (b) A schematic representation of
(left) the self-organization within the Colhex mesophases of the D–A dyad and (right) the hexagonal
lattice (blue lozenge) formed by undifferentiated columns. The distance ddyad ≈1.9 nm (green line)
corresponds to the average center-to-center spacing distance between D and A columns. (c) A
schematic representation of (left) the self-organization within the Colobl mesophases of the D–A–D
triad after annealing and (right) the oblique lattice (blue parallelogram) formed by intermingled
distinct columns located at the nodes of distorted hexagonal lattices (blue dashed distorted hexagon).
The distances d1

triad ≈ 1.4 and d2
triad ≈ 2.5 nm (respectively green solid and dashed line) correspond

to the two average center-to-center spacing distances between D and A columns coexisting within
the triad columnar arrangement [124].



Molecules 2025, 30, 799 22 of 28

Figure 19. (a) Molecular structures of the 5D9An series of compounds (The black part represents the
core structure of the perylene diimide molecule, while the red part corresponds to the substituent
groups of the disc-shaped liquid crystal molecules); (b) POM images of all dyads cooling from the
isotropic liquid at 0.5 ◦C min−1 ((a′) 5D9A4 in 100 ◦C; (b′) 5D9A5 in 100 ◦C; (c′) 5D9A6 in 100 ◦C;
(d′) 5D9A7 in 100 ◦C; (e′) 5D9A8 in 100 ◦C; (f′) 5D9A4 in 30 ◦C; (g′) 5D9A5 in 30 ◦C; (h′) 5D9A6 in
30 ◦C; (i′) 5D9A7 in 30 ◦C); (c) Colh molecular stack diagram of 5D9A8; (d) Colr molecular stack
diagram of 5D9A4 [125].

5. Summary and Future Outlook
Perylene diimide-based liquid crystals (PDIs-DLCs) represent a highly promising

class of materials with significant potential for a wide range of advanced applications.
The imide and bay positions on the PDI core offer extensive opportunities for function-
alization, enabling the nearly unlimited customization of these molecules. In addition to
conventional alkyl chains and basic substituents, a diverse array of specialized functional
groups can be incorporated into PDI molecules, leading to multifunctional materials with
a broad spectrum of exceptional properties. Integrating AIE molecules into perylene-
based discotic liquid crystal molecules is a promising approach with potential applications
and can address the challenges posed by the ACQ effect. Advanced molecular design
strategies are needed to enhance charge transport properties. However, research on this
integration remains relatively sparse. The development of more complex substituents and
advanced modification methods presents significant obstacles. Achieving the effective
integration of PDIs-DLCs with high-performance molecules remains a critical challenge,
and advancing this area is essential for realizing the full potential of these materials in
practical applications.

To contextualize the strengths and weaknesses of PDI-based DLCs in organic electron-
ics, they exhibit high electron mobilities, often surpassing traditional n-type semiconductors
like fullerene derivatives. However, their hole mobilities are lower compared to p-type
materials like pentacene and rubrene due to their n-type nature. Their fluorescence quan-
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tum yields and absorption spectra are competitive, especially in applications like OPVs.
While the synthesis of PDIs-DLCs, particularly with complex functionalization, poses
scalability challenges, their molecular precision and thermal stability offer advantages
for high-performance applications. Additionally, their discotic liquid crystalline nature
enables the formation of highly ordered thin films, crucial for optoelectronic devices requir-
ing molecular alignment, unlike amorphous organic semiconductors that, while easier to
process, lack self-organizing capabilities.

In-depth research and the exploration of novel PDIs-DLC molecules possess consider-
able practical significance and offer substantial potential for diverse applications across
multiple fields. These include OFETs, fluorescent solar concentrators, electrophotographic
devices, dye lasers, and OPVs. By addressing challenges in scalability, stability, device
integration, manufacturing, cost-effectiveness, and commercial viability, PDIs-DLCs can
achieve breakthroughs in performance and functionality, broadening their applicability
and impact in both scientific research and industrial sectors.
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5. Demmig, S.; Langhals, H. Leichtlösliche, lichtechte Perylen-Fluoreszenzfarbstoffe. Chem. Berichte 1988, 121, 225–230. [CrossRef]
6. Langhals, H. Cyclic carboxylic imide structures as structure elements of high stability. Novel developments in perylene dye

chemistry. Heterocycles 1995, 1, 477–500. [CrossRef]
7. Langhals, H.; von Unold, P.; Speckbacher, M. Balanced Decarboxylation of Aromatic Polyacids–A One-Step Synthesis of

Perylene-3, 4-dicarboxylic Anhydride. Liebigs Ann. 1997, 1997, 467–468. [CrossRef]
8. Cormier, R.A.; Gregg, B.A. Synthesis and characterization of liquid crystalline perylene diimides. Chem. Mater. 1998, 10, 1309–1319.

[CrossRef]
9. Würthner, F.; Saha-Möller, C.R.; Fimmel, B.; Ogi, S.; Leowanawat, P.; Schmidt, D. Perylene bisimide dye assemblies as archetype

functional supramolecular materials. Chem. Rev. 2016, 116, 962–1052. [CrossRef]
10. Pressner, D.; Gültner, C.; Spiess, H.W.; Müllen, K. Liquid crystalline perylene derivatives: Orientation and phase variation of

discotic dyes. Berichte Bunsenges. Phys. Chem. 1993, 97, 1362–1365. [CrossRef]
11. Cormier, R.A.; Gregg, B.A. Self-organization in thin films of liquid crystalline perylene diimides. J. Phys. Chem. B 1997,

101, 11004–11006. [CrossRef]

https://doi.org/10.1002/cber.19140470238
https://doi.org/10.1002/cber.19851181138
https://doi.org/10.1002/cber.191404701191
https://doi.org/10.1002/cber.19881210205
https://doi.org/10.3987/REV-94-SR2
https://doi.org/10.1002/jlac.199719970305
https://doi.org/10.1021/cm970695b
https://doi.org/10.1021/acs.chemrev.5b00188
https://doi.org/10.1002/bbpc.19930971030
https://doi.org/10.1021/jp9732064


Molecules 2025, 30, 799 24 of 28

12. Görl, D.; Soberats, B.; Herbst, S.; Stepanenko, V.; Würthner, F. Perylene bisimide hydrogels and lyotropic liquid crystals with
temperature-responsive color change. Chem. Sci. 2016, 7, 6786–6790. [CrossRef] [PubMed]

13. Würthner, F.; Bauer, C.; Stepanenko, V.; Yagai, S. A black perylene bisimide super gelator with an unexpected J-type absorption
band. Adv. Mater. 2008, 20, 1695–1698. [CrossRef]

14. Safont-Sempere, M.M.; Stepanenko, V.; Lehmann, M.; Würthner, F. Impact of core chirality on mesophase properties of perylene
bisimides. J. Mater. Chem. 2011, 21, 7201–7209. [CrossRef]

15. Würthner, F.; Thalacker, C.; Diele, S.; Tschierske, C. Fluorescent J-type aggregates and thermotropic columnar mesophases of
perylene bisimide dyes. Chem.—Eur. J. 2001, 7, 2245–2253. [CrossRef] [PubMed]

16. Chen, Z.; Baumeister, U.; Tschierske, C.; Würthner, F. Effect of core twisting on self-assembly and optical properties of perylene
bisimide dyes in solution and columnar liquid crystalline phases. Chem.—Eur. J. 2007, 13, 450–465. [CrossRef] [PubMed]

17. Hecht, M.; Wurthner, F. Supramolecularly engineered J-aggregates based on perylene bisimide dyes. Acc. Chem. Res. 2020,
54, 642–653. [CrossRef] [PubMed]

18. Gupta, R.K.; Sudhakar, A.A. Perylene-based liquid crystals as materials for organic electronics applications. Langmuir 2018,
35, 2455–2479. [CrossRef] [PubMed]

19. Patterson, A.K.; El-Qarra, L.H.; Smith, D.K. Chirality-directed hydrogel assembly and interactions with enantiomers of an active
pharmaceutical ingredient. Chem. Commun. 2022, 58, 3941–3944. [CrossRef]

20. Li, J.; Li, P.; Fan, M.; Zheng, X.; Guan, J.; Yin, M. Chirality of Perylene Diimides: Design strategies and applications. Angew. Chem.
2022, 134, e202202532. [CrossRef]

21. Molla, M.R.; Ghosh, S. Aqueous self-assembly of chromophore-conjugated amphiphiles. Phys. Chem. Chem. Phys. 2014,
16, 26672–26683. [CrossRef]

22. Würthner, F. Perylene bisimide dyes as versatile building blocks for functional supramolecular architectures. Chem. Commun.
2004, 14, 1564–1579. [CrossRef] [PubMed]

23. Debije, M.G.; Chen, Z.; Piris, J.; Neder, R.B.; Watson, M.M.; Müllen, K.; Würthner, F. Dramatic increase in charge carrier lifetime
in a liquid crystalline perylene bisimide derivative upon bay substitution with chlorine. J. Mater. Chem. 2005, 15, 1270–1276.
[CrossRef]

24. Ahrens, M.J.; Fuller, M.J.; Wasielewski, M.R. Cyanated perylene-3, 4-dicarboximides and perylene-3, 4: 9, 10-bis (dicarboximide):
Facile chromophoric oxidants for organic photonics and electronics. Chem. Mater. 2003, 15, 2684–2686. [CrossRef]

25. Zhan, X.; Tan, Z.A.; Domercq, B.; An, Z.; Zhang, X.; Barlow, S.; Li, Y.; Zhu, D.; Kippelen, B.; Marder, S.R. A high-mobility
electron-transport polymer with broad absorption and its use in field-effect transistors and all-polymer solar cells. J. Am. Chem.
Soc. 2007, 129, 7246–7247. [CrossRef] [PubMed]

26. Lindner, S.M.; Kaufmann, N.; Thelakkat, M. Nanostructured semiconductor block copolymers: π–π Stacking, optical and
electrochemical properties. Org. Electron. 2007, 8, 69–75. [CrossRef]

27. Jung, B.J.; Tremblay, N.J.; Yeh, M.-L.; Katz, H.E. Molecular design and synthetic approaches to electron-transporting organic
transistor semiconductors. Chem. Mater. 2011, 23, 568–582. [CrossRef]

28. Jiménez, Á.J.; Spänig, F.; Rodriguez-Morgade, M.S.; Ohkubo, K.; Fukuzumi, S.; Guldi, D.M.; Torres, T. A tightly coupled bis (zinc
(II) phthalocyanine)-perylenediimide ensemble to yield long-lived radical ion pair states. Org. Lett. 2007, 9, 2481–2484. [CrossRef]
[PubMed]

29. Law, K.Y. Organic photoconductive materials: Recent trends and developments. Chem. Rev. 1993, 93, 449–486. [CrossRef]
30. Chen, H.; Ling, M.; Mo, X.; Shi, M.; Wang, M.; Bao, Z. Air stable n-channel organic semiconductors for thin film transistors based

on fluorinated derivatives of perylene diimides. Chem. Mater. 2007, 19, 816–824. [CrossRef]
31. Schmidt-Mende, L.; Fechtenkotter, A.; Mullen, K.; Moons, E.; Friend, R.H.; MacKenzie, J.D. Self-organized discotic liquid crystals

for high-efficiency organic photovoltaics. Science 2001, 293, 1119–1122. [CrossRef] [PubMed]
32. Gao, Z.; Peng, J.; Zhong, T.; Sun, J.; Wang, X.; Yue, C. Biocompatible elastomer of waterborne polyurethane based on castor oil

and polyethylene glycol with cellulose nanocrystals. Carbohydr. Polym. 2012, 87, 2068–2075. [CrossRef]
33. Anthony, J.E. Small-molecule, nonfullerene acceptors for polymer bulk heterojunction organic photovoltaics. Chem. Mater. 2011,

23, 583–590. [CrossRef]
34. Figueira-Duarte, T.M.; Mullen, K. Pyrene-based materials for organic electronics. Chem. Rev. 2011, 111, 7260–7314. [CrossRef]
35. Würthner, F.; Chen, Z.; Dehm, V.; Stepanenko, V. One-dimensional luminescent nanoaggregates of perylene bisimides. Chem.

Commun. 2006, 16, 1188–1190. [CrossRef] [PubMed]
36. Huang, C.; Barlow, S.; Marder, S.R. Perylene-3, 4, 9, 10-tetracarboxylic acid diimides: Synthesis, physical properties, and use in

organic electronics. J. Org. Chem. 2011, 76, 2386–2407. [CrossRef] [PubMed]
37. Behera, P.K.; Chen, F.-R.; Mondal, I.; Lenka, S.; Gautam, P.; Khatiwoda, N.; Siddiqui, I.; Krishnaprasad, V.; Ahmed, R.; Rao, D.S.S.

Superior electron mobility, red electroluminescence with high quantum efficiency from printable room temperature columnar
liquid crystalline perylene bisimide. Chem. Eng. J. 2024, 488, 150762. [CrossRef]

https://doi.org/10.1039/C6SC02249A
https://www.ncbi.nlm.nih.gov/pubmed/28451124
https://doi.org/10.1002/adma.200702935
https://doi.org/10.1039/c1jm10309a
https://doi.org/10.1002/1521-3765(20010518)7:10%3C2245::AID-CHEM2245%3E3.0.CO;2-W
https://www.ncbi.nlm.nih.gov/pubmed/11411996
https://doi.org/10.1002/chem.200600891
https://www.ncbi.nlm.nih.gov/pubmed/17143924
https://doi.org/10.1021/acs.accounts.0c00590
https://www.ncbi.nlm.nih.gov/pubmed/33289387
https://doi.org/10.1021/acs.langmuir.8b01081
https://www.ncbi.nlm.nih.gov/pubmed/29929366
https://doi.org/10.1039/D1CC06942J
https://doi.org/10.1002/ange.202202532
https://doi.org/10.1039/C4CP03791J
https://doi.org/10.1039/B401630K
https://www.ncbi.nlm.nih.gov/pubmed/15263926
https://doi.org/10.1039/B416407E
https://doi.org/10.1021/cm034140u
https://doi.org/10.1021/ja071760d
https://www.ncbi.nlm.nih.gov/pubmed/17508752
https://doi.org/10.1016/j.orgel.2006.11.002
https://doi.org/10.1021/cm102296d
https://doi.org/10.1021/ol0707968
https://www.ncbi.nlm.nih.gov/pubmed/17542596
https://doi.org/10.1021/cr00017a020
https://doi.org/10.1021/cm062352w
https://doi.org/10.1126/science.293.5532.1119
https://www.ncbi.nlm.nih.gov/pubmed/11498585
https://doi.org/10.1016/j.carbpol.2011.10.027
https://doi.org/10.1021/cm1023019
https://doi.org/10.1021/cr100428a
https://doi.org/10.1039/b517020f
https://www.ncbi.nlm.nih.gov/pubmed/16518486
https://doi.org/10.1021/jo2001963
https://www.ncbi.nlm.nih.gov/pubmed/21410184
https://doi.org/10.1016/j.cej.2024.150762


Molecules 2025, 30, 799 25 of 28

38. Ishii, T.; Bencheikh, F.; Forget, S.; Chénais, S.; Heinrich, B.; Kreher, D.; Sosa Vargas, L.; Miyata, K.; Onda, K.; Fujihara, T. Enhanced
light–matter interaction and polariton relaxation by the control of molecular orientation. Adv. Opt. Mater. 2021, 9, 2101048.
[CrossRef]

39. Maki, T.; Hashimoto, H. Vat dyes of acenaphthene series. IV. Condensation of perylenetetracarboxylic acid anhydride with
o-phenylenediamine. Bull. Chem. Soc. Jpn. 1952, 25, 411–413. [CrossRef]

40. Maki, T.; Hashimoto, H. Vat Dyes of Acenaphthene Series. VI. Derivatives of Acenaphthene Violet. Bull. Chem. Soc. Jpn. 1954,
27, 602–605. [CrossRef]

41. Rademacher, A.; Märkle, S.; Langhals, H. Loesliche perylen-Fluoreszenzfarbstoffe mit hoher photostabilitaet. Chem. Berichte 1982,
8, 2927–2934. [CrossRef]

42. Lindner, S.M.; Hüttner, S.; Chiche, A.; Thelakkat, M.; Krausch, G. Charge separation at self-assembled nanostructured bulk
interface in block copolymers. Angew. Chem. Int. Ed. 2006, 45, 3364–3368. [CrossRef] [PubMed]

43. Hüttner, S.; Sommer, M.; Thelakkat, M. n-type organic field effect transistors from perylene bisimide block copolymers and
homopolymers. Appl. Phys. Lett. 2008, 92, 093302. [CrossRef]

44. Sommer, M.; Lang, A.S.; Thelakkat, M. Crystalline–crystalline donor–acceptor block copolymers. Angew. Chem. 2008, 120,
8019–8022. [CrossRef]

45. Iverson, I.K.; Tam-Chang, S.-W. Cascade of molecular order by sequential self-organization, induced orientation, and order
transfer processes. J. Am. Chem. Soc. 1999, 121, 5801–5802. [CrossRef]

46. Kim, J.Y.; Chung, I.J.; Kim, Y.C.; Yu, J.-W. Mobility of electrons and holes in a liquid crystalline perylene diimide thin film with
time of flight technique. Chem. Phys. Lett. 2004, 398, 367–371. [CrossRef]

47. Struijk, C.W.; Sieval, A.B.; Dakhorst, J.E.; van Dijk, M.; Kimkes, P.; Koehorst, R.B.; Donker, H.; Schaafsma, T.J.; Picken, S.J.;
van de Craats, A.M. Liquid crystalline perylene diimides: Architecture and charge carrier mobilities. J. Am. Chem. Soc. 2000,
122, 11057–11066. [CrossRef]

48. Funahashi, M.; Sonoda, A. High electron mobility in a columnar phase of liquid-crystalline perylene tetracarboxylic bisimide
bearing oligosiloxane chains. J. Mater. Chem. 2012, 22, 25190–25197. [CrossRef]

49. Li, F.; Li, Y.; Wei, G.; Wang, Y.; Li, S.; Cheng, Y. Circularly Polarized Luminescence of Chiral Perylene Diimide Based Enantiomers
Triggered by Supramolecular Self-Assembly. Chem.—Eur. J. 2016, 22, 12910–12915. [CrossRef] [PubMed]

50. Wang, L.; Partridge, B.E.; Huang, N.; Olsen, J.T.; Sahoo, D.; Zeng, X.; Ungar, G.; Graf, R.; Spiess, H.W.; Percec, V. Extraordinary
acceleration of cogwheel helical self-organization of dendronized perylene bisimides by the dendron sequence encoding their
tertiary structure. J. Am. Chem. Soc. 2020, 142, 9525–9536. [CrossRef] [PubMed]

51. Huang, J.; Su, Z.; Huang, M.; Zhang, R.; Wang, J.; Feng, X.; Zhang, R.; Zhang, R.; Shan, W.; Yan, X.Y. Spherical supramolec-
ular structures constructed via chemically symmetric perylene bisimides: Beyond columnar assembly. Angew. Chem. 2020,
132, 18722–18730. [CrossRef]

52. Muth, M.-A.; Gupta, G.; Wicklein, A.; Carrasco-Orozco, M.; Thurn-Albrecht, T.; Thelakkat, M. Crystalline vs. liquid crystalline
perylene bisimides: Improved electron mobility via substituent alteration. J. Phys. Chem. C 2014, 118, 92–102. [CrossRef]

53. Rogovik, V.; Gutnik, L. Chemistry of perylene-halo-derivatives of perylene-3, 4, 9, 10-tetracarboxylic acid. Zh. Org. Khim. 1988,
24, 635–639.

54. Seybold, G.; Wagenblast, G. New perylene and violanthrone dyestuffs for fluorescent collectors. Dyes Pigments 1989, 11, 303–317.
[CrossRef]

55. Benning, S.; Kitzerow, H.-S.; Bock, H.; Achard, M.-F. Fluorescent columnar liquid crystalline 3, 4, 9, 10-tetra-(n-alkoxycarbonyl)-
perylenes. Liq. Cryst. 2000, 27, 901–906. [CrossRef]

56. Li, S.; Ye, D.; Henzen, A.; Deng, Y.; Zhou, G. Novel perylene-based organic dyes for electro-fluidic displays. New J. Chem. 2020,
44, 415–421. [CrossRef]

57. Hill, Z.B.; Rodovsky, D.B.; Leger, J.M.; Bartholomew, G.P. Synthesis and utilization of perylene-based n-type small molecules in
light-emitting electrochemical cells. Chem. Commun. 2008, 48, 6594–6596. [CrossRef]

58. Rajasingh, P.; Cohen, R.; Shirman, E.; Shimon, L.J.; Rybtchinski, B. Selective bromination of perylene diimides under mild
conditions. J. Org. Chem. 2007, 72, 5973–5979. [CrossRef]

59. Aivali, S.; Anastasopoulos, C.; Andreopoulou, A.K.; Pipertzis, A.; Floudas, G.; Kallitsis, J.K. A “Rigid–Flexible” Approach for
Processable Perylene Diimide-Based Polymers: Influence of the Specific Architecture on the Morphological, Dielectric, Optical,
and Electronic Properties. J. Phys. Chem. B 2020, 124, 5079–5090. [CrossRef] [PubMed]

60. Würthner, F.; Osswald, P.; Schmidt, R.; Kaiser, T.E.; Mansikkamäki, H.; Könemann, M. Synthesis and optical and electrochemical
properties of core-fluorinated perylene bisimides. Org. Lett. 2006, 8, 3765–3768. [CrossRef] [PubMed]

61. Schmidt, R.d.; Oh, J.H.; Sun, Y.-S.; Deppisch, M.; Krause, A.-M.; Radacki, K.; Braunschweig, H.; Könemann, M.; Erk, P.; Bao, Z.
High-performance air-stable n-channel organic thin film transistors based on halogenated perylene bisimide semiconductors. J.
Am. Chem. Soc. 2009, 131, 6215–6228. [CrossRef] [PubMed]

https://doi.org/10.1002/adom.202101048
https://doi.org/10.1246/bcsj.25.411
https://doi.org/10.1246/bcsj.27.602
https://doi.org/10.1002/cber.19821150823
https://doi.org/10.1002/anie.200503958
https://www.ncbi.nlm.nih.gov/pubmed/16619326
https://doi.org/10.1063/1.2885712
https://doi.org/10.1002/ange.200802725
https://doi.org/10.1021/ja983803j
https://doi.org/10.1016/j.cplett.2004.09.016
https://doi.org/10.1021/ja000991g
https://doi.org/10.1039/c2jm35579e
https://doi.org/10.1002/chem.201601328
https://www.ncbi.nlm.nih.gov/pubmed/27470269
https://doi.org/10.1021/jacs.0c03353
https://www.ncbi.nlm.nih.gov/pubmed/32342691
https://doi.org/10.1002/ange.201914889
https://doi.org/10.1021/jp4086602
https://doi.org/10.1016/0143-7208(89)85048-X
https://doi.org/10.1080/02678290050043842
https://doi.org/10.1039/C9NJ04007B
https://doi.org/10.1039/b814913e
https://doi.org/10.1021/jo070367n
https://doi.org/10.1021/acs.jpcb.0c02940
https://www.ncbi.nlm.nih.gov/pubmed/32459484
https://doi.org/10.1021/ol0613416
https://www.ncbi.nlm.nih.gov/pubmed/16898812
https://doi.org/10.1021/ja901077a
https://www.ncbi.nlm.nih.gov/pubmed/19354212


Molecules 2025, 30, 799 26 of 28

62. Schmidt, R.; Ling, M.M.; Oh, J.H.; Winkler, M.; Könemann, M.; Bao, Z.; Würthner, F. Core-Fluorinated Perylene Bisimide Dyes:
Air Stable n-Channel Organic Semiconductors for Thin Film Transistors with Exceptionally High On-to-Off Current Ratios. Adv.
Mater. 2007, 19, 3692–3695. [CrossRef]

63. Zhao, Y.; Wasielewski, M.R. 3, 4: 9, 10-Perylenebis (dicarboximide) chromophores that function as both electron donors and
acceptors. Tetrahedron Lett. 1999, 40, 7047–7050. [CrossRef]

64. Zhen, Y.; Wang, C.; Wang, Z. Tetrachloro-tetra (perylene bisimides): An approach towards N-type graphene nanoribbons. Chem.
Commun. 2010, 46, 1926–1928. [CrossRef] [PubMed]

65. Jiang, W.; Li, Y.; Yue, W.; Zhen, Y.; Qu, J.; Wang, Z. One-pot facile synthesis of pyridyl annelated perylene bisimides. Org. Lett.
2010, 12, 228–231. [CrossRef] [PubMed]

66. Sivamurugan, V.; Kazlauskas, K.; Jursenas, S.; Gruodis, A.; Simokaitiene, J.; Grazulevicius, J.; Valiyaveettil, S. Synthesis and
photophysical properties of glass-forming bay-substituted perylenediimide derivatives. J. Phys. Chem. B 2010, 114, 1782–1789.
[CrossRef] [PubMed]

67. Mu, B.; Hao, X.; Ma, T.; Zhang, Z.; Wang, L.; Tian, W. Lamellarly Segregated Columnar Liquid Crystalline Alternating Copolymers
with High Ambipolar Charge Mobilities. Macromolecules 2023, 56, 4845–4854. [CrossRef]

68. Yang, W.; Liu, D.; Liu, Y.; Yang, S.; Liu, Y.; Shen, Z.; Yang, H.; Fan, X.H.; Zhou, Q.F. Large-Area Uniaxially Oriented Sub-5 nm
Line Patterns of Hybrid Liquid Crystals Constructed by Perylene Diimide and Oligo (Dimethylsiloxane). Chem.—Eur. J. 2023, 29,
e202203702. [CrossRef]

69. Rohr, U.; Schlichting, P.; Böhm, A.; Gross, M.; Meerholz, K.; Bräuchle, C.; Müllen, K. Liquid crystalline coronene derivatives with
extraordinary fluorescence properties. Angew. Chem. Int. Ed. 1998, 37, 1434–1437. [CrossRef]

70. Zhan, X.; Tan, Z.a.; Zhou, E.; Li, Y.; Misra, R.; Grant, A.; Domercq, B.; Zhang, X.-H.; An, Z.; Zhang, X. Copolymers of perylene
diimide with dithienothiophene and dithienopyrrole as electron-transport materials for all-polymer solar cells and field-effect
transistors. J. Mater. Chem. 2009, 19, 5794–5803. [CrossRef]

71. Qiu, W.; Chen, S.; Sun, X.; Liu, Y.; Zhu, D. Suzuki coupling reaction of 1, 6, 7, 12-tetrabromoperylene bisimide. Org. Lett. 2006,
8, 867–870. [CrossRef]

72. Li, C.; Liu, M.; Pschirer, N.G.; Baumgarten, M.; Mullen, K. Polyphenylene-based materials for organic photovoltaics. Chem. Rev.
2010, 110, 6817–6855. [CrossRef]

73. Zhu, M.; Chen, M.; Guo, H.; Yang, F. Fluorescein-bridged perylene bisimide dimer for use as liquid crystal: Studies on
mesomorphic and fluorescence properties. J. Fluoresc. 2021, 31, 1555–1565. [CrossRef]

74. Lin, J.; Ji, X.; Guo, H.; Yang, F. Novel perylene columnar liquid crystal tuned by azo isomerization on bay-positions. J. Mol. Liq.
2019, 290, 111228. [CrossRef]

75. Prehm, M.; Liu, F.; Zeng, X.; Ungar, G.; Tschierske, C. Axial-bundle phases-new modes of 2D, 3D, and helical columnar self-
assembly in liquid crystalline phases of bolaamphiphiles with swallow tail lateral chains. J. Am. Chem. Soc. 2011, 133, 4906–4916.
[CrossRef]

76. Herbst, S.; Soberats, B.; Leowanawat, P.; Lehmann, M.; Würthner, F. A Columnar Liquid-Crystal Phase Formed by Hydrogen-
Bonded Perylene Bisimide J-Aggregates. Angew. Chem. Int. Ed. 2017, 56, 2162–2165. [CrossRef] [PubMed]

77. Zhu, M.; Guo, H.; Yang, F.; Wang, Z. Synthesis, mesomorphic and photophysical properties of novel triads and pentads of
perylene liquid crystals with cholesterol units at the bay-position. RSC Adv. 2017, 7, 4320–4328. [CrossRef]

78. Herbst, S.; Soberats, B.; Leowanawat, P.; Stolte, M.; Lehmann, M.; Würthner, F. Self-assembly of multi-stranded perylene dye
J-aggregates in columnar liquid-crystalline phases. Nat. Commun. 2018, 9, 2646. [CrossRef]

79. Hong, Y.; Lam, J.W.; Tang, B.Z. Aggregation-induced emission. Chem. Soc. Rev. 2011, 40, 5361–5388. [CrossRef] [PubMed]
80. Hong, Y.; Lam, J.W.; Tang, B.Z. Aggregation-induced emission: Phenomenon, mechanism and applications. Chem. Commun. 2009,

29, 4332–4353. [CrossRef] [PubMed]
81. Zhao, Z.; Zhang, H.; Lam, J.W.; Tang, B.Z. Aggregation-induced emission: New vistas at the aggregate level. Angew. Chem. Int.

Ed. 2020, 59, 9888–9907. [CrossRef] [PubMed]
82. Chen, Y.; Lam, J.W.; Kwok, R.T.; Liu, B.; Tang, B.Z. Aggregation-induced emission: Fundamental understanding and future

developments. Mater. Horiz. 2019, 6, 428–433. [CrossRef]
83. Zhao, Z.; He, B.; Tang, B.Z. Aggregation-induced emission of siloles. Chem. Sci. 2015, 6, 5347–5365. [CrossRef]
84. Birks, J. Photophysics of Aromatic Molecules; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 1970.
85. Zhelev, Z.; Ohba, H.; Bakalova, R. Single quantum dot-micelles coated with silica shell as potentially non-cytotoxic fluorescent

cell tracers. J. Am. Chem. Soc. 2006, 128, 6324–6325. [CrossRef]
86. Würthner, F. Aggregation-induced emission (AIE): A historical perspective. Angew. Chem. Int. Ed. 2020, 59, 14192–14196.

[CrossRef] [PubMed]
87. Bakalova, R.; Zhelev, Z.; Aoki, I.; Ohba, H.; Imai, Y.; Kanno, I. Silica-shelled single quantum dot micelles as imaging probes with

dual or multimodality. Anal. Chem. 2006, 78, 5925–5932. [CrossRef]

https://doi.org/10.1002/adma.200701478
https://doi.org/10.1016/S0040-4039(99)01468-9
https://doi.org/10.1039/B926618F
https://www.ncbi.nlm.nih.gov/pubmed/20198255
https://doi.org/10.1021/ol902526t
https://www.ncbi.nlm.nih.gov/pubmed/20000471
https://doi.org/10.1021/jp907697f
https://www.ncbi.nlm.nih.gov/pubmed/20088552
https://doi.org/10.1021/acs.macromol.3c00095
https://doi.org/10.1002/chem.202203702
https://doi.org/10.1002/(SICI)1521-3773(19980605)37:10%3C1434::AID-ANIE1434%3E3.0.CO;2-P
https://doi.org/10.1039/b907163f
https://doi.org/10.1021/ol052923a
https://doi.org/10.1021/cr100052z
https://doi.org/10.1007/s10895-021-02793-2
https://doi.org/10.1016/j.molliq.2019.111228
https://doi.org/10.1021/ja110065r
https://doi.org/10.1002/anie.201612047
https://www.ncbi.nlm.nih.gov/pubmed/28092132
https://doi.org/10.1039/C6RA27003D
https://doi.org/10.1038/s41467-018-05018-6
https://doi.org/10.1039/c1cs15113d
https://www.ncbi.nlm.nih.gov/pubmed/21799992
https://doi.org/10.1039/b904665h
https://www.ncbi.nlm.nih.gov/pubmed/19597589
https://doi.org/10.1002/anie.201916729
https://www.ncbi.nlm.nih.gov/pubmed/32048428
https://doi.org/10.1039/C8MH01331D
https://doi.org/10.1039/C5SC01946J
https://doi.org/10.1021/ja061137d
https://doi.org/10.1002/anie.202007525
https://www.ncbi.nlm.nih.gov/pubmed/32662175
https://doi.org/10.1021/ac060412b


Molecules 2025, 30, 799 27 of 28

88. Niu, G.; Zhang, R.; Shi, X.; Park, H.; Xie, S.; Kwok, R.T.; Lam, J.W.; Tang, B.Z. AIE luminogens as fluorescent bioprobes. TrAC
Trends Anal. Chem. 2020, 123, 115769. [CrossRef]

89. Luo, J.; Xie, Z.; Lam, J.W.; Cheng, L.; Chen, H.; Qiu, C.; Kwok, H.S.; Zhan, X.; Liu, Y.; Zhu, D. Aggregation-induced emission of
1-methyl-1, 2, 3, 4, 5-pentaphenylsilole. Chem. Commun. 2001, 18, 1740–1741. [CrossRef]

90. Wang, J.; Zhao, Y.; Dou, C.; Sun, H.; Xu, P.; Ye, K.; Zhang, J.; Jiang, S.; Li, F.; Wang, Y. Alkyl and dendron substituted quinacridones:
Synthesis, structures, and luminescent properties. J. Phys. Chem. B 2007, 111, 5082–5089. [CrossRef] [PubMed]

91. Hecht, S.; Fréchet, J.M. Dendritic encapsulation of function: Applying nature’s site isolation principle from biomimetics to
materials science. Angew. Chem. Int. Ed. 2001, 40, 74–91. [CrossRef]

92. Nguyen, B.T.; Gautrot, J.E.; Ji, C.; Brunner, P.-L.; Nguyen, M.T.; Zhu, X. Enhancing the photoluminescence intensity of conjugated
polycationic polymers by using quantum dots as antiaggregation reagents. Langmuir 2006, 22, 4799–4803. [CrossRef] [PubMed]

93. Li, H.; Li, B.S.; Tang, B.Z. Molecular design, circularly polarized luminescence, and helical self-assembly of chiral aggregation-
induced emission molecules. Chem.—Asian J. 2019, 14, 674–688. [CrossRef] [PubMed]

94. Yuan, W.Z.; Lu, P.; Chen, S.; Lam, J.W.; Wang, Z.; Liu, Y.; Kwok, H.S.; Ma, Y.; Tang, B.Z. Changing the behavior of chromophores
from aggregation-caused quenching to aggregation-induced emission: Development of highly efficient light emitters in the solid
state. Adv. Mater. 2010, 22, 2159–2163. [CrossRef] [PubMed]

95. Mu, B.; Zhang, Z.; Quan, X.; Hao, X.; Tian, W. Perylene Bisimide-Based Luminescent Liquid Crystals with Tunable Solid-State
Light Emission. ACS Appl. Mater. Interfaces 2021, 13, 57786–57795. [CrossRef] [PubMed]

96. Chen, L.; Xu, S.; McBranch, D.; Whitten, D. Tuning the properties of conjugated polyelectrolytes through surfactant complexation.
J. Am. Chem. Soc. 2000, 122, 9302–9303. [CrossRef]

97. Taylor, P.N.; O’Connell, M.J.; McNeill, L.A.; Hall, M.J.; Aplin, R.T.; Anderson, H.L. Insulated molecular wires: Synthesis of
conjugated polyrotaxanes by Suzuki coupling in water. Angew. Chem. Int. Ed. 2000, 39, 3456–3460. [CrossRef]

98. Wang, H.; Zhao, E.; Lam, J.W.; Tang, B.Z. AIE luminogens: Emission brightened by aggregation. Mater. Today 2015, 18, 365–377.
[CrossRef]

99. Chen, J.; Xu, B.; Ouyang, X.; Tang, B.Z.; Cao, Y. Aggregation-induced emission of cis, cis-1, 2, 3, 4-tetraphenylbutadiene from
restricted intramolecular rotation. J. Phys. Chem. A 2004, 108, 7522–7526. [CrossRef]

100. Tong, H.; Hong, Y.; Dong, Y.; Ren, Y.; Häussler, M.; Lam, J.W.; Wong, K.S.; Tang, B.Z. Color-tunable, aggregation-induced emission
of a butterfly-shaped molecule comprising a pyran skeleton and two cholesteryl wings. J. Phys. Chem. B 2007, 111, 2000–2007.
[CrossRef] [PubMed]

101. Tong, H.; Dong, Y.; Hong, Y.; Häussler, M.; Lam, J.W.; Sung, H.H.-Y.; Yu, X.; Sun, J.; Williams, I.D.; Kwok, H.S. Aggregation-induced
emission: Effects of molecular structure, solid-state conformation, and morphological packing arrangement on light-emitting
behaviors of diphenyldibenzofulvene derivatives. J. Phys. Chem. C 2007, 111, 2287–2294. [CrossRef]

102. Wang, H.; Li, Q.; Alam, P.; Bai, H.; Bhalla, V.; Bryce, M.R.; Cao, M.; Chen, C.; Chen, S.; Chen, X. Aggregation-induced emission
(AIE), life and health. ACS Nano 2023, 17, 14347–14405. [CrossRef] [PubMed]

103. Hu, R.; Kang, Y.; Tang, B.Z. Recent advances in AIE polymers. Polym. J. 2016, 48, 359–370. [CrossRef]
104. Hu, R.; Leung, N.L.; Tang, B.Z. AIE macromolecules: Syntheses, structures and functionalities. Chem. Soc. Rev. 2014, 43, 4494–4562.

[CrossRef] [PubMed]
105. Zhao, Q.; Zhang, X.A.; Wei, Q.; Wang, J.; Shen, X.Y.; Qin, A.; Sun, J.Z.; Tang, B.Z. Tetraphenylethene modified perylene bisimide:

Effect of the number of substituents on AIE performance. Chem. Commun. 2012, 48, 11671–11673. [CrossRef]
106. Hong, Y.; Häußler, M.; Lam, J.W.; Li, Z.; Sin, K.K.; Dong, Y.; Tong, H.; Liu, J.; Qin, A.; Renneberg, R. Label-free fluorescent

probing of G-quadruplex formation and real-time monitoring of DNA folding by a quaternized tetraphenylethene salt with
aggregation-induced emission characteristics. Chem.—Eur. J. 2008, 14, 6428–6437. [CrossRef] [PubMed]

107. Dong, Y.; Lam, J.W.; Qin, A.; Li, Z.; Liu, J.; Sun, J.; Dong, Y.; Tang, B.Z. Endowing hexaphenylsilole with chemical sensory and
biological probing properties by attaching amino pendants to the silolyl core. Chem. Phys. Lett. 2007, 446, 124–127. [CrossRef]

108. Zhao, Z.; Chen, S.; Lam, J.W.; Wang, Z.; Lu, P.; Mahtab, F.; Sung, H.H.; Williams, I.D.; Ma, Y.; Kwok, H.S. Pyrene-substituted
ethenes: Aggregation-enhanced excimer emission and highly efficient electroluminescence. J. Mater. Chem. 2011, 21, 7210–7216.
[CrossRef]

109. Zhu, M.; Zhuo, Y.; Cai, K.; Guo, H.; Yang, F. Novel fluorescent perylene liquid crystal with diphenylacrylonitrile groups:
Observation of a large pseudo stokes shift based on AIE and FRET effects. Dyes Pigments 2017, 147, 343–349. [CrossRef]

110. Zhu, M.; Chen, Y.; Zhang, X.; Chen, M.; Guo, H.; Yang, F. Perylene bisimide with diphenylacrylonitrile on side-chain: Strongly
fluorescent liquid crystal with large pseudo Stokes shift based on AIE and FRET effect. Soft Matter 2018, 14, 6737–6744. [CrossRef]

111. Chandrasekhar, S.; Sadashiva, B.; Suresh, K. Liquid crystals of disc-like molecules. Pramana 1977, 9, 471–480. [CrossRef]
112. Park, L.Y.; Hamilton, D.G.; McGehee, E.A.; McMenimen, K.A. Complementary C 3-Symmetric Donor—Acceptor Components:

Cocrystal Structure and Control of Mesophase Stability. J. Am. Chem. Soc. 2003, 125, 10586–10590. [CrossRef]
113. Sergeyev, S.; Pisula, W.; Geerts, Y.H. Discotic liquid crystals: A new generation of organic semiconductors. Chem. Soc. Rev. 2007,

36, 1902–1929. [CrossRef] [PubMed]

https://doi.org/10.1016/j.trac.2019.115769
https://doi.org/10.1039/b105159h
https://doi.org/10.1021/jp068646m
https://www.ncbi.nlm.nih.gov/pubmed/17439269
https://doi.org/10.1002/1521-3773(20010105)40:1%3C74::AID-ANIE74%3E3.0.CO;2-C
https://doi.org/10.1021/la053399j
https://www.ncbi.nlm.nih.gov/pubmed/16649798
https://doi.org/10.1002/asia.201801469
https://www.ncbi.nlm.nih.gov/pubmed/30417570
https://doi.org/10.1002/adma.200904056
https://www.ncbi.nlm.nih.gov/pubmed/20564253
https://doi.org/10.1021/acsami.1c17280
https://www.ncbi.nlm.nih.gov/pubmed/34821143
https://doi.org/10.1021/ja001248r
https://doi.org/10.1002/1521-3773(20001002)39:19%3C3456::AID-ANIE3456%3E3.0.CO;2-0
https://doi.org/10.1016/j.mattod.2015.03.004
https://doi.org/10.1021/jp048475q
https://doi.org/10.1021/jp067374k
https://www.ncbi.nlm.nih.gov/pubmed/17269819
https://doi.org/10.1021/jp0630828
https://doi.org/10.1021/acsnano.3c03925
https://www.ncbi.nlm.nih.gov/pubmed/37486125
https://doi.org/10.1038/pj.2016.1
https://doi.org/10.1039/C4CS00044G
https://www.ncbi.nlm.nih.gov/pubmed/24733611
https://doi.org/10.1039/c2cc36060h
https://doi.org/10.1002/chem.200701723
https://www.ncbi.nlm.nih.gov/pubmed/18512826
https://doi.org/10.1016/j.cplett.2007.08.030
https://doi.org/10.1039/c0jm04449k
https://doi.org/10.1016/j.dyepig.2017.08.027
https://doi.org/10.1039/C8SM01183D
https://doi.org/10.1007/BF02846252
https://doi.org/10.1021/ja036540o
https://doi.org/10.1039/b417320c
https://www.ncbi.nlm.nih.gov/pubmed/17982517


Molecules 2025, 30, 799 28 of 28

114. Adam, D.; Schuhmacher, P.; Simmerer, J.; Häussling, L.; Siemensmeyer, K.; Etzbachi, K.; Ringsdorf, H.; Haarer, D. Fast
photoconduction in the highly ordered columnar phase of a discotic liquid crystal. Nature 1994, 371, 141–143. [CrossRef]

115. Kumar, S. Recent developments in the chemistry of triphenylene-based discotic liquid crystals. Liq. Cryst. 2004, 31, 1037–1059.
[CrossRef]

116. Shin, W.S.; Jeong, H.-H.; Kim, M.-K.; Jin, S.-H.; Kim, M.-R.; Lee, J.-K.; Lee, J.W.; Gal, Y.-S. Effects of functional groups at perylene
diimide derivatives on organic photovoltaic device application. J. Mater. Chem. 2006, 16, 384–390. [CrossRef]

117. Käfer, D.; Bashir, A.; Dou, X.; Witte, G.; Müllen, K.; Wöll, C. Evidence for Band-Like Transport in Graphene-Based Organic
Monolayers. Adv. Mater. 2010, 3, 384–388. [CrossRef] [PubMed]

118. Chen, Z.; Debije, M.G.; Dabaerdemaker, T.; Osswald, P.; Würthner, F. Tetrachloro-substituted perylene bisimide dyes as promising
n-type organic semiconductors: Studies on structural, electrochemical and charge transport properties. ChemPhysChem 2004,
5, 137–140. [CrossRef] [PubMed]

119. Zhao, K.Q.; An, L.L.; Zhang, X.B.; Yu, W.H.; Hu, P.; Wang, B.Q.; Xu, J.; Zeng, Q.D.; Monobe, H.; Shimizu, Y. Highly Segregated
Lamello-Columnar Mesophase Organizations and Fast Charge Carrier Mobility in New Discotic Donor—Acceptor Triads.
Chem.—Eur. J. 2015, 21, 10379–10390. [CrossRef] [PubMed]

120. Zhan, X.; Facchetti, A.; Barlow, S.; Marks, T.J.; Ratner, M.A.; Wasielewski, M.R.; Marder, S.R. Rylene and related diimides for
organic electronics. Adv. Mater. 2011, 23, 268–284. [CrossRef]

121. Alibert-Fouet, S.; Seguy, I.; Bobo, J.F.; Destruel, P.; Bock, H. Liquid-Crystalline and Electron-Deficient Coronene Oligocarboxylic
Esters and Imides By Twofold Benzogenic Diels–Alder Reactions on Perylenes. Chem.—Eur. J. 2007, 13, 1746–1753. [CrossRef]

122. Hayashi, H.; Nihashi, W.; Umeyama, T.; Matano, Y.; Seki, S.; Shimizu, Y.; Imahori, H. Segregated donor–acceptor columns in
liquid crystals that exhibit highly efficient ambipolar charge transport. J. Am. Chem. Soc. 2011, 133, 10736–10739. [CrossRef]

123. An, Z.; Yu, J.; Jones, S.C.; Barlow, S.; Yoo, S.; Domercq, B.; Prins, P.; Siebbeles, L.D.; Kippelen, B.; Marder, S.R. High electron
mobility in room-temperature discotic liquid-crystalline perylene diimides. Adv. Mater. 2005, 17, 2580–2583. [CrossRef]

124. Lee, K.J.; Woo, J.H.; Xiao, Y.; Kim, E.; Mazur, L.M.; Kreher, D.; Attias, A.-J.; Matczyszyn, K.; Samoc, M.; Heinrich, B. Structure–
charge transfer property relationship in self-assembled discotic liquid-crystalline donor–acceptor dyad and triad thin films. RSC
Adv. 2016, 6, 57811–57819. [CrossRef]

125. Zhang, M.; Liao, R.; Zhang, A.; Fang, Y.; Song, X.; Xie, M.; Zhang, C.; Feng, Y.; Yu, H. Design of bipolar transport DA discotic
liquid crystals based on triphenylene and perylene cores: Effect of the chain length of ester groups. J. Mol. Liq. 2024, 409, 125502.
[CrossRef]

126. Zhang, M.; Liao, R.; Zhang, A.; Fang, Y.; Song, X.; Xie, M.; Wu, T.; Zhang, C.; Yang, H.; Yu, H. Optoelectronic properties of
ambipolar transport triphenylene-perylene donor–acceptor discotic liquid crystals. New J. Chem. 2024, 48, 11173–11182. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/371141a0
https://doi.org/10.1080/02678290410001724746
https://doi.org/10.1039/B512983D
https://doi.org/10.1002/adma.200902123
https://www.ncbi.nlm.nih.gov/pubmed/20217724
https://doi.org/10.1002/cphc.200300882
https://www.ncbi.nlm.nih.gov/pubmed/14999857
https://doi.org/10.1002/chem.201500889
https://www.ncbi.nlm.nih.gov/pubmed/26095600
https://doi.org/10.1002/adma.201001402
https://doi.org/10.1002/chem.200601416
https://doi.org/10.1021/ja203822q
https://doi.org/10.1002/adma.200500027
https://doi.org/10.1039/C6RA08039A
https://doi.org/10.1016/j.molliq.2024.125502
https://doi.org/10.1039/D4NJ00829D

	Introduction 
	Design and Synthesis of PDI Derivatives 
	PDI Derivatives Modified at the Amine Position 
	PDI Derivatives with Symmetrical Substitution at the Amine Position 
	PDI Derivatives with Non-Symmetric Substitution at the Amine Position 

	Both the Amine Position and the Bay Position Are Modified in the PDI Derivative 

	AIE-Modified PDI-Based Discotic Liquid Crystals 
	Discotic Liquid Crystal-Modified PDI Derivatives 
	Summary and Future Outlook 
	References

