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Perylene has had a tremendous impact in the history of material research for the molecular semiconductors. Among

numerous derivatives of this polyaromatic hydrocarbon, perylene diimide (PDI) represents a promising class of organic

materials envisioned as non-fullerene acceptors (NFAs) for the practical organic photovoltaic (OPV) applications due to

their enhanced photo- and thermal stability and remarkably high electron affinity, some of which realize band-like transport

properties. The present review guides some of the representative achievements in the development of rationally designed

PDI systems, highlighting synthetic methodologies based on bay-functionalization strategies for creating well-designed

molecular nanostructures and structure-performance relationship of perylene-based small molecular acceptors (SMAs) for

the photovoltaic outcomes.
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1. Discovery of Perylene Dyes

Perylene, a primitive type of polyaromatic hydrocarbon comprising five benzene rings, has had a tremendous impact on

the history of material research for the molecular semiconductors, since the discovery of electrical conductivity of

perylene-bromine charge-transfer (CT) complex by Akamatsu, Inokuchi, and Matsunaga in 1954 . Because of the

electron-rich nature, the native perylene acts as an electron donor, playing a p-type semiconductor material in contact with

electron-deficient molecules such as bromine. At this consideration, one may expand the potential molecular diversity

around the perylene scaffold to find an electron-accepting counterpart by introducing electron-withdrawing elements into

the aromatic nucleus .

Representative examples of such molecules include 3,4,9,10-perylenetetracarboxylic acid (PTCA) and its dianhydride

(PTCDA), which contain carboxylic functionalities at the so-called peri positions (Figure 1). According to the literature,

PTCA has appeared as a vat dye in a US patent published in 1924 , while PTCDA has been available later in 1933 .

These compounds have been manufactured by oxidative coupling of naphthalene 1,8-dicarboxylic acid or its derivatives

such as a 1,8-monoimide variant, which the contemporary production by commercial suppliers still relies on . Here, it is

of interest to note that a monoimide derivative of PTCA has been incidentally obtained as a consequence of incomplete

conversion to the desired product through the synthetic process . Afterward, diimide derivatives of PTCA, which we

simply call perylene diimides (PDIs), have been intentionally produced by condensation of PTCA with amines to dye

cotton and wool fabrics with Bordeaux-red shades as described in a US patent published in 1923 , ten years after the

first discovery in 1913 by Kardos . This type of reaction has been applied to the synthesis of different electron-deficient

perylene systems, namely perylenetetracarboxylic dibenzimidazoles (PTCBIs), wherein 1,2-diamines undergo imidation

and the following imination into benzimidazoles that adopt extended π-conjugation in the planar perylene systems .

Because of high thermal and chemical stability, these perylene derivatives were employed as a robust coloring matter in

the early stages.

Figure 1. Chemical structures of perylene and related compounds. Positional prefixes for the perylene ring system are

indicated in the left side of the figure.
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2. Application for Organic Photovoltaics

Later on, researchers and engineers have widely applied these materials in the areas of organic molecular electronics.

Among these applications, particularly worthy of note is the use of the perylene dyes as important constituents in organic

photovoltaics (OPVs) . The OPV devices, which potentially employ organic semiconductor materials for light-harvesting

to facilitate charge separations, have been developed since the late 1950s . In earlier studies, researchers have made

a primitive type of OPVs based on a single-layer structure, wherein phthalocyanines gave a small but significant level of

photovoltaic performance . Despite the prominent success, the poor efficiency of photocurrent generation has been a

major problem for the single-layer devices. One of the biggest breakthroughs to resolve this issue has been achieved by

the invention of organic–organic heterojunction systems innovated by Tang (Figure 2) . In his work, he set up a two-

layer organic cell made through sequential vacuum evaporation of copper phthalocyanine (CuPc) and PTCBI onto an

indium tin oxide (ITO) substrate. The work has demonstrated that the PTCBI layer obviously served as an electron-

acceptor, extracting electrons from CuPc at their interfaces, to enhance the photovoltaic performance, demonstrating that

the nature of organic–organic interfaces is the principal determinant of photovoltaic properties.

Figure 2. Chemical structures of organic semiconductor materials employed in the primitive organic photovoltaics (OPVs)

developed by Tang and Hiramoto. Adapted from references .

The innovative contribution to the next evolution of the OPV technologies has been made by Hiramoto and coworkers,

who first established the design concept of bulk heterojunction (BHJ) blends. Their OPV devices have been fabricated

with sublimated metal-free phthalocyanine (H Pc) donor and N,N’-dimethyl-substituted PDI (Pigment Red 179) acceptor to

deposit three organic layers, which contain an interlayer (i-layer) of co-deposited donor/acceptor pigments between

homogeneous layers of the two respective constituents. This work has ascertained that the pigment mixing enlarges the

donor/acceptor interface to dramatically improve the photogeneration efficiency (Figure 2) . The development of the

three-layered p-i-n structure, where p and n denote the donor and acceptor layers, respectively, has emphasized the

importance of the BHJ active layer to overcome the limitations of OPV performance for the conventional planar

heterojunction (PHJ) systems.

3. Development of Organic Photovoltaic Technology

In the next stage, significant progress has been made in the fabrication protocol by Yu, Heeger, and coworkers. They

adopted a solution process with the aim of developing practical and cost-effective technologies. This alternative way

allows one to use non-sublimable organic semiconductors such as conjugated polymers and thermally less robust

molecules . Furthermore, the work has highlighted the potential utility of buckminsterfullerene (C ) derivatives as the

electron acceptor (i.e., n-type semiconductor) because of their high electron conductivity. In the actual systems, two types

of soluble phenyl-C61-butyric acid methyl esters, namely [6,6]- and [5,6]-PC BMs, were employed to fabricate the BHJ

blend films with a donor of poly(2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylene vinylene), denoted as MEH-PPV, which

were deposited by spin-cast from xylene and 1,2-dichlorobenzene solutions (Figure 3). Accordingly, the solution-

processed devices provided comparably high efficiencies with regard to carrier collection and energy conversion, as has

also been demonstrated in self-organized discotic liquid crystals composed of hexaphenyl-substituted

hexabenzocoronene (HBC-PhC ) and N,N’-bis(1-ethylpropyl)-substituted PDI by Friend, Müllen, and coworkers .

Because of the superior versatility of organic materials and good processability combined with low-cost operation, the

solution processing method has been accepted as the standard technique for contemporary OPV devices .

Figure 3. Chemical structures of organic semiconductor materials employed in the primitive OPVs developed by

Yu/Heeger and Friend/ Müllen. Adapted from refs .
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Thus, the OPV technology has recently emerged as credible and prominent future power sources, because of the

economic and environmental advantages to offer low production disposal costs for processing hazardous-element-free

materials, unlike the inorganic and perovskite counterparts . Furthermore, the technological applications of the

solution processing methods provide attractive options to fabricate semitransparent devices that allow for harnessing solar

power through colored windows and roofs of buildings and vehicles . The commercial scale levelized cost of electricity

(LCOE) represents a measure of power sources to compare different methods of electricity generation. According to this

estimate, mass-manufactured OPV modules with the power conversion efficiency (PCE) of 5% and the operating life time

of 5 years are predicted to produce an LCOE under $0.13/kWh, which is comparable to that of the current coal-based

electricity generating systems . It deserves to be mentioned that the OPVs, being compatible with large-scale roll-to-roll

print manufacturing when fabricated on plastic substrates, combine additional advantages of flexibility and light weight,

making them suitable as a next-generation avenue for generating portable and renewable energies .

4. Non-Fullerene Acceptors for Organic Solar Cells

As described above, the selection of organic semiconductors is crucial for the development of high-performance organic

solar cells (OSCs). In contrast to a wide variety of the p-type semiconductor donor materials available nowadays, there is

a very limited option of the n-type counterparts . As a matter of fact, the current OSCs are being made with π-

conjugated donor polymers that exhibit efficient hole transporting properties and good chemical compatibility with small

molecular acceptors (SMAs) to tailor microcrystalline film morphologies of the polymer/SMA BHJ blends . The earlier

efforts have focused on the use of the fullerene-based materials as a potential SMA, mainly because of their excellent

electron transport properties with high chemical stability, accompanied by favorable polymer compatibilities . Despite

the highly productive results obtained in many research works, the design-to-device approach based on fullerene

acceptors suffers from inherent poor absorbance in the UV-visible region and limited tunability in terms of synthetic

flexibility, cost efficiency, and amenability to scale-up manufacturing .

Thus, non-fullerene acceptors (NFAs) have recently emerged as promising alternatives to the conventional fullerene-

based acceptors . Researchers have synthesized a vast number of rationally designed NFAs with superior light-

harvesting ability in the visible and near-infrared (NIR) regions, which have realized dramatically improved PCEs .

Indeed, the highest PCE of the state-of-the-art OSC based on Y6 has already reached over 17%, when coupled with

complementary polymeric donor PM6 (Figure 4) . Further research efforts with a Y6 derivative have made the most

successful achievement in this field with remarkably enhanced PCE approaching 18% . However, these types of NFA

materials still face performance degradation because of their susceptibility to moisture and oxygen, offering less long-term

durability  and suffer from synthetic complexity . Therefore, it is highly desired to find chemically robust

alternatives that perform well under a range of circumstances. At this point, the perylene-based NFAs have been

envisioned as the other candidate for the practical OPV applications because of their enhanced photostability, thermal

stability, and remarkably high electron affinity, some of which realize band-like transport properties .

Figure 4. Chemical structures of polymeric donor PM6 and small molecular acceptor Y6 employed in the state-of-the-art

organic solar cells (OSC). Adapted from ref .

5. Chemical Modification of Perylene Systems

Chemical modification of the perylene backbones, such as PTCDA and PDI, produces rich structural diversity to offer a

broad range of functional properties . The chemical modification is classified into functionalization at so-called bay

(1,6,7,12-) positions and ortho (2,5,8,11-) positions (Figure 1). Although recent efforts in the ortho-functionalization

endowed the perylene-based materials with a wide structural and functional diversity, such processes may be ineffective

to tune the electronic properties of the perylene π-systems, because the ortho carbon atoms have inherent poor reactivity

and relatively small contribution of the frontier molecular orbitals (FMOs) which determine the photophysical properties of

the perylene nucleus .
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Instead, bay-functionalization is more suitable for fine-tuning of optical and electronic properties of the perylene π-system,

because the bay-carbons possess more electronic density of the highest occupied molecular orbital (HOMO) to facilitate

electrophilic substitution reactions and alteration of the electronic properties of the perylene π-system . Conventional

methods for the bay-functionalization rely on halogenation of the perylene nucleus . The halogenation makes the

perylene π-systems reactive toward nucleophiles, enabling introduction of functional groups at the bay positions .

Nevertheless, only limited methods are available for the halogenation reactions, most of which have low controllability with

regard to precise location and number of incorporated halogen atoms . As a matter of fact, conventional bay-

halogenations require excess chlorine or bromine to yield highly substituted products such as 1,6,7,12-tetrachloride

derivatives or inseparable mixtures of 1,7- and 1,6-dibromide ones, respectively (Figure 5) . Such a different

reactivity can be ascribed to the size of the two halogen atoms; the larger bromine atom prevents further bay-bromination

at the opposite shores to afford the dibrominates as regioisomeric mixtures .

Figure 5. Chemical structures of halogenated perylenes readily available from commercial sources.

6. Synthetic Issues on Perylene Dyes

With this in mind, it is expected that controlling the course of bromination at one of the four bay positions becomes a key

process to access monosubstituted perylenes available for various applications and further chemical modification.

However, inherent insolubility of the planar perylene molecules has hampered synthesis of the monobromides with

practically acceptable yields, thereby causing major limitations in rational design of perylene-based materials . To

address this issue, many researchers have utilized the “swallow-tail”-like branched alkyl chains on the nitrogen atoms of

the imide groups, which bring significant steric hindrance to effectively weaken the excessive degree of π-stacking and

crystallinity . Indeed, the use of the “swallow-tail” substituents solves the solubility problem, enabling efficient

monobromination with yields of as high as 57% upon treatment with bromine in dichloromethane (DCM) . With the aid

of this strategy, a diverse range of new molecular systems containing the swallow-tailed PDIs have been designed as

efficient NFA materials for the OPV applications .

In contrast to the synthetic benefits of the solubilizing effects, flexible and bulky nature of the branched alkyl chains

causes inevitable degradation of crystallinity or intermolecular interaction, which may cause detrimental effects in OSC

performances . On this basis, it is reasonable to find the molecular structures possessing both high solubility and

crystallinity for creating ideal perylene-based NFAs. Thus, more flexible and efficient approach to supply the precisely

activated perylene materials, independent of structural properties of the side chains, will be the key to achieving the

diversity-oriented synthesis of novel highly efficient NFAs. In this regard, operating with more soluble perylene

tetracarboxylic esters (PTEs) followed by conducting saponification and imidation to PDIs may represent an alternative

strategy to address the above concerns . The objective of this review is to highlight the significant progresses on the

development of a diverse range of designed perylene systems as NFA materials. With the intention to clarify what

progress has been achieved by structural arrangement of the perylene units in the OPV technology, the primary subject of

this review focuses on the perylene-based SMAs developed through bay-functionalization strategies .
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