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Perylene imide (PI) molecules and materials have been extensively studied for optical chemical sensors, particularly those

based on fluorescence and colorimetric mode, taking advantage of the unique features of PIs such as structure tunability,

good thermal, optical and chemical stability, strong electron affinity, strong visible light absorption and high fluorescence

quantum yield. PIs-based optical chemosensors have now found broad applications in gas phase detection of chemicals,

including explosives, biomarkers of some food and diseases (such as organic amines (alkylamines and aromatic

amines)), benzene homologs, organic peroxides, phenols and nitroaromatics, etc.
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1. Introduction

Developing chemosensor techniques for trace-level detection of vapor analytes, especially volatile organic compounds

(VOCs), and nitro explosives, which are of various health and security concern, has drawn increasing research interest

and efforts in the past decades . As we know, conventional analytical instrumentations such as gas chromatography

(GC), mass spectrometry (MS), infrared spectroscopy (IR), high-performance liquid chromatography (HPLC) , as

well as some sensor methods such as surface acoustic wave (SAW) sensors , quartz crystal microbalances  and

electrochemical resistors  are normally managed in lab detection by professional and technical staff due to their

expensive cost, bulk size or complicated and time-consuming operation. In contrast, chemosensors such as

electrochemical sensors, field-effect transistor sensors, chemiresistive sensors, fluorometric and colorimetric sensors

exhibit superiority regarding system simplicity for facile operation, and non-destructive detection with high sensitivity and

selectivity . Among these chemosensing methods, optical sensors (including fluorometric and colorimetric types)

are highly attractive for chemical vapor detection not only for real-time operation, compact size, immunity to

electromagnetic interferences and remote sensing capabilities, but also for simple readout of output signals (sometimes

just by naked eyes). These vapor chemosensors are usually fabricated from fluorophores or chromophores as active

sensing materials (also known as probes) in the form of solid films, relying on the rational design of the molecular

structures. Compared to those molecule or particle-based sensors in solution-phase detection, these sensing films are

usually prepared by immobilization of fluorescent or colorimetric sensors (in molecule, particle or fibril form) on suitable

solid substrates, providing advantages in terms of their reusability and reproducibility, which are two crucial factors for

practical applications and actual device development of chemosensors .

Among the widely diverse optical sensor materials studied thus far, perylene imides (PIs) have attained significant

attention in the past decades, because PIs are exceptional n-type organic materials with excellent electron affinity, strong

fluorescence (high quantum yield), strong visible light absorption, high thermal stability and photostability under ambient

conditions. Indeed, the combination of these unique features makes PIs ideal materials for development in various

electronic and optoelectronic devices including solar cells, light-emitting diodes, photoelectric sensors and chemosensors

. For example, PIs-based nanofiber films have been extensively studied by our and others’ groups for sensing a

wide range of reducing gaseous species (i.e., electron-donating), such as ammonia (NH ) and volatile organic amines, by

measuring the change of fluorescence intensity upon exposure to the analyte vapor . The key of PIs-based

chemosensors for successful vapor detection is introducing suitable functional groups on the imide or bay position to

enable strong specific binding towards target analytes, while still maintaining the active fluorescence response and certain

solubility for solution processing . The two kinds of PIs widely used in the field of chemosensors are perylene

diimides (PDIs) and perylene monoimides (PMIs), with most research focused on PDIs mainly due to their facile synthesis

and good solution processability. However, PMIs usually retain the strong fluorescence upon assembly (aggregation) into

solid state, while the solid state of PDIs is normally very weak in fluorescence mainly due to the p-p stacking quenching.

In view of the primary requirement of sufficient fluorescence for sensor application (particularly those based on

fluorescence quenching mode), PMIs provide some unique opportunities for sensor development, complementary to

PDIs. Specifically, the anhydride group at one side of PMIs is intrinsically a strong and specific binder to amines through
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hydrogen bonding in concert with donor-acceptor interaction . In 2008, our group reported on a porous fluorescent film

chemosensor for the vapor detection of aniline; the film was composed of intertwined nanofibers assembled from a PMI

molecule (PMI-1 shown in Figure 1) . The successful fabrication of shape-defined, highly crystalline nanofibers was

mainly driven by the one-dimensional (1D) intermolecular arrangement, while the tilted p-p stacking still allows for

sufficient fluorescence in the solid state. Upon surface adsorption of amines (electron donor) like aniline, the fluorescence

of PMIs gets efferently quenched through photoinduced electron transfer (PET). Such fluorescence quenching based

sensors have proven highly sensitive for vapor detection of amines with limit of detection down to ppb level for aniline,

taking advantage mostly of the unique nano-porosity of the nanofiber film, wherein the intertwined nanofibers form a

porous “super net” structure with a large, open surface area that is conducive to both molecular diffusion and adsorption.

The innovative materials design, along with specific nanoscale engineering, opened a new, promising direction for the

development of solid-state fluorescent chemosensors , as evidenced from many follow-up studies in developing

various PIs-based fluorescence sensors for chemical vapor detection . Table 1 lists some representative PDIs

and PMIs that have been developed and proven effective chemosensors for vapor detection in recent years.

 

Figure 1. (a) Fluorescence spectra of PMI-1 nanofibril film before (red) and after (blue) exposure to the saturated vapor of

aniline (880 ppm) for 10 s. Inset shows bright field and fluorescence optical microscopy image of the film; (b) A diagram

showing the procedure of fabrication of the nanofibers via slow solvent vapor transfer.

So far, some reviews have been published by our group and others on the solid phase PDI-based chemosensors, which

are capable of both gas and solution phase detection. For example, Fu, Y reported on a review mainly focused on the

detection of organic amines, and the associated sensing mechanism and the design principles of probes. Fang’s group

 summarized the sensory materials and device fabrication. Our group recently published a review on the recent

advance in the development of PDI-based optical sensors for environmental detection of heavy metal ions, inorganic

anions, amines and other organic pollutants in aqueous and other liquid phase solutions. The PDI sensors covered in the

previous review are mostly based on molecular state and the sensing response is caused by molecular binding or

reactions in liquid solutions, such as ion coordination or complexation, protonation/deprotonation or other chemical

reactions. In sharp contrast, the sensors covered in this review are based on solid aggregate of PDIs and work for gas

phase detection of chemicals. We also published another review specifically focused on the nanoscale structural control

of PDIs nanofibril interfacial heterojunctions via molecular self-assembly, with the aim to optimize the chemiresistive

sensing performance so as to achieve trace level chemical vapor detection . Meanwhile, Kumar, K. and co-workers 

published a specific review on the aesthetic design strategies and sensing mechanism of PDI-based sensors. However,

the field still lacks a comprehensive review on optical chemosensors covering both PDIs and PMIs-based sensor

materials, which combined would enable much broader detection of chemical vapors beyond the common species like

amines. Moreover, multimodal sensors and array systems involving multiple sensor components have not been

adequately reviewed for PDIs or PMIs sensors, though the multiplex sensor systems have recently drawn increasing

attention in chemosensors, which help enable or enhance the detection capability for complex or mixture samples with the

assistance of algorithm data analytics like machine learning.

2. Physicochemical and Optical Properties of PIs

Bulk-phase PIs have been widely used in various optoelectronics devices , including thin-film transistors ,

photovoltaics , liquid crystals  and chemiresistive sensors , etc. Performance of optical chemosensors (as

well the devices fabricated therefrom) depends primarily on the physicochemical and optical properties of the sensing

materials, here specifically the fluorophores or chromophores, which in turn are tightly correlated with the molecular

design and structure engineering . For PIs-based materials, there are three unique features that render their excellent

applications in optical chemosensors (especially for vapor detection). Firstly, the PI molecule possesses a large, planar

and rigid π-conjugation system based on the central perylene skeleton, which is of π-electron deficient aromatic nature,

making it a strong electron acceptor (n-type) with good environmental chemical stability. Due to the highly efficient p-p
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transition, PIs exhibit strong visible light absorption and fluorescence (close to unit quantum yield in good organic

solvents), well suited for application in optical sensors based on fluorescence or colorimetric modulation . Secondly,

molecules of PIs are flexible for structural modification through facile organic synthesis by changing the substitution at the

imide position or bay area, which in turn can tune the solubility, spectroscopic and redox properties, as well as the self-

assembly of PIs. Moreover, the imide (nitrogen) position on PI is a node in the π-orbital molecular wavefunction, meaning

that modification with different substitutions at the position will not change the electronic (light absorption and

fluorescence) properties. This provides a number of viable pathways for controlling the molecular structure of PIs so as to

achieve the best sensor performance. Nonetheless, the bay-area substitution usually brings significant changes of the

optical and electronic properties of PIs due to the direct interruption to the π-conjugation . Lastly, PIs are one of the

most studied classes of n-type semiconductor molecules for self-assembly that form structure and morphology defined

nanomaterials. Particularly, owing to the planar rigid π-conjugation geometry, PIs favor one-dimensional assembly,

forming shape-defined nanofibers driven by the strong π-π stacking between perylene planes. There are enormous

options for the one-dimensional molecular assembly to be optimized for both structure and morphology through changing

the side substitutions at the imide or bay positions. The co-facial π-π stacking (in the format of H-aggregate) results in

fluorescence quenching and a hypsochromic shift of the absorption . While the nanofibers of PIs have been extensively

studied as optical and chemiresistive sensors, the aggregation-disaggregation induced fluorescence change of PIs have

also been developed into fluorescence sensors for detecting inorganic or organic ions in liquid-phase environment.

However, for vapor analytes sensing, PIs have to be fabricated in the form of films or other formats of solid substrate, for

which it is imperative to retain sufficient fluorescence of PIs in solid state (i.e., minimizing the fluorescence quenching

caused by π-π stacking). In most cases, significantly increased fluorescence can be achieved by introducing large bulky

moieties at either the imide position or the bay area; bulky moieties provide steric hindrance, thus tilting the co-facial π-π

stacking, which in turn weakens the fluorescence quenching effect . In addition, it has been demonstrated by our group

and others that the construction and performances of PIs-based optical chemosensors are closely related to the different

dimensions and morphologies of PIs assemblies . For example, porous films with 1D PIs nanofibers showed

significantly enhanced sensing performances in comparison to those with irregular morphologies. As mentioned above,

relying on the good tradeoff between ordered molecular assembly and retaining strong fluorescence in solid state, our

group initially explored the PMI-based fluorescent nanofiber sensor for trace vapor detection of organic amines. Following

the initial work, Che and co-workers  have successfully fabricated thermally stable bilayer nanocoils based on an

asymmetric PDI molecule, which demonstrate great sensor performance in detecting amines like aniline and

phenethylamine.

Combination of the excellent physicochemical and optical properties mentioned above makes PIs an ideal fluorophore

and chromophore materials for being developed as efficient chemosensors that are capable of vapor defection, targeting

a wide range of environmental pollutants, explosives and biomarkers of some food and diseases, including organic

amines, BTEX (benzene, toluene, ethylbenzene, o-xylene, m-xylene and p-xylene), organic peroxides, phenols,

nitroaromatics, etc. Beside molecule design and synthesis, many efforts have been laid on the fabrication (and nanoscale

engineering) of optically active thin (often porous) films from PIs. The sensor performance against environmental factors

such as temperature, humidity and concentration, and in correlation with the thermodynamic parameters of analytes like

boiling point, has also been studied in detail, aiming to further improve the robustness and sustainability of sensor system

as desired in practical use. The environmental factors may also affect the intermolecular association of PIs aggregates,

thus causing change in sensing performance .

3. Fabrication of PIs-Based Optical Chemosensors

Optical sensors fabricated from PIs are mainly developed in the aspects of fluorescent film construction, array technology

and sensing platform. There are many methods for constructing thin-film based fluorescent sensors as described in this

review, such as physical coating technology, Langmuir-Blodgett (LB) technology  and molecular gel technology .

Among them, physical coating technology, including spin coating, dip coating and spraying, is the most commonly used

method for constructing fluorescent thin film due to its easy operation. However, this method requires strict

instrumentation control in order to obtain high-quality films. Conversely, LB technology is relatively easy to operate and

control, and the films obtained usually have highly organized structure, and to some extent, such structure can also be

controlled or modified upon various needs. Molecular gels, on the other hand, mainly form three-dimensional (3D) network

structure through interactions between molecules such as Van der Waals force, hydrogen bonding, π-π stacking,

solvophobic vs. solvophilic interactions and so on . Formation of molecular gels normally exhibits stimulus phase

change (shear stimulation and temperature change stimulation); therefore, the gels can be considered as physical gels,

involving small molecules as gelling agents.
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As for a complete sensor system or testing platform, it is typically composed of a sensor unit (material), a sampling part

including gas (vapor) supply under precise control of flow rate, a signal readout device like photodiode for measuring the

light intensity and an environmental chamber holding all the parts in a closed space where temperature, humidity and

other experimental conditions can be controlled (Figure 2a,b). The gas supply system is designed to work in a stationary

manner to adjust sample volume or flow rate so as to control the vapor concentration mixed in ambient or zero air. The

environmental chamber is usually required and critical for assessing the sensor performance against real world ambient

conditions, with varying temperature and humidity, as well as presence of other interference chemicals or gases. While

the sensor unit is often based on a single sensor material or sensing mode, nowadays the array-based sensing approach

has become more popular and attracted increasing interest, particularly because the recent advancement in electronic

circuit and on-chip data processing makes the incorporation of multiple sensors on a chip to be more feasible . An array

with multiple sensors or sensing modes integrated can not only selectively identify a single analyte, but also enable or

enhance the capability of differentiating multiple analytes in a mixed sample, which are actually more common in real

world detections. For example, a colorimetric sensor array has recently been reported that effectively discriminates ten

explosives . Particularly for colorimetric or fluorescence sensing mode, varying materials and molecules (e.g., dyes,

nanomaterials and polymers) have been developed and incorporated into an array to target a broad range of chemical

vapor analytes . Taking advantage of the specific, strong chemical reactions (not just physical interaction) between

the sensor and analytes, these sensors in an array can provide unprecedented sensitivity and selectivity in detection of

different analytes within complexed or mixed samples.

Figure 2. (a) The picture of the gaseous analyte detection platform based on the film device; (b) Schematic description of

the home-made sensing platform.
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