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INTRODUCTION 

A chemical sensor is a molecule that interacts with another molecule giving a measurable signal in 

response.  Chemical sensors based on conjugated polymers have received a great deal of attention due to their 

ability to detect analytes at low concentrations.1  Fluorescence quenching2 provides an effective means for 

detection because of the extreme sensitivity and simple on/off detection.3  When the advantages of each of these 

are combined, fast, simple, and accurate chemical sensors based on fluorescence quenching are obtained. 

Chemical sensors based on conjugated polymers detect a variety of analytes (vide infra) but they all 

have similar detection mechanisms.  Conjugated polymers contain a chromophore requiring low energy for 

excitation of an electron.  Because it is highly delocalized, the excited electron (exiton) can travel along the 

polymer until fluorescence (or quenching) occurs.  Each chemical sensor contains a receptor that binds to the 

analyte causing a change in the fluorescence.  A conjugated polymer-based chemical sensor has one receptor 

site for every repeat unit, and since the exiton can travel across the polymer it samples many receptor sites 

causing it to be more sensitive than a non-polymeric system.  A fluorescence-based chemical sensor has two 

modes of action.  The fluorescence can be quenched in the presence of the analyte producing a “turn-off” 

chemical sensor, (Figure 1) or its fluorescence quenching is supressed by the presence of the analyte producing 

a “turn-on” chemical sensor.   
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Figure 1.  (Top) Traditional fluorescence quenching “turn-off” chemical sensor.  (Bottom) A chemical
sensor with a delocalized exiton quenching the fluorescence of the whole polymer. 
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This report will review the use of conjugated polymers as fluorescence-quenching-based chemical 

sensors.  This coverage will include a discussion of the synthesis of the conjugated polymer sensors, the 

detection of organic molecules, and selective detection of biological building blocks. 

 

CONJUGATED POLYMERS 

Two types of conjugated polymers are commonly used as fluorescence chemical sensors.  The first type, 

poly(p-phenyleneethynylene) (PPE), is prepared through Sonogashira step-growth polymerization of a nearly 

equimolar amount of p-diethynylbenzene and 1,4-diiodobenzene that yields molecular weights (Mn) of >100 

kDa and with a polydispersity index (PDI) of approximately 2 (Scheme 1).4  The second type of polymer, 

poly(p-phenylenevinylene) (PPV), can be prepared via chain-growth polymerization giving Mn as high as 70 

kDa and PDI >5 (Scheme 2).5  Examples of PPE (1-5) and PPV (6-7) polymers made through these methods are 

shown in Chart 1.  Other conjugated polymers such as polyacetylene6 and polyfluorene7 have uses as 

fluorescence chemical sensors, however they will not be discussed in this report. 
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           Scheme 1.  Sonogashira polymerization of phenyldiacetylene and diiodobenzene. 

ORGANIC MOLECULE SENSORS 

ClH2C CH2Cl

R1

R2

CHCl
t-BuOK

R1

R2

Cl

n

R1

R2  
Scheme 2.  Activation of p-xylene species to form p-xylylene that polymerizes to give PPV. 

 The ability to quickly detect trace amounts of specific organic molecules in the gas phase or in solution 

is important in such areas as forensics, industrial processing, food packaging and distribution, etc.  Often 

accurate detection of small organic molecules requires purification (HPLC, column chromatography, etc.) 

followed by the use of specialized instruments (MS, NMR, IR, etc.).  Conjugated polymer based sensors posses 

the ability to perform this function by utilizing “turn-off” fluorescence detection of viologen and explosive 

nitroaromatic containing compounds. 

Viologen Sensors  

 The first conjugated polymer-based fluorescence sensor was developed by Swager and Zhou8,9 and 

utilized a PPE polymer containing a receptor cyclophane (1, Chart 1).  Because Stoddard and coworkers10 

showed that cyclophanes reversibly bind methyl viologen (MV, 8) and that MV is an effective fluorescence 
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Chart 1. 
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quencher, MV is the analyte of interest for these studies.  A 60-fold increase in fluorescence quenching of the 

conjugated polymer is obtained in comparison to an analogous compound containing only one cyclophane per 

molecule (i.e. monomer of 1).  From the reported molecular weight, the PPE 

polymer has an average of 53 repeat units which is a greater than one fold 

increase in sensitivity per monomer unit.  The sensitivity does not increase as 

more repeat units are added above this weight.  The authors propose that this w

chain) is the threshold for the length an exition can travel during its lifetime (6.4 × 
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neutral viologen species, and a monocationic viologen species has 10-fold greater sensitivity over a neutral 

species.  Thus a dicationic species is the optimal analyte.12

 These studies demonstrate the ability for detection of viologen by using conjugated polymers as 

fluorescence quenching chemical sensors.  These model studies show the capability of conjugated polymers to 

detect analytes at low concentrations.  Because the analyte-receptor binding is the important factor in these 

chemical sensor systems, new systems can be designed to detect other analytes without varying the polymer or 

the sensitivity of the system. 

 

Nitroaromatic Sensors  

According to the United Nations, there are 120 million active landmines buried in over 70 countries.14  

Detection of these landmines is a major problem because many countries cannot afford the equipment and 

specialists to find them.  The most common method for locating buried landmines in these countries involves 

the use of a metal detector and a long stick, to prod the ground to find the exact location of the mine.15  This is 

obviously a crude and time consuming method that could be improved upon by the utilization of a TNT 

chemical sensor that can detect the chemical constituents of the explosive.   

Figure 2.15  Representation of TNT (analyte) binding to the
pentiptycene groups and PPE (conjugated polymer backbone). 

Swager and Yang designed a chemical sensor that can detect 2,4,6-trinitrotoluene (TNT) (present in 

80%-90% of landmines13) vapors within seconds.16,17  This sensor is a PPE polymer functionalized with 

pentiptycene groups (2, Chart 1) that when cast as a film is pourous and exhibits the 

same absorption and fluorescence as in solution.  Upon exposure to TNT (in the gas 

phase at 10 ppb) fluorescence quenching is observed.  The authors propose that this is 

due to π-π interactions between the π-electron rich polymer backbone and the π-

electron poor TNT (Figure 2).  In support of this theory, π-electron rich analytes with 

higher vapor pressures (e.g. benzoquinone) are found to not quench fluorescence as readily as TNT.  Polymer 

film thickness has a profound effect on how well the fluorescence is quenched by TNT, 25 Å films, the thinnest 

tested, are the most effective at 

fluorescence quenching.  The authors 

attribute this to the difficulty with which 

TNT vapor traverses through thick films in 

short amounts of time.  Thus fewer 

polymers are quenched because the TNT 

could not reach the polymers on the inside 

of the film.  Ultimately these studies find 
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fluorescence within 60 s of exposure to TNT.  Other nitroaromatics with higher vapor pressures such as 2,4-

dinitrotoluene (DNT) quench fluorescence by >90% in 10 s using 25 Å films. 

Nomadics, Inc. has developed a portable landmine detector based on this technology.18,19  They report 

the ability to detect femtogram quantities (56 fg of TNT/mL of air, 6 ppt) of nitroaromatic explosive compounds 

in the air in near real-time (1 s).  Field studies show that this detector is more likely to detect a landmine and 

less likely to give a false detection than a TNT sniffing dog and team (the current best method for explosives 

detection in the United States). 

 

BIOLOGICAL SENSORS 

 Detection of biological molecules by fluorescence-based conjugated-polymer chemical sensors has 

become a rapidly developing field since its inception in 1999.20  High sensitivity, shorter assay times, and high 

throughput analysis of biological molecules provides for more efficient and less expensive analysis.  Biological 

molecule (i.e. proteins and carbohydrates) detection exemplifying the advantages of conjugated polymers and 

fluorescence quenching is discussed below. 

Protein Sensors 

 Enhanced detection of selected proteins would be tremendously beneficial to the medical and biological 

communities because of its potential to identify diseases, pregnancies, injuries, etc.  Whitten and coworkers 

were the first to show that conjugated polymers could be used as fluorescence based chemical sensors for 

biological molecules.21 This particular system detects avidin, and although the use of avidin is a proof of 

concept, the method shows a great deal of promise for uses in other proteins.  The avidin sensor is based on 

tethering a biotin group (known to bind very tightly in the active site of avidin) to a viologen to produce an MV-
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Figure 3.  Selective binding of biotin to avidin over methyl viologen to the PPE polymer. 
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B hybrid (Figure 3).  Fluorescence quenching is observed due to the electrostatic interactions between the 

cationic MV-B adduct and the anionic polymer PPV (7, Chart 1) in aqueous solution.  Upon addition of avidin, 

the MV-B is selectively complexed because the high association constant, thus restoring the fluorescence.  

When a different protein (choleratoxin) that does not bind biotin is employed, fluorescence is not restored.  Also 

a monocationic viologen without a tether to biotin is tested in the presence of avidin and again fluorescence is 

not restored.20  This “turn-on” fluorescence sensor demonstrates the ability to selectively detect the protein 

avidin. 

Protease enzymes play important roles in regulating biological systems such as blood coagulation 

(thrombin), extracellular disposition of insoluble amyloid plague (β-secretase), and apoptosis (caspace), among 

many other functions.22  Because of the importance of these enzymes, both Schanze and Pinto23 as well as 

Whitten and coworkers24 developed chemical sensors for detection of protease activity.  Both methods involve 

ion pairing of an anionic PPE polymer (5 and a 3:1 distribution of 3:4 respectively, Chart 1) with a cationic 

peptide chain.  The end of each chain is functionalized with a quencher, so that initially, fluorescence is 

quenched.  When a protease is introduced that can cleave a specific bond in the peptide chain, the quencher is 

released into solution and fluorescence is restored (Figure 4).  In this manner “turn-on” fluorescence sensing 

can monitor protease activity.  Sensors for both systems are able to detect nanomolar concentrations of 

proteases (specifically thrombin, β-secretase, and caspace) in five minutes or less.  

Saccharide Sensors 
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Figure 4.  A fluorescence “turn-on” protease sensor.  The protease cleaves the polymer releasing the
quencher into solution. 

 Sugar (saccharide) sensors are extremely important for detection of blood-sugar levels in persons having 

diabetes or hypoglycemia.  Although the field for fluorescence detection of sugars was developed some time 

ago,3 interest in using conjugated polymer sensors is in its infancy.  Traditional methods use boronic acids that 

bond monosacchrides resulting in a negative charge on the boron.25  Lakowicz and coworkers show that if no 

sugar is present in an aqueous solution then a dicationic boronic acid-viologen species quenches the 

fluorescence of a PPE polymer (5, Chart 1) by electrostatic interactions.26  However, upon the addition of a 
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sugar (specifically D-fructose, D-galactose, or D-glucose) the boronic acid-viologen species becomes neutral 

and does not have an affinity for the anionic polymer chain; hence fluorescence is “turned-on” (Figure 6).  The 

use of a conjugated polymer backbone allows the researchers to observe a 10-fold increase in fluorescence 

intensity over other fluorescence-based sugar sensors.  Though the detection limit for this sensor is not reported, 

if a sensor can be made for the detection of human blood-sugar levels, then a real-time monitoring of blood 

sugar is a distinct possibility with this technology. 

CONCLUSIONS 
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Figure 6.  The dicationic viologen quencher containing boronic acid groups becomes neutral in the
presence of a sugar. 
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 Conjugated polymers as fluorescence-based chemical sensors have been developed to quickly detect 

important organic (TNT) and biological (sugars, thrombin, β-secretase, and caspace) molecules at low 

concentrations.  These sensors are not without their individual problems, such as false positives (the sensor 

detecting an undesired substance as the analyte).  Though the groundwork in this field as been laid, there is still 

considerable potential for this field to evolve by both overcoming the current sensor problems and through the 

ability to detect a larger number of molecules. In the future, enhanced detection of proteins and sacchrarides 

should become more developed allowing for reversible sensors for the analysis of biological samples, and small 

molecules such as drugs or chemical warfare agents show great potential to be detected through this system 

also. 
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