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Chapter 1 
 

General Introduction 
 

1.1 Background of the present research work 
 

    Tremendous advances have been made during the past two decades in the 

understanding of the chemical, electrochemical, structural, electrical and optical 

phenomena of inherently conducting polymers, such as polypyrrole (PPy), 

polythiophene (PT), polyaniline (PANI), polyphenylene (PPh) and their derivatives.1-3 

The great interest in these polymers arises from their relative ease of synthesis by 

chemical or electrochemical oxidative polymerisation of the monomers and from their 

considerable importance as candidates for new materials that would lead to the next 

generation of electronic and optical devices and as promising transducers for chemo- 

or bio- sensors.1-4 The fact that the 2000 Nobel Prize in Chemistry went to Alan J. 

Heeger, Alan G. MacDiarmid and Hideki Shirakawa “for the discovery and 

development of conductive polymers” (Nobel Citation) also reflects both research and 

practical importance of conducting polymers and their applications in modern science 

and daily life.5  

    As one of the most important conducting polymers, PANI is probably the oldest 

known synthetic organic polymer.6 However, the detailed study on its structures and 

properties only began in the 1980s.7,8 Now it is generally accepted that PANI is a 

mixed oxidation state polymer composed of reduced benzenoid units and oxidized 

quinoid units (Fig.1-1(A)), with the average oxidation state given by (1-y).9 PANI can 

exist in several oxidation states ranging from the completely reduced leucoemeraldine 

base (LEB) state (Fig.1-1(B)), where 1-y = 0, to the completely oxidized 

pernigraniline base (PNB) state, where 1-y = 1. The half-oxidised (1-y = 0.5) 

emeraldine base (EB) state is composed of an alternating sequence of two benzenoid 

units and one quinoid unit. Each of the above mentioned three forms of PANI is an 

insulator, although they possess other interesting physical and chemical properties. 

However, the insulating EB form can be non-redox doped with protonic acids (HA) to 

yield the emeraldine salt (ES) form (also shown in Fig.1-1(B)), which shows a dc 

conductivity in the metallic regime (ca. 1~5 S/cm).10 The conducting ES form can 
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also be obtained through a redox-doping process in acidic conditions from its 

corresponding reduced LEB form or oxidised PNB form by either a chemical or an 

electrochemical step (c.f. Fig.1-1(B)). Nevertheless, the non-redox doping process is 

different from the redox doping in that it does not involve the addition or removal of 

electrons from the polymer backbone. Instead, the imine nitrogen atoms of the 

polymer are protonated to give a polaronic form where both spin and charge are 

delocalised along the entire polymer backbone. Both the redox doping process and the 

non-redox doping process are reversible, the conductive ES form can be converted 

back to its corresponding insulating base forms if the conditions change, either 

physically (for non-redox doping) or (electro-) chemically (for redox-doping). 

    In recent years, conducting polymers have emerged as one of the most promising 

transducers for chemsensors and biosensors owing to their unique electrical, 

electrochemical and optical properties that can be used to convert chemical 

Fig.1-1 (A) The general chemical structure of PANI that shows the average oxidation
state (1-y). (B) The chemical structures of the three normally found oxidation states of
PANI (i.e. fully-reduced LEB, half-oxidised EB and fully-oxidised PNB) and the
transitions from them to the corresponding salt form (ES) either through a redox doping
process or a non-redox doping process. 
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information or biointeractions into electrical or optical signals, which can easily be 

detected by modern techniques.3,11-15 Different approaches to the application of 

conducting polymers in chemo- or bio-sensing applications have been extensively 

studied, such as the applicability of PPy or PT in alcohol sensor,16 gas sensor,17 

enzyme sensors,18 or for the detecting of antibodies19, DNA,20 and even whole living 

cells.21  

    However, for PANI, although wide applications in gas sensors,22 ion sensors,4c 

optical pH sensors 23 and other chemisensing schemes24 have been reported, its direct 

application for biosensing purposes is rather limited.25,26 The main reason for this is 

the fact that the redox activity of PANI can only be maintained in acidic conditions, 

normally at pH<4.7,27 We also measured the electroactivity of PANI films both in acid 

conditions and in neutral pH conditions, as shown in Figure 1-2. Clearly, PANI shows 

nice redox activity in 0.5 M H2SO4 solution. However, if the same film was measured 

in pH 7 PBS buffer, only a weak broad oxidative peak appeared in the first potential 

cycling, and even this peak disappeared during the second scan. This loss of redox 

activity of PANI in neutral pH conditions greatly restricts its applications in 

bioassays, which normally require a neutral pH environment.  

    In order to overcome this drawback, many successful efforts have been reported 

over the past decade. One approach is to introduce acidic groups (e.g. -COOH, -

SO3H, ect.) into the PANI chain and to form a so-called “self-doped” PANI, which 

Fig.1-2 Cyclic voltammograms of PANI measured in acidic and neutral pH solutions for
two consecutive scans at a scan rate of 20 mV/s. 
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can maintain its electroactivity in neutral or even basic conditions.27c,28 In this case , 

the inserted ionogenic groups change the micro-environment of the nitrogen atoms in 

the PANI chain, thus shifting the local pH. 

    Another normally used method is to dope PANI with negatively charged 

polyelectrolytes (such as poly(acrylic acid), poly(vinyl sulfonate), poly(styrene 

sulfonate), sulfonated polyaniline, etc.) by electrocopolymerization method.27b,29 All 

these PANI films showed good redox activity in neutral solutions. This was attributed 

to the effective doping (protonation) of PANI by the trapped polyelectrolytes in a 

broad pH range. Moreover, some of above PANI films have been successfully utilized 

to immobilize enzymes for constructing biosensors.30  

 

1.2 Aim of the present research work 
 

    The main aim of the present work is to dope PANI with different dopants in order 

to shift its redox activity to a neutral pH environment and to explore their biosensing 

applications. However, we use another simple method, i. e. the layer-by-layer (LBL) 

self-assembly method, to prepare PANI composites other than by the above reported 

electrocopolymerization method. The LBL self-assembly method developed by 

Decher et al 31,32 has several advantages as compared to the above mentioned 

techniques: (a) it is extremely simple; (b) it can be applied to almost any materials as 

long as they have the opposite charges; (c) it can yield a highly organized structure 

with excellent control over the positioning of individual layers and the thickness at the 

nanometer scale. 

    In addition, the dopants we used were not only limited to the traditionally used 

negatively charged linear polyelectrolytes. We also tried, for the first time, other 

novel functionalised materials such as modified gold nanoparticles or modified carbon 

nanotubes, by the LBL method. Results showed that PANI multilayer films doped by 

gold nanoparticles or carbon nanotubes exhibit better electroactivity in neutral 

conditions and better electrocatalytic ability toward the oxidation of β-nicotinamide 

adenine dinucleotide (NADH), as compared to those doped by negatively charged 

polyelectrolytes. Actually, the method we used here also offered another simple yet 

novel approach to incorporate gold nanoparticles or canbon nanotubes into 

(conducting) polymers which is another hot research topic nowadays.33,34 Besides, due 
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to the unique electrical, optical, and optoelectrical properties of PANI and gold 

nanoparticles or carbon nanotubes, the obtained PANI multilayer films should also 

find potential applications in other fields such as microelectronics, or for 

electrochromic and photovoltaic devices.  

    DNA hybridisation detection based on conducting polymers (such as PPy, PT, ect.) 

has been reported before.20 However, for PANI, no such efforts have been reported. 

Because the PANI/modified gold nanoparticle multilayer film we prepared is 

electroactive at neutral pH and allows the easy binding of amino-terminated DNA to 

its surface, the detection of DNA hybridisation based on this PANI system was 

explored for the first time. The detection event was monitored either by direct 

electrochemical methods, by an enzyme-amplified electrochemical approach, or by 

surface plasmon enhanced fluorescence spectroscopy (SPFS). All the methods can 

effectively differentiate non-complementary DNA from the complementary one, even 

at the single-base mismatch level. 

    Finally, patterned PANI composites (gratings or inverse opals) were also prepared 

by several different patterning techniques, and their potential sensing applications also 

explored. 

    It should be noted that, before all the above mentioned studies of PANI composites 

in neutral conditions, the electropolymerization and doping/dedoping properties of 

polyaniline films in acidic conditions were investigated first in detail. The dielectric 

constants of the polyaniline thin film at several doping levels (i.e. different oxidation 

states) were quantitatively determined. These studies laid a good foundation for our 

subsequent studies of the properties of PANI composite films in neutral conditions 

and their applications. 
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Chapter 2 

Experimental Section 
 

2.1 Materials 
 

    The preparation and processing of the main materials used in the present study are 

described in the following. 

 

2.1.1 Polyaniline (PANI) 

    PANI was prepared by two different methods: electrochemical polymerisation and 

oxidative chemical polymerisation. 

 

Electrochemical polymerisation. 0.02 M aniline in 0.5 M H2SO4 solution was 

polymerised by potential cycling between -0.2 and 0.9 V at a scan rate of 20 mV/s. 

The solution was thoroughly degassed in advance by pure N2. After polymerisation, 

the PANI film was thoroughly rinsed with 0.5 M H2SO4. This method is mainly used 

in Chapter 3. 

 

Oxidative chemical polymerisation. The chemical method for the preparation of 

PANI followed the procedures reported before.1 Briefly, 250 ml 0.25 M ammonium 

persulfate ((NH4)2S2O8) aqueous solution was added drop by drop to 150 ml 0.5 M 

aniline dissolved in 1 M HCl solution, both solutions being pre-cooled to 0 oC. The 

reaction was allowed to proceed for about 2h under stirring in an ice bath. Then the 

precipitate which had formed was removed by filtration, washed repeatedly with 1M 

HCl and dried under vacuum for about 48h. The material thus obtained is in its salt 

form (ES): polyemeraldine hydrochloride (PANI-HCl), and is green colored. 

    The above obtained PANI-HCl salt form was converted into the polyemeraldine 

base (EB) form by treating it with a 0.1M ammonium hydroxide (NH4OH) solution 

for about 24h while stirring. The obtained powder was then dried under vacuum for 

48h. In order to remove the lower-molecular-weight species, the obtained EB was 

further extracted with CH3CN until the extract was colourless.  

    The prepared PANI in the EB form was made water-soluble according to the 

procedure used by Rubner et al.2 PANI was first dissolved in dimethylacetamide 
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(DMAc) at a concentration of 20mg/ml by sonicating it overnight, then the obtained 

solution was filtered through a 0.5µm filter. Finally, the dipping solution was 

prepared by diluting the above solution 10 times using pH 3.1 HCl solution. Next, the 

pH of the solution was quickly lowered to around 2.6. Just before the LBL self-

assembly process, the solution was further filtered through a 0.2µm filter. 

 

Polymerisation mechanism. No matter whether PANI is synthesized 

electrochemically or chemically, it is generally assumed that there is a close similarity 

in their polymerisation mechanism.1,3 In both case, the polymerisation process 

proceeds via the following mechanism: 

    The first step is the formation of the radical cation by an electron transfer from the 

2s energy level of the aniline nitrogen atom, as shown in Figure 2-1. The formed 

aniline radical cation has several resonant forms, in which (c) is the more reactive one 

due to its important substituant inductive effect and its absence of steric hindrance. 

    The next step corresponds to the dimer formation by the so-called “head to tail” 

reaction between the radical cation and its resonant forms (most probably form (c)) in 

acidic medium. Then the dimer is oxidized to form a new radical cation dimer, as 

shown in Figure 2-2.  

    Next, the formed radical cation can react either with the radical cation monomer or 

with the radical cation dimer to form, respectively, a trimer or a tetramer. If this 

continues, similar to the above steps, the PANI polymer is finally formed (Fig.2-3). 

 

2.1.2 Sulfonated Polyaniline (SPANI) 

    The above prepared PANI EB can be transformed to sulfonated polyaniline 

(SPANI) using the reported method by Epstein.4 In a typical preparation experiment, 

Fig.2-1 The formation of the aniline radical cation and its different resonant structures. 
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0.25 g PANI EB was dissolved in 20 ml of fuming sulphuric acid with constant 

stirring for about 2h. The solution was then slowly added at a rate of 2 ml/min to 100 

Fig.2-2 Formation of the dimer and its corresponding radical cation. 

 

Fig.2-3 One possible way of PANI polymer formation. 
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ml of methanol to precipitate most of the product. During this process, the 

temperature was held between 10 ~ 20 oC by an ice bath. Precipitation was completed 

by the addition of 50 ml of acetone. The green precipitate was filtered and washed 

thoroughly with methanol, and then dried under dynamic vacuum for 24h. The 

obtained product (SPANI) has the structures as shown in Figure 2-4 (A). 

    The prepared SPANI was readily soluble in 0.1M NaOH solution. In this case, it 

exists in the nonprotonated sodium salt form (c.f. Fig.2-4 (B)). The pH of the solution 

was adjusted to near pH = 3 just before the LBL self-assembly process. 

 

2.1.3 Mercaptosuccinic-acid-capped Gold Nanoparticles (MSAGNP)  

    Gold nanoparticles modified with mercaptosuccinic acid (MSAGNP) were 

synthesized with several different sizes. The preparation methods of MSAGNP are a 

little different for different sizes. For the smaller ones (diameter < 5nm), the synthesis 

and the modification were accomplished in one step, while for the bigger ones 

(diameter > 5nm), the Au nanoparticles were first synthesized, and then modified with 

mercaptosuccinic acid (MSA). The size of the prepared MSAGNP was checked by 

transmission electron microscope (TEM) and UV-Vis spectroscopy. The prepared 

MSAGNP are water-soluble and can be readily used for the LBL self-assembly. Just 
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Fig.2-4 (A) The coexisting structures of prepared SPANI; (B) The salt form of SPANI when
treated with 0.1M NaOH. 
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before use, MSAGNP powder was re-dispersed in Milli-Q water at a concentration of 

0.03mg/ml. 

 

2.1.3.1 MSAGNP with diameter < 5nm  

     MSAGNP (diameter < 5 nm) was prepared following Kimura’s method.5 In this 

method, the synthesis of the Au nanoparticles and their modification with MSA were 

done in only one step (see Fig.2-5). The size of the obtained MSAGNP can be easily 

controlled by the molar ratio of HAuCl4 and MSA. In our case, we use an equal molar 

ratio. In brief, in a 500ml 3-neck round bottom flask, 1.25mmol HAuCl4⋅3H2O in 5ml 

Milli-Q water and 1.25mmol MSA in 245ml methanol were mixed and vigorously 

stirred for 30min at room temperature. A freshly prepared 12.5mmol NaBH4 in 25ml 

water solution was added drop by drop at a rate of 60~80 drops per minute, and 

finished in ca. 5 min. After further stirring for one hour, the precipitate was collected 

and washed by a repeated centrifugation-ultrasonic dispersion process in mixed 

methanol/H2O, and finally dried in vacuum. The main product was collected as 

220mg powder. The average particle size was around 2.0 ± 0.4 nm (details see 

Chapter 4).  

 

2.1.3.2 MSAGNP with diameter > 5nm 

    For MSAGNP with diameter > 5 nm, the synthesis of the Au nanoparticles and their 

modification with MSA were carried out in two separate steps. 

Fig.2-5 Schematic of the preparation of MSAGNP with a diameter < 5 nm. 
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(a) Synthesis of Au nanoparticles 

    Au nanoparticles were synthesized by citrate reduction of gold chloride as reported 

before (c.f. Fig.2-6(A)).6 Two batches of Au nanoparticles with a diameter around 

10nm and 15nm, respectively, were prepared.  

Preparation of Au nanoparticles with a diameter of 10 nm. In a clean 250 ml two-

neck round-bottom flask, 106 ml 0.064% (w/v) trisodium citrate aqueous solution was 

brought to boiling under reflux and stirring and then 1 ml 0.955% (w/v) HAuCl4 

aqueous solution was injected quickly. After the color change finished in around 2 

min, the mixture was kept boiling and stirred for another 15min. Then the heating 

source was removed, but the solution was kept stirred until it cooled to the room 

temperature. The colloidal suspension prepared this way had a mean particle size of 

around 9.9 ± 0.8 nm. 

Preparation of Au nanoparticles with a diameter of 15 nm. For preparation of Au 

nanoparticles with this size, the order of adding sodium citrate and HAuCl4 is 

reversed. Firstly, 150 ml 0.01% (w/v) HAuCl4 aqueous was heated to a boiling state 

in a 250 ml two-neck round-bottom flask under reflux and stirred conditions, and then 

10 ml 1% (w/v) trisodium citrate aqueous solution was quickly injected. The reaction 

was left to continue for about 25 min under boiling and stirred state. Then the heating 

Fig.2-6 Schematic of the preparation of MSAGNP  with a diameter > 5 nm. (A) synthesis of
the Au colloids; (B) modification of the Au colloids with MSA. 
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source was removed, but the solution was kept stirred until it cooled to the room 

temperature. The colloidal suspension prepared this way had a mean particle size of 

around 15.2 ± 1.4 nm. 

 

(b) Modification of Au nanoparticles with MSA 

    Surface modification of the Au nanoparticles with MSA was carried out using the 

reported procedures (c.f. Fig.2-6(B)).7 That is, a certain volume of the above-

described Au colloids were mixed with an aqueous solution containing a large excess 

of MSA (typically, 100 ml Au colloid with 15 ml 0.01 M Na2MSA) and stirred at 50 
oC for about 8-12h. After reaction, the modified samples were dialysed with Milli-Q 

water several times. Then the product was centrifuged and finally dried under 

vacuum. 

 

2.1.4 Polyaminobenzene Sulfonic Acid-Modified Single-Walled Carbon 

Nanotubes (PABS-SWNTs) 

    Polyaminobenzene sulfonic acid-modified single-walled carbon nanotubes (PABS-

SWNTs, OD×L: 1.1nm×0.5-100µm) were obtained from Sigma. The modification 

procedure of the carbon nanotubes with PABS can be found in the literature (c.f 

Fig.2-7).8 Firstly, the SWNTs were treated with nitric acid to open the end caps and to 

leave them terminated with carboxylic acid groups (-COOH). Then SWNTs-COOH 

Fig.2-7 (A) Schematic of chemical functionalization of SWNTs with PABS. (B) Chemical
structure of PABS. 
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were transformed into acyl chloride form (SWNTs-COCl) as an intermediate product 

for further chemical functionalization by reacting them (in DMF) with oxalyl chloride 

at 0 oC under nitrogen atmosphere. Finally, SWNTs-COCl was further functionalised 

with PABS at 100 oC for 5 days to get PABS-SWNTs. The surface charge density of 

the obtained PABS-SWNTs was reported to be in the range of 0.2~0.5 atomic %.8,9  

    When carrying out the LBL self-assembly process, PABS-SWNTs were dissolved 

directly in Milli-Q water by sonication for 30s at a concentration of 0.25mg/ml. 

 

2.1.5 ß-Nicotinamide Adenine Dinucleotide (NAD+, reduced form NADH) 

    NADH (disodium salt hydrate, purity > 98%) was obtained from Sigma. 

    NADH and NAD+ are important coenzymes that act as electron and proton shuttle 

in metabolic reactions, esp. in tissue respiration. Their structures are shown in Figure 

2-8. Attention should be directed to the coloured carbon nitrogen ring structure: there 

are an extra H and two electrons (not visible, but important) in the ring structure of 

NADH.  

    NADH / NAD+ take part in a number of dehydrogenase enzymatic reactions, and 

play a key role in developing amperometric enzyme sensors or biofuel cells that use 

 

Fig.2-8 The structures of NADH and NAD+. 
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dehydrogenase dependent enzymes. However, the direct oxidation of NADH at bare 

electrodes in a neutral environment normally requires high overpotentials up to 

1.0V.10 Consequently, different redox mediators have been used to reduce the 

overpotential for NADH oxidation. Among them, PANI doped with polyanions by the 

electropolymerisation has been shown to be a good candidate.11 Here in our study we 

demonstrated that the PANI composites prepared via the LBL method could also 

electrocatalyze the oxidation of NADH at a lower potential in a neutral pH condition, 

which serves as a first example of the applications of the prepared PANI multilayer 

films for bioassays. 

 

2.1.6 DNA samples 

    All the DNA samples used in this study were synthesized and purified either by 

MWG-Biotech AG (Ebersberg, Germany) or by Eurogentec (Seraing, Belgium), their 

sequences are listed in Table 2-1. 

    The amino-terminated probe DNA (NH2-DNA) was attached to the carboxyl group 

of the prepared PANI multilayer film by formation of an amide bond with the aid of 

1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and N-Hydroxysuccinimide 

(NHS), as shown in Figure 2-9. First, the carboxyl groups on the outside of the PANI 

multilayer film was activated by EDC to form an O-urea derivative that is an unstable 

amine-reactive intermediate. Then the intermediate was further reacted with NHS to 

produce a more stable reactive intermediate ester which has been shown to give a 

greater reaction yield.12 Finally, the amino-terminated probe DNA reacted with the 

Name                                         Sequences 

NH2-DNA 
(probe NDA) 
  
MM0 
(complementary DNA) 
  
MM15 
(non-complementary DNA) 
  
MM1 
(single-base mismatch) 
  
MM2 
(two-base mismatch) 

NH2-C6H12-  5’-TGT ACA TCA CAA CTA-3’ 
  
  
                     3’-ACA TGT AGT GTT GAT-5’ (-Cy5 or -HRP) 
  
  
                     3’-ATC AAC ACT ACA TGT-5’ (-Cy5 or -HRP) 
  
  
                     3’-ACA TGC AGT GTT GAT-5’ (-Cy5 or -HRP) 
  
  
                     3’-ACA CGT ACT GTT GAT-5’ (-Cy5 or -HRP) 
 

Table 2-1 The DNA sequences and their nomenclatures  
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active ester by covalent coupling via an amide bond formation. Further details to use 

this substrate to detect target DNA with different sequences by different techniques 

can be found in Chapter 5. 

2.1.7 Au Substrate 

    Au substrates play an important role in the present study. It was used not only to 

couple the surface plasmons in the SPR measurements, but also as the working 

electrode in the electrochemical experiments. 

    Au substrates were prepared by the successive vacuum evaporation (P<1.0×10-6 

mbar) of a 2nm Cr layer followed by a 50nm Au layer onto a clean high-index 

LaSFN9 glass slide (Schott, n=1.85 at 633nm) at a evaporation rate of ~ 0.1nm/s. The 

prepared Au substrates were used right away or stored under Argon for no more than 

10 days. 

Fig.2-9 (A) Chemical structures of EDC and NHS. (B) Schematic diagram showing the
covalent attachment of an amino-terminated probe DNA to PANI multilayer film
terminated with carboxylic acid groups.  
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2.2 Measurement and Instrumentation 
 

    The main detection method in the present study is the combination of 

electrochemistry with surface plasmon based optical techniques (ESPR, c.f. Fig.2-10). 

Besides, electrochemistry was also combined with the quartz crystal microbalance 

(EQCM) in order to gain more information of the studied systems. Other techniques 

used include transmission electron microscopy (TEM), atomic force microscope 

(AFM), low potential scanning electron microscope (LPSEM), UV-vis spectroscopy, 

etc. 

 

2.2.1 Electrochemistry-Surface Plasmon Spectroscopy (ESPR) 

    Since conducting polymers are electroactive materials, their properties depend 

heavily on the degree of oxidation (p-doping) or reduction (n-doping) of the 

conjugated polymer backbone.13 Therefore, electrochemistry plays an important role 

in the synthesis, characterization and applications of conducting polymers. Besides, 

due to the low cost, fast response, high sensitivity and easy compatibility with 

different technologies, electrochemistry is gaining much more popularity than any 

other techniques in studying conducting polymers. 

    Surface plasmon optical techniques have been shown to be an effective optical tool 

for the characterization of interfaces and thin films,14 as well as for the sensitive 

detection of kinetic processes, e.g. for monitoring interfacial binding reactions15 or the 

swelling or shrinking processes of a conducting polymer.16  

    In recent years, the combination of electrochemistry with surface plasmon 

spectroscopy (ESPR) has emerged to be a powerful tool for probing extremely small 

changes of various films at the metal/solution interface.16,17 In our study, we use 

ESPR not only to monitor the film deposition in real-time, but also to examine the 

film conformation and properties in its different oxidation states (i.e. different doping 

levels). Besides, we demonstrated here that the bioelectrocatalytic processes can also 

be monitored in situ by ESPR. 

    Shown in Figure 2-10 (A) are the schematic drawing of the ESPR setup we used 

and its various extensions, based on the Kretschmann geometry.18 The laser beam 

passes first a chopper (for lock-in detection) and two polarizers (for attenuation and 

polarization, respectively), and then is reflected off the base of the coupling prism 
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(LaSFN9, n=1.85 at 633nm). Coupled to the prism is an Au substrate (both for 

coupling surface plasmons and as the working electrode, c.f. Section 2.1.7), index 

Fig.2-10 (A) Schematic drawing of a combined setup of electrochemistry with surface
plasmon spectrometer based on the Kretschmann configuration (ESPR). (B) The enlarged
part of mounting of the prism and the electrochemical flow cell. 

(A) 
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matched by an immersion oil (n=1.725) with the prism. The reflected light is focused 

by a lens onto a photodiode which is connected to the lock-in amplifier. Both the 

prism/sample and the photodiode are mounted on two co-axial goniometers, 

respectively, allowing different operation modes such as an angular scan in a θ-2θ 

reflection geometry or a kinetic mode at a fixed incident angle, but as a function of 

time. 

    The enlarged image of the electrochemical flow cell is shown in Figure 2-10 (B). 

This Teflon cuvette has two holes for reference and counter electrodes for the 

electrochemical measurements, as well as an inlet and outlet for sample exchange and 

rinsing. The whole cell is attached to the Au substrate, and sealed by O-rings and a 

BK7 glass slide. The effective area of the Au substrate exposed to the solution is 

0.65cm2. The electrochemical measurements were performed with an EG&G 263A 

potentiostat or an AutoLab (Eco Chemie B.V., The Netherlands), with a coiled 

platinum wire being used as the counter electrode, and an Ag/AgCl(3M NaCl) 

electrode as the reference electrode. All potentials reported here are with respect to 

this reference electrode. 

    For fluorescence measurements, a photomultiplier (PMT) is attached to the SPR 

setup from the backside of the cell to monitor the photons emitted from the 

metal/dielectric interface. The emitted light is focused by a lens and passes through an 

interference filter before it is collected by the PMT, which is connected to a photon-

counter unit. The whole module is mounted to the sample goniometer so that it rotates 

with the sample cell, thus always collecting the emitted light at a constant angle 

relative to the metal surface. To minimize photo-bleaching effects of the fluorescent 

dyes, a programmable shutter is also installed to constantly block the laser unless 

during the data recording. In this case, the SPR setup is transformed into a surface 

plasmon resonance enhanced fluorescence spectroscopy (SPFS) setup. 

 

2.2.2 Electrochemical Quartz Crystal Microbalance (EQCM) 

    In some parts of this study, EQCM was also used in order to get more information 

of the investigated systems or to confirm the results from the ESPR experiments. 

    QCM is very sensitive for probing small changes (especially mass changes) in thin 

surface films.19 This technique relies on the fact that the resonant frequency of a 

quartz crystal oscillator changes linearly with the amount of rigidly attached mass.20 
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In the early 1980s, several groups reported the combination of electrochemistry with 

QCM (EQCM) by using one of the oscillator electrodes also as the working electrode 

of an electrochemical cell (c.f. Fig.2-11).21 In this way, the mass changes and various 

other processes (such as viscoelasticity change) involving thin films on electrode 

surface could be monitored in real-time. Since then, EQCM has matured into a 

powerful tool that has found broad applications in studies of adsorption, 

electrodeposition, corrosion, oxide formation and reactivity, chemo- and bio- sensors, 

polymer and material sciences, ect., as have been reviewed by several groups.22  

   The schematic diagram of the EQCM setup we used is shown in Figure 2-11, 

Fig. 2-11 (A) Schematic diagram of the EQCM setup used in this study. (B) Schematic
side and top views of a quartz crystal disk with deposited Au electrodes. Also shown in the
side view is the acoustic wave and the deformation (shear) of the crystal under application
of an electric field across the crystal (c.f. reference 23). 
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similar to that reported previously.22b,23 The quartz crystal (c.f. Fig.2-11B) is clamped 

in a Teflon flow cell sealed by appropriate O-rings to expose only one of the Au 

electrodes to the solution. This Au electrode is also the working electrode for 

electrochemistry and is thus part of both the electrochemical instrument and the 

oscillator circuits. The crystal is driven by a broadband oscillator circuit that tracks 

the resonant frequency change of the crystal caused by the electrochemically-induced 

changes on the electrode surface. The frequency is measured with a frequency 

counter. Both the oscillator/frequency counter and the electrochemical instrument are 

directly interfaced to a computer. The computer not only generates the 

electrochemical excitation waveforms, but also measures the current passing through 

the EQCM working electrode as well as the frequency of oscillation of the quartz 

disk. 

    The quartz crystals employed in this work were obtained from Maxtek Inc. (USA), 

which were of the “AT-cut” type, with a fundamental resonance frequency of 5 MHz. 

In EQCM measurements, the electrode surface area was determined to be 1.33 cm2. 

The crystals were plasma cleaned before every experiment. 

 

2.2.3 Other Techniques 

    Transmission electron microscopy (TEM, LEO EM912, operated at 120kV) was 

used to characterize the prepared Au nanoparticles. The specimen was prepared by 

first dispersing the particles in an aqueous ethanol solution, placing a few drops of 

particle solution onto the amorphous carbon-coated copper microgrids and then let it 

dry for the measurements. Image J software was used to analyse the obtained images 

to get the size distribution of the Au nanoparticles. 

    Atomic force microscope (AFM, Dimension 3100 or Mutimode) was used to 

examine the quality of the prepared PANI gratings operated in a tapping mode. A 

silicon cantilever was used, which has a spring constant of 42 N/s and a resonant 

frequency of 300 kHz. 

    A Low potential scanning electron microscope (LPSEM, LEO 1530 Gemini, 

operated at 1 kV) was used to check the obtained PANI inverse opals. 

    UV-vis spectroscopy was carried out on a Lambda UV/VIS/NIR spectrophotometer 

(Perkin-Elmer) to characterize the prepared Au nanoparticles. 
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2.3 Preparation of PANI Multilayer Films 
 

    Most of the studied PANI composite films were prepared on Au substrate using the 

layer-by-layer (LBL) method, as pioneered by G. Decher et al.24 The preparation 

procedure is sketched in Figure 2-12.  

    First, the freshly prepared Au substrate was functionalised with a layer of 3-

mercapto-1-propanesulfonic acid (MPS) by immersing it into a 1mM MPS ethanol 

solution for 2h, then rinsing first with ethanol, followed by rinsing with Milli-Q water, 

and then dried under a stream of nitrogen (steps 1 and 2). The functionalised Au 

substrates were negatively charged, and then immersed alternately in the solutions of 

PANI and the corresponding poly(anion)s for 15min each, with rinsing steps in 

between (steps 3-6). Repeating steps 3-6 allows one to get a multilayer film with a 

desired thickness. It should be noted that, in our case, all the above processes were 

carried out in a flow cell (c.f. Fig.2-10 and Fig.2-11) in order to monitor the film self-

assembly process in real-time. 

 

 

 

Fig. 2-12 Schematic drawing of the process for preparing the PANI multilayer films
via the LBL method.24b In our case, all the above process were carried out in a flow
cell. 

Au 
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Chapter 3 

Electropolymerization and Doping / Dedoping Properties of 

Polyaniline Thin Films in Acidic Conditions 

 
 
3.1 Introduction 
 

    As mentioned before, Polyaniline (PANI) has been studied extensively since the 

1980s1. The interest in this material and its derivatives is mainly due to their 

interesting electrical and optical properties together with their chemical tunability, 

ease of derivatization, processability into fibers and films, and its stability. During the 

past two decades, the chemical and physical properties of polyaniline have been 

studied extensively under different conditions, and tremendous advances in the 

chemistry, electrochemistry, physics, theory, and processing of polyaniline have been 

achieved.2 Although it is generally regarded that PANI has three main stable 

oxidation states, i.e. the fully reduced leucoemeraldine base (LEB) form, the half-

oxidized emeraldine base (EB) form, the fully oxidized pernigraniline base (PNB) 

form. Each of the above insulating base forms can be transformed into the 

corresponding emeraldine salt (ES) form either by redox doping or non-redox doping 

(c.f. Chapter 1). However, the reported properties (either optical or electrical) of 

PANI are not always the same. Just as it is well known, that “there are as many 

different types of polyaniline as there are people who make it!”3 So in this first part of 

this work, the properties of PANI in acidic conditions were investigated, in order to 

lay a good foundation for the subsequent studies of the properties of PANI composites 

in neutral conditions and their potential applications. 

    The electropolymerization and doping/dedoping properties of PANI ultrathin films 

on Au electrode surfaces in acidic conditions were investigated by a combination of in 

situ electrochemical techniques, i.e., electrochemical surface plasmon spectroscopy 

(ESPR) and the electrochemical quartz crystal microbalance (EQCM). In the ESPR 

measurements, we employed two wavelengths, i.e., λ=632.8 and λ=1152 nm in order 

to distinguish independently the electrochromic behavior. In addition, we used 

spectroelectrochemical transmittance measurements in order to probe further the 
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optical properties of the polymer films as a function of the applied potential. The real 

and imaginary parts of the dielectric constants of the PANI thin films at several 

doping levels was determined quantitatively by taking into consideration the thickness 

values obtained from the EQCM measurement. 

 

3.2 Electropolymerisation of Aniline 
 

    Electrochemical polymerization of aniline on the gold surface was achieved by 

applying potential cycling between −0.2 and 0.9 V at a scan rate of 20 mV/s (c.f 

Chapter 2, Section 2.1.1). The cyclic voltammograms (CV) obtained during the 

electropolymerization are shown in Figure 3-1 (A) up to the seventh cycle. Similar 

conditions in aqueous H2SO4 in the potential range described, has been used by many 

groups.4 As reported previously, the first redox process (ca. 0.22 V in the positive 

scan and 0.05 V in the negative scan) corresponds to the electron transfer from/to the 

electrodeposited PANI film. In order to compensate the charge of the PANI film, 

anion transport from/to the electrolyte solution, i.e., anion doping and dedoping, 

should occur.5 This phenomenon is responsible for the dramatic change in the 

conductivity of the PANI film. The electrodeposition of PANI on the Au electrode 

proceeds via a radical cation mechanism (c.f Chapter 2, Section 2.1.1). The second 

redox process (ca. 0.5 and 0.45 V, for the oxidation and reduction, respectively) 

probably corresponds to side reactions such as decomposition of the polymer. The 

Fig. 3-1. (A) Cyclic voltammograms of the electropolymerization of aniline (0.02 M) in
H2SO4 (0.5 M) solution and (B) angular SPR reflectivity curves measured after each
potential cycle. 
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large currents observed at the positive end of the CV are due to the superposition of 

two distinct processes: one is the electron transfer from the PANI film corresponding 

to the oxidation of the PANI film and the other is the electron transfer from the aniline 

monomer to the electrode corresponding to the oxidation of the aniline monomer to 

produce a precursor for the PANI film.6 A series of angular SPR curves taken after 

each potential cycle are shown in Figure 3-1 (B). These scans were measured in the 

solution at open circuit potential (OCP ≈ 0.15 V). Shifts of the minimum resonance 

angles in the SPR curves were observed, indicating that PANI was deposited onto the 

gold film electrode during each potential cycle. Besides, as can also be seen, the 

deposited PANI in each following cycle increased almost exponentially. 

    The in situ formation of the PANI film on the gold electrode surface was monitored 

simultaneously by the measurement of the charge transferred, by QCM and by SPR. 

Figure 3-2 shows the complex frequency change during electropolymerization by 

 

Fig. 3-2 In situ monitoring of complex frequency change (A), ∆Γ/∆f plot (B) as a function
of time, and ∆Γ–∆f plot (C) during electropolymerization of aniline by potential cycling
between −0.2 and 0.9 V at a scan rate of 20 mV/s.
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cycling the potential between −0.2 and 0.9 V at a scan rate of 20 mV/s. Each arrow 

shows the starting point of each potential cycling, i.e., −0.2 V. In the QCM 

measurements, the Sauerbrey equation7 in its approximation form was used for the 

analysis of the frequency shifts, stating that the frequency shift is mostly caused by 

deposition of mass on the crystal surface. Thus one obtains: 

with ∆f the frequency shift, f the frequency, f0 the fundamental frequency, ∆m the 

change in area mass density for the film, mq = Zq / (2f0) the area mass density of the 

quartz plate, and Zq=8.8 × 106 kg m−2 s−1 the acoustic impedance of the AT-cut quartz 

crystal. The Sauerbrey approximation does not account for viscous losses or 

viscoelastic effects. In air, such viscoelastic effects scale as the cube of the film 

thickness and can be neglected. In liquids this is not the case. Because the liquid 

exerts a lateral stress onto the moving upper surface of the film, there are viscoelastic 

effects which scale linearly with the mass. This leads to a modified Sauerbrey 

equation,8 which is  

 

where ρ1 is the density of the liquid, η1 is the viscosity of the liquid, Zf is the acoustic 

impedance of the film, ρf is the density of the film, and Jf = Jf
′− i Jf″ is the complex 

compliance of the film. In the second line the relation Zq >> Zf (film is softer than 

quartz plate) has been used. Note that the above expression is only the first term of a 

Taylor expansion in the film mass ∆m. More complicated equations apply for films 

with a thickness comparable to the wavelength of sound.9 For the analysis of 

conventional QCM data, the above equation is of limited use because it does not 

allow for a separation of mass effects and viscoelastic effects (the second term in the 

curly brackets). One defines a "Sauerbrey mass" which is the true mass times the 

(1) 

(2) 
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unknown correction factor in curly brackets. If, on the other hand, the bandwidth 

(HBHW) is available, it can be interpreted in the frame of this equation. The ratio of 

∆Γ and −∆f should be independent of mass. This is indeed the case for our data, as 

shown in Figure 3-2 (C). The quantity −∆Γ/∆f corresponds to the ratio of the 

imaginary and the real part of the curly bracket, namely 

The above equation allows for some further conclusions. Assuming ρf ≈ ρl the first 

term in the denominator is of the order of the viscous compliance of the liquid. 

Further assuming that the liquid is much softer than the film, Jf″<<1/(2πfη1) (a safe 

assumption for most polymeric films) one reaches the conclusion  

where η1 ≈ 10−3 Pa s and f = 5 × 106 have been used in the second line. The quantity 

−∆Γ/∆f therefore provides a measure of the elastic compliance of the films. Note that 

this interpretation contradicts simple intuition to some degree: while one would 

naively associate a shift in bandwidth to a dissipation inside a film (given by J″), the 

detailed derivation shows that it is actually the elastic compliance, J′, which is 

measured.  

    Again, in liquids a modified Sauerbrey equation holds, which is different from the 

dry case in two respects: first, the mass, ∆m, includes the trapped liquid. Second, there 

are viscoelastic corrections as given by the curly bracket in Equation (2). As for the 

frequency shift, nothing can be learned because the elastic correction is inseparable 

from the effect of the (unknown) mass. One can, however, extract information from 

the bandwidth. Making some assumptions, the bandwidth can be used to estimate the 

elastic compliance, J′, of the film. 

    The application of this formalism to our data is illustrated in Figure 3-2. Figure 3-2 

(A) shows the raw data. −∆f and ∆Γ mostly go in parallel, but not quite. During every 

positive scan, the ratio −∆Γ/∆f drops slightly (Fig.3-2 (B)). During every negative 

scan, it increases again. This behavior is largely independent of the thickness (Fig.3-2 

(C), the "D–f-plot", where "D" stands for "dissipation"). The above quantitative 

(3) 

(4) 
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discussion suggests that the (average) elastic compliance of the film is in the range of 

10 MPa. It drops slightly during a positive scan and recovers during a negative scan. 

One possibility for this is that the PANI film becomes more porous by de-doping but 

recovers by doping. 

    Shown in Figure 3-3 (A) are the mass change as a function of time during the seven 

electropolymerization cycles and the corresponding SPR minimum angle shifts 

measured after each potential cycle. Each arrow shows the starting point of each 

potential cycle, i.e. −0.2 V. In observing the mass change, the increase in each of the 

cycles mostly corresponds to the oxidation of aniline to form the polyaniline film and 

the doping of anions into the deposited polyaniline film. The decrease of the curve is 

mostly due to the dedoping of the anions from the deposited polyaniline film. The 

trace of the SPR minimum angle shift was similar to the mass change at −0.2 V, i.e., 

at the end of each potential cycle. This indicates that the optical thickness corresponds 

to the acoustic mass. Figure 3-3 (B) shows the kinetic measurements for SPR 

performed at a fixed angle, 58.0°, slightly below the angle of the reflectivity 

minimum of the blank gold substrate (c.f. Fig.3-1(B)). It is clear that the behavior of 

the reflectivity shows a large difference from the mass change. In the case of the SPR 

reflectivity, the curve is very sensitive to the thickness, the real (ε′) and the imaginary 

(ε″) parts of the dielectric constant. The increase in reflectivity below about +0.2 V 

was seen in the figure whereas no increase was observed in the mass. This clearly 

indicates that the dielectric constant changes dramatically in this potential range (−0.2 

to +0.2 V). Figure 3-3 (C) shows the current efficiency, ∆m/∆Q during the 

electropolymerization process. From this plot, it was found that the current efficiency 

increases with time. This property is also seen in the change of the mass as a function 

of charge transferred as shown in the inset. In EQCM measurements, the area mass 

density mf during electropolymerization is related to the charge density passed Q, on 

the other hand, it also contributes to the generation of solute oligomer.8b In the case of 

electropolymerization for the conducting polymer, the theoretical value of the current 

efficiency, mf / Q is calculated from 

(5) 
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where MM, MA, and MH are the molar masses of the monomer, the incorporated anion, 

and hydrogen. The quantity xA is the doping level equal to the ratio of the number of 

moles of inserted anion to that of monomer group in the film. F is the Faraday 

constant, 96485 C·mol−1. The incorporation of water molecules and neutral salts 

which can cause apparently higher ∆m/∆Q values, were not included in this model. 

Assuming xA = 0.4, the theoretical current efficiency ∆m / ∆Q is expected to be 0.952 

µg /mC. As shown in Figure 3-3(C), the value found experimentally, was at first, 

much smaller than the theoretical value, and then finally was much larger (the ratio of 

experimentally determined ∆m/∆Qexp to the theoretical current efficiency ∆m/∆Qtheo: 

48.6 % after seven cycles) than for the initial potential cycles of electropolymerization 

Fig.3-3 (A) In situ monitoring of mass change during electropolymerization of aniline by potential
cycling between −0.2 and 0.9 V at a scan rate of 20 mV/s, and the corresponding SPR minimum
angle shifts measured after each potential cycle. (B) The reflectivity as a function of time during
the electropolymerization. (C) A current efficiency ∆m/∆Q plot during electropolymerization. Inset
is the mass change as a function of the charge amount. 
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(17.3 % after 1 cycle). This indicates that a number of side reactions, which do not 

correspond to a mass increase, e.g., the formation of oligomers, accompany the 

ultrathin film formation.10  

 

3.3 Doping/Dedoping Properties of Deposited PANI Thin Films in 

Monomer-Free Solution 
 

3.3.1 During Potential Cycling 

    The cyclic voltammograms of a deposited PANI film in monomer-free solution is 

shown in Figure 3-4 (A). The cyclic voltammetry was scanned between −0.2 and 0.9 

V for five sequential cycles at a scan rate of 20 mV/s in a monomer-free 0.5 M H2SO4 

Fig.3-4 (A) Cyclic voltammograms of deposited PANI film in monomer-free 0.5 M H2SO4
solution;(B) Mass response as a function of charge amount (second cycle). Inset is the mass
response as a function of potential.(C) SPR reflectivity changes during the potential cycling.
(D) Reflectivity change with the potential (second cycle). 
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solution. As mentioned before, the first redox peak (A, A′ ) is commonly assumed to 

correspond to the electron transfer from/to the PANI film. In order to compensate the 

charge of the PANI film, anion doping/dedoping of the PANI film occurs. This is also 

seen in the EQCM measurement in which the mass increase at around 0.2 V 

corresponds to this doping process. During this redox process, the SPR reflectivity 

also changes sharply, as shown in Figure 3-4 (C) and (D), due to the fast refractive 

index changes. And the following slow SPR reflectivity changes correspond to the 

doping/dedoping process. The second redox peak (B, B′) corresponds to a 

deprotonation and protonation process. Besides the proton/cation exchange, the anion 

is also expelled from the PANI film during deprotonation,6a as reflected by a mass 

loss over 0.7V shown in Figure 3-4(B).The small peak at around 0.5 V is probably 

due to a side reaction in the PANI film. From the cyclic voltammograms, we can also 

see that the PANI film is not stable upon repeated potential scanning in the potential 

range as shown above. After each potential cycling, the peak currents decreased a 

little, indicating that some of the deposited PANI degraded or peeled off from the 

electrode (vide post). This phenomenon was also reflected in the SPR kinetic 

measurement (Fig.3-4(C)): SPR reflectivity decreased after each potential cycling. 

    If one correlates the deposited mass with the transferred charge (Fig.3-4(B)), first, 

the mass increased with the amount of charge transferred and then decreased again. 

The ∆m/∆Q value in this region is 0.27 µg/mC. This value is smaller than the 

theoretical ∆m/∆Q value of SO4
2− (0.50 µg/mC). This might be due to the 

participation of protons for the charge compensation. At around 1.8 mC/cm−2 (0.7 V), 

the mass started to decrease again. The ∆m/∆Q value in this region is 0.18 mC/cm−2. 

This should be attributed to a combination of protonation, anion de-doping, and 

degradation.11 The degradation could be seen clearly in this figure, reflected by a 

mass loss after the potential cycling. In our QCM experiments, a mass loss of 60% of 

the deposited PANI film was observed after 10 potential cycles between −0.2 and 0.9 

V (c.f. Fig.3-7). 

    In order to complement the information obtained by the ESPR and the EQCM 

experiments, transmittance measurements were carried out using two He-Ne lasers 

(632.8nm and 1152nm) during the potential cycling (cyclic voltammetry), between 

−0.2 and 0.9 V at a scan rate of 20 mV/s, as shown in Figure 3-5. In this case, the gold 

film thickness was reduced to 20 nm to allow transmission measurements on the glass 

substrates. The wavelengths used were intentionally chosen in order to compare with 
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ESPR results discussed later. From Figure 3-5, it can be seen that the decrease of the 

transmitted intensity begins at around 0.1 V for both wavelengths, λ=632.8 and 

λ=1152 nm. It is known from the Fresnel algorithm calculations12 that the transmitted 

intensity depends mostly on the imaginary part (ε″) of the dielectric constant of the 

deposited PANI film. The absorption around λ=632.8 nm is generally attributed to the 

exciton absorption of the quinoid ring structures.13 Therefore, the decrease at around 

0.1 V shows the oxidation of the PANI film from its LEB state to its EB state, which 

contains quinoid ring structures. The absorption in the near infrared (NIR) region is 

known to be due to free charge carriers in a highly conductive state.14 At the first 

oxidation peak, the PANI film changes to the EB form from the LEB form. This EB 

form is protonated in the acid solution so that it has a high conductivity. At the second 

oxidation peak, the PANI film is changed to the PNB state from the EB form and is 

deprotonated so that it is not highly conductive.  

 

3.3.2 Potentiostatic Measurements 

    In the previous section, a qualitative analysis of the imaginary part of the dielectric 

constant could be given for the three states of the PANI film. In order to be 

quantitative to all parameters of the films, i.e., its thickness, and the real and 

imaginary part of dielectric constant, we carried out ESPR and EQCM measurements 

under potentiostatic conditions. Shown in Figure 3-6 are the potentiostatic SPR scans 

for both λ=632.8 and λ=1152 nm, respectively. All SPR angular scans were started 

after each potential was applied for 2 min in order to have the same conditions as in 

Fig.3-5 Transmittance intensity response at 632.8 nm and 1152 nm,respectively, during
potential cycling in monomer-free 0.5 M H2SO4 solution. 
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the QCM measurements. Some very interesting information was obtained from the 

analysis of these curves. First, it is noticeable that the change in the reflectivity curves 

at around 0.2 V occurs when the PANI "base" film changes, upon doping, into the 

corresponding conducting PANI salt. This process is reversible and many cycles can 

be performed without any noticeable variation (except for any degradation processes). 

If the film, in the absence of monomers, is kept at 0.9 V, the SPR behavior is again 

similiar to that of the insulating state and subsequent SPR scans at 0.65, 0.4, −0.2, 0.4, 

and 0.65 V showed no difference. This indicates that in the absence of the aniline 

monomer, oxidation at potentials higher than ca. 0.65 V leads to an irreversible 

degradation of the electrochemical response of the PANI film. 

     Since it is difficult to obtain independent information on the thickness and the real 

Fig.3-6 Experimental angular SPR reflectivity curves (dotted) and calculated curves (solid)
under different applied potentials at 632.8 and 1152 nm, respectively. 

Fig.3-7 Thickness changes measured by QCM under different applied potentials. 
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and imaginary parts of the dielectric constant from mere SPR measurement, we also 

used the QCM in a potentiostatic mode of the measurement. As explained before, the 

Sauerbrey equation could be applied to relate frequency shifts to mass changes. 

Figure 3-7 shows the potentiostatic QCM measurements for several potentials and the 

corresponding thickness, roughly estimated on the assumption of a mass density of 

1.3 g·cm-3 15 for comparison with the ESPR results. For changing the potential, a step 

potential program was used. In contrast to the SPR reflectivity curves, which show a 

large change at 0.2 V, the thickness from the QCM measurement was found to be 

roughly constant between −0.2 and 0.2 V. As can be seen from Figure 3-7, a 

substantial degradation and loss of material appear at 0.9 V so that one cannot obtain 

a meaningful film thickness at 0.9 V. The loss of film thickness at 0.9 V was found to 

be 38 % after 3 min. Fitting the experimental SPR reflectivity results with the 

thickness values obtained from QCM measurement (except the value of 0.9 V) gives 

the theoretical reflectivity curves that are also shown in Figure 3-6. The calculation 

was done by using Fresnel’s equations for a Prism/Cr/Au/PANI/electrolyte solution 

architecture. Details for the fitting procedure can be found elsewhere.12 Although the 

SP resonance at λ=1152 nm is very broad at high potentials, excellent fitting curves 

were obtained in most cases. The fitting parameters obtained are shown in Figure 3-8. 

Dramatic changes both in the real part and the imaginary part of the dielectric 

constants were determined at both wavelengths. The trends of changes in the 

imaginary part at both wavelengths coincide well with the transmittance 

measurements shown in Figure 3-5. The error bars in Figure 3-8 are based on the 

density fluctuation of the polymer upon doping/de-doping, that is 1.25–1.35. Based on 

these calculations, the accuracy for the determination of the complex dielectric 

constant is estimated to be better than ±0.02 for the real part and ±0.10 for the 

imaginary part of the dielectric constant in this density range, i.e., ESPR 

measurements are able to determine the complex dielectric constants of the 

conducting polymer films in the doped/de-doped state rather independently of the 

uncertainty in the film density. Thus, the electrochromic phenomena of PANI films 

can be characterized by this ESPR technique with high sensitivity, which may lead to 

new designs for SPR-based sensors/biosensors based on the electrochromism of thin 

conducting polymer films. In the following work, ESPR was also used to monitor the 
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LBL self-assembly process and to study the properties of PANI multilayer films in 

neutral pH conditions. 

 

3.4 Conclusions 
 

    The electropolymerization and doping/dedoping properties of polyaniline films in 

acidic conditions on a flat gold substrate surface were investigated and well 

characterized by the combination of ESPR and EQCM. Transmittance and 

potentiostatic SPR measurements were also carried out with two wavelengths in order 

to obtain independent information about the electrochromic properties of the thin 

PANI film. The changes in the electrochemical/optical properties of the thin film 

upon doping/dedoping produce a dramatic change in the SPR responses, mainly due 

to a distinct change in the real and imaginary parts of the dielectric constant. Using 

the combination techniques, the thickness, the real and imaginary parts of the 

dielectric constants of PANI at different oxidation states were obtained. All these 

results will provide some basic data for our subsequent study of PANI multilayer 

films in neutral conditions. Besides, the combination techniques used here were 

shown to be a powerful in situ approach for the investigation of ultrathin polymer 

films. So in the following work, these techniques were also used to monitor the LBL 

self-assembly process of PANI multilayer films and to study their properties and 

applications in neutral pH conditions. 

 

Fig.3-8 Real part ( ′) and imaginary part ( ″) of the dielectric constants of PANI at different
potentials (i.e. different oxidation states) at 632.8 nm and 1152 nm, respectively. 
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Chapter 4 

Polyaniline Composite Films Prepared Via the LBL Method 

and Their Properties in Neutral Aqueous Solution 

 

4.1 Background 

 

    As has mentioned in Chapter 1, polyaniline (PANI) is one of the most studied 

conductive polymers, due to its many attractive properties (such as ease of synthesis, 

being cheap, and of relatively stable electrical conductivity, with interesting 

electrochemical and optical properties) and the resulting potential applications as 

battery electrodes, as electrochromic or electronic devices, for the immobilization of 

enzymes, in biosensors, etc.1-3 However, unmodified PANI films remain electroactive 

only in acidic solutions (normally pH<3),4 which to a large extent restricts its 

applications, especially in bioengineering. Efforts have been directed toward 

overcoming such limitations. One approach is to introduce acidic groups (e.g. -COOH, 

-SO3H, ect.) into the PANI chain and to form a so-called “self-doped” PANI, which 

can maintain its electroactivity in neutral or even basic conditions.5 Another way is to 

dope PANI with negatively charged linearly polyelectrolytes (such as poly(acrylic 

acid) (PAA), poly(vinyl sulfonate) (PVS), poly(styrene sulfonate) (PSS), sulfonated 

polyaniline (SPANI), etc.) by forming copolymers using an electropolymerization 

approach.6 The copolymers thus obtained have been successfully utilized to 

immobilise enzymes in neutral solutions.7 

    The layer-by-layer (LBL) self-assembly method developed by Decher et al 8-9 is 

an extremely simple approach that can yield nanoarchitecture films with excellent 

control over the positioning of individual layers in a highly organized structure. It has 

been shown that PANI can form multilayer films by the LBL method with several 

poly(anions).9,10 But almost all of these results were obtained in acidic conditions or 

in air. Until now, no one has investigated in detail whether such PANI multilayer films 
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can also remain electroactive in neutral solutions just as copolymers do, which is a 

most important aspect for their use in biosensor formats. 

    So in this Chapter, the LBL self-assembly method was used to prepare different 

PANI composite films by doping it with different dopants, and the properties of the 

obtained PANI multilayer films were examined at a neutral pH, in order to explore 

their potential biological applications.  

   The structures of the dopants used in this study are shown in Figure 4.1-1. The 

dopants not only include the negatively charged linearly polyelectrolytes (i.e. SPANI, 

PAA, PSS, PVS) that are normally used in the above reported examples, but also 

include some other novel materials, like mercaptosuccinic-acid-capped gold 

nanoparticles (MSAGNP) or polyaminobenzene sulfonic acid-modified single-walled 

carbon nanotubes (PABS-SWNTs). Our results showed that all the used dopants could 

effectively shift the electroactivity of PANI to a neutral pH environment. All the 

prepared PANI multilayer films showed good redox activity in neutral conditions and 

Fig. 4.1-1 Structures of the dopants used in the present study. 
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can electrocatalyze the oxidation of β-nicotinamide adenine dinucleotide (NADH). 

The electrocatalytic abilities of different PANI system toward the oxidation of NADH 

were compared, with those of PANI doped by Au nanoparticles or canbon nanotubes 

being higher than those of PANI doped by linear polyelectrolytes. Some of the 

prepared PANI multilayer films were also used for the first time to detect DNA 

hybridization event, as will be discussed in Chapter 5. 
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4.2 Polyaniline Doped by Linearly Negatively Charged 

Polyelectrolytes 

 

In this section, self-assembled multilayer films of PANI were prepared using the LBL 

method with a series of linear poly(anions), i.e., SPANI, PAA, PSS, and PVS. Their 

electrochemical behavior and their efficiency to electrocatalyze the oxidation of 

NADH in neutral solutions were investigated in detail by electrochemical techniques 

combined with surface plasmon resonance spectroscopy (SPR) and the quartz crystal 

microbalance (QCM). The results showed that all the formed PANI multiplayer films 

were very stable and reversibly electroactive in neutral solutions. Their catalytic 

abilities to electrocatalyze the oxidation of NADH were compared under identical 

conditions. Comparison was also made between the copolymers and the multilayers. 

 

4.2.1 The LBL Self-Assembly Process 

    Shown in Figure 4.2-1 are the scheme of the LBL self-assembly process (A), in 

situ SPR (B) and the QCM (C) responses measured during this process. The details 

about the LBL process can be found in the Experimental part (Chapter 2). From the 

SPR kinetic measurement (B), a clear trend of the progressive deposition in each 

cycle is observed, although the signal becomes saturated with the films becoming 

thicker, due to the fixed angle (56.3o) used in the measurement. Besides, it can also be 

seen that in each cycle, the deposited amount of PANI is larger than that of SPANI. 

This can be seen even clearer from the frequency change during deposition/adsorption 

as measured in situ by QCM (C). The inset shows the frequency change with the 

number of layers. Here, the monotonous frequency decrease with increasing number 

of layers indicates the linear deposition of the PANI/SPANI onto the substrate. One 

can also see that for each bilayer, the frequency change caused by the deposition of 

PANI is much larger than that of SPANI, indicating a larger amount of deposited 

PANI than SPANI in each bilayer, as seen in the SPR kinetic measurement (B). This 

difference is mostly due to the different charge densities of PANI layer and SPANI 
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layer under the pH conditions used here. Owing to this difference in charge densities, 

PANI and SPANI adopt different conformations, thus adsorb in different amounts.11 

    To further probe the LBL process, the cyclic voltammograms and the SPR 

spectra were measured in 0.1M PBS buffer (pH=7.1) after each deposition of one 

bilayer of PANI/SPANI onto the Au substrates, as shown in Figure 4.2-2. Both the 

linear increase of the peak currents in the cyclic voltammograms as well as the equal 

shifts of the SPR minimum angles (except for the first bilayer) with the number of 

bilayers indicate a progressive deposition with an almost equal amount of polyion 

deposited in each circle. In Figure 4.2-2 (A), the peak-peak separation increases with 

the number of bilayers. The main reason is that the ion transfer becomes more 

difficult with increasing film thickness (vide infra). The relatively larger minimum 

angle shift of the first bilayer compared to those of the following bilayers in Figure 

4.2-2 (B) may be due to the different charge densities of the functionalised MPS layer 

Fig.4.2-1 Scheme of the LBL self-assembly process (A) and the in situ SPR (B) and QCM
(C) responses measured during this LBL process. 
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and the SPANI layers under otherwise identical conditions.  

4.2.2 Electroactivity of PANI Multilayer Films in Neutral Solution  

    We can see from Figure 4.2-2 (A) that PANI/SPANI multilayer films show very 

good electroactivity in 0.1M PBS buffer, pH=7.1. A broad redox peak is found for 

different bilayers of PANI/SPANI, and the redox potential is around 0.05V. This broad 

redox peak is the superposition of two redox processes usually found for PANI in 

strong acidic solutions, i.e., a doping/dedoping and a deprotonation/protonation 

process. This can be confirmed by the electrochemical behaviour of PANI/SPANI 

multilayer films measured in different pH buffer solutions, as shown in Figure 4.2-3. 

At low pH values, two separate redox peaks can be clearly seen. The redox peak at the 

low potential corresponds to the doping/dedoping process, while the one at the higher 

potential corresponds to the deprotonation/protonation process which is highly pH 

dependent. With increasing pH, the second redox peak shifts quickly towards low 

potentials with a rate of about –100mV/pH and finally merges with the first redox 

peak at pH>6 to show only one broad peak. The sharp and large peaks at pH=1 and 

pH ≥ 7 upon a positive potential scan up to 0.7V, and the peaks between 0.3V and 

0.8V when pH ≥ 7 upon a negative potential scan are due to the oxidation of Au, as 

confirmed by a control experiment done under the same conditions using bare Au. 

The redox peak here at pH 7 is a little deformed compared with that in Figure 4.2-2. 

Fig.4.2-2 Cyclic voltammograms (A) and SPR spectra (B) of different bilayers of
PANI/SPANI multilayer films self-assembled on Au electrodes recorded in 0.1M PBS
buffer, pH=7.1. Scan rate 50mV/s. 
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This is due to the cyclic scanning of the film over a wide potential in different pH 

solutions. The above results are similar to those found for PANI copolymers.6a,6b 

    Figure 4.2-4 shows the cyclic voltammograms of 6 bilayers of PANI/SPANI 

recorded in 0.1M PBS buffer (pH=7.1) at different scan rates. The inset shows the plot 

Fig.4.2-3 Cyclic voltammograms of Au electrode self-assembled with 6 bilayers of
PANI/SPANI recorded in buffers with different pH values: pH=1 and 2, HCl solution;
pH>3, 0.1M citrate-phosphate buffer. Scan rate: 20mV/s. 

Fig.4.2-4 Cyclic voltammograms of 6 bilayers of PANI/SPANI modified Au electrodes
recorded in 0.1M PBS buffer (pH7.1) at a scan rate of 10, 20, 50, 100, 200, 300, 400,
500mV/s, respectively. Inset shows the relationship between anodic peak currents and
the scan rates. 
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of the anodic peak current versus the square root of the scan rate. A very good linear 

relationship is found, indicating a diffusion-controlled redox process. For PANI 

copolymers this process was reported to be surface-controlled.6b The difference may 

arise from the different structures of PANI/SPANI multilayer films and PANI 

copolymers. The former is more ordered and compact than the latter. 

    In order to further investigate the redox behaviour of PANI/SPANI multilayers in 

neutral solution, we measured both the SPR reflectivity change and the QCM 

frequency change of a sample of 6 bilayers of PANI/SPANI during 5 cyclic potential 

scans, as shown in Figure 2.4-5. The SPR reflectivity increases during the anodic 

potential scan and decreases during the cathodic scan. The corresponding frequency 

changes can also be observed. These changes are the net results of doping/dedoping 

and deprotonation/protonation processes, respectively, along with contributions from 

the solvent and/or of the anions in the solution. These processes result in the change 

of the dielectric constant and the density of the film, thus the change of the reflectivity. 

As for the frequency change, we think the main contribution is from the transport 

process of solvent and counterions and/or changes in the viscoelasticity of the film 

accompanying the above processes.12,13  

 

Fig.4.2-5 Reflectivity change measured at a fixed angle (61.5o) (A) and frequency change 
(B) of 6 bilayers of PANI/SPANI measured in situ upon the application of 5 circles of 
potential scanning in 0.1M PBS buffer, pH=7.1. Insets are reflectivity change and
frequency change versus potential changes (third cycle), respectively. 
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4.2.3 Stability and Reversibility of PANI Multilayer Films 

    For all practical purposes, the stability and the reversibility of the prepared PANI 

multilayer films in a neutral solution are important aspects to pay attention to. From 

the SPR reflectivity change and the frequency change displayed in Figure 4.2-5, one 

could see that PANI/SPANI multilayer films are very stable and reversible upon 

potential scanning. We also measured the SPR reflectivity changes of a 10 bilayers of 

PANI/SPANI modified Au electrode upon the application of potential square waves 

(PSW) with steps of 20s and 4s, respectively, as shown in Figure 4.2-6. Figure 4.2-6 

(A) was measured at a fixed angle (62o) while the potential was stepped between 

–0.2V and 0.35V with a time interval of 20s. The SPR reflectivity increases as the 

potential is stepped from –0.2V to 0.35V and decreases as the potential is stepped 

Fig.4.2-6 (A) SPR reflectivity change of 10 bilayers of PANI/SPANI multilayer films measured
at a fixed angle (62o) in 0.1M PBS buffer (pH7.1) upon application of potential square waves
with a time step of 20s. (B) SPR spectra of 10 bilayers of PANI/SPANI recorded in 0.1M PBS
buffer (pH7.1) while the potential was fixed at –0.2V (a), 0.35V (b) and stepped between them
with a time interval of 4s(c) upon the PSW scanning between –0.2V and 0.35V (inset). 
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from 0.35V back to –0.2V. The reflectivity changes are very reproducible, indicating 

excellent stability and reversibility of the PANI/SPANI multilayer film. Experiments 

show that even after 500 cycles of PSW, the SPR reflective intensity only degrades by 

less than 10 percent. The fast increase in the SPR reflectivity intensity is ascribed to 

the refractive index change of the multilayer film upon the oxidation of PANI/SPANI. 

The following slower increase is ascribed to the swelling of the oxidised film caused 

by the hydration of the multilayer film and/or the uptake of some of the counteranions 

in the solution. These processes are reversed if the potential is stepped back to 

–0.2V.7b Figure 4.2-6 (B) shows the SPR spectra measured at –0.2V (curve a), 0.35V 

(curve b) and while the potential was stepped between them with a time interval of 4s 

(curve c), respectively. It is clear that even within 4s time intervals, the PANI/SPANI 

multilayer film still shows very good reversibility between its reduced and its 

oxidized states. Such excellent stability and reproducibility of the PANI multilayer 

films lay a strong foundation for their practical use. 

 

4.2.4 Electrocatalytic Activity of PANI Multilayer Films for the Oxidation of 

NADH 

    Recently, it has been reported that PANI copolymers can electrocatalyze the 

oxidation of NADH in neutral solution.6,7b Since the PANI/SPANI multilayer films 

prepared in this work can also maintain very good electroactivity at pH 7.1, so it also 

should be possible to electrocatalyze the oxidation of NADH. Figure 4.2-7 (A) shows 

the cyclic voltammograms of a 6 bilayer PANI/SPANI multilayer film measured in 

0.1M PBS buffer (pH7.1) in the absence and presence of different amounts of NADH. 

As can be seen, upon the addition of NADH, the anodic peak current increases, while 

the cathodic peak current decreases significantly, indicating clearly the catalytic 

capability of PANI/SPANI multilayer films for the oxidation of NADH. As can also 

be seen, the anodic catalytic peak currents increase gradually with the increase of the 

concentration of NADH (Fig.4.2-7(A), inset). 
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    This catalytic behavior of PANI/SPANI multilayer film can also be characterized 

by in situ electrochemical-SPR (ESPR) measurements. Figure 4.2-7 (B) shows the 

SPR spectra of 6 bilayers of PANI/SPANI measured in 0.1M PBS buffer (pH7.1) in 

the presence of different concentrations of NADH with the potential held at –0.2V 

and 0.35V, respectively. If the potential is at –0.2V, the film is in its reduced state. 

Upon the addition of NADH, both the critical angle and the minimum angle shift 

towards higher values. The higher the concentration of NADH, the larger the shift. 

These changes are caused by the change of the refractive index of the solution as a 

result of adding NADH. But if a potential of 0.35V is applied at which the film is in 

its oxidized state, a different behavior is found upon the addition of NADH: the 

critical angle still shifts to higher values, but the minimum angle shifts to lower values. 

This is the net result of the refractive index change of the solution and the refractive 

index change of the multilayer film caused by the reduction of the multilayer film by 

its electrocatalyzed oxidation of NADH. This can be seen more clearly from the inset 

Fig.4.2-7 (A) Cyclic voltammograms of 6 bilayers of PANI/SPANI measured in 0.1M PBS
buffer(pH=7.1) containing different concentrations of NADH. Scan rate 5mV/s. Inset shows
the anodic catalytic peak current change with the concentration of NADH. (B) SPR spectra
of 6 bilayers of PANI/SPNI measured at a fixed potential of –0.2V and 0.35V in 0.1M PBS
buffer (pH7.1) with different concentrations of NADH, respectively. Inset shows the
minimum resonance angle shifts after taking into account of the critical angle changes due
to the addition of NADH. 
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in Figure 4.2-7 (B), which shows the corrected minimum resonance angle shift 

(∆θ0-∆θc) after taking into account of the critical angle shift caused by the addition of 

NADH. At –0.2V, the corrected minimum angle shift changes very little while adding 

NADH, but at 0.35V, the corrected minimum angle shift increases gradually with the 

increase of the amount of NADH. 

    SPR kinetic measurement can also be applied to detect the catalytic phenomena 

directly. Figure 4.2-8 showed the SPR reflectivity changes of 6 bilayers of 

PANI/SPANI measured at a fixed angle (61.5o) upon cyclic potential scan measured in 

0.1M PBS buffer (pH7.1) with 50mM NADH, scan rate 5mV/s. The inset is the 

reflectivity change with the potential (third cycle). If we compare this figure with 

Figure 4.2-5 (A) in which there was no NADH, a shoulder appears in the presence of 

NADH. It is much clearer to see from the insets of both figures. Without NADH, SPR 

reflectivity during the negative scan is larger than that during the positive scan when 

the potential is higher than 0.2V. This is due to the swelling of the oxidised multilayer 

film. But in the presence of NADH, the reflectivity during the negative scan is lower 

than that of the positive scan in the same potential range. The reason is that in this 

potential range the multilayer film catalyses the oxidation of NADH, and thus the film 

Fig.4.2-8 SPR reflectivity changes of 6 bilayers of PANI/SPANI measured at a fixed angle
(61.5o) upon cyclic potential scan measured in 0.1M PBS buffer (pH7.1) with 50mM
NADH. Scan rate 5mV/s. Inset is the reflectivity change with the potential (third cycle). 
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itself is partly reduced.  

    In a typical catalytic reaction, the increase of the amount of catalyst will certainly 

enhance the catalytic response. In the present experiment, one can control the amount 

of catalysts in the multilayer film by controlling the number of layers in order to get a 

high catalytic response. Figure 4.2-9 shows the cyclic voltammograms of different 

bilayers of PANI/SPANI on Au electrodes recorded in 0.1M PBS buffer (pH7.1) with 

and without 10mM NADH. The inset shows the dependence of the anodic catalytic 

peak current on the number of bilayers. As can be seen clearly, for thin films, the 

current increases linearly with the increase of the number of bilayers, because there 

are more catalytic reaction sites available in the film. But if the film reaches a certain 

thickness (>8 bilayers), the current no longer changes linearly with the number of 

bilayers but tends to level off. It is reasonable that for thicker films, the diffusion 

process becomes more difficult, and NADH can’t penetrate through the whole film 

and is consumed mainly near the outer part of the film. 

 

4.2.5 Other PANI Multilayer Films 

Fig.4.2-9 Cyclic voltammograms of different bilayers of PANI/SPANI recorded in 0.1M
PBS buffer(pH7.1) in the absence and presence of 10mM NADH. Scan rate 5mV/s. Inset
shows the relationship between the anodic catalytic peak current and the number of
bilayers of PANI/SPANI. 
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    Besides PANI/SPANI multilayer films, a series of other PANI multilayer 

assemblies, i.e., PANI/PAA, PANI/PVS and PANI/PSS, respectively, were also 

prepared. Their assembly processes and their electro- and catalytic abilities toward the 

oxidation of NADH were also investigated in detail under the same conditions as 

those used for PANI/SPANI. The results showed that all the PANI multilayer films are 

very stable and show excellent electroactivities in neutral solution. However, for the 

same number of bilayers, their optical thickness (as indicated by the resonance 

angular shift), electroactivity and their efficiency to electrocatalyze NADH oxidation 

are quite different under identical conditions, as summarized in Figure 4.2-10 (A) ~ 

(C). Clearly, the electroactivity of the different PANI system is in rough accordance 

Fig.4.2-10 (A) Resonance angular shift of 6 bilayers of different PANI system measured in
0.1M PBS buffer, pH7.1. (B) Electroactivity of 6 bilayers of different PANI system
measured in 0.1M PBS buffer, pH7.1. (C) Anodic catalytic peak currents of 6 bilayers of
different PANI systems measured in 0.1M PBS buffer (pH7.1) in the presence of 10mM
NADH. (D) Anodic catalytic peak currents of PANI films with the same optical thickness
prepared by electropolymerization method and by LBL method, respectively, measured in
0.1M PBS buffer (pH7.1) with 10mM NADH. 
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with their corresponding optical thickness (with the exception of PANI/SPANI), 

which is due to the different amount of the deposited PANI. In the case of 

PANI/SPANI system, both components are electroactive, thus it shows the highest 

electroactivity. As for their catalytic efficiency toward the oxidation of NADH, 

PANI/SPANI is much better than the other assemblies. The main reason for this is that 

both PANI and SPANI monolayers of the PANI/SPANI system are electroactive, 

while for the other three systems only the PANI layer is electroactive. The differences 

among the catalytic behavior of the four PANI multilayer systems may also originate 

from differences in the thickness, the density and the morphology of the different 

films, as a result of different interactions between the PANI and the corresponding 

poly(anions) under the same conditions. 

    The catalytic ability of PANI/PAA prepared by LBL method was also compared 

with that of PANI/PAA copolymers with the same optical thickness prepared by direct 

electropolymerization method, as shown in Figure 4.2-10 (D). It is clear that the 

former is much weaker than the latter. We believe this difference arises from the 

different electrochemical mechanisms of the two films (vide supra). However, if we 

select the proper system (e.g. PANI/SPANI), their catalytic abilities are comparable. 

 

4.2.6 Conclusions 

    Self-assembled PANI multilayer films, prepared via the LBL method by doping 

it with different negatively charged polyelectrolytes, are very stable, reversible and 

electroactive in a neutral pH solution. It is worth noting that all the films can 

electrocatalyze the oxidation of NADH, although their catalytic efficiencies are 

different. Using the LBL method, very uniform PANI multilayer films can be 

deposited in a highly controlled way. Hence, it is easy and convenient to construct 

biosensors based on such PANI multilayer films, as will be shown in the later 

chapters.  
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4.3 Polyaniline Doped by Modified Gold Nanoparticles 
 

    In this section, we use the mercaptosuccinic-acid-capped gold nanoparticles 

(MSAGNP), other than the normally used polyelectrolytes, to dope polyaniline (PANI) 

via the LBL method to see whether they can form stable multilayer films and whether 

the obtained PANI/MSAGNP multilayer film could remain electroactive in neutral pH 

conditions. If we succeed, we are then not limited any longer to use only 

polyelectrolytes to shift the redox-activity of PANI to neutral conditions. Moreover, it 

will also provide an alternative method to incorporate metal particles into conducting 

polymers, which is also a very active research topic nowadays.14-15  

 

4.3.1 Preparation and Characterization of the MSAGNP 

    Three MSAGNP samples with different size were prepared, and the details about the 

preparation process can be found in the experimental part (Chapter 2). Transmission 

electron microscope (TEM) images and the absorbance of the prepared MSAGNP 

samples are shown in Figure 4.3-1. From the TEM images, we can see that all the 

MSAGNP samples are very homogeneous and with no aggregation between the 

particles. The average particle size was 2.0 ± 0.4 nm, 9.9 ± 0.8 nm and 15.2 ± 1.4nm, 

for sample (A), (B) and (C), respectively (c.f. inset in (A), (B), (C) for size 

distribution analysis). Figure (D) shows the UV-vis spectra of MSAGNP samples 

dispersed in Milli-Q water. For smaller MSAGNP samples (A), a very weak absorption 

peak is observed at around λ = 520 nm; while for the bigger ones (B and C), a strong 

absorbance was observed, with the absorption peak red-shifted to around 528 nm and 

532 nm for (B) and (C), respectively. These results are consistent with those reported 

for particles with similar sizes.16  

 

4.3.2 LBL Self-Assembly of PANI with MSAGNP  

    Because the prepared MSAGNP samples are negatively charged when dispersed in 

Milli-Q water, so it is possible to assemble them with the positively charged PANI by 

the simple LBL method. For the convenience of further modification and application 

of the prepared PANI/MSAGNP films, the final layer of every sample we prepared is 

MSAGNP. The scheme of the LBL self-assembly process of PANI with MSAGNP is 

shown in Figure 4.3-2 (A), and the assembly process was in situ monitored by SPR 
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and electrochemistry, as shown in Figure 4.3-2 (B) to (D). The gradual SPR minimum 

angle shifts indicate a progressive deposition of PANI and MSAGNP layers onto the 

Au substrate in each cycle (Fig.4.3-2(B)). An obvious minimum reflectance increase 

and the broadening of the curve with the increase of the number of deposited bilayers 

are induced by the absorptivity of both the PANI and the nanoAu particles inside the 

film, further indicating a stable LBL self-assembly process. In situ SPR kinetic 

measurement (Fig.4.3-2(C)) also shows clearly the incorporation of MSAGNP into the 

multilayer film. The reason for the seemingly SPR kinetic signal saturation is that the 

SPR kinetic measurement was carried out at a fixed angle (56.5o) despite the shifting 

and broadening of the SPR angular curves after deposition of each layer (c.f. Fig.4.3-

2(B)). The cyclic voltammetry (CV) measurements (Fig.4.3-2(D)) are nicely 

consistent with the SPR results. The linear peak current increase with the increase of 

the number of bilayers suggests a highly reproducible deposition from layer to layer. 

Fig.4.3-1 (A), (B) and (C) are the TEM images of the prepared MSAGNP samples with a
average diameter of 2.0 ± 0.4 nm, 9.9 ± 0.8 nm and 15.2 ± 1.4 nm, respectively. Insets are the
corresponding size distribution analysis (50 particles counted in each case). (D) UV-vis
spectra of the above MSAGNP samples dispersed in Milli-Q water. 
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4.3.3 Properties of PANI/MSAGNP multilayer films in neutral solution 

    From the CV curves in Figure 4.3-2(D), it is clear that the PANI/MSAGNP 

multilayer films show very good redox activity at pH 7.1 in PBS buffer. A broad 

redox peak is found for different bilayers of PANI/MSAGNP, just like those doped by 

polyelectrolytes (c.f. section 4.2), with the formal potential being around 0.03V. As 

mentioned before, this redox peak is the overlap of the two redox processes normally 

found for PANI in acidic conditions (c.f. Chapter 3),1b as confirmed by the 

electrochemical behavior of PANI/MSAGNP multilayer films measured in different 

pH buffer solutions, as shown in Figure 4.3-3. At low pH, two separate redox peaks 

appear. As the pH increases, the second redox peak moves toward lower potential 

with a rate of about –100mV/pH and finally merges with the first one at pH > 5 to 

show only one redox peak. A similar behavior was also observed in PANI composite 

films prepared by the afore mentioned methods (c.f. section 4.2).5b, 6b  

    Shown in Figure4.3-4 are 10 consecutive CV curves and the corresponding SPR 

reflectivity changes of 5 bilayers of PANI/MSAGNP measured in PBS buffer. It can be 

seen that the multilayer films are very stable in neutral solution upon repeated 

potential cycling in the potential range between –0.2V and +0.3V, with almost no 

Fig.4.3-2 (A) Scheme of the LBL assembly of PANI and MSAGNP. (B) SPR angular spectra and
(D) cyclic voltammograms of different samples with an increasing number of bilayers of
PANI/MSAGNP recorded in 0.1M PBS buffer (pH 7.1) after each bilayer was deposited onto the
Au subtrate. (C) In situ SPR kinetic measurement during the LBL self-assembly process of
PANI/MSAGNP multilayer film at a fixed angle (56.5o). CV scan rate was 50mV/s.  
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observable changes in both the peak current and the peak-to-peak separation after the 

first cycle. The corresponding SPR signal is also very stable and reproducible during 

the potential scanning. This excellent stability and reproducibility of the films in 

neutral pH environment offer interesting opportunities for practical applications in 

bioengineering, as will be demonstrated for the stable detection of DNA hybridization 

in the Chapter 5.  

    Cyclic voltammograms at different scan rates measured in 0.1M PBS buffer (pH 

7.1) showed that the redox peak currents are linearly proportional to the scan rates up 

to at least 500mV/s, indicating a surface-confined redox process (Fig.4.3-5). 

However, for PANI multilayer films doped with negatively charged polyelectrolytes 

Fig.4.3-3 Cyclic voltammograms of PANI/MSAGNP measured in buffers with different
pH values: for pH 1, HCl solution was used; for pH 3~8, 0.1M citrate phosphate buffer
was used. Scan rate was 20mV/s. 

Fig.4.3-4 Cyclic voltammograms and the corresponding SPR signal changes upon
repeated potential scans (-0.2V ≤ E ≤ +0.3V) of 5 bilayers of PANI/MSAGNP measured
in 0.1M PBS buffer, pH7.1. CV scan rate 50mV/s. 
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also by the LBL method, this process was diffusion-controlled (c.f. section 4.2). This 

difference may arise from the different structures due to the different dopants. In the 

case of PANI/MSAGNP films, the two components form a relatively open and 

disordered structure, which facilitates both the effective doping of PANI and the fast 

charge transfer. Moreover, the Au nanoparticle itself may also help the charge transfer 

across the film. In comparison, PANI and the negatively charged polyelectrolytes 

form a more compact structure, and the above two processes may be hampered to 

some extent by the relative rigidity of the polyelectrolyte chain. 

4.3.4 Size effect of MSAGNP on the electroactivity of PANI/MSAGNP multilayer 

films 

    All the results given above are based on the smaller MSAGNP (2.0 ± 0.4 nm). We 

also prepared PANI/MSAGNP multilayer films with the two bigger MSAGNP samples 

(9.9 ± 0.8 nm and 15.2 ± 1.4nm), and their electrochemical properties were 

investigated under the same conditions as those used for the smaller one. We found 

that the size of MSAGNP had an important effect on the redox activity of the obtained 

PANI/MSAGNP films with the same number of bilayers, as shown in Figure 4.3-6. 

The electroactivity of PANI/MSAGNP film decreases with the increase of the size of 

the corresponding MSAGNP, with MSAGNP (2.0 ± 0.4 nm) shows the highest redox 

activity. This is reasonable, because the surface area per unit volume (S/V) is 

proportional to the reciprocal of the diameter of MSAGNP if MSAGNP is assumed to 

Fig.4.3-5 Cyclic voltammograms of a PANI/MSAGNP multilayer film (5 bilayers)
recorded in 0.1M PBS buffer, pH 7.1 at different scan rates: 10, 20, 50, 100, 200, 300,
400, 500 mV/s. The inset shows the linear relationship between the anodic peak current
and the scan rate. 
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have a spherical shape. Therefore, the smallest MSAGNP sample (2.0 ± 0.4 nm) 

should have the highest S/V, thus the highest density of –COOH groups per particle, 

as compared to the larger ones.17 So the smaller MSAGNP can dope PANI more 

efficiently than the bigger ones. In our following experiments, we only use the smaller 

MSAGNP sample (2.0 ± 0.4 nm). 

4.3.5 Electrocatalytic efficiency of PANI/MSAGNP films toward the oxidation of 

NADH  

    It has been shown that PANI doped by negatively charged polyelectrolytes can 

electrocatalyze the oxidation of NADH (c.f. section 4.2 and references 6 and 7b). 

Shown in Figure 4.3-7(A) are the cyclic voltammograms of 5 bilayers of 

PANI/MSAGNP films measured in 0.1M PBS buffer (pH 7.1) in the absence and 

presence of different amounts of NADH, at a scan rate of 5mV/s. The capability of 

the PANI/MSAGNP film to electrocatalyze the oxidation of NADH is clearly 

observed. The anodic catalytic peak current increases with the increase of NADH 

concentration. Further experiments also show that the catalytic peak current increases 

with the increase of the film thickness up to at least 12 bilayers (Fig.4.3-7(B)), but not 

in a strictly linear way. Moreover, there is an offset at n=0, which may arise from the 

different active reaction sites inside the different layers. This current change is also 

different from that found for PANI/polyelectrolytes multilayer films. In the latter 

Fig.4.3-6 Size effect of MSAGNP on the redox activity of the prepared PANI/MSAGNP
multilayer films. All the samples are six bilayers, measured in 0.1M PBS buffer, pH7.1. Scan
rate 50mV/s. 
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case, the catalytic peak currents level off if the films are thicker than 8 bilayers (c.f. 

Section 4.2). 

    Figure 4.3-8(A) shows the relative electrocatalytic efficiency of different PANI 

multilayer systems with the same number of bilayers. Except for the PANI/SPANI 

system in which every layer is electroactive and has high electrocatalytic ability 

toward the oxidation of NADH (c.f. Section 4.2), the electrocatalytic efficiency of 

Fig.4.3-7 (A) Cyclic voltammograms of 5 bilayers of PANI/MSAGNP measured in 0.1M PBS
buffer (pH 7.1) in the absence and presence of different concentrations of NADH, scan rate
5mV/s. (B) Cyclic voltammograms of different bilayers of PANI/MSAGNP measured in 0.1M PBS
buffer, pH 7.1 without and with 5mM NADH. The inset shows that the electrocatalytic efficiency
of the film increases with the increase of the number of bilayers up to at least 12 bilayers. 

Fig.4.3-8 (A) Comparison of the electrocatalytic efficiency of different PANI multilayer systems,
6 bilayers each. NADH concentration is 10mM. (B) Control experiment to show that MSAGNP
themselves also have electrocatalytic ability towards the oxidation of NADH by using PDDA
instead of PANI to construct multilayer film with MSAGNP. Inset shows the results of bare Au
substrate to exclude the possibility that the catalytic signal comes from the substrate. All the
measurements were carried out in 0.1M PBS buffer, pH7.1 with different amount of NADH.
Scan rate 5mV/s. 
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PANI/MSAGNP is higher than that of PANI doped by polyelectrolytes. The relatively 

higher electrocatalytic efficiency of PANI/MSAGNP originates mainly from the 

following aspects: firstly, the surface charge density of MSAGNP is higher compared 

to that of the corresponding polyelectrolytes, which enables them to dope PANI more 

effectively than polyelectrolytes; secondly, MSAGNP inside the multilayer film 

facilitate the charge transfer across the film (vide supra); thirdly, MSAGNP themselves 

show some electrocatalytic ability towards the oxidation of NADH, as confirmed by a 

control experiment done under the same conditions using 

poly(diallyldimethylammonium chloride)(PDDA) instead of PANI to construct 

multilayer film with MSAGNP, as shown in Figure 4.3-8(B). The differences among 

the catalytic behavior of different PANI multilayer systems may also originate from 

differences in the thickness, the density and the morphology of the different films, as 

a result of different interactions between the PANI and the corresponding 

poly(anions) or MSAGNP under the same conditions (c.f. Section 4.2). 

 

4.3.6 Conclusions 

    In summary, we have demonstrated successfully that PANI and MSAGNP can form 

stable multilayer films by the LBL method. The obtained PANI/MSAGNP multilayer 

films were very stable and show very good electroactivity in a neutral pH enviroment, 

just like those doped by polyelectrolytes. PANI/MSAGNP multilayer films can also 

electrocatalyze the oxidation of NADH, and their electrocatalytic efficiency is even 

higher as compared to those of PANI/polyelectrolytes systems (except for 

PANI/SPANI system). Besides, the method we used here also offers an alternative 

approach to incorporate Au nanoparticles into conducting polymers. 

    Another advantage of doping PANI with MSAGNP is that the carboxyl groups on 

the MSAGNP can be used to link enzymes or other biomolecules to the 

PANI/MSAGNP film. We will demonstrate their application in this aspect by linking 

amino-terminated DNA probes to PANI/MSAGNP film and detecting hybridization 

event by both electrochemical and optical techniques, as will be shown in Chapter 5. 

    Moreover, the PANI/MSA-nanoAu films combine the properties of PANI and 

nano-Au particles, each of which has its unique electrical, optical, and optoelectrical 

properties, they should also find potential applications in other fields such as 

microelectronics, or for electrochromic and photovoltaic devices. However, 



         Chapter 4  Properties of PANI Films in Neutral pH Conditions 

 65

investigation on the properties and applications in this aspect is out of the scope of the 

present study and will not be discussed here. 
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4.4 Polyaniline Doped by Modified Carbon Nanotubes and Their 

Application for Stable Low-Potential Detection of NADH 

 
4.4.1 Motivation 

    Carbon Nanotubes (CNTs), as one of the most interesting carbon materials, has 

attracted an enormous interest over the past years, mainly due to their exceptional 

electrical, chemical and mechanical properties which make them attractive candidates 

for diverse applications such as in nanoelectronics, biosensors, and so on.18,19 

Recently, fabrication of CNTs/conducting polymers (CPs) composites has gained 

great interest, and it has been demonstrated that the obtained CNTs/CPs composites 

possess the properties of each of the constituents with a synergistic effect.20 Different 

CPs have been used, such as polypyrrol(Ppy),20a,20b] poly(phenylene vinylene) 

(PPV),20c,20d polythiophene and its derivatives.20e,20f Polyaniline (PANI)/CNTs 

composites were also prepared and investigated by many researchers.21,22 Almost all 

the reported PANI/CNTs composites show enhanced electronic properties, with some 

of them finding practical applications as printed electrodes in transistors with high-

performance contacts and logic gates.22 However, the reported methods for preparing 

the CNTs/CPs composites are almost the same, i.e., by polymerisation of the 

corresponding monomer in the presence of CNTs, either by chemical method or by 

the electrochemical techniques. In addition, until now no reports were available about 

the properties of PANI/CNTs composites in neutral conditions, which is an important 

aspect to learn for their potential biological applications. Here we report another 

simple way of incorporating CNTs into CPs by using the layer-by-layer (LBL) 

method. Recently, the LBL method has been demonstrated very successfully in the 

preparation of CNTs/non-conducting polymer (e.g. PDDA) composites.23 The 

obtained multilayer films were highly homogeneous and showed drastically improved 

mechanical properties as compared to those prepared by other methods,23a,23b or acted 

as potential candidates for development of environmentally benign non-platinum 

alkaline air electrodes for energy conversions.23d Here we first demonstrated, by the 

LBL method, the preparation of CNTs composites with a conducting polymer, 

polyaniline (PANI). PANI was successfully assembled with a commercially available 

polyaminobenzene sulfonic acid-modified single-walled carbon nanotubes (PABS-

SWNTs) via the LBL approach. It was found that PABS-SWNTs inside the multilayer 
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film can dope PANI effectively and shift its electroactivity to a neutral pH condition. 

The obtained PANI/PABS-SWNTs multilayer films are very stable and show a high 

electrocatalytic efficiency toward the oxidation of β-nicotinamide adenine 

dinucleotide (NADH) at a much lower overpotential (about -50mV vs. Ag/AgCl), 

which makes it an ideal substrate for constructing a NADH sensor. 

    NADH and its oxidized form (NAD+) are important coenzymes that take part in a 

lot of dehydrogenase enzymatic reactions. They show a key role in developing 

amperometric enzyme sensors or biofuel cells that use dehydrogenase dependent 

enzymes. However, the direct oxidation of NADH at bare electrodes in a neutral 

environment normally requires high overpotentials up to 1.0V.24 Consequently, 

different redox mediators have been used to reduce the overpotential for NADH 

oxidation. Among them, PANI doped with polyanions either by the 

electropolymerisation method 6,7b or by the LBL method (c.f. Section 4.2) have been 

shown to be good candidates. We also showed in the previous section that PANI 

doped by modified gold nanoparticles (MSAGNP) can also electrocatalyze the 

oxidation of NADH at a low potential in a neutral environment (c.f. Section 4.3). 

Recently, Wang’s group reported that CNTs-modified glassy carbon electrodes can 

also offer a stable low-potential amperometric detection of NADH.25 This idea was 

optimised by Cai’s group by using the ordered CNTs (OCNTs) instead, and a 

diminution of the overpotential of 645mV was reported, with a detection limit of 

5×10-7 M.26 However, the template method for preparing the OCNTs and the 

following casting them onto electrode are a little complex. Here we show that 

PANI/PABS-SWNTs multilayer films prepared by the simple LBL technique show a 

sensitivity comparable to that of OCNTs. For a six-bilayer sample, the detection limit 

can go down to 1×10-6 M as detected by the simple cyclic voltammetry method (this 

limit can go down further by using other more sensitive detection techniques or 

building up thicker films), with a linear range between 5×10-6 M and 1×10-3 M. The 

substrate can be used repeatedly for consecutive detection of NADH with a very 

stable signal. 

 

4.4.2 LBL self-assembly of PANI with PABS-SWNTs  

    The LBL self-assembly process of PANI with PABS-SWNTs was monitored in situ 

by surface plasmon resonance spectroscopy (SPR) and cyclic voltammetry (CV), as 
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shown in Figure 4.4-1. The regular minimum angle shift as well as the broadening of 

the SPR curves with the deposition of each bilayer of PANI/PABS-SWNTs indicates 

a very stable self-assembly process. CV measurement also confirms the LBL process. 

It is clear that after the assembly of each bilayer, the peak current increases gradually. 

4.4.3 Properties of PANI/PABS-SWNTs multilayer films in neutral solution 

    It is well known that PANI is electroactive only in acidic conditions.4 However, 

after incorporation PABS-SWNTs into the PANI films by the LBL technique, the 

formed PANI/PABS-SWNTs multilayer films remain electroactive in pH7.2 PBS 

buffer, as can be seen clearly in Figure 4.4-1(A). A broad redox peak is found for 

each sample with different bilayers, with the redox potential around 0.05V. This 

Fig.4.4-1 Cyclic voltammograms (A) and SPR spectra (B) of different bilayers of
PANI/PABS-SWNTs multilayer films self-assembled on Au substrates recorded in 0.1M PBS
buffer, pH=7.2. Scan rate 50mV/s. 

Fig.4.4-2 Cyclic voltammograms of PANI/PABS-SWNTs multilayer films (6 bilayers)
measured in different pH buffers: for pH 2, HCl solution was used; for pH 3~7, 0.1M citrate
phosphate buffer was used. Scan rate was 20mV/s. 
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redox peak is the overlapping of the two redox processes normally found for PANI 

system in acidic conditions (c.f. Chapter 3), as confirmed by the redox behavior of 

PANI/PABS-SWNTs multilayer films measured in different pH buffer solutions 

(Figure 4.4-2). This electrochemical behavior of PANI/PABS-SWNTs multilayer film 

is also similar to those of PANI doped by polyanions or modified Au nanoparticles 

via the same LBL method (c.f. Sections 4.2 and 4.3). 

    The stability of the prepared PANI/PABS-SWNTs multilayer films is a key aspect 

to learn for their practical applications. Shown in Figure 4.4-3 are the SPR kinetic 

signal changes during the repeated cyclic potential scanning in PBS buffer. In the 

potential range between –0.2V and +0.3V, the SPR signal is very stable and 

reproducible during potential scanning. At the same time, almost no changes are 

observed in the CV curves in both the peak current and the peak-to-peak separation 

after the first cycle. All this indicates that PANI/PABS-SWNTs multilayer films are 

very stable and reproducible in neutral solution, which offers attractive opportunities 

for their practical applications in bioassays. 

    The cyclic voltammograms of a six-bilayer PANI/PABS-SWNTs sample measured 

at different scan rates showed that the peak currents increase linearly with the scan 

rates (Figure 4.4-4), indicating a fast surface-controlled redox process. This fast 

electron transfer behavior is the same as that of PANI/MSAGNP multilayer films (c.f. 

Section 4.3), but different from that of PANI/polyelectrolytes system which show a 

diffusion-controlled mechanism (c.f. Section 4.2). The fast redox behavior of 

Fig.4.4-3 SPR reflectivity changes of PANI/PABS-SWNTs multilayer films (6 bilayers)
measured at a fixed angle (58o) upon repeated cyclic potential scanning (10 cycles) in 0.1M
PBS buffer, pH = 7.2. CV scan rate 20mV/s. 
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PANI/PABS-SWNTs films may originate from the fact that both PANI and PABS-

SWNTs are conducting, which facilitates a fast charge transfer across the film. 

4.4.4 Application of PANI/PABS-SWNTs multilayer film for the stable low-

potential detection of NADH 

    As mentioned above, both PANI composites and CNTs have been reported to be 

able to electrocatalyze the oxidation of NADH. Figure 4.4-5(A) shows the cyclic 

Fig.4.4-4 Cyclic voltammograms of 6 bilayers of PANI/PABS-SWNTs in 0.1M PBS buffer,
pH7.2, at a scan rate of 10, 20, 50, 100, 200, 300, 500mV/s, respectively. Inset shows the
linear relationship between anodic peak currents and the scan rates. 

Fig.4.4-5 (A) Cyclic voltammograms of 6 bilayers of PANI/ PABS-SWNTs measured in
0.1M PBS buffer (pH=7.2) containing different concentrations of NADH. Scan rate was
5mV/s. (B) The linear relationship between the catalytic peak current and NADH
concentration in the range between 5×10-6 M and 1×10-3 M. The error bars show the data
range of three parallel experiments. 
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voltammograms of a 6 bilayer PANI/PABS-SWNTs multilayer film measured in 

0.1M PBS buffer (pH7.2) in the absence and presence of different amounts of NADH. 

It can be seen clearly that PANI/PABS-SWNTs multilayer film can also 

electrocatalytize the oxidation of NADH. The oxidation process starts at about –

0.05V, much lower than the reported potential for NADH oxidation at a bare 

electrode.24 As can also be seen the catalytic peak currents increase gradually with the 

increase of the concentration of NADH. Detailed studies indicate that the catalytic 

peak currents show a linear relationship with the concentration of NADH in the range 

of 5×10-6 M and 1×10-3 M, with a detection limit of 1×10-6 M (Fig.4.4-5(B)). This 

sensitivity is comparable to that obtained on a OCNTs-modified glass carbon 

electrode.26 Compared with our previous results for other polyaniline systems, the 

electrocatalytic efficiency of PANI/PABS-SWNTs is more than twice that of 

PANI/SPANI, nearly three times that of PANI/MSAGNP, and much higher than those 

of the other PANI systems doped by non-electroactive polyelectrolytes (i.e. 

PANI/PAA, PANI/PVS and PANI/PSS), as shown in Figure 4.4-6. Further 

experiments also showed that the catalytic efficiency of PANI/PABS-SWNTs 

multilayer films increase almost linearly with the increase of the film thickness up to 

at least 12 bilayers (Figure 4.4-7), which means that even higher catalytic signal can 

be achieved by building up thicker films. This good electrocatalytic efficiency of 

PANI/PABS-SWNTs multilayer films at such a low potential makes it an excellent 

candidate for constructing a NADH sensor.  

Fig.4.4-6 Comparison of the electrocatalytic efficiency of different PANI multilayer systems
(6 bilayers each) toward the oxidation of NADH. NADH concentration is 10mM. 
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   The catalytic efficiency of PANI/PABS-SWNTs multilayer films for the oxidation 

of NADH is very stable upon repeated use, as shown by the flow-injection experiment 

(Figure 4.4-8). If the potential is held at +0.2V where the film is in its oxidised state, 

0.5 mM NADH was flow-injected sequentially (1ml per time). It can be seen clearly 

that both the catalytic current and the response time are all very stable and 

reproducible, showing the suitability of PANI/PABS-SWNTs multilayer film for 

repeated stable detection of NADH. 

Fig.4.4-7 Cyclic voltammograms of different bilayers of PANI/PABS-SWNTs measured in
0.1M PBS buffer, pH 7.2 without and with 10mM NADH. The inset shows that the
electrocatalytic efficiency of the film increases almost linearly with the increase of the
number of bilayers up to at least 12 bilayers. 

Fig.4.4-8 Current changes during the repeated flow-injection of 0.5mM NADH (1ml per
time) while keeping the PANI/PABS-SWNTs multilayer film (12 bilayers) in its oxidised
state (+0.2V). 
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4.4.5 Conclusions 

 

   In summary, PANI/CNTs composite films were successfully prepared via the LBL 

method for the first time. The obtained films were very stable and electroactive in 

neutral solution. They also showed a stable and high electrocatalytic efficiency toward 

the oxidation of NADH at a much lower potential, which makes it a good candidate as 

a NADH sensor. 
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4.5 Chapter Concluding Remarks 
 

    In this chapter, different PANI multilayer films were successfully prepared via the 

LBL method with different materials, which include not only the normally used 

negatively charged polyelectrolytes, but also some other novel materials like modified 

Au nanoparticles or carbonnanotubes. It was found that all the used dopants could 

effectively dope PANI and shift its redox activity to a neutral pH environment. All the 

prepared PANI multilayer films are very stable and show catalytic ability toward the 

oxidation of NADH at a low potential, with PANI/PABS-SWNTs having the highest 

catalytic efficiency which makes it an ideal candidate for constructing a NADH 

sensor. Besides, because PANI/MSAGNP multilayer films were terminated with –

COOH groups, we can link amino-modified DNA probes to this film and use it as a 

sensing surface for DNA hybridization detection, as will be shown in the next chapter. 
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Chapter 5 

DNA Hybridization Detection Based on Polyaniline 

Multilayer Films 

 

5.1 Motivation 
 

    The detection of specific base sequences in human, viral and bacterial nucleic acids 

is becoming increasingly important in the diagnosis of diseases. DNA hybridisation 

based on the Watson-Crick base-pair recognition is among the most often used 

methods for genetic diagnosis. Over the past years, great advances have been made in 

designing fast, easy-to-use and inexpensive DNA biosensors in different formats, 

based on electrochemical,1 optical 2-4 or microgravimetric 5 techniques. In particular, 

electrochemical techniques have drawn greatest interest due to their high sensitivity, 

low cost and compatibility with microfabrication technologies. In addition, they offer 

a unique route for electrical control of DNA hybridisation and for the use of specific 

DNA interactions to induce electrical signals.1c  

    When designing an electrochemical DNA sensor, a key factor that has to be taken 

into consideration is to achieve an efficient interface between the nucleic acid system 

and the electrode surface and to prevent non-specific interactions at the electrode 

surface which can obscure the hybridisation signals.1 Conducting polymers, which 

have been shown to be particular attractive in designing chemo- and biosensors,6 were 

also found to be particularly suitable for blocking and interfacing the transducer, for 

modulating DNA interactions at interfaces, and for inducing electrical signals derived 

from such interactions.1d Until now, applications in this aspect have been reported for 

many conducting polymers, such as polypyrrole, polythiophene and their 

derivatives.7,8 However, as one of the most important conducting polymers, 

polyaniline (PANI) has not been applied to such kind of purpose. One main reason 

may be that, as mentioned before, PANI is only redox-active in acidic conditions, 

whereas DNA detection can only be performed in a neutral pH environment. 

    We demonstrated in the previous chapter that PANI multilayer films were very 

stable and showed good redox-activity in a neutral pH environment. In this Chapter, 
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detection of DNA hybridization based on PANI/MSAGNP multilayer film was 

demonstrated. Firstly, amino-terminated DNA catcher probes (NH2-DNA) were 

covalently attached to the carboxyl groups of the MSAGNP, and then their 

hybridization with different DNA target strands was monitored (the sequences of both 

DNA probe and targets can be found in Chapter 2), using electrochemical methods 

(with and without enzyme amplification) and the surface plasmon enhanced 

fluorescence spectroscopy (SPFS).9 All methods can effectively discriminate 

complementary DNA from non-complementary DNA, even at a single-base mismatch 

level. To our best knowledge, this is the first report of DNA hybridization detection 

based on PANI films. 

 

5.2 Covalent Attachment of NH2-DNA to PANI/MSAGNP Multilayer 

Film 
    The details about the covalent attachment of the amino-terminated DNA catcher 

probes NH2-DNA to the carboxyl groups of the MSAGNP can be found in Chapter 2, 

see also the scheme in Fig.5-1. The whole attachment process was monitored in situ 

by SPR and by cyclic voltammetry, as shown in Figure 5-2. From the SPR 

measurements, we can see that the reflectivity increases a little after the attachment of 

NH2-DNA to the PANI/MSAGNP film (A). The minimum resonance angle also shifts 

a little after the attachment (B), clearly indicating that DNA probes was successfully 

linked to the PANI/MSAGNP surface. Cyclic voltammetry measurements (C) showed 

that after the linking of NH2-DNA to the PANI/MSAGNP film, the redox activity of 

Fig.5-1 Scheme showing the attachment of NH2-DNA probes to PANI/MSAGNP film and
their following hybridization with target DNA either unlabeled or labeled with a Cy5 dye
or a horseradish peroxidase (HRP).  
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PANI/MSAGNP film decreased significantly, while at the same time the peak-to-peak 

separation increased. This may be caused by the steric effect and possible 

conformational changes of the polymer backbone induced by the attachment of DNA 

probes to the PANI/MSAGNP surface. However, the redox activity of 

PANI/MSAGNP/NH-DNA is still good enough to be used for the detection of the 

following hybridization event, as will be demonstrated in the later parts. 

5.3 DNA Hybridization Detection Based on PANI/MSAGNP/NH-DNA 
 

5.3.1 Direct electrochemical detection 

    Figure 5-3 (A) shows the cyclic voltammograms of NH2-DNA modified 

PANI/MSAGNP multilayer films (5 bilayers) before and after the hybridization with 

different DNA targets. The electrochemical signal remains almost unchanged after 

incubation with the completely non-complementary target DNA (same sequence as 

Fig.5-2 (A) In situ SPR kinetic measurement during the attachment of NH2-DNA to
PANI/MSAGNP film. (B) SPR angular scan and (C) Cyclic voltammograms before and after
the attachment of NH2-DNA to PANI/MSAGNP film measured in 0.1M PBS buffer, pH 7.1. 
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the probe DNA, MM15, 500nM) for 1 hour (curve b). This means that no interaction 

occurred between the probe DNA and the non-complementary target DNA. However, 

hybridization with perfectly complementary target DNA (MM0) under the same 

conditions induces both a decrease in the peak current and a wider peak-to-peak 

separation (curve d). These changes were caused by the different doping levels and 

steric effects induced by the hybridization process. Possible conformational changes 

inside the film may also play a role. Similar effects were also observed in other 

functionalized conducting polymers.7a,7b The electrochemical signal change is smaller 

if one-base-mismatched target DNA (MM1) was used for the hybridization process 

(curve c), indicating the feasibility for the detection of a single-base mismatch. 

    The hybridization process can also be detected by electrochemical impedance 

spectroscopy (EIS) in the presence of a redox indicator, such as Fe(CN)6
3-/4-. Once the 

target DNA is hybridized with the probe DNA on the PANI/MSAGNP film, the 

surface charge density of the film will increase, which will result in an increased 

electrostatic repulsion toward the negatively charged redox couple Fe(CN)6
3-/4-, thus 

increasing the charge transfer resistance (Rct, the diameter of the semicircle in the 

Nyquist plot, cf. Fig.5-3(B)). Shown in Fig.5-3(B) are the EIS spectra (Nyquist plots) 

of the NH2-DNA functionalized PANI/MSAGNP film before and after hybridization 

with DNA targets of different sequences. If the MM15 target DNA was used, a very 

small Rct change (if any) was detected (curve b), indicating that no hybridization 

Fig.5-3 (A) Cyclic voltammograms and (B) Electrochemical impedance spectra of NH2-DNA
modified PANI/MSAGNP multilayer films (5 bilayers) before and after hybridization with
different target DNA measured in 0.1M PBS buffer. The concentration for all DNA targets is
500nM, and the hybridization time is 1 hour. CV scan rate: 50mV/s. For the EIS
measurements, 1mM/1mM Fe(CN)6

3-/4- was added as a redox indicator. 
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occurred, with almost no non-specific adsorption of target DNA onto the film. 

However, if MM0 was added, Rct increases significantly (curve d), showing that the 

target DNA hybridized with the probe DNA. This method can also differentiate a 

single-base mismatch, as it is demonstrated by curve (c). 

 

5.3.2 Enzyme-amplified electrochemical detection 

    Although it is feasible to directly detect the hybridization event on 

PANI/MSAGNP/NH-DNA film (vide supra), the signal differences between different 

DNA targets are not so significant. To increase the sensitivity and the detection limit, 

enzymes are often used as biocatalysts for the amplified detection of DNA by labeling 

enzymes either to the target DNA or to the detection probe DNA in a sandwich 

format.10,11 Different enzymes have been used for DNA labeling with electrochemical 

transduction of hybridization event, such as horseradish peroxidase (HRP),11b,11c 

glucose oxidase (GOx),11d,11f soybean peroxidase (SBP),10b bilirubin oxidase (BOD),12 

alkaline phospatase,13 β-galactosidase,14 glucose dehydrogenase,15 etc. 

    Hereby we also adopt this method to enhance the sensitivity and selectivity of our 

system, by labeling the DNA targets used above with HRP enzyme (c.f. Fig.5-4(A)). 

If the hybridization event occurs, the HRP labels get electrically contacted with the 

Au electrode via the PANI/MSAGNP film, then the whole film becomes an 

electrocatalyst for the reduction of H2O2 to H2O through the cycle shown in Figure 5-

4 (B), thus the hybridization event is translated into the current of H2O2 

electroreduction. 

Fig.5-4 Schematic diagrams of the detection mechanism (A) and the corresponding
electron transfer in the electrocatalytic redox cycle (B). 
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    It has been demonstrated previously that the catalytic efficiency of the enzyme is 

closely associated with the concentration of H2O2 used in the assays. Too high a H2O2 

concentration will denature the enzyme immediately.11b,11d,16 So firstly, the H2O2 

concentration that is allowed in the present system was optimized. Figure5-5 shows 

the dependence of the electrocatalytic response on the concentration of H2O2 used in 

the assays. After the hybridization of the HRP labeled fully complementary target 

DNA (MM0) with the electrode-bound probe DNA for about 30 min, the electrode 

was rinsed thoroughly with PBS buffer, and then measured in PBS buffer with 

different amount of H2O2. Clearly, at lower H2O2 concentrations, the electrocatalytic 

reduction peak current increases with the increase of H2O2 concentration (c.f. Fig.5-

5(A)). However, if the H2O2 concentration is too high (above 0.5 mM), then the peak 

current decreases with the increase of H2O2 concentration (c.f. Fig.5-5(B)). So in our 

later experiments, 0.5 mM H2O2 was used in all cases. 

    Figure 5-6 (A) shows the cyclic voltammograms of Au/(PANI/MSAGNP)3/NH-DNA 

electrode before and after hybridization with different HRP-labeled DNA targets with 

different sequences for 30 min, and then measured in 0.1M PBS buffer with 0.5 mM 

H2O2. For the complementary HRP-labeled target DNA (MM0), a sharp increase in 

the reduction peak current was observed upon adding H2O2, indicating the DNA 

targets hybridized with the surface-bound DNA probes. However, if the 

noncomplementary HRP-labeled target DNA (MM15) was used instead of MM0, the 

change in the reduction peak current was almost negligible upon adding H2O2. This 

Fig.5-5 Dependence of the electrocatalytic response on the H2O2 concentration.
Experimental conditions: Au/(PANI/MSAGNP)3/NH-DNA/DNA-HRP(MM0). H2O2 was
dissolved in 0.1M PBS buffer, pH 7.1. Scan rate 5 mV/s. 
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means that no hybridization event occurred. And it also further confirmed that there 

was no non-specific adsorption on our sensing surface. Compared to the unlabeled 

case (c.f. Fig.5-3(A)), the signal-to-noise ratio (i.e.the sensitivity) was greatly 

enhanced by the enzyme-amplification. In addition, with enzyme-amplification, the 

single-base mismatched case can also be differentiated very easily, as also shown in 

Figure 5-6 (A).  

    The enhanced sensitivity by enzyme-amplification also allowed us to do the 

titration experiment, as shown in Figure 5-6 (B) for the complementary HRP-labeled 

target DNA (MM0). It can be seen that the electrocatalytic reduction signal increases 

with the increase of target DNA concentration. With enzyme-amplification, the 

catalytic signal for target concentration down to 1 nM can still be detected by the 

simple cyclic voltammetry method. 

5.3.3 Surface plasmon enhanced fluorescence spectroscopy (SPFS) detection 

    SPFS is a novel technique recently developed by our group offering an increased 

sensitivity for monitoring interfacial binding events in biosensor formats.9,17 Here we 

also apply this technique to confirm the hybridization process on the NH2-DNA 

modified PANI/MSAGNP film. The sequences of the DNA targets are the same as 

those used in the EC experiments, but labeled with a Cy5 dye at their 5’ ends. Fig.5-7 

shows the in situ kinetic measurement during the hybridization process and the 

corresponding angular scans after hybridization. It can be seen that the hybridization 

Fig.5-6 (A) Voltammetric response changes of Au/(PANI/MSAGNP)3/NH-DNA electrode upon
adding 0.5mM H2O2 after hybridization with (A) DNA targets with different sequences (target
concentration 200 nM); (B) full complementary target DNA (MM0) with different
concentrations. Scan rate, 5mV/s. 
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reactions for different mismatch situations, MM0, MM1 and MM2, respectively, can 

be clearly discriminated. For MM2, the fluorescence signal is almost gone after a 

short rinse, indicating that no hybridization and no non-specific binding occurred. 

However, for the MM1 case, there is still some signal left after rinsing, showing that 

some of the target DNA strands bind to the catcher probe strands. If MM0 is further 

added, the fluorescence intensity increases further after rinsing, which means that 

more target DNA strands hybridized with the probe DNA strands. In addition, 

regeneration experiments show that the NH2-DNA modified PANI/MSAGNP film can 

be regenerated and used repeatedly (Fig.5-8). After regeneration with 50mM HCl, the 

Fig.5-7 Fluorescence kinetic curves during the hybridization process (A) and the
corresponding angular scan curves after hybridization (B) for different DNA targets with
different base mismatches. The concentration for all DNA targets is 200 nM. 

Fig. 5-8 Regeneration experiment for MM0 using 50mM HCl. DNA concentration 200nM. 
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hybridization was again observed with MM0 targets (200nM), with the SPFS signal 

reaching its original level. 

    By SPFS, we can also get the corresponding affinity constant, KA, by carrying out 

titration measurement. Shown in Fig.5-9 (A) and (B) are a series of angular 

fluorescence intensity scans taken after the addition and binding of DNA targets with 

increasing concentrations for MM0 and MM1, respectively. In both cases, the 

fluorescence intensity increases with the increase of the concentration of DNA target 

and finally reaches an equilibrium level (c.f. Fig.5-9 (C) and (D)). If we assume that 

the hybridization process follows a Langmuir behavior (c.f. Fig.5-9 (C) and (D), solid 

lines), the fits to the experimental data then yield affinity constants KA0 = 5.4×107 M-1 

and KA1 = 1.03×107 M-1 for MM0 and MM1, respectively. 

 

 

Fig.5-9 Fluorescence intensity scans measured in equilibrium with increasing bulk target
concentrations for MM0 (A) and MM1 (B), respectively. (C) and (D) are the
corresponding theoretical fit (line) to the experimental data (solid square) based on the
Langmuir isotherm model. 
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5.4 Conclusions 
 

    Amino-terminated DNA probes were successfully linked to the surface of the 

prepared PANI/MSAGNP multilayer film by the formation of an amide bond in the 

presence of EDC and NHS. The obtained sensing surface is resistant to the non-

specific adsorption, and can be regenerated for repeated use. Hybridization detection 

could be realized by different schemes, such as direct electrochemical detection, 

enzyme-amplified electrochemical detection, or detection based on SPFS technique. 

All methods can effectively discriminate complementary from non-complementary 

DNA sequences, even at the single-base mismatch level.  
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Chapter 6 

Patterned Polyaniline Films and Their Sensing Applications 

 

 

6.1 Introduction 
 
    Patterning has becoming more and more important in many areas of modern 

science and technology, with applications ranging from the production of integrated 

circuits, information storage devices, and display units, to the fabrication of 

microelectromechanical systems, miniaturized sensors, microfluidic devices, biochips, 

photonic bandgap crystals, micro-optical components, diffractive optical elements, 

and so on.1-2 The patterning process is usually termed “lithography”. The different 

patterning techniques that have been reported can be divided into the following 

several categories: (1) photo lithography;3 (2) writing based lithography, such as 

micromachining,4 electron-beam (e-beam) lithography,5 focused ion beams (FIBs) 

lithography,6 lithography based on near-field scanning optical microscopy (NSOM),7 

electrical writing,8 magnetic writing,9 and the so-called add-on writing (like laser-

induced chemical vapor deposition (LCVD),10 injekt printing (IJP),11 and dip-pen 

nanolithography (DPN)12); (3) self-assembly, this includes i) the molecular level self-

assembly,13 such as the formation of SAMs, crystals, lipid bilayers, phase-separated 

block copolymers, etc.; ii) the assembly of nanoscale objects (such as colloidal 

particles, nanowires, nanotubes, etc.) into ordered arrays or lattices, like nanosphere 

lithography;14 iii) the assembly of objects with meso- to macroscale dimensions;15 (4) 

mask etching or deposition;16 (5) soft lithography;17 (6) edge lithography;18 (7) 

holographic patterning;19 (8) gray-scale lithography;20 and (9) the derived 

combination of the above mentioned patterning techniques.  

    Among the above mentioned patterning methods, soft lithography based techniques 

pioneered by Whitesides’ group has recently attracted great interest due to their 

simplicity, versatility and cost-efficiency. These techniques rely on the use of an 

elastomer, usually poly(dimethylsiloxane) (PDMS), either as a mask , mold or stamp, 

to generate or transfer the pattern. They can be applied for both flat and curved 

surfaces over a large area. The reported soft lithographic techniques include replica 
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molding (RM),21 microtransfer molding (µTM),22 solvent-assisted micromolding 

(SAMIM),23 micromolding in capillaries (MIMIC),24 microcontact printing (µCP),25 

and microfluidic networks (µFNs),26 and so on. The combination of these techniques 

with other techniques, like electrochemistry,27 layer-by-layer (LBL) self assembly 

technique,28 etc., has also been reported, which makes their application more variable. 

    Along with the evolution of the patterning techniques, patterning of polymers have 

been drawing great attention due to their promising application as components in 

molecular electronics,29 optical devices,30 etch resists,31 biosensors,32 and even as 

scaffolds for tissue engineering and for fundamental studies in cell biology33-34. 

Among the polymers studied, conjugated organic polymers are especially attractive 

because of their intriguing advantages compared to metals and conventional inorganic 

semiconductors, such as relatively more facile processing and ease of adjusting their 

conductivity in a wide range by just changing the dopant and/or the doping level. 

They are being evaluated as potential alternatives to metals or semiconductors as 

connecting wires and conductive channels, which can be used as active materials in 

optoelectronics,35 microelectronics,36 microelectromechanical systems (MEMS),37 

sensors,38 and related areas.39  

    Until now, many well-patterned conjugated conducting polymers have been 

successfully demonstrated on various substrates (e.g. glass, silicon, ITO, Au, etc.) by 

using a variety of patterning techniques described above. These include: polyaniline 

(PANI) and its derivatives,27b,40 polypyrrole (PPy),27a, 40b-d, 41 polythiophene and its 

derivatives,42 and others.43 Some of the obtained patterned polymers have found 

practical applications, such as for fabricating polymer dispersed liquid crystal displays 

(PDLCD),40d as all-polymer circuit (board),27a,40e,42d high-performance organic 

transistors,42d organic light-emitting diodes (OLED),42e optical diffraction 

gratings,27b,43a and for immunoassays.40g However, most of the above reported 

examples dealt with only one pure conducting polymer, with only a few exceptions 

dealing with polymer composites, i.e. doped with some special dopants which in some 

case is a necessity for some special purposes or applications.40e,40g, 41,42e  

    In this chapter, well-patterned polyaniline (PANI) and its composites were 

successfully fabricated by the combination of several patterning techniques. Because 

the prepared PANI composites remain redox-active in neutral solution, their potential 

sensing applications (especially biosensing aspect) were also explored. 
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    In the first part of this chapter, two approaches were used to fabricate parallel-line-

shaped PANI composite films. One way is to combine electrocopolymerization with 

micromolding in capillaries (EP-MIMIC); the other one combines microcontact 

printing with the layer-by-layer technique (µCP-LBL). Both methods produce 

relatively nice patterns. Later, we demonstrated that these line-shaped PANI could be 

used as optical diffraction gratings based on the surface-plasmon-enhanced diffraction 

mode. Based on this, an electrotunable surface-plasmon-enhanced diffraction (ESPD) 

sensor was constructed. The diffraction efficiency (DE) of the sensor can be easily 

modulated by either changing the potential, or the pH, or by an electrocatalytic event. 

    In the second part of this chapter, inverse opals of PANI and its composites were 

fabricated by an electrochemical method by using ordered polystyrene (PS) colloidal 

assemblies as template. The quality of the obtained inverse opaline films was much 

higher than those reported by chemical synthesis methods. Because the prepared 

inverse opals possess a three-dimensional (3D) macroporous structure that comprises 

highly ordered air spheres interconnected to each other by small channels, they are 

promising candidates as photonic bandgap (PBG) crystals.44 And also because of the 

huge surface area of such structures, the prepared PANI inverse opals are also ideal 

candidates as advanced adsorbents, catalysts and bioreactors. Our efforts here are 

mainly focused on their potential applications in the latter case. 
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6.2 Electrochemically Tunable Surface Plasmon Enhanced 

Diffraction Gratings and Their Sensing Applications 
 

 

6.2.1 Background and motivation 

 

    During the past decade, optical diffraction gratings and diffraction-based optical 

assays have attracted great interest.27b,43a,45-57 Diffraction occurs when light hits a 

periodically patterned surface due to a periodic variation of the contrast in the 

refractive index between the patterned lattice and the surrounding medium (normally 

air or water). Any event that induces a change in the refractive index contrast will 

result in a modulation in the diffracted light intensity, thus the change in the 

diffraction efficiency (DE).58 Different materials have been used to fabricate the 

gratings, such as liquid crystals,46-48 redox polymers,27b,43a,49 microporous 

supramolecular coordination compounds,50b gelatin films containing a pH indicator,52 

biomolecules,51-55, 57 and even condensed water drops (condensation figures, CFs).45 

The diffraction-based transduction mechanism has successfully been demonstrated in 

the sensing of environmental humidity,45 pH,52 volatile organic compounds,50 aqueous 

phase metal ions,50b DNA hybridisation,57b proteins51,55,57a,57c and even whole cells.53-

54  

    Among the above reported diffraction-based sensing schemes, most are based on 

the traditionally transmitted or reflected configurations. Our group once reported a 

surface-plasmon-enhanced diffraction (SPD) configuration.56 In this scheme (c.f. 

Fig.6.2-5(A)), the light was coupled to surface plasmon modes through a prism, and a 

dielectric grating on the planar metal surface (normally Au or Ag) diffracted the 

nonradiative plasmon surface plariton (PSP) field into light radiation. The grating 

structure with a periodicity Λ provides an additional multiple of a small momentum g 

with g = 2π/Λ and diffracts the surface plasmon field, generating a typical 

diffraction pattern. The DE of this SPD configuration was shown to be strongly 

enhanced as compared with that of the conventional diffraction schemes like the total 

internal reflection (TIR).56a Recently, this SPD scheme has been successfully used to 

construct biosensors for the label-free detection of protein and DNA hybridisation.57  
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    Here, a redox-active polymer composite grating (e.g. PANI/PSS) was successfully 

prepared via soft lithography based patterning techniques and was investigated by the 

combination of electrochemistry with the above SPD scheme (ESPD). Pure PANI 

gratings based on the traditionally transmitted configuration and its chemo- and 

electrochemical response was once reported by Hupp’s group.27b However, due to the 

inherent loss of redox activity of PANI in neutral solution,59,60 such a pure PANI 

grating can not be used for biosensing purpose. It has been demonstrated that the 

redox activity of PANI can be shifted to a neutral environment by doping it with 

different polyanions (such as PSS, c.f. Chapter 4, section 4.2)61-63 or modified gold 

nanoparticles (c.f. Chapter 4, section 4.3).64 Hence, we use a PANI composite instead 

of pure PANI for the fabrication of the grating in order to probe its potential biosening 

applications. Using PANI/PSS composite grating as an example, we demonstrate that 

the DE of the obtained PANI/PSS grating based on the SPD mode can be 

electrochemically tuned in a neutral pH environment, which shows the possibility for 

bioassays. The DE is also very sensitive to environmental pH changes. The DE 

response to a pH change strongly depends on the redox state of PANI/PSS, and they 

show almost a linear relationship if the PANI/PSS composite is in its reduced state. 

Moreover, we demonstrate that PANI/PSS composite gratings can also be used to 

monitor an electrocatalytic event: by keeping PANI/PSS in its oxidised form, the DE 

can be modulated by adding β-nicotinamide adenine dinucleotide (NADH) due to the 

electrocatalytic oxidation of NADH by PANI, and the DE increases with the increase 

of the NADH concentration, which points to the possibility of the present system for 

developing ESPD-based biosensors. 

 

6.2.2 Fabrication of PDMS stamp 

 

    The procedure for making PDMS stamps used here is shown in Figure 6.2-1(A), 

according to the method reported by Whitesides’ group.65 After liquid PDMS base 

and curing agent (Sylgard 184, Dow Corning) was mixed in a 10:1 weight ratio and 

thoroughly degassed, the mixture was cast onto a silicon master, and then cured for 2 

hours at 70 oC. Before use, the PDMS was removed from the master. Using this 

method, three stripe-type PDMS stamps were fabricated, and their features and 

periodicity are shown in Figure 6.2-1 (B). 
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6.2.3 Fabrication of PANI composite polymer gratings 

 

    The well-defined PANI composite films used here were fabricated via two different 

approaches, as shown in Figure 6.2-2. 

    Method I --- EP-MIMIC This method combines electropolymerisation with 

micromolding in capillaries (EP-MIMIC). In brief, a freshly prepared PDMS stamp 

Fig.6.2-1 (A) Schematic of the procedure used for fabricating PDMS stamps. (B) The
features of the three stamps prepared and used in the present work. 

Fig.6.2-2 Schematic illustration of the two methods used to fabricate PANI composite
polymer gratings. The first method combines electropolymerisation with micromolding in
capillaries (EP-MIMIC), while the second is the combination of microcontact printing with
the layer-by-layer self-assembly technique (µCP-LBL). 
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was placed on an Au substrate to form many micro-channels. To facilitate the 

following filling by the polymer solution, the Au substrate was previously 

functionalised with a layer of a hydrophilic thiol, 3-mercapto-1-propanesulfonic acid 

(MPS). After filling in the polymer solution (0.02M Aniline in 0.5M H2SO4 with 

0.01M PSS) by capillary force and carrying out electropolymerisation, the PDMS 

stamp was carefully peeled off, and well-shaped PANI/PSS gratings were obtained 

(c.f. Fig.6.2-3). The grating was rinsed carefully first with 0.5M H2SO4, followed by 

0.1M PBS buffer (pH7.2), and then used for the diffraction measurements.  

    The optical and AFM height images of some typical examples prepared via this 

method are shown in Figure 6.2-3. (A) to (C) are optical and AFM images of a 

polymer grating made from Stamp II (10 × 15) by applying 6 cycles of potential 

scanning between –0.2V and 0.9V at a scan rate of 20mV/s, while (D) to (F) were  

made from Stamp I (30 × 70) by applying 15 cycles of potential scanning under the 

same conditions. The optical images reveal a highly periodic polymer structure over a 

 

Fig.6.2-3 Optical and AFM images of two examples fabricated via the EP-MIMIC
method from Stamp II (10×15, A to C) and Stamp I (30×70, D to F), respectively.
Electropolymerisation conditions: 0.02M Aniline in 0.5M H2SO4 with 0.01M PSS, CV
scan rate 20mV/s, 6 cycles for sample (A), 15 cycles for sample (D). 
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large area (sample up to 1cm × 1cm was successfully fabricated with only a few 

defects). Further AFM measurements confirmed the well-shaped micropatterns, which 

are exactly the reverse replica of the used PDMS stamps, with an average thickness of 

25nm and 110nm for sample (A) and (D) respectively (c.f. section analysis (C) and 

(F) respectively). 

    Method II --- µCP-LBL This method combines microcontact printing with the 

layer-by-layer technique (µCP-LBL), which was pioneered by Hammond and her 

coworkers.28 In this method, polymeric thin films were patterned through the use of 

chemically patterned surfaces as templates for ionic multilayer assemblies. Selective 

deposition was achieved by introducing alternating regions of two different chemical 

functionalities on a surface: one which promotes adsorption and a second which 

effectively resists adsorption of polyions on the surface. Here we use alkanethiols to 

create a functionalised self-assembled monolayer (SAM) on gold. Firstly, we stamped 

a hydrophilic thiol MPS on the Au substrate, which promotes the adsorption. After a 

thorough rinse with ethanol, the substrate was backfilled with another thiol, 

 

Fig.6.2-4 Optical and AFM images of two examples fabricated via the µCP-LBL method
from Stamp II (10×15, A and B) and Stamp III (0.8×0.8, C and D), respectively. A is the
optical image, B is AFM phase image; C is AFM height image, while D the side view of C.
LBL assembly conditions:PANI or SPNI 1mM, pH2.6. Sampe A, 6 bilayers, sample C, 4
bilayers. 
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octadecanthiol (ODT), which passivates the rest of the Au substrate. Then after 

rinsing completely with ethanol, the LBL self-assembly was carried out. Due to the 

highly hydrophilic and hydrophobic regions generated by MPS and ODT, the LBL 

assembly event occurs, in principle, only in the MPS regions. Figure 6.2-4 shows two 

samples of patterned PANI/SPANI prepared via this method from Stamp II. (10 × 15, 

A and B) and Stamp III (0.8 × 0.8), respectively. It can be seen that the PANI/SPANI 

mainly adsorbed in the MPS-functionalised regions as expected, even at the 

submicron scale (C and D). However, in the passivated ODT regions, some 

PANI/SPANI also exists, which reduces the resolution and the refractive index 

contrast within the film a little bit. Furthermore, the surface of the obtained film is not 

as smooth as those prepared by EP-MIMIC method. So in the later diffraction 

experiments, only the samples prepared via EP-MIMIC method were used. 

 

6.2.4 Diffraction Experiments 

 

    The scheme of the ESPD setup is shown in Figure 6.2-5(A). An electrochemical 

flow cell is combined with a SPR set up based on the Kretschmann configeration, 

which has been described in detail elsewhere.66 The Au substrate coated with the 

polymer grating was used both for the coupling of the PSP and as the working 

electrode for the electrochemistry measurement. A p-polarized HeNe laser (632.8nm) 

Fig.6.2-5 (A) Schematic of the electrochemically tunable surface-plasmon-enhanced
diffraction (ESPD) setup. (B) and (C) are the digital and SPD diffraction images,
respectively, of the PANI/PSS grating prepared by EP-MIMIC method as shown in
Fig.6.2-3(A)-(C). 
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was used for the excitation of the PSP. The reflected or diffracted light was measured 

by photodiodes. The electrochemical measurements were carried out on a potentiostat 

(EG&G 263A), with a coiled platinum wire being used as the counter electrode, and 

an Ag/AgCl (3M NaCl) electrode as the reference electrode. All potentials reported 

here are with respect to this reference electrode. 

    For the reasons mentioned above, we only use PANI gratings prepared from the 

EP-MIMIC method for diffraction measurements. Here we take PANI/PSS gratings 

made from stamp II as shown in Figure 6.2-3 (A)-(C) as an example. The digital and 

SPD diffraction images from this grating are shown in Figure 6.2-5 (B) and (C), 

respectively. Very nice diffraction images were obtained. The diffraction efficiency 

(DE) can be easily calculated from the SPD signal by using the approximate 

relationship DE = Id1/Id0.50a,50c It should be noted that, for the calculation of DE, we 

are interested only in the first few diffraction orders, so we deliberately reduced the 

laser intensity to avoid the saturation of diffraction signals of the first few orders. If 

we increase the laser intensity, at least over 15 orders of diffraction can be observed 

even with the naked eyes. 

 

6.2.4.1 Electrochemical Modulation of the Diffraction Efficiency 

    The cyclic voltammograms (CV) of the prepared PANI/PSS polymer grating 

(Fig.6.2-3(A)-(C)) measured in 0.1M PBS buffer (pH7.2) is shown in Figure 6.2-

6(A). It is clear that the polymer grating can remain redox-active in a neutral pH 

environment, with the redox potential around +0.04V v.s. Ag/AgCl at 20mV/s. The 

redox behavior is similar to those reported previously and the redox peak is ascribed 

to the overlap of the two redox processes of PANI normally found in acidic conditions 

(c.f. Fig.6.2-7(C)).61-63 The DE of the grating changes with the change of the applied 

potential (Fig.6.2-6(B)), with a relatively good signal reproducibility after the first 

cycle. One further finds that the DE decreases if the polymer grating changes from its 

reduced state to its oxidised state, and if the potential is scanned back, the DE is also 

reversed, with only little hysteresis (Fig.6.2-6(C)). This DE change with the potential 

is in good accordance with the change of the real part of the refractive index of PANI 

upon the potential change (c.f. Chapter 3).67,68 In earlier work, Schanze and co-

workers also demonstrated that the DE is more responsive to changes in the real part 

of the refractive index than to changes in absorptivity (i.e. imaginary part of the 

refractive index).43a This means that the DE change of PANI/PSS polymer grating as 
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a function of the applied potential was mainly caused by the change of the real part of 

the refractive index which was induced by the change of the applied potential (i.e. the 

change of the redox state of PANI/PSS). 

6.2.4.2 pH Modulation of the Diffraction Efficiency 

    It has been demonstrated previously that the redox behavior of 

PANI/polyelectrolytes depends strongly on its environmental pH (c.f. Chapter 4).61-63 

So the DE of PANI/PSS grating should also be modulated by a change of pH. Shown 

in Figure 6.2-7 (A) are the DE changes of the polymer grating with the potential 

change measured at different pH conditions. It is clear that the DE shows a different 

potential response in different pH solutions. In other words, the DE shows different 

pH response at different potentials (i.e. different redox states). At lower potentials 

(e.g. –0.15V), the DE shows a nicely linear relationship with pH in the range between 

pH 4 and pH 8 (Fig.6.2-7(B)). However, this linearity no longer exists at higher 

potentials above 0 V. This different DE dependence on pH at different potentials can 

be explained by the different redox behavior of PANI/PSS in different pH 

Fig.6.2-6 Cyclic Voltammograms (A) and diffraction efficiency changes with the potential
change (B and C) of a PANI/PSS polymer grating (Fig.6.2-3(A)-(C)) measured in 0.1M
PBS buffer, pH7.2. CV scan rate 20mV/s. 
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environments, as shown in Figure 6.2-7(C). In strong acidic conditions, PANI/PSS 

show two separate redox processes. With the increase of pH, the two redox processes 

come closer and finally overlap to form only one broad redox peak at pH>5, at the 

same time the redox potentials move toward the negative direction with the increase 

of pH. Thus, in all pH conditions shown above, PANI/PSS is in its fully reduced state 

at a lower potential like –0.15V, so the DE shows a regular change with the pH at 

such potentials. However, at higher potential like +0.4V, PANI/PSS is only fully 

oxidised in higher pH solution; while in lower pH solution, PANI/PSS is only in its 

partially-oxidised state, thus at higher potentials a relative higher DE is observed in 

lower pH solutions than that in higher pH solutions. 

 

6.2.4.3 Electrocatalytic Modulation of the Diffraction Efficiency 

Fig.6.2-7 (A) DE changes of the polymer grating with the potential in different pH buffer
solutions. The arrows show the corresponding potential scan directions. (B) The linear
relationship between the DE and pH in the range pH4~pH8 when the grating is kept at -
0.15V where it is in its full reduced state in all cases (c.f. (C)). (C) CV curves of the polymer
grating measured in buffer solutions with different pH. Buffer solutions: pH1, HCl solution;
pH3~pH9, 0.1M citrate-phosphate buffer solution. CV scan rate was 20mV/s. 
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    Because PANI/PSS gratings remain electroactive in neutral pH (vide supra), and 

previous results of unpatterned PANI/PSS composites show that it can 

electrocatalytize the oxidation of NADH, so PANI/PSS grating can also be used to 

monitor this electrocatalytic event by monitoring the DE change. Shown in Figure 

6.2-8 is the DE change with the change of NADH concentration measured in 0.1M 

PBS buffer (pH7.2) at +0.4V for which the polymer grating is in its oxidised state. As 

can be seen, with the first addition of NADH, the DE decreases a little, which was 

caused by the refractive index increase of the surrounding dielectric due to the 

addition of NADH, thus the smaller refractive index contrast between the polymer 

grating and its surrounding dielectric. However, with further additions of NADH, the 

DE increases gradually with the increase of the amount of NADH, as a result of the 

electrocatalytic oxidation of NADH by the polymer grating. At the same time, part of 

the polymer grating was reduced, which results in an increase in the average refractive 

index of the polymer grating, thus the increased DE. 

 

6.2.5 Conclusions 

 

In this first part, we demonstrate that well-defined PANI composite polymer films can 

be successfully fabricated by both EP-MIMIC and µCP-LBL methods. Some of the 

Fig.6.2-8 Diffraction efficiency changes of a PANI/PSS grating measured in 0.1M PBS
buffer (pH7.2) with different amount of NADH when the potential was fixed at +0.4V. 
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prepared patterned PANI films (especially those via the EP-MIMIC method) can be 

used as ideal optical diffraction gratings based on the ESPD mode. The DE of the 

grating can be tuned both by the potential change and by the environmental pH 

change. The DE change with pH strongly depends on the redox state of the polymer 

grating and it shows a linear relationship if the polymer grating is in its reduced state. 

Besides, because the obtained grating remains electroactive at neutral pH, it can also 

be used for the electrocatalytized oxidation of NADH, and the DE increases with the 

increase of NADH concentration, which points to the possibility of the present system 

for developing ESPD-based biosensors. 
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6.3 Template-induced Fabrication of PANI Inverse Opals by 

Electrochemical Method 
 

 

6.3.1 Background 

 

    Recently, sacrificial template methods have been shown to be an effective approach 

for the fabrication of structured materials with unique properties that are difficult to 

produce by the afore mentioned patterning procedures.69-74 The templates normally 

used include diblock copolymers,75-77 anodic aluminium oxide,78-80 organic or 

inorganic colloidal crystals,81-83 and so on.84-85 Among them, self-assembled colloidal 

crystals (opals) stand out to be ideal templates for creating three-dimensional (3D) 

highly ordered interconnected macroporous structures (the so-called “inverted opals” 

or “inverse opals”), which show potential applications ranging from photonic crystals 

to catalysts to bioreactors.86-88 To date, numerous inverse opals, such as metals,89 

inorganic oxides,81-83 polymers,88a,88b,88e,90 etc., have been fabricated by using a variety 

of colloidal crystal templates. 

    The original interest for making conjugated polymer inverse opals arised from the 

motivation to prepare a photonic bandgap crystal with enhanced interaction with light, 

and to use it as a model system to investigate how the periodic structure of the crystal 

enhances the optoelectronic properties of the polymer and how the polymer enhances 

the properties of the photonic crystal, due to the ease of tunability of the refractive 

index of the conjugated polymer.90a,90b Recently, research interest also focused on 

their potential applications for biosensing purposes, by taking advantage of the highly 

ordered porous structure and the huge surface area they possessed.88  

    Until now, inverse opals based on different conjugated polymers, such as 

polypyrrole,88b,90c,91a polythiophene,88a,91a polyphenylenevinylene,90a,90b polyaniline,91b 

etc., have been prepared by polymerising the corresponding monomer in the 

interstitial voids of the colloidal crystal template, either chemically or 

electrochemically. Compared to the chemical synthesis, electrochemical 

polymerisation can control much easier the structure of the inverse opal (e.g. film 

thickness, size of interconnected pores, etc.) by either controlling the polymerisation 

time or the applied potential.88,90,91  
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    Here, we use the electropolymerisation method to prepare PANI inverse opals by 

using polystyrene (PS) colloid assemblies as template. A PANI inverse opal was once 

fabricated by Caruso’s group via the chemical polymerisation method. However, the 

quality of the obtained PANI inverse opal is very poor, due to the inherent drawbacks 

of the method used. By using electropolymerisation, we show that PANI inverse opals 

with much higher quality can be obtained. Furthermore, by controlling the 

polymerisation time, we can exactly control whether the topmost layer of the inverse 

opal is open or closed. Besides, efforts are also made towards making PANI 

composite inverse opal by electrocopolymerising aniline with different dopants, in 

order to explore their potential biosensing applications. 

 

6.3.2 PS colloidal template 

 

    The PS colloidal templates were provided by Jianjun Wang in our group. Details on 

the preparation method can be found elsewhere.92 Carboxylated PS particles (D = 839 

nm) were used for the preparation of the template. By controlling proper conditions 

(e.g. solvent evaporation rate, substrate withdrawal rate, colloidal concentration, ect.), 

evaporation of the solvent leads to the formation of a well-ordered 2D or 3D PS 

colloidal assembly on the Au substrate. To increase the wettability of the Au 

substrate, the substrate was pre-functionised with a layer of hydrophilic thiol 

(normally MPS). Figure 6.3-1 shows one example of the prepared 3D PS colloidal 

arrays (PS opals). After the PS opaline film was dried, the PS spheres adhered well 

 
Fig.6.3-1 Typical SEM images of a prepared 3D colloidal multilayer crystal. 
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enough to each other and to the Au substrate without detaching or disintegrating, even 

by re-immersing them in solution. This good adhesion allowed us to use it as the 

template to prepare PANI inverse opals by the electropolymerisation, as shown 

below. 

 

6.3.3 Preparation of PANI inverse opals 

 

    The fabrication procedure of the PANI inverse opals using the above prepared PS 

colloidal template by electropolymerisation is shown in Figure 6.3-2. The whole 

process was carried out in an electrochemical cell (c.f. Experimental Section 2.2.1). 

After infiltration of aniline solution (0.02 M aniline in 0.5 M H2SO4) into the 

interstices of the PS colloidal template, electropolymerisation was carried out by 

either a galvanostatic method or by cyclic voltammetry. After polymerisation, the 

resulting polymer film was thoroughly rinsed with 0.5 M H2SO4, then was exposed to 

a tetrahydrofuran (THF) solution for ~ 10 h to remove the PS template in order to 

obtain the well-structured PANI inverse opals. 

    The structures of the prepared PANI inverse opals were examined by scanning 

electron microscopy (SEM). Shown in Fig.6.3-3 are the SEM images of one sample of 

the PANI inverse opals fabricated by cyclic voltammetry at a scan rate of 20 mV/s for 

10 cycles. It is clear that a well-ordered 3D network of PANI over a very large area (~ 

0.7 cm2, limited by the electrochemical cell) is obtained. This PANI opaline structure 

is believed to be held together by physical crosslinking and weak interactions like 

hydrogen bonding and van der Waals forces between PANI chains.91b From the 

enlarged image in (B), we can see that the pores are assembled in a hexagonal array 

and are connected to each other via similarly symmetrical smaller pores, indicating a 

truly 3D nature of the obtained structure. Compared with those prepared via chemical 

Fig.6.3-2 Schematic illustration of the procedure used for fabricating PANI inverse opals. 
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polymerisation method 91b, the quality of the PANI inverse opals we got by the 

electropolymerisation method was greatly enhanced. Furthermore, the shrinkage in 

our case (< 5%) is only one-third of that in the former case (~ 15%), retaining almost 

the original geometry of the used PS template. The improved quality in our case may 

arise from the controlled polymerisation process by using a slow potential scan rate, 

which allows the in-situ formed PANI chains to fill into the interstices of the PS 

template in a highly ordered way and form a much compacter structure. However, by 

chemical polymerisation method, the polymerisation rate is hard to control, which 

may result in the aggregation of the formed PANI chains and their package into a 

relatively loose and disordered structure. Actually, in our experiments, we found that 

the quality of the obtained PANI inverse opals decreased with the increase of the used 

potential scan rate. Too high a scan rate even leads to the collapse of the 3D 

structures. 

    We also prepared the PANI inverse opals by a galvanostatic method. This method 

allowed us to exactly control the structures of the obtained PANI opaline films. Figure 

6.3-4 shows the voltage changes during the electropolymerisation process. There is a 

transition point (TP) in the curve, and the voltage increases very sharply after this 

point. A similar phenomenon was also found in the current changes seen during a 

potentiostatic preparation.90c,93 This TP was ascribed to a rapid increase of the 

electrochemical reaction area once the growing surface of materials reached the 

template/bulk solution interface, and was confirmed by our experiments by stopping 

the polymerisation process at different stages as indicated by the arrows. SEM images 

Fig.6.3-3 SEM images of PANI inverse opals prepared via cyclic voltammetry method, at 
low (A) and higher (B) magnification scale. 
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of the obtained PANI inverse opaline films at each stage are also shown in Figure 6.3-

4. If the polymerisation process was stopped at a very early stage ((a), after 10s), a 

bowl-shaped PANI array was obtained. At this stage, the thickness of the formed 

PANI is thinner than that of a monolayer of PS particles (c.f. inset sketches for 

references). If the polymerisation process was stopped at a later stage ((b), after 200s, 

but before the TP), a totally opened 3D pore structure was obtained, with smaller 

channels connecting each pore to its neighbours. (c) corresponded to the termination 

of the polymerisation process near the TP. It is clear that at TP, some of the pores on 

the top layer began to close. If the polymerisation process continued further, then all 

the pores of the topmost layer were closed. Besides, dendritic-shaped PANI also 

formed on top of the closed pores ((d)). For practical purpose, an opened 3D structure 

like (b) is preferred, so care must be taken to stop the polymerisation process before 

the TP. 

 

Fig.6.3-4 Voltage changes during the electropolymerisation process for preparing PANI
inverse opals by galvanostatic method at a current density of 0.05mA cm-2. Inset sketches
show the status quo of the formed PANI inside the PS template at each stopping point as
indicated by the arrows. SEM images of the corresponding PANI inverse films obtained at
these points are also shown. 
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6.3.4 Preparation of PANI composite inverse opals 

    To explore their applications for biosensing purpose, we also tried to fabricate 

PANI composite inverse opals either by doping it with the negatively charged 

polyelectrolytes used before (c.f. Chapter 4), or by copolymerising aniline monomer 

with modified aniline with acidic groups like 2-aminobenzoic acid (2-ABA), in order 

to get an opaline film that remains electroactive at neutral pH environment. Shown in 

Figure 6.3-5 (A) and (B) are the SEM images of the prepared PANI composite inverse 

opaline films by copolymerisation aniline with either PAA or 2-ABA, respectively, 

using the same conditions as that for pure PANI case. It is clear that in both cases, the 

obtained structures collapsed to some extent, especially that of copolymer with 2-

ABA. The main reason may be due to the poor mechanical properties of the used 

dopants or due to the phase separation during the polymerisation process. 

Fig.6.3-5 SEM images of PANI composite inverse opaline films by copolymerising aniline
with PAA (A), 2-ABA (B), or PSS (C) and (D). (A),(B), (C) were prepared via cyclic
voltammetry method at a scan rate of 20 mV/s for 10 cycles, while (D) by galvanostatic
method at a current density of 0.05mA for 10 min. The concentration of both PAA, PSS and
2-ABA is 0.02M based on the molecular weight of the corresponding monomers. 
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    However, if we use a dopant with a reported higher mechanical intensity, like 

PSS,94 high-quality 3D structures can be obtained by either cyclic voltammetry or by 

the galvanostatic method, as shown in Figure 6.3-5 (C) and (D), respectively. Very 

nice interconnected hexagonal arrays were obtained in both cases, just like those of 

the pure PANI inverse opaline films. A most important finding is that, PANI/PSS 

inverse opaline films still retain a good redox activity in neutral pH after removal of 

the PS template by THF, as shown in Figure 6.3-6 (A). A broad redox peak is 

observed between –0.15V and +0.4V, with the redox potential at around +0.083V, 

similar to that found for the unpatterned PANI/PSS system (c.f. Chapter 4). 

Considering the huge surface area of the obtained PANI/PSS inverse opaline film and 

its capability of being redox-active at neutral pH conditions, the fabricated inverse 

opaline film should be a good candidate either as electrocatalyst (e.g. for the oxidation 

of NADH) or as a support for biomolecules, like enzymes or other proteins. Our 

preliminary results showed that the electrocatalytic ability of the PANI/PSS inverse 

opaline film toward the oxidation of NADH is more than one order of magnitude 

higher than that for unpatterned PANI/PSS film (Fig.6.3-6 (B)). By optimising the 

fabrication procedures used above and by selecting a more suitable system, the 

sensitivity of the PANI composite inverse opal film should be enhanced even more. 

 

 

Fig.6.3-6 (A) Cyclic voltammogram of a PANI/PSS inverse opaline film as shown in
Fig.6.3-5 (C), measured in 0.1M PBS buffer, pH 7.1. (B) Comparison of the electrocatalytic
ability of PANI/PSS inverse opaline film toward the oxidation of NADH and that of the
unpatterned PANI/PSS film with the same film thickness. NADH concentration 10 mM. CV
scan rate 5 mV/s. 
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6.3.5 Conclusion 

 

    By using PS colloidal crystals as templates, 3D ordered arrays of PANI inverse 

opals were fabricated via electrochemical methods. Compared with those obtained by 

chemical synthesis, the inverse opaline film we obtained had a much higher quality. 

To explore their biosensing applications, we also tried for the first time to fabricate 

PANI composite inverse opals by doping the structure with different dopants, such as 

PAA, PSS or 2-ABA. It was found that the used dopants had an important effect on 

the structures of the obtained opaline films. By selecting suitable dopants, PANI 

composite inverse opals could be fabricated with a very high quality. Because the 

obtained PANI composite inverse opal films remain electroactive in neutral pH 

environment, and due to their huge surface area, they should be ideal candidates for 

biosensing applications, e.g., as electrocatalyst or bioreactors.  
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Chapter 7 
 

Summary 
 
    In the present study, thin functional conducting polyaniline (PANI) films, either 

doped or undoped, patterned or unpatterned, were prepared by different approaches. 

The properties of the obtained PANI films were investigated in detail by a 

combination of electrochemistry with several other techniques, such as SPR, QCM, 

SPFS, diffraction, etc. The sensing applications (especially biosensing applications) of 

the prepared PANI films were explored. 

 

    Firstly, the pure PANI films were prepared by the electropolymerisation method 

and their doping/dedoping properties in acidic conditions were investigated in detail 

by a combination of electrochemistry with SPR and QCM. Dielectric constants of 

PANI at different oxidation states were obtained quantitatively. The results obtained 

here laid a good foundation for the following investigations of PANI films in neutral 

pH conditions. 

 

    Next, PANI multilayer films doped by a variety of materials were prepared by the 

layer-by-layer method in order to explore their biosensing applications, because of the 

loss of redox activity of pure PANI in neutral pH conditions. The dopants used 

include not only the traditionally used linear polyelectrolytes, but also, for the first 

tim, some other novel materials, like modified gold nanoparticles or modified carbon 

nanotubes. Our results showed that all the used dopants could form stable multilayer 

films with PANI. All the obtained PANI multilayer films showed good redox activity 

in a neutral pH environment, which makes them feasible for bioassays. We found that 

all the prepared PANI multilayer films can electrocatalyze the oxidation of NADH in 

neutral conditions at a low potential, although their catalytic efficiencies are different. 

Among them, PANI/carbon nanotube system showed the highest catalytic efficiency 

toward the oxidation of NADH, which makes it a good candidate as a NADH sensor. 

Besides, because some of the prepared PANI multilayer systems were end-terminated 

with –COOH groups (like PANI/Au nanoparticles system), which can be utilized to 

easily link biomolecules for biosensing applications. Here, we demonstrated, for the 

first time, to use the prepared PANI multilayer films for the DNA hybridisation 
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detection. The detection event was monitored either by direct electrochemical method, 

or by enzyme-amplified electrochemical method, or by surface plasmon enhanced 

fluorescence spectroscopic method. All the methods can effectively differentiate non-

complementary DNA from the complementary ones, even at the single-base mismatch 

level. 

    It should also be noted that, our success in fabricating PANI multilayer films with 

modified Au nanoparticles or carbon nanotubes also offered another novel method for 

incorporating such novel materials into (conducting) polymers. Because of the unique 

electrochemical and optical properties of each component of the obtained PANI 

multilayer films, they should also find potential applications in many other fields such 

as microelectronics, or for electrochromic and photovoltaic devices. 

 

    Finally, patterned PANI films were fabricated by the combination of several 

patterning techniques, such as the combination of electrocopolymerization with 

micromolding in capillaries (EP-MIMIC), the combination of microcontact printing 

with the layer-by-layer technique (µCP-LBL), and the polystyrene (PS) template 

induced electropolymerisation method.  

    Using the obtained stripe-shaped PANI/PSS film, a redox-switchable polymer 

grating based on the surface-plasmon-enhanced mode was constructed and its 

application in the field of biosensing was explored. It was found that the diffraction 

efficiency (DE) of the grating was very sensitive to the applied potential (i.e. redox 

state of the film) as well as the pH environment of the dielectric medium. Moreover, 

the DE could also be effectively tuned by an electrocatalytic event, such as the 

electrocatalytic oxidation of NADH by the grating film. 

    By using PS colloidal crystal assemblies as templates, well-ordered 3D 

interconnected macroporous PANI arrays (PANI inverse opals) were fabricated via 

electropolymerisation method. The quality of the obtained inverse opals was much 

higher than those reported by chemical synthesis method. By electrochemical method, 

the structures of the prepared inverse opals can be easily controlled. To explore the 

possible biosensing applications of PANI inverse opals, efforts were also done toward 

the fabrication of PANI composite inverse opals. By selecting proper dopants, high 

quality inverse opals of PANI composites were fabricated for the first time. And the 

obtained opaline films remained redox-active in neutral pH conditions, pointing to 

their possible applications for electrobioassays. 
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