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ABSTRACT 

This thesis presents an exploration of a new concept directed at electrochemical control of 

surface wettability. Such a control would have significant applications, especially in the fields 

of microfluidic and lab-on-a-chip technologies. Two ideas are combined: that ampholytic 

polymers have conformation in aqueous solution that is very sensitive to the ionic 

composition of the solution; and that reduction and oxidation of an electrochemically-active 

conducting polymer can be used to switch the ionic composition of the environment 

immediately around the polymer. The ionic composition switch should switch the 

conformation of an ampholytic polymer that might be present in the immediate vicinity. The 

conformation switch of the polyampholyte should then give the required change of surface 

wettability. The thesis presents the successful realization of this idea, using polymer brushes 

based on the sulfobetaine poly(3-(methacryloylamino)propyl)-dimethyl(3-

sulfopropyl)ammonium hydroxide) (PMPDSAH) and on statistical polyampholytes of [2-

(methacryloyloxy)ethyl]trimethylammonium chloride (METAC), methyl methacrylate 

(MMA) and 3-sulfopropyl methacrylate (SPMA), that were grafted from films of the 

electrochemically active conducting polymer poly(pyrrole-co-pyrrolyl butyric acid).  

Materials synthesis that makes some progress towards realising easily processed composites 

and films that might exhibit these effects is also presented.  

PMPDSAH and poly(METAC-stat-MMA-stat-SPMA) were synthesized in solution by the 

controlled radical polymerization method of reversible addition-fragmentation chain transfer 

(RAFT). Temperature- and ionic strength-induced changes in aqueous solution properties of 

both polymers were extensively investigated using light scattering, size-exclusion 

chromatography and NMR. In water, PMPDSAH exhibited upper critical solution 

temperature (UCST)-type phase behaviour and the “antipolyelectrolyte” effect in response to 
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salt addition. A salt-promoted soluble-insoluble-soluble transition of poly(METAC-stat-

MMA-stat-SPMA) in aqueous environment strongly suggested an unbalanced net-charge. 

NMR studies of the polymer solutions identified the different changes in dynamics of 

different parts of the molecules in response to changes in salt concentration and temperature.  

Polymer brushes comprising PMPDSAH-, PMMA-block-PMPDSAH and poly(METAC-

stat-MMA-stat-SPMA) grafted from poly(pyrrole-co-pyrrolyl butyric acid) films were 

synthesized by using the chemistry of surface-initiated atom transfer radical polymerization 

(SI-ATRP). The changes in the ionic solution composition at the conducting polymer-graft 

interface, resulting from oxidation and reduction of the electrochemically-active conducting 

polymer, triggered a switch in conformation of the surface-bound polymer brushes 

demonstrated by electrochemical impedance spectroscopy and in a change of wettability. 

This electrochemical control of surface wettability was completely and repeatedly 

reproducibly reversible. The switch was dependent upon temperature in a way that is 

analogous to the temperature-dependent solubility and aggregation of betaine polymers in 

aqueous solution. The dependence on salt concentration in solution was different to the 

behavior of the polymers in solution and reflected a subtle balance of salt-induced changes in 

solvation of the hydrophobic, ionic and dipolar components of the brush. The results point to 

the possibility of a sophisticated electrochemical control of the surface conformation of 

polymer brushes  

In order to prepare materials that could be incorporated into switchable composites, 

PMPDSAH-grafted carbon black (CB) nanoparticles and conducting polymer hollow spheres 

were fabricated via SI-ATRP and thoroughly characterized. Surface-bound 

poly(sulfobetaine)s enhanced the colloidal stability in water of CB nanoparticles, which was 

interestingly altered by urea in solution. Adding urea firstly improved the colloidal stability 

of CB-poly(MPDSAH) nanoparticles in water and then resulted in agglomeration and 
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sedimentation.  The effects can be understood as a consequence of urea-induced changes in 

solvation of the polymer brush, leading to collapse or expansion of the brush. 

A processable surface-grafted conducting polymer was prepared via ATRP and chemical 

copolymerization. Oligo(MPDSAH) and poly(GMA) were separately grown onto 3, 4-

ethylenedioxythiophene (EDOT) ATRP-initiator monomer and the copolymerization of these 

compounds yielded a water soluble conducting polymer, oligo(MPDSAH)-poly(GMA)-

PEDOT, which was fabricated as a film by a thermal cross-linking reaction. The resulting 

double polymer was characterized by NMR, mass spectrometry and cyclic voltammetry.  The 

formation of the double polymer and electrochemical activity of the cast film were 

confirmed.  This novel synthetic route for preparing soluble conducting polymers and for 

casting them into films offers an interesting way to prepare the materials in a suitable form 

for device application. 
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1.1. Overview  

Stimuli-responsive materials that are able to switch their surface wettabilities can be used 

to control capillary flow, and find significant advantages in many applications including lab-

on-a-chip and microfluidic devices. Herein described is a novel approach to prepare a “smart” 

surface with tunable wettability that utilizes environmentally sensitive polyampholytes and 

electrochemically-active conducting polymers. Ionic charge transport is induced by oxidation 

and reduction of conducting polymers and the associated ion flux causes a change of the 

conformation of surface-bound ionic polymer brushes, thus obtaining control of the surface 

properties. Such surfaces can regulate fluid movements by simply applying an electric field, 

which has advantages of simplicity, low cost, stability and robust response thereby 

overcoming some limitations of pH-, thermo- or ionic strength-sensitive materials. This thesis 

focuses on various methods of preparing stimuli-responsive surfaces using both ionic 

polymer brushes and conducting polymers, and on the demonstration of the electrochemically 

switching of surface wettability.  
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1.2. Control of Surface Wettability 

1.2.1. Surface Wetting 

The wetting behavior of a surface is determined by the surface energy of a material, defined 

according to the contact angle θ. A “hydrophilic” or wetting surface exhibits a contact angle 

lower than 90. In the opposite case, where the contact angle is higher than 90, the surface is 

regarded as "hydrophobic" or non-wetting. The term "superhydrophobic" refers to a surface 

possessing a water contact angle higher than 150. According to Zisman’s rule,
1
 
2
 hydrophilic 

surfaces possess much higher surface energy (~500 - 5000 mN m
-1

) compared to hydrophobic 

substrates (~10 - 50 mN m
-1

).  

When a liquid droplet is deposited on a substrate, at equilibrium it forms a spherical cap 

with a contact angle   . Ignoring the effect of gravity, there is a force balance of three 

interfacial tensions (liquid-vapour    , solid-vapour     and solid-liquid    ) acting on the 

three phase-contact lines, which leads to Young’s relation:  

                                                      (1) 

Young’s relation assumes an ideal, flat and chemically homogenous surface. However, 

surfaces generally present imperfections related to physical defects (such as roughness or 

chemical variations), resulting in the hysteresis of a surface. The degree of hysteresis is 

determined by the difference between advancing angle    (maximum contact angle) and 

receding angle    (minimum contact angle). For a rough surface, a droplet has an apparent 

contact angle θ* – differing from    – that lies between the advancing angle    and the 

receding angle   . In order to move a liquid droplet easily on a surface, one has to decrease 

the hysteresis of a surface. 

Two models, known as the Wenzel model
3
 

4
 and the Cassie-Baxter model,

5
 have been 

employed to understand the wetting behaviour of a rough surface. When a liquid droplet is 
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placed on a rough surface, it can adopt either a Wenzel (complete wetting)
6
 or a Cassie-

Baxter (partial wetting) configuration. 

The Wenzel Model (1936) 

The Wenzel model
3
 
4
 sufficiently describes the wetting behaviour of a surface with a low 

roughness and chemical homogeneity. Usually, a sharp increase of hysteresis and the solid-

liquid interfacial tension can be observed in this type of surface. When a drop of liquid adopts 

a Wenzel configuration, it completely wets the surface and is impaled on the roughness. The 

Wenzel model introduced the surface roughness   which is defined as the relationship 

between real surface area and apparent (geometric) surface area: 

   
                 

                     
 

where     refers to a rough surface, and     is characterized by a perfectly smooth 

surface. This roughness ratio relates the apparent contact angle    with the static contact 

angle at equilibrium   : 

                                                         (2) 

since the Wenzel model assumes that the drop completely wets a surface, a more complex 

model is required to deal with a highly rough or chemically heterogeneous surface.  

The Cassie-Baxter Model (1944) 

Cassie and Baxter
5
 demonstrated the wetting behaviour of a liquid droplet on a chemically 

heterogeneous surface by a more complex model. They examined the surface properties of a 

binary surface and assumed one material is hydrophobic and the other is replaced by air. 

Therefore, contact angles of a droplet on two phases (solid and vapour) are    and 180, the 
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fractions of each surface being    and         Based on Young’s relation, the Cassie-

Baxter relation is obtained: 

                                         (3) 

it can be noted that when     , a liquid droplet has minimal contact with the surface and 

   approaches 180. Hence, the wettability of a superhydrophobic surface, such as “petal 

effect” or “lotus effect”, can be well explained by the Cassie-Baxter model. A droplet 

adopting the Cassie-Baxter configuration has a very low contact angle hysteresis         

    . 

1.2.2. Wettability Switching Techniques  

The control of wetting behavior of a surface has generated enormous research interests in 

diverse fields such as chemistry, biology, medicine, physics, material science and 

nanotechnology. The widespread interest in wettability switching techniques is driven both 

by scientific interest in understanding their kinetics and mechanisms, as well as by their 

potential applications in cooling systems, water harvesting, tunable optical lenses, lab-on-a-

chip and micro-electro-mechanical (MEM) devices. Recently, “smart” surfaces with 

switchable wettability have been extensively investigated. By suitably altering the surface 

energy of “smart” materials, wettability gradients can be set up and utilized to induce fluid 

movements in a variety of devices.  

Switching wettability by electrowetting is a well-established approach. The principle 

behind electrowetting is that the electric field applied between fluid and solid lowers the 

surface energy of the fluid and leads to a drop in the water contact angle. Although 

electrowetting is regarded as a neat and powerful technique to tune the surface energy, it 

typically requires rather high voltages (greater than 100 V) to be applied to the sample and 
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devices, which may cause unwanted reactions. Furthermore, at high voltages, the magnitude 

of the switch is strongly dependent on the system.
7
 

Light is another interesting source to trigger changes in the surface wettability. A large 

variety of photo-responsive semiconducting inorganic oxides and organic materials 

containing photochromic elements, like azobenzenes
8
 
9
 and spiropyrans,

10
 which can undergo 

reversible conformation transitions, show alteration of their wetting properties in response to 

UV/visible irradiation. However, this type of switching technique is generally very slow – 

sometimes, it takes several days to complete the switch.
11

 

Temperature can also trigger changes in chemical composition, molecular architecture as 

well as surface roughness of thermo-sensitive compounds. Roach et al.
12

 have prepared 

methyltriethoxysilane sol-gel foamy films with a thermo-induced reversible switch between 

superhydrophobicity and superhydrophilicity. Thermal switches, however, are still practically 

useful. 

External stimuli, solvent and solute have been widely used to treat various materials which 

lead to changes in molecular morphology and the corresponding wetting behaviour. So far, 

solvent-,
13

 
14

 pH-
15

 and salt-induced
16

 
17

 switches are among the most active research areas 

due to their ability to cause superhydrophobic-to-superhydrophilic conversion; but harsh 

chemicals involved in these system are not ideal for biological applications. 

Most wettability switching techniques have some limitations with respect to the reaction 

conditions. In addition, the changes of water contact angle sometimes are not sufficient to 

induce fluidic movement on a surface, which may require complicated chemical reactions 

and microfabrication to amplify the switch. 
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1.2.3. Electrochemical Switching of Surface Wettability 

Unlike any switching approaches mentioned in section 1.2.2, electrochemically tunable 

surfaces offer rapid (on the order of a second) and robust switches under low voltages (less 

than 1 V). Additionally, the electrochemical reactions involved in the system are usually 

performed in moderate electrolyte concentrations (i.e., NaCl) at ambient temperature. So far, 

a variety of materials have been utilized to generate an electrochemically switchable surface, 

including carbon nanotube membranes,
18

 gold nanoparticle sponges,
19

 quinone-functionalized 

monolayers,
20

 ionic polymer brushes
21

 and electrochemically-active conducting polymers.
22

 

23
 
24

 
25

 
26

 
27

 
28

 
29

 
30

 

Ionic polymer brushes are very attractive materials for creating stimuli-responsive surfaces 

due to the interactions between the charges on the polymer backbones and the surrounding 

environment. The conformation of surface-grafted brushes can be altered in response to 

multiple external stimuli, such as temperature/ionic strength, leading to a significant change 

of water contact angle. Furthermore, electrochemical switching of wettability using 

polyelectrolyte brush-grafted surfaces can be modulated by controlling the brush thickness 

during synthesis.
21

 Details of switchable surfaces using ionic polymer brushes are described 

in section 1.5.4. 

Electrochemically-active conducting polymers (ECPs), such as polypyrrole (PPy) and 

poly(3,4-ethylenedioxythiophene) (PEDOT), possess many advantages over other materials 

in the field. These polymers are low cost materials, relatively easy to fabricate, highly 

conductive and mostly biocompatible (in the case of polypyrrole), offering enormous 

potential in generating “smart” surfaces with tunable wettability. Electrochemical behavior of 

conducting polymers and their reversible wettability switch have been extensively studied 

and reviewed (see the section 1.6.2.). The electrochemical switch of surface energy largely 
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relies on the rearrangement of counterions via oxidation and reduction of the conducting 

polymer, leading to changes of chemical composition and microstructure of the surface.   

Designing a surface with both ionic polymer brushes and electrochemical conducting 

polymers can yield an extremely interesting and multi-responsive surface, finding use in the 

electrochemical control of surface properties, such as adhesion,
31

 and will be useful in 

microfluidic and sensor devices.  

1.3. Ionic Polymers 

Ionic polymers are interesting materials with large potentials in designing stimuli-

responsive surfaces. In order to understand physical and chemical properties of ionic polymer 

brushes on a surface, it is necessary to give brief descriptions of the fundamental theory and 

background to the solution behavior of ionic polymers and their preparation techniques  

Polyelectrolytes and polyzwitterions are two main categories of ionic polymers. 

Polyelectrolytes are ionic polymers containing either positive or negative charge, whereas 

polyzwitterions carry both positive and negative charge. Polyzwitterions can be divided into 

two groups: polyampholytes and polybetaines. In this thesis, polyampholytes refer to 

copolymers carrying positive and negative charge on different monomer units, in which 

charges can be randomly (BAAB) or alternately (ABAB) distributed along polymer chains 

(depending on the polymer structure). Polybetaines are defined as ionic polymers containing 

both positive and negative charge on the same monomer unit. 

The conformation of ionic polymers is determined by Coulomb repulsion or attraction: in 

pure water or diluted salt solution, polyelectrolyte is characteristic of chain expansion caused 

by Coulomb repulsion. Changes in ionic composition lead to shrinkage of polymer coils due 

to the screening effect. This is the so-called the “polyelectrolyte” effect. Aqueous solution 
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behavior of polyzwitterions, on the other hand, is dominated by electrostatic attraction forces: 

polymer chains collapse/shrink in diluted salt solution and extend with increasing ionic 

strength resulting from disruption of inter/intramolecular interactions, known as the 

“antipolyelectrolyte” effect.  

1.3.1. Polyelectrolytes 

Unlike the neutral polymer, the presence of charges along the polymer chains significantly 

modifies polyelectrolyte properties. Natural and synthetic polyelectrolytes have been a very 

active area of scientific research and commercial growth. Natural polyelectrolytes can be 

found in proteins, poly(nucleic acid)s and polysaccharides. Classical synthetic 

polyelectrolytes, with intrinsically flexible and linear backbones are divided into two groups 

depending upon the degree of dissociation: strong polyelectrolytes and weak polyelectrolytes. 

Strong polyelectrolytes usually contain strong acid or base side chains that completely 

dissociate in water. For weak polyelectrolytes, the dissociation of acidic or basic side chains 

is small in water and can be varied by pH.  

Historically, the theoretical description of polyelectrolytes dates back to the studies by 

Gouy
32

 and Chapman,
33

 who used the planar nonlinear Poisson-Boltzmann (PB) equation. 

Later, in 1950s, the models for the description of rodlike polyelectrolytes
34

 
35

 and counterion 

condensation
36

 
37

 
38

 have been widely used to compare with experiment results. Recently, 

several review papers
39

 
40

 
41

 
42

 have contributed to the understanding of the solution 

properties of polyelectrolytes.  

In the following section, a short overview of theoretical aspects including clear definitions, 

relevant parameters and general features will be presented, which is required for the 

discussions in the subsequent sections. Some striking properties of polyelectrolytes in 

solution, which are very different from those of neutral or zwitterionic polymers, have been 
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investigated. In general, there are two types of interactions involved in the complex 

mechanism of solution behavior of polyelectrolytes: 

 excluded volume interactions between polymer species and solvent 

 electrostatic interactions between polyions, counter ions and co-ions. 

The notion of excluded volume and its interaction was first introduced by Flory.
43

 For 

neutral polymers in a good solvent, an excluded volume exists from which the polymer 

molecule effectively excludes all others. Electrostatic interactions are the origin of both static 

and dynamic properties of polyelectrolyte and can be well explained on the basis of two 

important theories: Manning’s condensation theory, and the electrostatic contribution to the 

total persistence. The former describes how counterions condense onto polyions, 

renormalizing the linear charge density (introduced by Manning);
38

 the latter presumes that 

the total persistence length results from intrinsic and electrostatic contributions.   

For polyelectrolytes, an important parameter that relates to its electrochemical environment 

and solvent is the Debye-Hückel screening length κ-1
, where 

                                                  (4) 

It is the geometrical dimension for the range of the Debye-Hückel potential (the potential 

around a point charge which screens the electrostatic interactions). n is the concentration of 

dissociated charged ions. lB is the Bjerrum length which depends on the temperature and the 

solvent,  

lB = e
2
/εkT                                             (4) 

which is the distance at which the thermal energy equals the electrostatic interactions 

between two unscreened elementary charges; ε is the relative permittivity of solvent, k is 

Boltzmann’s constant (the literature sometimes has T in energy units, which means kT) and T 
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is the temperature. The Debye-Hückel theory has been applied to explain some properties of 

polyelectrolytes, however, its limitations have been noted.  

Another theory that further explains the interactions between polyelectrolyte and 

counterion is from Manning.
38

 It describes the condition under which the counterions 

condense on the polyelectrolyte by introducing a parameter b, the charge distance. The ratio 

of charge distance to the Bjerrum length determines the degree of counterion condensation, 

b/lB < 1                                    counterion condensation 

     b/lB > 1                                    no counterion condensation 

for lB < b the Columbic interactions dominate, whereas for lB > b entropy predominates and 

counterion condensation occurs. 

Compared to some insoluble neutral polymers, polyelectrolytes are mostly soluble in pure 

water as a result of the translational entropy of confined ions in the polyelectrolyte solution.
44

 

In pure water, it has often been assumed that polyelectrolyte chains at low polymer 

concentration are highly expanded due to Coulombic repulsive interactions. However, recent 

studies have suggested that counterion-mediated interactions between polyions may also 

contribute to the reduced viscosity observed for polyelectrolyte in salt-free aqueous 

solution.
45

 
46

 
47

 
48

 
49

 One of the distinctive aqueous solution properties of polyelectrolytes is 

their sensitivity to the ionic strength. Precipitation of polyelectrolytes by salt, so called 

“salting out”, can be explained as follows. As ionic strength increases, the Bjerrum length 

and Debye length decrease leading to a decline of the effective charge which is crucial for 

any interactions in the polyelectrolyte; thus counterion condensation and screening of 

electrostatic interactions occur, accompanied with a reduction in thickness of the ionic 

atmosphere. Hence, aggregation of polyelectrolyte is obtained. The addition of salt also leads 

to the polyelectrolyte effect (chain shrinkage as a function of ionic strength) that can be often 

interpreted by the changes of osmotic pressure that arises from a concentration gradient of 
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electrolyte. In pure water or a very dilute salt solution, the osmotic pressure of polyelectrolyte 

is very large and the main contribution comes from counterions.   

Ionic strength-induced phase diagrams of polyelectrolyte solutions are complicated.
50

 
51

 
52

 

A peculiar re-entrant phenomenon has been observed in the solution properties of 

polyelectrolytes at room temperature.
52

 
53

 
54

 
55

 For a given polyelectrolyte concentration, 

polyions precipitate upon the addition of multivalent salts, whereas the precipitates become 

soluble again by further increasing the salt concentration. Several theoretical models have 

been given to understand this phenomenon.
56

 
57 Joanny et al.

56
 explained this re-entrant 

behaviour of polyelectrolytes using a thermodynamic model using a chemical process 

denoted by complexation. On the other hand, Olvera de la Cruz et al.
57

 proposed an 

alternative theory. In the latter theory, an important factor that determines the degree of 

miscibility of the polyelectrolyte solution was described: the effective short range 

electrostatic attraction induced by ion condensation. For highly charged polyelectrolyte in 

pure water or dilute salt solution, the strongly inhomogeneous distribution of charge along the 

polymer chain causes a fraction of counterions to accumulate in the close vicinity of the chain 

(so called “counterion condensation”). By the addition of multivalent salt, a fraction of 

monovalent counterions near the polymer chains are replaced by multivalent ions that may 

lead to an increase in the effective short range attractions and the formation of “ion-

bridging”. As a consequence, phase separation of polyelectrolyte is obtained. Further increase 

of  multivalent salt concentration screens the attractions and breaks the ion-bridging, resulting 

in the resolubilisation of precipitates.
57

  

Temperature is another important parameter that influences the phase diagram of 

polyelectrolytes. Since the ‘chemical mismatch’ Flory-Huggins parameter χ – which 

determines the state of miscibility – and the Coulomb strength Bjerrum length lB is typically 

inversely proportional to temperature, one can expect that a thermally-induced phase 
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transition may occur in polyelectrolyte solutions. The effect of temperature on polyelectrolyte 

phase diagrams has been explored by several research groups.
58

 
59

 
60

 
61

 
62

 
63

 
64

 In a typical 

intrinsic viscosity experiment of poly(acrylic acid), the degree of precipitation was observed 

with increasing solution temperature.
58

 The same was also reported with a linear increase of 

critical salt concentration (again causing the precipitation of polyelectrolyte) with 

temperature, known as H-type precipitation.
60

 In particular, an upper critical solution 

temperature (UCST), above which the polymer become miscible in certain solvent, has been 

observed in poly(vinylsulfonic acid)
59

 and a mixture of poly(vinylsulfonic acid) and 

poly(styrene sulfonate).
61

 More complicated phase behaviour can be found in polyampholytes 

which will be reviewed in section 1.3.2. Polyampholytes 

1.3.2. Polyampholytes 

Polyampholytes are ionic polymers containing both positive and negative charges. The 

presence of ionic monomers of opposite charge leads to some interesting properties (such as 

condensation or swelling) which are essentially controlled by net charge or ionic strength.
65

 
66

 

67
 

68
 If the net charge of polyampholyte in aqueous solution is near zero, then the polymers 

exhibit polyampholyte nature-chain expansion upon the addition of salt due to the counterion 

screening effect, otherwise known as the antipolyelectrolyte effect; if excess charge exists, 

these polymers demonstrate polyelectrolyte-like behavior-chain shrinkage with increasing 

ionic strength caused by screening of repulsive electrostatic forces, the so-called 

polyelectrolyte effect.
69

 
70

 
71

 
72

 
73

 “Quenched” polyampholytes are defined as ionic polymers 

that contain strong acid (e.g. sulfonate group) and strong base (e.g. the quaternized amine) 

segments. Since the charge is permanently fixed on certain chemical groups, the solution 

behavior of “quenched” polyampholytes is independent of pH. On the other hand, “annealed” 

polyampholytes consist of annealed (weak acid or base unit) segments, and their net charge 
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can be easily tuned by changes of pH. In both cases, “quenched” and “annealed” 

polyampholyte interactions depend on ionic strength in solution.
72

 
74

 Therefore, properties of 

polyampholytes can be tuned between polyampholyte (attraction) and polyelectrolyte 

(repulsion) behavior by controlling the net charge, which makes them an excellent candidate 

for exploration of switching behaviour. 

Synthesis and solution properties of ABC random
75

 
76

 
77

 
78

 
79

 
80

 
81

 
82

 and block
83

 
84

 
85

 

polyampolytes that contains anionic, neutral and cationic segments have been demonstrated. 

Peiffer and Lundberg
75

 have found that the physical properties of acrylamide-based random 

polyampholytes were controlled by the amount of neutral moieties. Solution properties are 

dominated by intermolecular interactions at low charge density (<10 mol%) but controlled by 

intramolecular interactions at moderate charge density (>10 mol%). Moreover, continual 

expansion of polymer chains in salt solution was observed in this type of copolymer. 

McCormick and co-workers
76

 
77

 
77

 
80

 have conducted extensive investigations on the physical 

properties of water-soluble acrylamide-based random polyampholytes. Recently, they also 

synthesized and characterized electrolyte- and pH-responsive ampholytic terpolymers
79

 
80

 
81

 

82
 and compared them with polybetaine copolymers.

78
 Due to the presence of long-range 

electrostatic interactions, random copolymers usually exhibit more profound 

antipolyelectrolyte behaviour compared to alternating copolymers in which short-range 

interactions occur. Quantitative understanding of the physical properties of polyampholyte 

solutions, either charge balanced or unbalanced, was developed.
71

 
86

 
87

 
88

 
70

 
89

 
68

 
90

 

Apart from classical solution properties, an unusual re-entrant behavior of polyampholyte 

in aqueous solution was observed by McCormick
77

 
76

 and Candau.
91

 They found a minimum 

value in the optical transmission at a critical salt concentration which can be explained by the 

“minimum effective excluded volume” predicted by Higgs and Joanny.
71 According to their 

theory, for polymer chains in good solvent, there is a critical salt concentration at which the 
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effective excluded volume becomes zero, and the configuration of polymer chains may 

therefore change from linear to collapse to ideal configurations as a function of salt 

concentration. As long as the salt concentration in the bulk solution is higher than that inside 

the brushes, adding salt first screens the overall charge repulsion resulting in collapsed 

chains, in which the polyelectrolyte term dominates; further increase of salt concentration, 

however, screens electrostatic attractions, causing the re-swelling of the polymer brushes – 

the polyelectrolyte nature is superseded by the polyampholyte effect. An analogous behaviour 

has been observed in the experiments of non-neutral polyampholyte solutions
91

 and gels,
92

 
93

 

which also agree with results from molecular dynamic simulations.
94

 

1.3.3. Polyzwitterions 

Zwitterionic betaine polymers are interesting materials which have been extensively 

investigated in the last five decades. Numerous researches in poly(betaines) are driven by 

scientific interest in understanding their stimuli-responsive behaviour and by their potential in 

commercial applications. The earlier studies on the synthesis and properties of zwitterionic 

betaine polymers dates back to the works from Ladenheim
95

 and Hart.
96

 Galin and co-

workers
97

 
98

 
99

 
100

 
101

 
102

 have extensively studied the synthesis and phase properties of 

poly(sulphobetaines). Several theoretical studies of polyzwitterions have been reported.
103

 
104

 

Recently, solution behaviour of these smart materials has been thoroughly reviewed.
67

 
105

 
106

 

107
  

One distinctive feature of poly(betaine)s is their tendency to self-associate without the help 

of ions in solution, distinguishing themselves from polyelectrolytes and conventional 

polyampholytes.
108

 Since the dipole moment of zwitterionic betaine polymers is extremely 

high,
109

 
110

 the resulting strong inter/intra-molecular interactions lead to a range of unique 

properties of poly(betaines). Three types of associations can be found in zwitterionic betaine 
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polymers: intra-group, intra-chain and inter-chain association. In the case of sulfobetaine 

polymers, anionic sulphonate groups may interact with cationic quaternary ammonia groups 

on the same monomer chain (intragroup) or form a head-to-tail stacking with opposite 

charges on the same polymer backbone (intrachain) or attract the neighbouring zwitterionic 

polymers (interchain), the sum of which leads to ionic cross-linked networks. Hence, 

poly(betaine)s possess these unique solution properties:
96

 

1) Soluble in protic solvents of very high hydrogen-bond donating power.  

2) Water solubility depending on weight fractions and chemical structure of the polymer. 

In some cases, a minimum salt concentration is required to dissolve the polymer, 

regardless of polymer concentration.  

3) Low molecular weight salts (such as NaCl and CaCl2) significantly enhance polymer 

chain expansion. 

4) In the presence of salt, poly(betaine)s behave like a random coil with moderate 

flexibility in a thermodynamically very poor solvent.  

Poly(betaines) are usually water-insoluble which can be understood as a result of 

electrostatic interactions, either inter- or intramolecular (or both). Increasing temperature or 

adding salt can screen this attraction and promote water-solubility. A critical temperature Tc, 

UCST or/and LCST, has been observed in most poly(betaine)s (in the case of sulfobetaine 

polymers, Tc ~ 30C).
111

 The physics of poly(betaine)s in solution roughly follows Flory’s 

formalism, that is, the phase diagrams Tc vs the weight fraction ϕp of a polymer in a solvent is 

essentially dependent on the solvent quality. It should be noted that the variation of critical 

temperature is a function of polymer volume fraction and the degree of polymerization. 

Addition of salt lowers the transition temperature and decreases the Debye length, hence 

effectively increasing solvent quality for poly(betaine)s.
43
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The mechanism of the salt-induced phase transition of poly(betaines) is generally 

understood as a Coulomb screening effect. The antipolyelectrolyte effect can be rationalized 

by a schematic model.
111

 In pure water, zwitterionic betaine polymers are extensively intra-

associated, both intra-chain and intra-group interactions coexist which is due to electrostatic 

attractions and H-bonding (SO3
-
 with H2O). As a result, poly(betaines) are in a collapsed 

conformation and usually precipitate in water. This net effect can be disturbed by the addition 

of salt with moderate solubility power, such as NaCl. Increase of ionic strength breaks the 

intra-/intermolecular interactions and frees the zwitterionic functional groups on the side 

chains. Moreover, the breakage of H-bonding with water may lead to excess positive charge 

by attracting Na
+ 

 into the polymer chain causing chain expansion. 

At a fixed molecular weight and polymer concentration, the solution properties of 

poly(betaine)s in an electrolyte are determined by the salt concentration and the nature of the 

salt. Mary et al.
112

 have reconciled the aqueous solution behaviours of sulfobetaine 

polyzwitterions in the domains of low- and high-salinity. They found a threshold 

concentration of added salt above which polyzwitterions exhibit the antipolyelectrolyte effect 

(chain expansion). At low salt concentrations (smaller than a threshold concentration), 

addition of salt can be adverse to the solubility of polyzwitterions.
112

 Solomone
113

 and Galin
98

 

have investigated the critical salt concentration (CSC) required to dissolve 

poly(sulfobetaine)s and the respective effect of the cation and the anion nature on the CSC 

value. Detailed phase behaviour and solution properties of poly(sulfobetaine)s have been 

studied by Garner et al.
111

 According to their study, cation binding affinity (Na
+
 in this case) 

is very sensitive to the anion structure while the sequence of anion binding affinity follows 

both the Hofmeister “lyotropic series”
114

 and the “hard-soft” acid-base theory.
115

 For 

example, the UCST of poly(sulfobetaine)s dramatically decreases in the presence of “salting 

in” salt, and the “softer” ions (such as Ag
+
) are more effective than the “harder” ones in 
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promoting water solubility of poly(sulfobetaine)s. Interestingly, a relatively moderate 

concentration of urea can also improve water solubility of poly(sulfobetaine).
98

 Garner et al. 

found that urea was capable of lowering the UCST but not as powerfully as electrolytes.
111

 It 

is believed the urea-promoted water solubility is due to both hydrogen bonding solvation of 

the sulphonate anion and “breaking” of the water structure, which is analogous to protein 

denaturation.
116

  

Amphiphilic or hydrophobically modified betaine copolymers exhibit hydrophobic 

interactions through intra- and intermolecular associations in aqueous solution, unlike betaine 

homopolymers. The presence of the hydrophobic block weakens the intrachain interactions of 

zwitterionic groups, and thus expands the copolymer, to an extent dependent on the 

interaction of the hydrophobic block with the solvent. Salt-induced strengthening of the 

hydrophobic interactions could stabilize the compact conformations of the hydrophobic block 

and lessen its effect on inter-molecular interactions of the zwitterionic block, leading in this 

case to a salt induced collapse of the layer.
117

  

Compared to alternating or random copolymers, block amphiphilic copolymers exhibit 

much clearer microphase separation in a selective solvent.
118

 Numerous studies of betaine 

block copolymers have been performed.
119

 
120

 
121

 
122

 
123

 
124

 McCormick and co-workers have 

conducted extensive studies in aqueous solution of the behavior of acrylamido-modified 

betaine random copolymers.
125

 
126

 
127

 
128

 
129

 However, there are only two studies concerning 

the synthesis and solution properties of hydrophobically modified betaine block 

copolymers.
130

 
131

 Lowe et al.
130

 synthesized poly(sulfopropylbetaine)-block-poly(methyl 

methacrylate). According to their studies, betaine copolymers form micelles with compact 

PMMA cores and swollen shells on direct dissolution in water. Salt-induced chain expansion 

of copolymers was observed in diluted salt solution, exhibiting the antipolyelectrolyte effect. 

At high salt concentrations (exceeding 0.1 M NaCl), however, chain condensation was 
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observed in both betaine homopolymers and copolymers which may be attributed to the 

"salting-out" effect. Increasing proportion of hydrophobes (above 30 mol%) leads to a drop 

of the critical salt concentration (from 0.1 M to 0.01 M) at which the maximum diameter is 

obtained. They suggested that the critical salt concentration is essentially controlled by the 

hydrophobic content in copolymers. 

The possibility of surface modification of a solid substrate using thermo- and salt-

responsive zwitterionic betaine polymers has stimulated intensive research interest
132

 and 

found applications in designing biocompatible surfaces,
133

 
134

 enhancing efficiency of anti-

biofouling coating,
124

 transferring proteins
135

 and controlling electro-osmotic flow in 

microfluidics.
136

 Recently, it has been reported that poly(zwitterions) conjugated to proteins 

can significantly increase the stability and improve the binding affinity or bioactivity of the 

protein.
137

 Collapse and expansion of poly(zwitterionic) brushes grafted onto polymer
138

 or 

silica
139

 particles, driven by change of temperature
138

 or salt concentration in solution,
139

 has 

been demonstrated recently.  

1.4. Controlled/Living Radical Polymerizations 

As one of the most rapidly developing areas of chemistry, controlled/living radical 

polymerizations (CPR) provide excellent control of the synthesis of ionic polymers with well-

defined architectures. Nitroxide mediated polymerization (NMP), atom transfer radical 

polymerization (ATRP), reversible addition fragmentation transfer (RAFT) and other 

degenerate transfer processes enable the preparation of novel materials with predetermined 

molecular weight and narrow molecular weight distribution. The term “living” radical 

polymerization is not strictly true because termination reactions can never be completely 
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eliminated. However, one can obtain sufficient control of the polymerization process by 

optimizing the reaction conditions.  

In this work, both ATRP and RAFT have been employed to synthesize stimuli-responsive 

(co)polymers in solution and on various surfaces with the “grafting from” approach. It is 

therefore important to review the kinetics and mechanisms of ATRP, RAFT and surface-

modification techniques and how they are applied to the grafting of various substrates.  

1.4.1. ATRP Polymerization 

ATRP polymerization has emerged as a versatile and powerful technique for the synthesis 

of macromolecules with precise molar mass, composition and architectures. The first reports 

of ATRP appeared in 1995 from a range of research groups.
140

 
141

 
142

 Radicals are very 

reactive species which can quickly add across double bonds to form long chains. ATRP 

develops from a radical process, called Atom Transfer Radical Addition (ATRA), in which 

halocarbons (RX) add across alkene double bonds catalysed by transition metal complexes 

(Mt). A simplified mechanism for reversible activation-deactivation of polymer chains during 

ATRP is described: propagating radicals are trapped by atom or group transfer from a metal 

complex in its higher oxidation state (deactivation process).  

The mechanism of transition metal-catalysed ATRP can be illustrated as the halogen 

exchange between the halogen-terminated growing polymer chain RX/Mt
n
-Y Ligand 

complex and macroradical R·/Mt
n-1

-Y Ligand complex. The radicals are generated through a 

reversible redox process catalysed by a transition metal Mt
n
-Y/Ligand (Y can be a 

counterion). The metal undergoes a one electron oxidation with concomitant abstraction of a 

halogen atom (X) from a dormant species RX. Polymer chains grow by the addition of the 

intermediate radicals to monomers, which occurs with a rate constant of activation Kact and 

Kdeact. In this reaction step, the chain propagation appears as a first-order reaction and 
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termination is a second-order process. Typically, only trace amount of growing polymer 

chains (< 5% of total polymer chains) terminate during the initial stage of polymerization.  

For conventional bulk or solution ATRP, the equilibrium tends to shift to the left. In 

general, the concentration of the free radical is quite low (10
-7

 to 10
-8

 mol L
-1

) and the amount 

of Cu(II) should be ideally 5% of that of Cu(I).
143

 During the ATRP polymerization, the 

majority of polymer chains grow simultaneously without noticeable termination. 

As one of most commonly used transition metal catalysts in ATRP polymerization, the 

structure of Cu(I) and Cu(II) active catalysts is determined by the nature of the complex 

ligand, solvent and reaction temperature. The mechanistic studies show that the overall 

equilibrium constant for ATRP is influenced by two key factors: the redox potential of Cu(I) 

complexes with nitrogen based ligand and the rate of halogen dissociation from the 

corresponding Cu(II)-X complexes.  

An adequate amount of Cu(II) is crucial for effective reaction control in surface-initiated 

ATRP polymerization. However, the concentration of surface-bound initiator is often 

insufficiently to generate the concentration of Cu(II) species required for the control of the 

polymerization.
144

 
145

 Matyjaszewski et al.
144

 have developed two approaches to maintain the 

concentration of Cu(II) for surface-initiated atom transfer radical polymerization (SI-ATRP): 

the first method is to perform ATRP polymerization on surfaces and in solution 

spontaneously using surface-bound initiators and additional initiators in solution; the second 

technique is to add extra amount of Cu(II) at the threshold of the SI-ATRP polymerization.  

1.4.2. RAFT Polymerization 

RAFT polymerization is one of the most recent and efficient methods in the field of CRP. It 

was first discovered and patented during the same period by Rizzardo et al. at the 
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Commonwealth Scientific and Industrial Research Organization (CSIRO) and by Charmot 

and co-workers at Rhodia Chimie (France). 

The fundamental idea of RAFT involves a chain transfer reaction in which radicals are 

neither formed nor destroyed. In a typical RAFT polymerization, the radical species Pn· is 

firstly generated via a conventional initiation and propagation mechanism, and then 

undergoes the formation of an unusual radical intermediate (2) by attaching to the RAFT 

agent (1), followed by the fragmentation of a new radical R· and a polymeric product (3). The 

resulting radical species R· re-enters the initiation cycle and forms a new growing polymeric 

radical species Pm· which is subjected to the addition-fragmentation cycle. Therefore, an 

equilibrium can be established between the growing polymer species and the polymeric 

RAFT agent, which allows all chains to grow evenly. Once the reactions are terminated, most 

of the RAFT agent-terminated polymer chains can be easily obtained by isolation. Moreover, 

the mediation of RAFT agent in the growing polymer chains provides homopolymers and 

block copolymers with narrow polydispersity.
146

  

In an ideal RAFT polymerization, the fraction of initiator-derived chains should be 

negligible. Typically, the degree of polymerization (DP) can be predetermined using the 

following relationship,
149

 

DPcalculated ~ [monomer consumed]/[RAFT agent] 

In RAFT polymerizations, the RAFT agent acts as an ideal chain transfer agent. It is critical 

to choose RAFT agents that maximize the reaction rate and minimize side reactions and 

retardation. The selection of RAFT agent is dependent of the type of monomer as well as the 

reaction conditions. A highly modifiable RAFT agent generally consists of the leaving group 

(R), the activating/deactivating group (Z) and functional group X. 

In order to achieve low polydispersity, rapid consumption of RAFT agent (1) during the 

initial stages of the polymerization is required. The rate of consumption of RAFT agent (1) is 
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dependent on two transfer constants, Ctr and C-tr.
149

 The value of transfer constant Ctr is 

largely determined by functional group X, the activating/deactivating group Z, the relative 

leaving group abilities of R· and the propagating radical. In order to achieve a “living” 

polymerization, the free radical leaving group R must be able to reinitiate the polymerization 

(therefore the value of C-tr should be low) and the Z modifier should maintain the reactivity 

of X-Z double bond. Generally, the RAFT agent should be selected based on three features: 

 The RAFT agent (1 and 3) should have a high transfer constant Ctr for the 

monomers being polymerized.  

 The intermediates (2 and 4) must perform rapid fragmentation without side 

reactions or propagation.  

 The radical R· needs to be efficient to reinitiate the polymerization.   

Side reactions are likely to occur during the RAFT polymerization. For example, the 

intermediate (2 or 4) is in the presence of oxygen and sometimes may react with another 

radical species either by coupling or by disproportionation. On the other hand, fragmentation 

can be facilitated by low concentration of RAFT agent, high reaction temperature and the 

presence of 1, 1-disubstituted monomer. Faster fragmentation usually leads to shorter 

lifetimes for the intermediate, less chances for side reactions and retardation. However, it 

may also cause a lower addition rate and transfer constant. Therefore, one should select the 

RAFT agent and reaction conditions carefully to balance these requirements. A good RAFT 

polymerization requires a low radical concentration and the use of high ratios of RAFT agent 

to initiator consumed. 

RAFT agents containing carbon-sulfur bonds are commonly used to synthesize methacrylic 

and similar (co)polymers. Since C-S bonds are weaker than analogous C-C bonds, the 

reactivity of >C=S is much greater than that of >C=CH2 for radical addition. Dithioesters,
150
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trithioester
151

 and some dithiocarbamates
152

 have been chosen to perform polymerization of 

(meth)acrylic and styrenic monomers, yielding (co)polymers with narrow polydispersity.  

Due to its broad versatility in polymerization, RAFT has been employed to synthesize 

various neutral, cationic, anionic and zwitterionic (co)polymers. A wide range of monomer 

classes, including styrenics, acrylamides and (meth)acrylates, are able to be polymerized 

using RAFT technique. McCormick et al.
153

 have demonstrated RAFT polymerization in 

homogeneous aqueous media. They have successfully polymerized styrenic methacrylate and 

acrylamide-sulfopropylbetaines directly in aqueous solution containing 4-cyanopentanoic 

acid dithiobenzoate (CTP) as the RAFT chain transfer agent (CTA). Recently, they have 

synthesized a series of neutral and ionic (co)polymers from the modified surface of gold 

nanoparticles to improve the stability of resulting colloids.
154

  

1.4.3. A Comparison of ATRP and RAFT  

Understanding the strengths and limitations of ATRP and RAFT polymerization can lead to 

improving the reaction efficiency, functionality and purity of products. Matyjaszewski
155

 has 

summarized the features of both methods and presented a relative comparison between ATRP 

and RAFT. ATRP is preferred in the synthesis of low molecular weight, end-functionalized, 

hybrid homopolymers and block copolymers, whereas RAFT is more for the preparation of 

high molecular weight homopolymers in aqueous solution. Since the radical initiator in 

RAFT systems can sometimes affect the chain end functionality, pure block copolymer and 

homopolymers with high molecular weight are difficult to synthesize via RAFT 

polymerization, especially when the concentration of radical initiator is high. Recently, the 

range of monomers has been significantly extended in ATRP. For instance, it enables the 

polymerization of vinyl chloride,
156

 vinyl acetate
157

 and some acidic monomers.
158

 However, 

the range of RAFT polymerizable monomers is wider than that of ATRP.  
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One of the major factors that govern the rate of ATRP polymerization is the reaction 

conditions. Excess oxygen may result in irreversible oxidation and loss of ATRP activator, 

and therefore it is necessary to deoxygenate the reaction vessels prior to the polymerization. 

However, this is not a major issue in RAFT polymerization. Indeed, RAFT polymerization 

does not require severe reaction conditions and it is insensitive to the presence of oxygen.   

Both polymerization approaches have some environmental issues which have led to the 

development of new techniques. For example, it is difficult to isolate the catalyst (such as 

copper) from the products after ATRP polymerization. Recently, polyethylene,
159

 JandaJel
TM 

160
 and some precipitation ligands

161
 have been utilized to remove copper catalyst. Moreover, 

activator regenerated by electron transfer (ARGET)
162

 and initiator for continuous activator 

regeneration (ICAR)
162

 ATRP allowed polymerizations that require drastically lower 

amounts of catalysts.  

ATRP and RAFT polymerizations have their own advantages and limitations. In order to 

obtain well-defined ionic homo-, block- and random (co)polymers, one needs to design the 

experiment carefully by choosing the right reaction conditions and reaction agents. Since 

most ionic monomers are water-soluble, the RAFT approach is preferred to the ATRP 

technique in the polymerization of the solution polymers due to the ease in purification. On 

the other hand, both polymerization methods can be adapted to prepare end-grafted ionic 

polymer brushes. 

1.5. Polymer Brushes  

1.5.1. General Features 

Polymer brushes are polymer chains with one end covalently grafted to a flat or spherical 

surface.
163

 
164

 
165

 
166

 In the presence of a solvent, the physical reason for the chains stretched 
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away from the interface to which they are covalently attached is their affinity for the solvent 

and/or dislike of each other. Recently, the structure and dynamics of polymer brushes has 

been an interesting subject of considerable theoretical as well as practical activities.  

Depending on the grafting density, three possible conformations of surface-grafted polymer 

may occur: mushroom-, pancake- and brush-like shapes.
167

 
168

 
169

 If the distance between two 

anchoring sites (d) is larger than the brush height (h), interactions between polymer chains 

are negligible and single chains tend to “nail” down onto the surface. Repulsive or weak 

polymer-interface interactions may result in a “mushroom”-like conformation, while strong 

attractive interactions between polymer and surface can lead to a “pancake”-like shape. On 

the opposite limit (d < h), polymer chains try to avoid each other to minimize inter-chain 

interactions by stretching away from the surface, forming a “brush”-like system. 

Recently, the synthesis and characterizations of polymer brushes has been reviewed.
170

 
171

 

As one of the most widely adopted approaches, ATRP provides a polymer with well-

controlled molecular weight and low polydispersity.
144

 Surface-initiated polymerization is a 

versatile approach to covalently graft a wide range of polymer chains onto curved or flat 

surfaces.
172

 The resultant properties of the polymer depend upon the surface density of the 

brushes and upon its chemical nature.
173

 
174

 The “grafting from” approach gives control over 

the density of polymer brushes on a surface.
165

 So far, a large variety of polymer brush 

architectures have been prepared via SI-ATRP, including homopolymer, block copolymer, 

random copolymer and mixed polymer brushes. Homopolymer brushes refer to end-grafted 

polymer chains consisting of only one type of monomer. Block copolymer brushes are 

composed of two or more homopolymer segments covalently attached to each other at one 

end. Random copolymer brushes consist of two or more different monomers which are 

randomly distributed along the polymer chain. Mixed homopolymer brushes are an assembly 
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of tethered polymer chains containing two or more homopolymers covalently attached to a 

substrate at different ends.
165

  

1.5.2. Theory 

Since our main purpose is to understand the conformational response of ionic polymer 

brushes on a surface, a brief outline of the theories of neutral and charged brushes is provided 

here. Theoretical descriptions of end-grafted neutral polymer chains on a planar or curved 

surface have been well developed.
164

 
167

 
168

 Typically, the free energy F of the polymer 

chains is determined by a balance between interaction energy Fint and elastic free energy Fel. 

F = Fint + Fel 

Alexander’s model
176

 for the theoretical description of polymer brushes has been well 

accepted and utilized to rationalize the experimentally observed scaling behavior. For 

monodispersed “brush”-like polymer chains consisting of N segments on a flat surface, if 

both the interaction energy and elastic free energy are calculated and minimized in respect to 

the brush height, the following equations are obtained to describe the relationship between 

the brush height and the grafting density σ, 

In a good solvent 

h ~ N × σ
1/3  

                                                      (5) 

In a poor solvent (for solutions close to Θ conditions), the situation is slightly different and 

h ~ N × σ
1/2                                                                         

(6) 

Compared to this somewhat straightforward behavior of neutral polymer brushes, more 

complicated situations have been tackled where the polymer chains carry charges. Since these 

polymer brushes interact specifically with salt ions in the supporting medium, the behavior 

can no longer be explained by simple mean field approaches, but their affinity for the solvent 

is attributed to the swelling behavior of charged brushes in salt solutions (polyelectrolyte 
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behavior). Theoretical studies of polyelectrolyte brushes have been deeply influenced by the 

work of Pincus,
177

 
178

 and of Borisov, Zhulina and Birshtein.
179

 
180

 

One of the most essential properties of polyelectrolyte brushes is their “intrinsic” ionic 

strength resulting from trapped salt ions. The concentration of confined counterions in the 

brush (cbrush) is high even in the case of contact with very dilute salt solution. As discussed by 

Pincus,
177

 if the electrolyte concentration is relatively low, then the screening effect of 

counterions only occurs in the outer edge of the polymer brushes; the grafted layer should 

locate in the so-called “osmotic brush” regime, in which brush thickness is insensitive to salt 

concentration and grafting density, and scales as
177

 

     
 

                                              (7) 

where   is the dimension of the monomer and   the fraction of charged monomer of the 

polymer brushes. Note that brush height is independent of grafting density. 

On the contrary, if the concentration of added salt (csalt) exceeds that of trapped ions in the 

brush, then the brush thickness decreases as a function of salt concentration resulting from 

decreasing of the excess potential and the differential osmotic pressure,
177

 

     
 

      
  

 

         
 
                                 (8) 

It is easy to see that the brush thickness decreases as a function of salt concentration. Here, 

grafting density also plays a significant role in polymer conformations.  

1.5.3. Role of Polymer Brush in Surface Energy 

In order to explore switchable wettability using stimuli-responsive polymer brushes, it is 

important to understand the role of polymer brushes in altering surface energy. Recently, 

wetting behavior of polymer brushes has been investigated.
181

 
182

 
183

 
184

 Wetting of a polymer 

brush-grafted surface depends on both the liquid-substrate and liquid-polymer brush 

interactions. It is known that a polymer-modified surface often exhibits a finite contact angle 
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in a good solvent. Leermakers et al.
184

 have performed both theoretical and experimental 

studies to explain this phenomenon. They suggested that the physical reason is the formation 

of polymer bridges between the solvent-substrate and solvent-vapour interfaces. In 

homopolymers, end-group functionality, molecular architecture, overall molecular weight, 

degree/rate of polymerization, and degree/fraction of charge (in the case of ionic polymer 

brushes) largely influence the surface energy. Among those, grafting density is a very 

important parameter. Several studies have been carried out to explore the relationship 

between surface wetting and the grafting density.
185

 
186

 
182

 
187

 
188

 
189

 It is suggested that the 

contact angle is not a monotonic function of the grafting density. Indeed, qualitatively the 

contact angle is expected to first decrease as a function of the grafting density σ to a 

minimum value, and then to increase monotonically with the length of polymer chains P.
189

 

Recently, Maas et al.
189

 have also conducted a quantitative experimental study considering 

this theoretically prediction.  

Experimentally, grafting of semi-fluorinated polymer brushes often results in hydrophobic 

surfaces.
190

 Further increase of the surface roughness leads to an superhydrophobic 

surface.
191

 Carlmark and Malmström
192

 have prepared poly(methyl methacrylate) from a 

cellulose surface via ATRP. They nicely demonstrate that the nature of the surface of wood 

can be modified from being superhydrophilic (i.e., water is rapidly adsorbed when in contact 

with the surface) to hydrophobic by grafting hydrophobic polymer brushes. Water contact 

angle values of modified cellulose surfaces increase with the degree of polymerization, and 

reach a maximum CA~133. Huck and co-workers
176, 196

 have investigated the effect of brush 

thickness
193

 
173

 on the wetting behavior of zwitterionic homopolymer-grafted gold substrates. 

They found an increase in water contact angle as a function of polymer brush height due to a 

transition from a non-associated state to inter-/intrachain associated states (so-called 

“supercollapsed” state). Interestingly, there is an intriguing transition thickness (hcrit) in 
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which the zwitterionic polymer brushes switched from hydrophilic to hydrophobic, that is 

governed by the density of the brushes, the polymer chain length, and the degree of 

alignment. This critical thickness (hcrit) increases with increasing grafting density and the rate 

of polymerization.  

In block or random copolymers, in addition to these parameters described, the sequence of 

monomer units and ratio of functional groups also play a significant role in the surface 

hydrophobicity. Genzel et al.
194

 have prepared a series of block copolymer brushes of 

poly(methacrylic acid) (PMAA) and poly[2-(dimethylamino)ethyl methacrylate] 

(PDMAEMA) with different sequences. They illustrated that the surface wettability is 

dependent on the copolymer sequence distribution in polyampholytes in relatively basic 

solutions. Moreover, pH-induced stimuli-responsiveness of polyampholyte brushes can be 

tuned by changes of the copolymer sequence during polymerization. Yang et al.
195

 

synthesized amphiphilic copolymer brushes of polystyrene (PS) and poly(acrylic acid) (PAA) 

with different monomer ratio, and they found an increase in water contact angle with 

increasing proportion of hydrophobic polystyrene in the copolymer brushes. These theoretical 

and practical studies provide some approaches for controlling and designing a surface with 

desired hydrophobicity, and lead to one of the most exciting and promising areas for the 

application of polymer brushes: switchable wettability using “smart” polymer brushes, 

especially stimuli-responsive ionic polymer brushes. Minko et al.
196

 have achieved inverse 

and reverse switching gradient surfaces using mixed polymer brushes of poly(2-vinyl 

pyridine) (P2VP) and poly-(acrylic acid) (PAA). 

1.5.4. Ionic Polymer Brush in Switching Wettability 

Ionic polymer brushes undergo substantial changes in their conformation, surface energy, 

or charge state in response to external stimuli, such as solvent,
184

 
197

 light,
198

 
199

 temperature, 
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193
 
173

 pH,
200

 
201

 salt,
17

 
18

 
202

 
203

 
204

 
205

 
206

 
207

 and electrical potential,
22

 making them excellent 

candidates for generating stimuli-responsive surfaces. Due to the presence of charges on 

polymer side chains, the magnitude of conformational changes of ionic polymer brushes is 

greatly amplified as compared to neutral polymer brushes. Stimuli-responsive polymer 

brushes have found applications in a large variety of scientific fields, including controlled 

wettability, smart surfaces and nanoactuators. This section focuses on recent, promising uses 

of ionic polymer brushes in the area of wettability switching. Huck and co-workers have 

conducted extensive studies of polyelectrolyte and polyzwitterion brushes. The majority of 

the work has focused on temperature- and salt-sensitive polymer brushes in switching the 

surface properties.
193

 
173

 
200

 
22

 
206

 
17

 
8
 
208

 
209

 
18

 
210

  

Examples of thermo-induced switching of surface tension have been studied. Recently, an 

UCST type-wetting transition of polyzwitterionic brushes driven by self-association was 

reported, which had a close analogy to the behavior of the same polymer in solution.
193

 
173

 

Homogeneous and patterned poly[2-(methacryloyloxy)ethyl]dimethyl(3-

sulfopropyl)ammonium hydroxide (poly-MEDSAH) brushes have been synthesized via 

ATRP. Interesting thickness- and temperature-dependence characteristics of the brushes 

driven by the formation of a completely collapsed self-associated state were observed. This is 

evidenced by a pronounced transition in the surface tension which can be reversed by 

changing temperature. Increasing grafting density diminished the magnitude of the thermo-

induced wettability switching. 

In weak polyelectrolyte or annealed polyampholyte brushes, pH plays a significant role in 

switching of wetting. As described in section 1.3.3, the net charge of these polymers can be 

tuned by changing pH in solution. Huck and co-workers
200

 have demonstrated a three stage-

switching of surface wetting using phosphate-based polyelectrolyte brushes. Poly[2-

(methacryloyloxy)ethyl]phosphate (PMEP) brushes have been grafted from a thiol initiator 
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modified gold surface using SI-ATRP. Due to the association-dissociation equilibrium, the 

polyelectrolyte brushes exhibit a switching among three different hydration states which is 

dependent on local pH. Wettability switching can be strongly amplified by changes in surface 

texture. Anastasiadis et al.
201

 reported a pH-induced reversible wettability switching between 

superhydrophilicity and superhydrophobicity using a poly(2-(diisopropylamino)ethyl 

methacrylate) (PDPAEMA)-grafted roughened surface.  

For charged polymer brushes, ionic strength and the nature of co-ions can be crucial in 

controlling surface energy. One can expect that the brush thickness is deeply influenced by 

salt concentration and composition. Rühe et al.
202

 
203

 
204

 
205

 have investigated the effect of the 

counterion on the characteristics of the conformation of ionic polymer brushes. They found 

that the degree of swelling
205

 and the coordination geometry
203

 of the brushes were 

influenced by the nature of the counterions, including radius, charge and hydration. Salt-

induced switching of surface wettability caused by conformational changes of ionic polymer 

brushes is well explored.
18

 
206

 
17

 Huck and co-workers
17

 have investigated counterion-

triggered “lock” and “unlock” behavior of conformation of cationic poly[2-

(methacryloyloxy)-ethyltrimethylammonium chloride] (PMETAC) brushes. They found that 

a strong binding interaction of a specific salt (SO4
2-

) and a charged site in the brush, and the 

steric effect caused by the presence of bulky counterions are able to "lock" the extended state 

of the polyelectrolyte chains on the surface. This state can then be “unlocked” by exchanging 

the "locking" counterion SO4
2-

 with Cl
−
 anions, leading to the switch of the surface 

properties. They also reported that PMETAC brushes exhibited a drastic change in the 

wetting behaviour of the substrate by exchanging Cl
−
 anions with SCN

−
, PO4

3−
 and ClO4

−
 

anions, resulting from the interaction between the quaternary ammonium groups of the brush 

and the counterions. By "clicking" perfluorinated counterions, a reversible change of contact-

angle values (from ~CA 90 to ~CA 15) was achieved.
18

 In addition to Coulombic 
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screening, specific ions (such as ClO4
−
) can form strong ion pairing with the charges on the 

brushes, which leads to the so-called “hydrophobic collapse”, accompanied by changes of 

mechanical and surface properties of polyelectrolyte brushes.
206

 After "hydrophobic 

collapse", PMETAC brushes suffer severe dehydration as well as dramatic changes of 

mechanical and surface properties. Water contact angles of polymer brush-grafted surfaces 

increased from 37 to 79 by exchanging Cl
−
 ions with hydrophobic ClO4

−
 anions.

206
 

Recently, Pei et al. have prepared poly(ionic liquid) brushes via SI-ATRP. They found an 

increase of surface hydrophobicity after changing the counterion PF6
−
 with Cl

−
 anions.

207
 

Electrical potential is a simple and efficient approach to switch the surface energy of ionic 

polymer brushes. Huck and co-workers
22

 have demonstrated electrochemically switchable 

wetting properties using polyelectrolyte brushes with electroactive counterions. By applying 

a positive and negative potential, cationic PMETAC brushes were switched reversibly 

between the hydrophobic and the hydrophilic state driven by the redox properties of 

ferri/ferrocyanide counterions. They suggested that the thinner brushes response faster to the 

external stimuli than thicker brushes, which may due to the restricted diffusion of counterions 

inside the polyelectrolyte brush and a charge transfer restriction at the electrolyte-brush 

interface. They also reported that the stimuli-responsiveness of polymer brushes was 

improved by increasing the ionic strength in the solution.  

 “Smart” (co)polymer brushes
196

 that respond to multiple environment triggers are excellent 

candidates to adjust surface wettability. One of the most remarkable examples comes from 

Jiang’s group.
211

 They have fabricated poly(NIPAAM-co-acrylamidophenylboronic acid) 

brushes onto both flat and rough silicon substrates. By introducing temperature sensitive 

polyNIPAAM and pH/glucose responsive poly(acrylamidophenylboronic acid), they are able 

to obtain a reversible switch between superhydrophilicity and superhydrophobicity using a 

multiresponsive surface.  
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1.5.5. Spherical Ionic Polymer Brushes 

Grafting linear charged polymer chains to a spherical substrate leads to the formation of 

spherical ionic polymer brushes. It is known that all concepts derived from polymer brushes 

on a flat surface can be applied to these strongly curved systems. However, unlike planar 

ionic polymer brushes, electrostatic interactions between the polymer chains and the osmotic 

pressure are no long the dominant forces: the curvature of the substrate is a significant 

parameter in determining the behaviour of the brushes.
212

 The behaviour of spherical polymer 

brushes can be described by the well-known Daoud-Cotton model
213

 which captures the core 

radius R, the contour length Lc (brush thickness) and the grafting density σ of polymer chains. 

The geometry of the substrate surface has a profound impact on the behaviour of the ionic 

polymer brushes.
178

 
214

 
215

 When the brush-grafted planar surface is bent, the excluded 

volume interactions and the grafting density of the brushes decrease along the direction away 

from the core surface. Therefore, the counterion distribution and the local degree of 

ionization (in the case of annealed polyelectrolyte brushes) play a significant role in the brush 

thickness. The osmotic pressure resulting from the confined counterions in the brush 

significantly influences the structure of the spherical ionic polymer brushes. This pressure 

can be partially released by changing the ionic strength, or introducing multivalent 

counterions
216

 or proteins.
217

 Theoretical models for spherical brush systems with neutral or 

charged polymer chains have been proposed by several research groups.
176

 
218

 
213

 
178

 
219

 

Ballauf et al.
220

 have thoroughly reviewed the recent work on spherical polyelectrolyte 

brushes.  

The synthesis of ionic polymer brushes on curved surfaces via ATRP
221

 
222

 has been widely 

performed to form organic latex colloidal emulsions, shells of shell-cross linked micelles and 

functionalized inorganic particles. For examples, Matyjaszewski et al.
223

 
224

 
225

 have prepared 

a series of neutral and ionic (co)polymer brushes from carbon black particles to achieve a 
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water soluble carbon dispersion. They found that the poly(2-(dimethylamino)ethyl 

methacrylate) (PDMAEMA) brush-modified carbon black particles became water soluble 

under acidic conditions or upon quaternization.
223

 Examples of zwitterionic spherical 

polymer brushes can be found in functionalized colloidal particles consisting of a 

divinylbenzene cross-linked poly(styrene) (PS-co-DVB)
139

 and silica nanoparticles.
226

 
140

 

Borisov and co-workers
139

 have investigated thermo- and ionic strength-induced chain 

expansion of surface-grafted poly(sulfobetaine) using dynamic light scattering (DLS) and 

cryogenic transmission electron microscopy (cryoTEM). They interpreted the difference 

between the zwitterionic shell thickness observed in DLS and determined in cryoTEM by a 

model, in which the shell of the zwitterionic brushes collapses near the surface of the core 

particles in water and a dilute swollen layer of the shell changes to an extended conformation.  

Polymer brushes, especially polyelectrolyte and polyampholyte brushes, are very 

sophisticated and versatile materials that can find enormous potential in generating “smart” 

surfaces with switchable wettability. Due to the increase of surface area, stimuli-responsive 

polymer brush-grafted spherical materials exhibit some novel physical and chemical 

properties, finding opportunities in a variety of applications, including water soluble 

nanoparticles, colloidal dispersion stabilizers and drug/enzyme carriers. However, in order to 

meet the demands of industry, a substrate with more flexibility and functionality is required. 

So here comes the question: is there any material that can be utilized as both trigger and 

carrier for stimuli-responsive ionic polymer brushes? 

1.6. Electrochemically-Active Conducting Polymers  

Electrochemically-active conducting polymers (ECPs) are interesting substances due to 

their “intrinsic” conductivity achieved via a doping process. Moreover, their light weight, 
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high mechanical strength and tunable properties make them promising materials in designing 

an electrochemically switchable surface. In this section, the principles of the conduction 

mechanism of ECPs, applications in generating surfaces with switchable wettability, and 

routes toward water-soluble conducting polymers is briefly described.  

1.6.1. Principle of Conduction Mechanism  

Conducting polymers (CP) of the type studied in the present work are organic polymeric 

conductors which are intrinsically conducting rather than polymers where conductivity is 

induced by a conductive filler. Conducting polymers can develop broad valence and 

conduction bands as a result of extended overlap of the π-orbital intrinsic to the system. The 

unique intrinsic conductivity of conducting polymers arises from π conjugation, through a 

chemical or electrochemical oxidation with charge compensated by simple anionic or cationic 

species, referred to as “dopants”. These polymers are almost uncharged in the neutral state 

and the conductivity is caused by the formation of charge carriers upon oxidizing (p-doping) 

or reducing (n-doping) their conjugated backbone.
227

  

In the neutral state, this type of polymer is either a semiconductor or an insulator. As 

mentioned above, the “intrinsic” conductivity differentiates doped ECPs from conventional 

plastics. During the oxidation and reduction, either chemically or electrochemically, ECPs 

can be doped with a chemical species, called a “dopant”. During the doping process, the 

dopants (usually a simple cation or anion) become embedded into the polymer matrix to 

compensate for the charges on the polymer backbone created during the redox process. 

Consequently, the charge carriers - polarons and bipolarons - are formed and “travel” along 

the π-bonded polymers, resulting in the “intrinsic” conductivity. When one electron is 

removed from the polymer backbone, a radical cation, the so-called “polaron”, is generated. 
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Further removal of another electron from the same π-conjugated system leads to the 

formation of bipolarons.
227

  

In this work, ECPs act as an “ion pump” to generate ion flux via electrochemical oxidation 

and reduction. The ion insertion-ejection process is largely dependent on the nature of the 

ECP, the choice of dopant and the electrochemical conditions (i.e., solvent, electrolyte or 

applied potential). Indeed, the driving force of ion flux is the charge compensation in or on 

the surface of ECPs. There are two types of ion-exchange process in conducting polymers: 

cationic doping and anionic doping. In cationic doping, a large anion is embedded in or on 

the surface of the conducting polymer, whereas a small cation can easily move in and out. 

The anionic doping involves movement of a small anion. In some cases, cationic doping and 

anionic doping co-exist. Most commonly used anions in ECPs are chloride (Cl
-
), perchlorate 

(ClO4
-
), tetrafluoroborate (BF4

-
) and trifluoromethane sulfonate (CF3SO3

-
). Cationic dopants, 

such as sodium and potassium, are often found in the system as well.  

In general, the mechanism of conducting polymer synthesis is regarded as a radical-driven 

process as illustrated by pyrrole. Water-soluble pyrrole monomer provides a relatively stable 

and easily made conductive polymer. Polymerization of pyrrole can be conducted chemically 

or electrochemically. In both cases, the initial step is to generate a radical cation (Eq. 10). 

                                                                            (9) 

During the polymerization, the radical cation attacks another monomer molecule and 

generates a dimer radical cation. The polymer chain propagates in this order until the 

termination (Eq. 11). The chemical polymerization of pyrrole is usually initiated by an 

oxidant, such as ion(III) chloride (FeCl3) or ammonium persulphate (APS).  
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                                           (10) 

Electrochemical polymerization of polypyrrole is usually preferred over chemical 

polymerization due to its simplicity and the frequently higher conductivity obtained. It is 

known that the precise procedure chosen for the electrochemical method has a significant 

effect on the morphology, appearance, adhesion and surface wettability of the resultant 

polypyrrole film.
228

  

1.6.2. Conducting Polymers for Switchable Surfaces 

ECPs are electrically active materials whose chemical and mechanical properties can be 

reversibly modulated by doping and dedoping different ions, offering enormous potential in 

designing a “smart” surface with tunable wettability. So far, a variety of electrochemically 

controlled conducting polymer surfaces with tunable wettability have been developed and 

widely applied to inducing fluid movements in nano-micro-devices, and to electrochemically 

control the optical properties. Among those, polypyrrole (PPy) is one of most versatile and 

widely applied materials in the field of stimuli-responsive surfaces due to its unique 

properties, including.  

 Low operation voltage 

 Fast electrochemical switch 

 Relative ease of fabrication 

 Low cost 

 High conductivity (> 10
4
 S m

-1
) 

 Biocompatible 

The nature of the counterions (or dopants) exerts considerable influence on the mechanical 

and chemical properties of conducting polymers. The mechanism of switchable surface 
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wettability of conducting polymers is generally recognized as a dopant-rearrangement 

process as illustrated for dodecylbenzenesulfonate (DBS)-doped PPy in the oxidized state; 

upon reduction, the DBS dopant is no longer required for charge balance within polypyrrole, 

and therefore it migrates to the polymer-water interface resulting in a relatively more 

hydrophilic surface. Recently, polypyrrole surfaces with tunable wettability have been 

extensively investigated and applied in lab-on-a-chip and microfluidic devices.
23

 
24

 
25

 
26

 
27

 
28

 

29
 
30

 
31

 

Tunable surface properties of PPy/DBS films have been extensively investigated
229

 
230

 
231

 

232
 

233
 

234
 and applied to induce fluid movement in a polymer-coated microchannel.

229
 

Controlled transportation and delivery of organic fluids (dichloromethane) has been achieved 

through PPy/DBS-coated platinum mesh on a surface or in glass tube fillers via an in situ 

electrochemical redox switch.
231

 Xu et al.
230

 have developed electrically tunable PPy inverse 

opals whose stopband, conductivity and wettability can be controlled via the oxidation and 

reducing of conducting polymer films. Yang and co-workers
234

 have demonstrated an in-situ 

actuation of an organic droplet in aqueous electrolyte during a continuous redox process of a 

PPy(DBS) surface. Teh et al.
232

 
233

 have reported the electrochemical control of surface 

wettability and morphology using a DBS-doped PPy film. They demonstrated that an 

oxidative applied potential leads to the formation of a hierarchical structure and roughening 

of the surface, resulting in an increase in the water contact angle.  

Recently, perfluorooctanesulfonate (PFOS)-doped polypyrrole film has been intensively 

employed to amplify the changes of surface wettability due to its remarkable hydrophobicity. 

Xu et al.
235

 have reported an ex-situ reversible switch of a highly porous and rough PFOS-

doped PPy film by applying certain potentials. Water contact angle values changed between 

152° and 0° upon electrochemically varying the oxidation state of the conducting polymers. 

Based on Xu’s studies, Chang et al.
236

 
31

 further increased the roughness of PFOS-doped 
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polypyrrole surfaces by modifying the electrochemical polymerization conditions. They have 

successfully achieved a robust (response time = 3s) and reversible in-situ wettability switch 

between superhydrophobic and superhydrophilic states. Using a layered system, they have 

demonstrated that a wettability gradient could induce fluidic movements on the conducting 

polymer surfaces.
31

 

One may realize that the optimization of switchable conducting polymer surfaces requires 

specific reaction conditions and sophisticated microfabrication. The possibility of using a 

surface-initiated polymerization to graft another polymer from the surface of a polypyrrole-

coated electrode has been demonstrated: Roux et al.
237

 employed a surface initiated 

polymerization to grow polystyrene from a carboxylic acid functionalized polypyrrole 

surface. In their work, free radical initiators covalently attached to the surface of the poly[3-

(Pyrrol-1-yl)propanoic acid]-coated gold electrode facilitated the growth of polystyrene via a 

surface-initiated radical polymerization. Strover et al.
32

 have recently described grafting of 

polystyrene-b-poly(acrylic acid) from a poly(terthiophene) surface.  

1.6.3. Optimization of Processability of Conducting Polymers 

Since most conducing polymers are insoluble in aqueous media, the request for truly water 

soluble ECPs lead to the development of functionalized polymer derivatives. In recent years, 

water-solubility of PEDOT has become an active area of research due to its extraordinary 

electrochemical and optical properties. In addition to the development of sulfonated or self-

doped PEDOT derivatives,
238

 water-soluble PEDOT is achievable using EDOT derivatives 

with covalently attached functional side groups, such as hydroxylmethyl
239

 and 

oligoethylene.
239

 
240
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1.7. Electrochemical Impedance Spectroscopy 

Theoretically, a conducting polymer is often treated as an ideal parallel-plate capacitor. 

However, an increase in surface roughness of conducting polymers leads to non-ideal 

capacitive behavior. In order to understand the electrochemical behavior of conducting 

polymers, it is necessary to provide a brief description of the behavior of an ideal capacitor 

governed by the equation
241

 

  
 

 
  

   

 
             (11) 

where C is capacitance, q is the charge stored on the capacitor and E is the potential across 

the capacitor. Also, capacitance is determined by the dielectric permittivity ε, the surface area 

of the two conductor plates A and the distance between the plates d. When a constant 

potential is applied, an excess of electrons travels from one side of the plate to the other and 

accumulates on the metal-solution interface until the potential across the capacitor equals to 

the potential on the surface.  

 A key parameter in conducting polymer modeling is the capacitance at the polymer-

solvent interface, called double-layer capacitance Cd. Unlike the real capacitor, Cd is 

generally dependent on potential. The structure of the electric double layer encompassing the 

whole array of charged species as well as oriented dipoles existing on the electrode (i.e., 

conducting polymer) interface and can affect the rate of electrode processes. The electrical 

double layer is divided into the immobile Helmholtz layer and the mobile diffuse layer. The 

Helmholtz layer contains both the inner Helmholtz plane (IHP) and outer Helmholtz plane 

(OHP) which can be defined as the locus of the electrical center of the specifically adsorbed 

ions and these nearest solvated ions, respectively. The properties of the electrode-solution 

interface at a given potential is characterized by Cd.
241
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Detailed information about an electrochemical system, especially surface morphology of an 

electrode, is usually obtained by applying an electrical perturbation to the system and 

monitoring the response in the characteristics of the system. Electrochemical impedance 

spectroscopy (EIS) is a powerful diagnostic tool to study electrode reactions through 

perturbation of the system, due to its ability to perform high-precision measurements, to test 

the system over a wide range of times or frequencies (typically 10
6
 – 10

-3
 Hz) and to treat the 

response theoretically by applying physically-sound equivalent circuit models. As one of the 

most widely used perturbation methods, EIS allows us to study 

 Kinetics of ion transport in bulk solution 

 Kinetics of charge transfer across the electrode-solution interface 

 Surface morphology and interfacial structure of thin film-coated electrodes 

Here, a simple diagram is provided to describing the operation of the alternating current 

(AC) impedance technique (Figure 1.1).
242

 When a sinusoidal perturbation is applied to any 

stationary voltage (Eo), part of the steady-state current-voltage characteristic of a system (CD 

line) is altered, resulting in current oscillation (Io). In some systems, elements do not respond 

to the perturbation instantly, which leads to changes of the phase angle of the responses to the 

voltage signal. The AC impedance technique is able to measure the current response with 

respect to the voltage perturbation. Since the current response may be indefinitely steady 

which can then be averaged over a long time, high-precision measurements are feasible.  
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Figure 1.1. Derivation of AC response from direct current (DC) current-voltage characteristic of a 

system. AB line: the steady-state current-voltage characteristic of an electrochemical system; Eo: a 

sinusoidal perturbation of the voltage; Io: the resultant current response. From242 

Generally, the relationship between two related sinusoidal signals – the current I and the 

voltage E can be expressed as following equation, generalized from Ohm’s law,
242

 

                                               (12) 

                                                         (13) 

where       is the angular frequency and   the frequency of the signal, t is time and   is 

a phase angle. The parameter that connects the current and the voltage (at one frequency) is 

the admittance, Y, which is the inverse of the impedance Z as shown in Eq. 15. In the analysis 

of parallel circuits, Y is a more useful vector since the overall admittance is simply the sum of 

the individual ones. 

   
 

 
                                                      (14) 

Here, both Y and Z are vectors with the same phase angle, but opposite in sign.  

In general the impedance Z can be described using the real impedance Zreal (or   ) and Zim 

(or   ) as 

                                               (15) 
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where   equals to √ . Multiplication by   leads to a shift of phase angle by 90 but amplitude 

remains unchanged.  

Mathematically, these vectors can be presented as complex numbers and depicted by 

Argand diagrams. For examples, the impedance of a simple resistor, capacitor and an 

inductor are: 

 

Impedance of a network of resistors, capacitor and inductors can be calculated in the same 

way as the overall resistance of a network of resistors: impedances in series additive; 

admittances in parallel additive.  

Two diagrams of impedance that are commonly used to represent the system are Nyquist 

(Zim vs Zreal) and Bode diagrams in which log(Zabsolute) is plotted against log(f ), and ϕ against 

log(f). Unlike Bode diagrams, Nyquist plots provide easily recognizable patterns for several 

forms of equivalent circuits for the system.
242

 Since impedances of the systems containing 

capacitors increase as frequency decreases, the resulting impedance diagrams tend to 

emphasize the data at low frequency.  

EIS data can be treated with use of physically-sound equivalent circuit models consisting of 

a series of resistors, capacitors and other components.
243

 By measuring a system through a 

wide range of frequencies, the AC impedance technique should be able to differentiate 

between the individual components in the system by their different time constant. Systems 

involving porous electrodes can be represented by the “transmission line” equivalent network 

in which a distributed capacitance is connected to an external circuit by a distributed 
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resistance (Figure 1.2). The quantities of elements are resistance or capacitance per unit 

length corresponding to the whole electrode area. The frequency and time scale of 

measurements determine fraction of the length of the transmission line that is probed.  

 

Figure 1.2. Simple transmission line representation. 

Recently, AC impedance techniques have been widely used to investigate the 

electrochemical properties of ECPs which are largely influenced by the polymerization 

conditions, porosity, density, the nature of dopant and ionic strength. So far, several 

impedance models have been developed which focus on different aspects of the conducting 

polymer system, such as the diffusive mechanism along the polymer bulk
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and the distribution of polymer/electrolyte interface
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 inside the 

electrode matrix. Among these, the equivalent circuit model developed by Bisquert et al.
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255

 
260

 offers rational explanations of  the main features of the impedance spectra usually 

observed in conducting polymer-coated films. Bisquert et al.
260

 have performed impedance 

analysis on electrochemically synthesized porous polypyrrole films and correlated impedance 

parameters with the electrode morphology. The principal mechanisms of ionic diffusion for a 

system involving a porous electrode are illustrated: ionic diffusion processes can occur along 

the parallel direction and/or transversal to the macroscopic outer surface to fulfill the pores, 

which are dependent on the thickness of the conducting polymers. The equivalent model
259

 

well explains the main features of the impedance spectra of porous polypyrrole films and the 
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analysis is facilitated by utilizing more featured complex capacitance plots instead of 

impedance diagrams.   
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2.1. Introduction  

 

In this chapter, the experimental methods used in this study are described. Firstly, materials 

involved in the preparation of polymer brushes in solution as well as on various substrates are 

specified. Synthetic approaches are provided for those materials which are not readily 

available.  

 

Secondly, the procedures of atom transfer radical polymerization (ATRP) or reversible 

addition-fragmentation chain transfer (RAFT) technique are described, which are the two 

widely employed approaches to obtain various polymers. The “grafting from” method was 

utilized in generating well defined polymer brushes from various surfaces, including 

conducting polymers, carbon black nanoparticles and Wang resin. 

 

Thirdly, several important techniques were employed to characterize the polymer brushes 

in solution and to monitor the changes of their conformation in response to external stimuli. 

Besides, several general methods, such as electrochemical measurements, were used to 

analyze various polymer brush-grafted surfaces and to follow the changes of surface 

properties driven by the oxidation and reduction of electrochemically-active conducting 

polymers. 

 

The protocols for generating electrochemically-controlled switchable surfaces based on 

polymer brush-grafted conducting polymer films are given. The purpose of this work is to 

create switchable polymeric materials for electrically controlling the fluidic movements in 

capillary or microfluidic devices. 
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2.2. Materials 

Pyrrole (Aldrich) was freshly distilled under a reduced pressure. Glycidyl methacrylate 

(Aldrich) was purified to remove the inhibitor by passing the solution through a neutral 

alumina column. Methyl methacrylate (Aldrich) was washed twice against aqueous 5% 

(wt/vol) sodium hydroxide to remove the inhibitor and distilled under vacuum just before use. 

[2-(methacryloyloxy)ethyl]trimethylammonium (Aldrich) was purified to remove inhibitor by 

passing the solution through a basic alumina column. 2,2’-azobis(2-methylpropionitrile) 

(Aldrich) was recrystallized to remove the impurities before polymerization. Styrene 

(Aldrich) was distilled under a reduced pressure and kept in N2 atmosphere at 0 °C. (In 

alphabetical order) acrylic acid (Aldrich), benzyl bromide (Aldrich), 2,2’-bipyridyl (Aldrich), 

2-bromo-2-methylpropionyl bromide (Aldrich), carbon disulfide (Aldrich), carbon 

nanopowder (Aldrich, < 50 nm, 99+%), copper (I) bromide (Aldrich), copper (II) bromide 

(Aldrich), 2-(dimethylamino)ethyl methacrylate (Aldrich), 4-(dimethylamino)pyridine 

(Aldrich), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (Aldrich), 

ethanolamine (Aldrich), ethyl 2-bromo-2-methylpropionate (Acros), ethylene glycol 

(Aldrich), ferric chloride (Aldrich, 97%), heptadecafluorooctanesulfonic acid potassium salt 

(Aldrich), hydroxymethyl EDOT (Aldrich), N-hydroxysuccinimide (Aldrich), iron (III) 

chloride hexahydrate (Aldrich), lithium aluminum hydride (Aldrich), lithium chloride 

(Riedel-de Haёn, AG), 3-mercaptopropionic acid (Aldrich), [3-

(methacryloylamino)propyl]dimethyl(3-sulfopropyl)ammonium hydroxide inner salt 

(Aldrich, 96%), 1-methyl-2-pyrrolidone (Aldrich), nitric acid (ECP), N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine (Aldrich), poly(ethylene glycol) methyl ether acrylate 

(Aldrich, Mn ca 480), 4-(3-pyrrolyl)butyric acid (Aldrich), sodium chloride (Ajax), 3-

sulfopropyl methacrylate potassium salt (Aldrich, 98%), sulfuric acid (ECP, 70%), thionyl 
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chloride (Aldrich), triethylamine (Ajax, AR), 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid 

sodium salt (Aldrich, 98%), trifluoroacetic acid (Ajax), urea (Ajax) and Wang resin (Fluka) 

were used as received. 
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2.3. Synthesis of Solution Polymers 

2.3.1. Synthesis of Solution Polymers via ATRP 

1) ATRP polymerization using ethyl 2-bromoisobutyrate (EBiB).  

A variety of neutral and ionic (co)polymers have been synthesized in solution using ethyl 

2-bromoisobutyrate (EBiB) via ATRP. The reaction conditions are summarized in Table 2.1. 

All the polymerizations were carried out under N2 atmosphere at ambient temperature for 20 

h. During the polymerization, a solution of monomers, EBiB and 2, 2’-bipyridine (Bipy) was 

added to a Schlenk tube charged with a stirring bar. The Schlenk tube went through five 

freeze-thaw-pump cycles to remove oxygen. When the reaction solution was frozen (in liquid 

nitrogen), catalysts CuBr/CuBr2 were quickly added under N2 gas protection, followed by 

another two purge N2-pump cycles to remove oxygen. The reaction tube was then filled with 

N2 gas and sealed. ATRP polymerizations were carried out at room temperature or at 110°C 

(for PMMA) overnight. After the polymerization, the residual catalysts were removed by 

filtering through an alumina column using dimethylformamide (DMF) or methanol (MeOH) 

as eluent. The crude products were then purified by dialysis (MWCO: 6-8,000) against 0.1 M 

potassium chloride (for ion-exchange) and water for 12 h, respectively. The final products 

were obtained by lyophilisation. All the (co)polymers were characterized by gel permeation 

chromatography (GPC) (Table 2.2). 
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Table 2.1. Synthesis of (co)polymers in solution via ATRP. Abbreviations: methyl methacrylate 

(MMA), [2-(Methacryloyloxy)ethyl]trimethylammonium chloride (METAC), 3-Sulfopropyl 

methacrylate (SPMA), [3-(methacryloylamino)propyl]-dimethyl(3-sulfopropyl)ammonium hydroxide 

(MPDSAH). 

 
a. SPMA: MMA: METAC = 1: 1: 1 (mol L-1) 
b. SPMA: MMA: METAC = 1: 2: 1 (mol L-1) 
c. SPMA: MMA: METAC = 1: 4: 1 (mol L-1) 
d. MMA: MPDSAH = 2: 1 (mol L-1) 
e. MMA: MPDSAH = 1: 1 (mol L-1) 
f. MMA: MPDSAH = 1: 2 (mol L-1) 

 
 

Table 2.2. Polydispersity (Mw/Mn), molecular weight (Mn) and radius of gyration (Rg) of 

(co)polymers estimated by gel permeation chromatography (GPC).  
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2) Synthesis of solution polymers using surface-initiated Wang resin.  

The attachment of ATRP initiator onto Wang resin. The reaction was carried out under 

nitrogen atmosphere using anhydrous solvent. Wang resin (0.032 g, contains 0.02 mmol 

hydroxyl groups) was added into a round bottom flask (10 mL) and dispersed in 0.35 mL 

anhydrous dichloromethane (CH2Cl2), followed by the addition of 4-dimethylaminopyridine 

(DMAP) (0.0016 g, 0.0125 mmol) and triethylamine (Et3N) (4 µL, 0.03 mmol). The flask 

was then immersed in an ice/water bath (at 0°C) and the reaction mixture was stirred for 10 

min. A solution of 2-bromo-2-methylpropionyl bromide (EBiB) (6 mg, 0.026 mmol) 

dissolved in 20 µL anhydrous dichloromethane was injected dropwise into the mixture and 

stirred at 0°C for 3 h. The reaction was then carried out at room temperature for 24 h. After 

the reaction, the products were separated by filtration and washed by 10 mL of CH2Cl2 and 2 

mL of water. The products were kept under vacuum at 40°C for 2 h.  

Grafting PMMA brushes from Wang resin. In the polymerization of methyl 

methacrylate (MMA), a Schlenk tube containing the surface-modified Wang resin (0.02 g), 

MMA (107 µL, 1 mmol), Bipy (0.018 g, 0.1 mmol) in 150 µL anhydrous anisole went 

through three freeze-pump-thaw cycles. When the liquid was still in the frozen state, the tube 

was back filled with N2 gas, followed by the addition of CuBr (0.005 g, 0.034 mmol). Then 

the tube was thoroughly degassed by two purge N2-pump cycles and sealed under N2 

atmosphere. The reaction was carried out at 110°C for 29 h. After the reaction, PMMA-

grafted Wang resin was washed against CH2Cl2 by filtration and dried under vacuum at 40°C 

for 2 h.  

Cleavage of polymer brushes. The polymer brush-grafted Wang resin was dispersed and 

gently stirred in 2 mL 95% trifluoroacetic acid (TFA) for 4 h. The suspension was then 

vacuum filtered and the filtrate was collected. The remaining acid was removed by 

evaporation (Figure 2.1). 
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Figure 2.1. Synthesis of PMMA in solution using Wang resin. 

2.3.2. Synthesis of Solution Polymers via RAFT 
Synthesis of trithiocarbonate salt (1) (Scheme 2.1). 3-mercaptopropionic acid (0.85 mL, 

14 mmol) was firstly dissolved in 10 mL diethyl ether at 0°C while Et3N (2.75 mL, 19.74 

mmol) and carbon disulfide (CS2) (0.82 mL, 9.4 mmol) was slowly added into the solution. 

The reaction mixture was stirred at room temperature for 14 h to yield an orange precipitate. 

After the reaction, the solvent was evaporated under vacuum. The orange viscous gel-like 
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product was purified twice in diethyl ether by precipitation.1, 2 The final product was 

characterized by NMR (Figure 2.2). 

1H-NMR (400 MHz, CDCl3), δ (ppm from TMS); 1.24 (18H, t, CH3 of Et3N), 2.55 (2H, t, -

CH2-S-), 2.76 (2H, t, -CH2-COO-), 2.95 (12H, q, N-CH2- of Et3N).  

 

Figure 2.2. 1H NMR of trithiocarbonate salt (1) in CDCl3. 

3-(Benzylsulfanylthiocarbonylsulfanyl)-propionic acid (2) (Scheme 2.1). The freshly 

prepared trithiocarbonate salt (1.05 g, 3.73 mmol) was dissolved in CH2Cl2 (4 mL) and 

stirred for 10 min. A solution of benzyl bromide (0.37 mL, 3.11 mmol) CH2Cl2 (1 mL) was 

added into the reaction mixture. The flask was then sealed and the reaction took place at 

room temperature for 16 h. After the reaction, triethylamine bromide was filtered off and 

washed with CH2Cl2. The product was purified by twice extracting against water and three 

times against acidic water (pH 2). The organic phase was dried over MgSO4 and the solvent 
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was then evaporated. The final yellow oil was purified using a silica gel column (5% 

methanol in CH2Cl2).  The product was examined by NMR (Figure 2.3). 

1H-NMR (400 MHz, CDCl3) δ (ppm from TMS); 2.85 (2H, t, CH2C(O)OH), 3.62 (2H, t, 

CH2CH2), 4.61 (2H, s, CH2-Ph), 7.31 (5H, m, CH(C6H5))  

 

Figure 2.3. 1H NMR of 3-(Benzylsulfanylthiocarbonylsulfanyl)-propionic acid (2) in CDCl3. 

 

Scheme 2.1. Synthesis of RAFT agent: (1) trithiocarbonate salt and (2) 3-

(Benzylsulfanylthiocarbonylsulfanyl)-propionic acid. 
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Synthesis of Zwitterionic Homopolymers and Random Copolymers via RAFT 

(Scheme 2.2). A solution of MPDSAH (2 g, 6.84 mmol), 3-

(benzylthiocarbonothioylthio)propanoic acid (BSAP) (0.062 g, 0.228 mmol), 2,2’-azobis(2-

methylpropionitrile) (AIBN) (0.0075 g, 0.046 mmol)  in 10 mL H2O/DMF (4:6, vol/vol) was 

placed in a Schlenk tube. The tube went through five freeze-pump-thaw cycles. The reaction 

was carried out at 70 °C for 6 h. At the end of the reaction, the polymers were purified by 

precipitating into n-hexane and washed centrifugally using water. The resulting products 

were dialysed first against 1 M KCl then water for 12 h, respectively. The solid products were 

obtained as light white flakes by lyophilisation. Synthesis of random copolymers has been 

performed in an analogous approach using SPMA (2 g, 8.12 mmol), MMA (0.8 g, 8.12 

mmol), METAC (1.69 g, 8.12 mmol), BSPA (0.088 g, 0.325 mmol) and AIBN (0.011 g, 

0.065 mmol). The reaction took place at 70°C for 20 h. 

 

Scheme 2.2. Synthesis of PMPDSAH (1) and poly(METAC-stat-MMA-stat-SPMA) (2) via RAFT 

polymerization.  
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2.4. Synthesis of Polymer Brushes Grafted onto 

Conducting Polymer Particles and Films  

2.4.1. Preparation of Polymer Brush-Grafted Conducting Polymer 

Particles 
Synthesis of N-(3-Aminopropyl) Pyrrole (1) (Scheme 2.3). A solution of N-(2-

cyanoethyl) pyrrole (0.48 g, 4 mmol) in 3 mL anhydrous ether was added to a suspension of 

LiAlH4 (0.38 g, 10 mmol) in anhydrous ether (30 mL). The reaction mixture was then 

refluxed for 10 h under N2 atmosphere. After the reaction, the solution was cooled and the 

excess hydride was removed by successive addition of water (1 mL), a solution of 15% 

(wt/vol) NaOH (1 mL) and water (5 mL). The resulting solution was heated to 40°C for 2 h 

and filtered on celite before evaporating to dryness. A yellow oil was obtained as the product 

(50% yields). The product was characterized by NMR (Figure 2.4).  

1H NMR (CDCl3) δ (ppm from TMS); 1.84 (2H, m, CH2-2), 2.64 (2H, t, CH2-3), 3.91 (2H, 

t, CH2-1), 6.11 (2H, d, CH-β), 6.62 (2H, d, CH-α).   
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Figure 2.4. 1H NMR of N-(3-Aminopropyl) pyrrole (1) in CDCl3. 

Synthesis of N-(3-(1H-pyrrol-1-yl)propyl)-2-bromo-2-methylpropanamide (2) 

(Scheme 2.3). A solution of N-(3-aminopropyl)-pyrrole (0.2 g) and triethylamine (0.22 mL) 

in 5 mL anhydrous CH2Cl2 was stirred at 0°C while α-bromoisobutyryl bromide (0.29 mL) 

was added dropwise into the solution. The reaction took place at 0°C for 3 h and further 

carried out at room temperature for 12 h. After the reaction, the solution was filtered off using 

a funnel and the product was collected in the organic phase was extracted against brine (5 

mL), 0.01 M sodium dicarbonate (5 mL) and water (5 mL), respectively. The organic phase 

was dried using MgSO4. A column was conducted using 2% methanol in CH2Cl2 and the 

solvent was removed by evaporation. A transparent oil was obtained as the product (Figure 

2.5). 
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1H-NMR (CDCl3) δ (ppm from TMS); 1.92 (6H, s, CH3-2), 2.00 (2H, t, CH2-2), 3.24 (2H, 

t, CH2-3), 3.94 (2H, t, CH2-1), 6.15 (2H, d, CH-β), 6.66(2H, d, CH-α). 

 

Figure 2.5. 1H NMR of N-(3-(1H-pyrrol-1-yl)propyl)-2-bromo-2-methylpropanamide (2) in CDCl3. 

 

Scheme 2.3. Synthesis of N-(3-Aminopropyl) pyrrole (1) and N-(3-(1H-pyrrol-1-yl)propyl)-2-

bromo-2-methylpropanamide (2). 

Chemical Copolymerization of Pyrrole and N-(3-Aminopropyl) Pyrrole. A solution 

containing pyrrole (0.039 g, 0.58 mmol) and N-(3-Aminopropyl) pyrrole (0.085 g) in 9 mL 
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water was stirred for 20 min, followed by the addition of iron (III) chloride FeCl3 (0.38 g, 2.3 

mmol). The reaction was carried out at room temperature under nitrogen atmosphere for 24 h. 

At the end of the reaction, the resulting powder was centrifuged and washed with water 

before drying under vacuum at 80°C for 12 h. 

Attachment of ATRP initiator onto copolymer particles. Poly(N-3-aminopropylpyrrole-

co-pyrrole) particles (0.03 g) were dispersed in a solution of Et3N (0.03 mL) in 2 mL 

anhydrous CH2Cl2. The mixture was stirred at 0°C while α-bromoisobutyryl bromide was 

injected dropwise into the mixture.  The reaction was carried out at 0°C for 3 h and at room 

temperature for another 12 h. After the reaction, the products were obtained centrifugally and 

washed with CH2Cl2 and water. The resulting samples were then dried under vacuum at 80°C 

for 12 h.  

Grafting PMMA brushes from copolymer particles via ATRP (Scheme 2.4). A solution 

containing surface-initiated poly(N-3-aminopropylpyrrole-co-pyrrole) particles (0.02 g), Bipy 

(0.03 g) and MMA (1.14 g) in 1.5 mL anhydrous dimethyl sulfoxide (DMSO) was injected 

into a dry Schlenk tube. The tube went through several freeze-pump-thaw cycles to remove 

the oxygen, followed by one backfill of nitrogen gas. When the liquid was in the frozen state 

(in liquid nitrogen), CuBr (8 mg) was quickly added into the tube, followed by two purge N2-

pump cycles. The reaction took place at 110°C for 24 h. After the reaction, PMMA-grafted 

conducting polymer particles were washed by CH2Cl2 and THF centrifugally and dried at 

100°C for 24 h under vacuum (Scheme 2.4). The control experiment was conducted under 

same condition using N-(3-(1H-pyrrol-1-yl)propyl)-2-bromo-2-methylpropanamide (2) 

without surface-initiated conducting polymer particles.  
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Scheme 2.4. Proposed synthesis of PMMA-grafted copolymer particles of pyrrole and N-(3-

Aminopropyl) pyrrole.  

2.4.2. Preparation of Polymer Brush-Grafted Conducting Polymer Films 

Synthesis of Poly(Py-co-PBA) on Glassy Carbon Electrodes. Electrochemical 

copolymerization was performed at room temperature using a CH Instrument potentiostat 

(Model 650). A three-electrode system comprised a glassy carbon working electrode (4 

mm×25 mm×2.5 mm) masked using Kapton® tape to expose an area of 0.6 cm2 (4 mm×15 

mm), a Ag/AgCl (3 M KCl) reference electrode and a Pt wire counter electrode. 

Poly(pyrrole-co-pyrrolyl butyric acid) films were electrochemically synthesized in a solution 

of 0.5 M pyrrole (Py), 0.1 M pyrrolyl butyric acid (PBA), 0.2 M LiCl and 0.57 M H2SO4 in 

methanol by applying a fixed potential of 0.75 V (vs Ag/AgCl, 3 M KCl). Film thickness was 

estimated to be 3 µm by controlling total charge passed (0.36 C) during polymerization.3 The 

Kapton® tape was removed after polymerization. The resulting films were cycled 4 times in 

0.2 M LiCl methanol solution and 4 times in 1 mM NaCl(aq) at a scan rate of 0.1 V s-1 and 

0.01 V s-1, over a range from -0.8 V to +0.4 V (vs Ag/AgCl, 3 M KCl). The films were rinsed 

with Milli-Q water between electrolytes. All films were reduced at -0.8 V (vs Ag/AgCl, 3 M 

KCl) for 3 min in 1 mM NaCl(aq) before further chemical treatment.  

Covalent Attachment of ATRP Initiator on Poly(Py-co-PBA). Surface modification 

involves two steps: converting carboxylate to a reactive hydroxyl group and then attaching 
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the ATRP initiator by a nucleophilic substitution reaction.  Firstly, the glassy carbon 

electrode carrying the poly(Py-co-PBA) film was immersed in 5 mL phosphate-buffered 

saline (PBS) buffer solution (pH 5.2) containing 0.27 g 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC), 0.41 g N-hydroxysuccinimide (NHS) and 53 µL ethanolamine. The 

reaction was carried out for 2 h at room temperature and then the film was washed with Milli-

Q water and then dichloromethane (CH2Cl2). Secondly, for the attachment of the ATRP 

initiator, a solution of 23 µL triethylamine, 0.01 g 4-(dimethylamino)pyridine in 2 mL 

anhydrous dichloromethane was added into a small vial containing a modified poly(Py-co-

PBA) film on a glassy carbon electrode. The vial was then sealed and kept at 0°C for 10 min 

while 17 µL α-bromoisobutyryl bromide was slowly added. The reaction mixture was kept at 

room temperature for 12 h. The resulting surface was washed with Milli-Q water, 

dimethylformamide (DMF) and CH2Cl2. We followed this procedure to ensure attachment of 

the ATRP initiator because the common reaction of acylation at the 2-position is excluded, 

since this is the site of polymerization of pyrrole.  There is indeed also the possibility of N-

acylation, but this reaction is reported to be slow at room temperature.4  

Grafting PMPDSAH, PMMA-b-PMPDSAH from Poly(Py-co-PBA) via ATRP. All 

radical polymerizations were conducted in Schlenk tubes at room temperature under N2 

atmosphere. Preparation of a PMPDSAH-grafted poly(Py-co-PBA) film proceeded as 

follows. A surface-modified poly(Py-co-PBA) film on a glassy carbon electrode was placed 

into a 50 mL Schlenk tube and the whole tube was degassed for 20 min. A solution 

containing 2 g MPDSAH, 0.16 g 2, 2’-bipyridyl, 0.07 g CuBr and 0.01 g CuBr2 in 20 mL 

water/DMF mixture (4:6, v/v) was degassed by 3 freeze-pump-thaw cycles and carefully 

injected into the Schlenk tube via a syringe. Then, the tube was sealed and the reaction 

mixture was slowly stirred at room temperature overnight, taking care not to touch the films. 

After the polymerization, the resulting film was rinsed with DMF and Milli-Q water. For 
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block copolymerization, a solution of 0.5 g MMA, 0.16 g 2, 2’-bipyridyl, 0.07 g CuBr and 

0.01 g CuBr2 in 20 mL water/DMF mixture (4:6, vol /vol) was degassed and injected into the 

Schlenk tube containing a glassy carbon-supported PMPDSAH grafted poly(Py-co-PBA) 

film. The reaction mixture was slowly stirred overnight under N2 atmosphere. After the 

reaction, the surfaces were rinsed with warm Milli-Q water (60 °C) and dried under a stream 

of N2 (Scheme 2.5).  

 

Scheme 2.5. Synthesis of pMPDSAH grafted and pMMA-b-pMPDSAH grafted poly(Py-co-PBA) 

films. 

Preparation of poly(METAC-stat-MMA-stat-SPMA) Brush-Grafted Poly(Py-co-PBA) 

(3) via ATRP. One-pot synthesis of poly(METAC-stat-MMA-stat-SPMA) was performed in 

an analogous manner (Scheme 2.6). The copolymerization solution was prepared from 1.7 g 
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METAC, 0.8 g MMA, 2 g SPMA, 0.17 g 2, 2’-bipyridyl (Bipy), 0.07 g CuBr and 0.01 g 

CuBr2 in 10 mL water/DMF mixture (4:6, vol /vol).  

 

Scheme 2.6. Synthesis of poly(METAC-stat-MMA-stat-SPMA) grafted poly(Py-co-PBA) films via 

ATRP. 

Enhancement of Hydrophobicity of ECP Films. Surface hydrophobicity of ECP films 

can be enhanced by optimizing electrochemical polymerization method and conditions.5 6 

Using a three-electrode system, electrochemical polymerization was conducted 

galvanostatically with a current density of 1.5 Am-2 at ambient temperature for 7200 s (vs 

Ag/AgCl, 3 M KCl) using a CH Instrument potentiostat (Model 650). Homopolymerization 

of pyrrole has been conducted in a solution of 0.1 M pyrrole and 0.015 M potassium 

perfluorooctanesulfonate (KPFOS) in acetonitrile (ACN). The copolymerization of pyrrole 

and pyrrole butyric acid was performed in a solution of 0.1 M pyrrole, 0.02 M PBA and 

0.015 M potassium perfluorooctanesulfonate (KPFOS) in methanol (MeOH) /acetonitrile 

(ACN) (5%, vol/vol). Ferric chloride hexahydrate (0.8 mM) (FeCl3·6H2O) was added 

immediately before the electrochemical polymerization, yielding a green solution with little 

particles formed. The resulting polymer films were washed several times by acetonitrile and 

water before dried under N2 gas. Surface modifications have been conducted in an analogous 
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way as described in section 2.4.2. Water contact angle of the hydrophobically modified 

PMPDSAH-grafted poly(Py-co-PBA) film was CA~160°. 

2.4.3. Switching of Surface Wettability 
Ex-situ switches of surface wettability. Ex-situ electrochemical wettability switching 

experiments were performed in a conventional three-electrode cell (6 mL) with ECP-coated 

glassy carbon as the working electrode, a fine Pt wire counter electrode and an Ag/AgCl (3 M 

KCl) reference electrode. The electrolyte was an aqueous solution of sodium chloride, with 

concentration increased stepwise from lowest to highest. All experiments started with the 

film in the oxidized state and switched to the reduced state by applying a constant potential of 

+0.4 V or -0.8 V (vs. Ag/AgCl, 3M KCl). After each oxidizing or reducing process, the film 

was quickly rinsed with water and gently dried under N2 gas, followed by contact angle 

measurements.  

In-situ switches of surface wettability. In-situ electrochemical wettability switching 

experiments were conducted using a contact angle apparatus and a two-electrode system with 

ECP-coated glassy carbon as the working electrode and a fine Pt wire counter electrode. A 

drop of sodium chloride aqueous solution (5 μL, 1 mM) was placed on the top of the working 

electrode as the electrolyte. A fine Pt wire was then carefully immersed into the electrolyte 

droplet, taking care not to touch the working electrode (Figure 2.6). All experiments started 

with the film in the oxidized state and switched to the reduced state at an applied bias 

potential of +0.4 V or -0.8 V (vs. Ag/AgCl, 3M KCl). The films were firstly oxidized at a cell 

potential difference of +0.4 V for 180 s and then reduced at a cell potential difference of -0.8 

V for 540 s. Contact angles of all the films were recorded every 180 s. 
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Figure 2.6. The Set-up for in-situ electrochemical switching of surface wettability: (A) a two-

electrode system containing a fine Pt wire and ECP-coated glassy carbon electrode, (B) A Pt wire 

was immersed into a droplet of NaClaq placed on a polymer film, and (C) top-view of the 

apparatus. 

2.5. Synthesis of Polymer Brush-Grafted Carbon Black 

Nanoparticles 

Introducing Hydroxyl Group onto CB Nanoparticles (Scheme 2.7). A suspension of CB 

nanoparticles (2 g) in 70% nitric acid (20 mL, 0.3 mol) was sonicated for 30 min and the 

reaction was carried out under continuous stirring at 100°C for 24 h. After the reaction, the 

suspension was cooled to room temperature and the resulting CB nanoparticles were washed 

centrifugally using water (pH = 7). The samples were then dried under vacuum at 50°C for 24 

h. 

Route 1. The resulting CB-COOH nanoparticles (0.5 g) were dispersed in 50 mL SOCl2 

and stirred at 65°C for 24 h under N2 atmosphere. At the end of the reaction, the residual 
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SOCl2 was removed by vacuum. Without purification, glycol (20 mL, 0.36 mol) was added to 

the reaction flask and the mixture was stirred at 120°C for 24 h.  

Route 2. The resulting CB-COOH nanoparticles (0.5 g) were dispersed in a solution of 

EDC (1 g, 5.25 mmol) and 20 mL phosphate buffered saline (PBS) (pH = 5.2). The reaction 

mixture was stirred for 15 min, following by the addition of 211 µL ethanolamine. The 

reaction bottle was then sealed and the suspension was continuously stirred at room 

temperature for 2 h. After the reactions, the resulting particles were washed centrifugally by 

water and dried under vacuum at 50°C for 24 h. 

Anchoring ATRP Initiator onto CB nanoparticles (Scheme 2.8). Scheme 2.8. The 

resulting C-OH nanoparticles (0.4 g) were added into a 25 mL three-necked round bottom 

flask containing Et3N (2.3 mL, 16.2 mmol), DMAP (0.16 g, 1.28 mmol) and 2-bromo-2-

methylpropionyl bromide (2 mL, 16.2 mmol) in 10 mL anhydrous CH2Cl2. The reaction 

mixture was sonicated for 30 min and stirred for 3 h in an ice/water bath (at 0°C). The 

reaction was then carried out at room temperature for another 24 h. After the reactions, the 

resulting particles were washed centrifugally using CH2Cl2, THF and water, and dried under 

vacuum at 50°C for 24 h. 
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Scheme 2.7. Two routes to introduce hydroxyl groups onto the CB nanoparticles. 

Grafting polymer brushes from CB nanoparticles via ATRP (Scheme 2.8). 

Zwitterionic homopolymer PMPDSAH-grafted CB nanoparticles were prepared using the 

following procedures: a Schlenk tube containing surface-initiated CB nanoparticles (0.2 g), 

Bipy (0.033 g, 0.214 mmol), MPDSAH (1.249 g, 4.275 mmol) in a mixture of H2O (2 mL) 

and MeOH (0.5 mL) went through five freeze-pump-thaw cycles to remove oxygen. When 

the reaction mixture was in the frozen state (in liquid N2), CuBr (0.122 g) and CuBr2 (0.0019 

g) were added into the tube, followed by two pump-purge N2 cycles. The reaction was carried 

out at room temperature for 20 h. After the polymerization, the resulting particles were 

washed centrifugally using H2O and methanol. The resulting particles were dried under 

vacuum at 50°C for 24 h. 

 

Scheme 2.8. Synthesis of PMPDSAH-grafted CB nanoparticles. 

2.6. Synthesis of Polymer Brush-Grafted Conducting 

Polymer Hollow Spheres 

Sulfonation of polystyrene beads. 10 mL polystyrene colloids were washed by water 

centrifugally. The resulting wet polystyrene microparticles were dispersed in 30 mL of 

concentrated sulphuric acid. Sulfonation was allowed to take place at 40°C for 4 h. After the 
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reaction, the crude products were washed centrifugally with water and dried under vacuum at 

40°C overnight. 2.5 g dry polystyrene sulfonate (PSS) beads was obtained as final products. 

Chemical Copolymerization of pyrrole (Py) and pyrrole butyric acid (PBA) onto PSS 

beads. A solution of 0.108 g pyrrole (1.6 mmol), 0.05 g pyrrole butyric acid (0.3 mmol), 0.05 

g LiCl (1.18 mmol) and 1.3 M H2SO4 (0.4 mL, 7.8 mmol) in 2 mL methanol was added to a 3 

mL PSS suspension (0.5 g) under continuous stirring. After 3 h, 0.7 g FeCl3 (4.4 mmol) was 

slowly added into the reaction solution at 0°C. After the reaction, the resulting particles were 

washed by Milli-Q water and methanol centrifugally and dried under vacuum at 40°C 

overnight.  

Chemical homopolymerization of PBA onto PSS beads. A solution of 0.08 g pyrrole 

butyric acid (0.05 mmol), 0.04 g LiCl (1 mmol) and 2 M H2SO4 (0.642 mL, 12 mmol) in 2 

mL methanol was added to a 3 mL PSS suspension (0.5 g mL-1) under continuous stirring. 

After 3 h, 0.18 g FeCl3 (1.13 mmol) was slowly added into the reacting solution at 0°C. 

Reaction condition and purification process were conducted in an analogous way of 

preparation poly(Py-co-PBA)-coated PSS beads. 

Preparation of PMPDSAH-grafted poly(Py-co-PBA) and poly(PBA) hollow spheres. 

PMPDSAH-grafted conducting polymer particles were prepared in an analogous approach to 

PMPDSAH-grafted CB nanoparticles described in previous section. PMPDSAH-grafted 

poly(Py-co-PBA) and PMPDSAH-grafted poly(PBA) hollow spheres were obtained by 

dissolving the polystyrene cores from the poly(Py-co-PBA) and polymer(PBA) coated PS 

particles, using THF. The resulting hollow spheres were washed several times with THF and 

Milli-Q water.  
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2.7. Synthesis of Water Soluble Poly(3, 4-

ethylenedioxythiophene) Derivatives 

Synthesis of EDOT-Br (1) from hydroxymethyl EDOT (i). A 25 mL round bottom flask 

was charged with a stir bar. A solution of hydroxymethyl (3, 4-ethylenedioxythiophene) 

EDOT-OH (0.2 g, 1.2 mmol), triethylamine (Et3N) (0.263 mL, 1.9 mmol), DMAP (0.11 g, 

0.9 mmol) in anhydrous CH2Cl2 was stirred for 30 min at 0°C. α-bromoisobutyryl bromide 

(0.2 mL, 1.6 mmol) was added dropwise and the reaction mixture was stirred for 20 h at room 

temperature. The crude product was diluted with CH2Cl2 and extracted against H2O, 0.01 M 

NaHCO3 and brine, respectively. The organic phase was dried over magnesium sulfate and 

after filtration was concentrated in vacuo. The crude product was purified using a silica gel 

column (n-hexane/ethyl acetate = 4:1). The final product was a light brown liquid, the yield 

was 67%. 

Synthesis of oligo(MPDSAH)-EDOT (2) via RAFT polymerization (ii). A solution of 

MPDSAH (0.70 g, 2.4 mmol), GMA (0.05 g, 0.36 mmol), Bipy (0.019 g, 0.12 mmol) and 

EDOT-Br (0.08 g, 0.26 mmol) in 4 mL water/DMF (4:6, vol /vol) was added to a Schlenk 

tube and stirred for 30 min. The reaction mixture then went through five freeze-pump-thaw 

cycles to remove oxygen. When the solution was still frozen (liquid nitrogen), the Schlenk 

tube was back filled with nitrogen gas while a mixture of CuBr (0.016 g, 0.108 mmol) and 

CuBr2 (2.7 mg, 0.012 mmol) was quickly added into the tube, followed by two pump-purge 

N2 cycles. The reaction took place at 90°C overnight under continuous stirring. After the 

reaction, the crude product was diluted with 15 mL DMF and went through a neutral alumina 

column to remove the copper catalysts. The resulting products were washed by extensive 

dialysis against water. A light brown liquid was obtained as a final product by freeze-dry. 

Here, the addition of GMA is to facilitate the ATRP polymerization of MPDSAH since the 
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homopolymerization of MPDSAH using EDOT-Br (Scheme 2.) was unsuccessful which may 

caused by the inhomogeneity of polymerization solution.  

Synthesis of poly(GMA)-EDOT (3) via RAFT polymerization (iii). A solution of GMA 

(0.37 g, 2.6 mmol), PMDETA (27 μL, 0.13 mmol) and EDOT-Br (0.04 g, 0.13 mmol) in 4 

mL toluene was added to a Schlenk tube and stirred for 30 min. The reaction mixture then 

went through five freeze-pump-thaw cycles to remove oxygen. When the solution was still 

frozen (liquid nitrogen), the Schlenk tube was back filled nitrogen gas while CuBr (0.019 g, 

0.13 mmol) was quickly added into the tube, followed by two pump-purge N2 cycles. The 

reaction took place at 50°C overnight under continuous stirring. At the end of the reaction, 

the solvent was evaporated and the polymer was purified by precipitation from n-hexane for 3 

times. The final product was obtained as a white powder.  

Synthesis of oligo(MPDSAH)-poly(GMA)-PEDOT (4) via chemical copolymerization 

(iv). Chemical polymerization was conducted by adding iron(III) chloride (0.01 g) into a 

solution of 0.01 g oligo(MPDSAH)-EDOT and 0.01 g poly(GMA)-EDOT in 5 mL CH2Cl2. 

The reaction was kept under reflux for 3 days. At the end of the reaction, a red-coloured 

liquid was obtained and the resulting polymer was soluble in both water and organic solvent 

(Scheme 2.9.). 
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Scheme 2.9. Synthesis of water soluble oligo(MPDSAH)-poly(GMA)-PEDOT via RAFT and chemical 

copolymerization. 

Thermal cross-linking for oligo(MPDSAH)-poly(GMA)-PEDOT. Several drops of 

oligo(MPDSAH)-poly(GMA)-PEDOT solution was applied onto a piece of gold-coated glass 

slide. The substrate was then kept under vacuum at 150°C overnight.  

Synthesis of RAFT initiator-modified EDOT monomer. RAFT agent, 3-

benzylsulfanylthiocarbonylsufanylpropionic acid (BSPA) was synthesized as described in 

section 2.3.2Error! Reference source not found.. 1-ethyl-3-(3-dimethylaminopropyl) 

(EDC) (125 mg, 0.65 mmol) and DMAP (6 mg, 0.05 mmol) were added to a solution of 

BSPA (177 mg, 0.65 mmol ) in CH2Cl2 and the solution was stirred for 30 min at room 

temperature. Hydroxymethyl EDOT (0.1 g, 0.58 mmol) was added to the mixture and the 

reaction was carried out for 20 hours at room temperature. The crude product was partitioned 

between water and CH2Cl2, and the organic phase was twice extracted with water and 0.01 M 

NaHCO3, respectively. The combined organic layers were washed with brine, dried (MgSO4), 

and concentrated in vacuo. The remaining crude product was isolated by column 
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chromatography with silica (eluent = CH2Cl2). The final product (yield 70%) was obtained as 

yellow liquid.  

1H-NMR (400 MHz, CDCl3) δ (ppm from TMS); 2.84 (2H, t, Hh), 3.61 (2H, t, Hg), 4.20 

(2H, t, Hf), 4.33 (H, s, CH2-EDOT), 4.61 (2H, s, CH2-ph), 6.36 (2H, t, (CH)2-S), 7.34 (5H, m, 

CH(C6H5)). 

 

 

Figure 2.7. 1H NMR spectrum of RAFT initiator-modified EDOT (5) in CDCl3. 
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2.8. Techniques for Characterization 

Contact Angle Meter 

Static contact angles of a drop (∼5 µL) of water or sodium chloride aqueous solution on 

various surfaces were recorded using a KSV instruments CAM100 contact angle meter and 

CAM100 software.  

Cyclic Voltammetry (CV) 

Cyclic voltammetry was measured at room temperature using CH Instrument potentiostat 

(Model 650 and Model 440)  

Dynamic Light Scattering (DLS) 

Dynamic light scattering measurements of sample solutions were performed using a 

Malvern Instruments Zetasizer Nano series instrument (Nano ZS, Malvern instrument Ltd, 

UK) equipped with a 22 mW He-Ne laser operating at 633 nm and a constant scattering angle 

of 173°. 

Electrochemical Impedance Spectroscopy (EIS) 

Impedance measurements were conducted by using an EG&G potentiostat/galvanostat 

(Princeton Applied Research, model 280) and an EG&G 1025 Frequency Response Analyzer 

Elemental Analysis 

The elemental analysis was performed at the University of Otago, Dunedin, New Zealand.  

ATR-IR and FTIR  

Attenuated total reflectance-infrared spectroscopy (ATR-IR) and Fourier transform infrared 

spectroscopy (FTIR) were employed in the characterizations: ATR-IR employed a Smart 

Orbit Diamond ATR (Attenuated Total Reflection) Single Reflection accessory of the 
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Thermo Electron Nicolet 8700 FTIR spectrometer (Thermo Fisher Scientific), equipped with 

a TEC DTGS detector. The angle of incidence of the IR beam was 45º and 64 scans were 

collected at a resolution of 4 cm-1 and averaged, using the OMNIC spectroscopic software. 

FTIR used a Perkin Elmer Spectrum 400 FTIR spectrometer with KRS5/Diamond crystal. 

The angle of incidence of the IR beam was 45º and 4 scans were collected at a resolution of 4 

cm-1 and averaged, using the SpectrumOne spectroscopic software. In addition, FTIR 

microscope spectra were used in the characterization of various surfaces: a Continuum FTIR 

microscope equipped with a liquid nitrogen cooled MCT detector in reflectance/transmission 

mode with aperture size 100 µm×100 µm, and the Atlµs spectroscopic software, was used.  

Mass Spectrometry 

The mass spectrometry was carried out on a VG 70-SE Mass spectrometer using electro-

spray ionization method. Fourier transform mass spectroscopy (FTMS) was performed and 

full scan mass spectra over the range m/z 200-2000 were obtained in high resolution (100,000 

at m/z 400) accurate mass mode (< 2 ppm mass accuracy). A source voltage of 3.8 kV was 

used and spectra were recorded in negative ion mode in both high and low resolution modes.    

Nuclear Magnetic Resonance Spectroscopy (NMR)  
1H NMR spectra were recorded with a Bruker Avance AV-III 300 MHz or 400 MHz.   

Raman Spectroscopy 

Raman spectra of all samples were recorded using a Renishaw Raman spectrometer 

(system 1000) with 785 nm (red) laser excitation. 

Size Exclusion Chromatography_Multi-Angle Laser Light Scattering 
(SEC_MALLS) 

The size Exclusion Chromatography_Multi-Angle Laser Light Scattering (SEC_MALLS) 

system had multiple angle light scattering detectors and a refractive index (RI) detector 



Yiwen Pei  Chapter 2 

    100 

 

maintained at 35°C. It comprised a Waters 515 HPC pump, a Degassex DG-4400 on-line 

degasser connected to a series of three GPC columns (a Waters column and two Polymer 

Labs aqua gel 7.5 mm columns of mixed pore sizes) with a guard column and 0.5 µm in-line 

filter, a Rheodyne manual injection port and a Waters column oven. The light scattering 

detector used was a DAWN DSP (Wyatt Technologies Corporation Ltd.) with 18 detectors, 

using a He-Ne laser at 632.8 nm. The flow rate is 0.7 mL min-1. Calibration was with a 

Dextran standard of Mw 25000 g mol-1 (for water-soluble samples) or a polystyrene standard 

of Mw 25000 g mol-1 (for water-insoluble samples). Data acquisition and processing were 

performed using ASTRA 4 software. (Wyatt Technologies Corporation). Specific refractive 

index increment (∂n/∂c) for various samples was measured by a Brookhaven BI-DNDC 

Differential Refractometer. 

Scanning Electron Microscopy (SEM) 

The morphology of all the films was studied using scanning electron microscopy (SEM: 

Philips XL30S FEG without sputter coating with metal). 

Transmission Electron Microscopy (TEM) 

The morphology of polymer particles and hollow spheres was further investigated using a 

Philips CM12 transmission electron microscope (TEM) available at the School of Biological 

Sciences, University of Auckland. The instrument was operated at 120 kV accelerating 

voltage. The images were acquired with a Bioscan digital camera. A very thin sample grid of 

nickel coated in plastic film was charged in a plasma discharge which allows the material to 

adhere better to the surface of the grid. 
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UV-vis Spectroscopy 

The absorbance was recorded on an Ultraviolet–visible (UV-Vis) spectroscopy (UV-1700, 

SHIMADZU) equipped with temperature controller system (S-1700 thermoelectric cell 

holder, SHIMADZU). 

X-Ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) measurements were made using a Kratos Axis 

Ultra spectrometer with an AlKα source (1486.7 eV). The X-ray source was run at a reduced 

power of 150 W. The pressure in the analysis chamber was maintained at 10-10 Torr during 

the measurements. Data were analyzed using the CasaXPS software program. Core level 

scans were calibrated for the neutralizer shift using the C 1s signal from saturated 

hydrocarbon at 285.0 eV. Core level data were fitted using Gaussian-Lorentzian peaks with a 

Shirley background. The peak full width at half maxima (FWHM) was maintained constant 

for all the compounds in a particular spectrum. 
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3.1. Introduction 

For decades, zwitterionic polymers carrying both positive and negative charges have been 

attracting a great deal of attention. Their tendency to self-association without the help of salt 

in solution leads to a variety of unique physical behaviors, finding opportunities for research 

and development of smart materials. As described in chapter 1, zwitterionic polymers can be 

divided into two types: polyampholytes and poly(betaine)s. Polyampholytes refer to those 

polymers where the opposite charges are located on different monomer units while 

poly(betaine)s possess equal and opposite charges on the same polymer pendant chain. The 

two classes of polymers have interestingly different solution behaviour. Upper critical 

solution temperature (UCST)-type phase behaviour has been observed for 

poly(sulfobetaine)s, that is, the stimuli-sensitive polymers are soluble at a temperature above 

the critical temperature.1 Due to the strong dipole-dipole associations between polymer 

chains, the solution behaviour of poly(betaine)s usually exhibits the so-called 

“antipolyelectrolyte effect” - polymer chains expand upon the addition of low molecular 

weight electrolyte resulting from the electrostatic screening effect breaking the dipole 

interactions. The solution properties of polyampholytes are governed by several factors, 

including charge density, net charge and chemical properties of ionisable monomer groups. 

When the net charge is close to zero, polyampholytes behave like poly(betaine)s, exhibiting 

the antipolyelectrolyte effect. If an excess charge of either sign exists, these polymers 

demonstrate the “polyelectrolyte effect” – the chains collapse upon addition of salt. 

“Quenched polyampholytes” refers to ionic polymers having strong acid (e.g. sulfonate 

group) and strong base (e.g. quaternized amine) segments. These polymers are insensitive to 

the pH in solution.  
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The synthesis and solution properties of poly(sulfobetaine)s2 3 4 and random polyampholyte 

terpolymers5 6 7 8 9 10 11 12 have been the focus of extensive studies. Temperature- and salt-

induced phase transitions of zwitterionic polymers have been extensively investigated by 

viscometry,13 14 turbidimetry,1 8 static15 9 and dynamic light scattering,12 11 and other 

techniques.16 17 However, there is very little known about the local polymer dynamics of 

polyzwitterions in aqueous solution.18 Nuclear magnetic resonance (NMR) is a powerful tool 

which provides insight into chemical structure and molecular dynamics of polymer solutions. 

Spin-spin relaxation time (T2) measurements allow quantitative analysis of chemical 

exchanges and an estimation of phase transitions in aqueous polymer solution.19 Practically, 

T2 can distinguish the local rigidity from different groups in response to external stimuli, such 

as temperature and ionic strength. 

Reversible addition-fragmentation chain transfer (RAFT) is an elegant and efficient method 

to produce a polymer with well-controlled molecular weight and low polydispersity.20 In this 

chapter, the synthesis and solution properties of sulfobetaine homopolymers, poly(3-

(methacryloylamino)propyl)-dimethyl(3-sulfopropyl)ammonium hydroxide) (PMPDSAH), 

and statistical polyampholytes of [2-(methacryloyloxy)ethyl]trimethylammonium chloride 

(METAC), methyl methacrylate (MMA) and 3-sulfopropyl methacrylate (SPMA) prepared 

via RAFT polymerization is reported. A comparative study of stimuli-responsive zwitterionic 

polymers with polybetaine or polyampholyte architecture has been performed using well-

defined model polymer systems of similar net charge. Aqueous solution properties of 

PMPDSAH and poly(METAC-stat-MMA-stat-SPMA) have been investigated using 

turbidimetry, dynamic light scattering (DLS), size exclusion chromatography_multi-angle 

laser light scattering (SEC_MALLS), nuclear magnetic resonance (NMR) spectroscopy and 

spin-spin relaxation time (T2) measurements.  
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3.2. Experimental 

Synthesis of PMPDSAH and poly(METAC-stat-MMA-stat-SPMA). 

Homopolymerization of MPDSAH and copolymerization of METAC, MMA and SPMA 

were performed in aqueous solution via RAFT polymerization, as described in Section 2.3.2. 

Monomer feed compositions were chosen to yield a polyampholyte that contained 

approximately equal amount of formal charges. 

NMR and T2 relaxation time measurement. 1H NMR spectra were recorded with a 

Bruker Avance AV-III 300 MHz or 400 MHz.  Samples were prepared in deuterium oxide 

containing 1% w/w 3-(trimethylsilyl)propionic acid-d4 sodium salt. The 1H spin-spin 

relaxation time (T2) was measured using a double spin echo experiment with water flip back 

pulses and gradients during the spin echoes for water suppression.21 In these experiments, the 

pulse sequence 90°x-(τ-180°x-τ)n- acquisition was used with τ = 2.65 ms and 128 scans at all 

measurements. In the temperature experiments, once a target temperature was reached, the 

sample solution was stabilized for 10 min before the NMR measurements.  

Cloud point measurement. Cloud point measurements of polymer samples (0.5 g L-1) 

were conducted by monitoring the absorbance of a 310 nm light beam through a quartz 

sample cell. The absorbance was recorded on a UV-vis spectrophotometer (UV-1700, 

SHIMADZU) equipped with a temperature controller system (S-1700 thermoelectric cell 

holder, SHIMADZU). The temperature was controlled at a rate of 5.0 °C min-1 in heating 

scans which went in steps of 5°C between 15°C and 95°C. Once a target temperature was 

reached, the sample solution was stabilized for 5 min before the absorbance was measured. 

DLS measurement. Dynamic light scattering measurements of polymer aqueous solutions 

(0.5 g L-1) were conducted using a Malvern Instruments Zetasizer Nano series instrument 

(Nano ZS, Malvern instrument Ltd, UK) equipped with a 22 mW He-Ne laser operating at a λ 
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of 633 nm and a constant scattering angle of 173°. The polymer solutions were filtered 

through a Millipore Teflon filter with a pore size of 0.45 µm before measurements. The mean 

hydrodynamic radius (𝑅ℎ ) was calculated using the Einstein-Stokes relationship: 

𝐷ℎ = 2𝑅ℎ =
𝑘𝑇

3𝜋η𝐷�
 

where k is the Boltzmann constant, T refers to absolute temperature, η is the solvent 

viscosity, 𝐷ℎ  is the mean hydrodynamic diamter and 𝐷�  is an average translation diffusion 

coefficient. Here, Rh is considered as the average hydrodynamic radius of all polymer 

molecules present in the solution. 

SEC_MALLS measurement. The SEC_MALLS system had multiple angle light 

scattering detectors and a refractive index (RI) detector maintained at 35°C. The eluent was 

0.02% NaN3 in the desired concentration of NaCl aqueous solution with a flow rate of 0.7 mL 

min-1. Calibration was with a Dextran standard of Mw 25000 g mol-1. The sample solution of 

5 g L-1 PMPDSAH and desired salt concentrations were prepared 12 h prior to the 

measurements so that polymers were fully solubilised and stabilized. All solutions were 

filtered through a 0.45 µm Nylon syringe filter before the injection and the injected volume 

was 200 µL. Data acquisition and processing were performed using ASTRA 4 software 

(Wyatt Technologies Corporation). Specific refractive index increment (∂n/∂c) for each 

sample was measured by a Brookhaven BI-DNDC Differential Refractometer. The slope (v) of 

the data on a double logarithmic plot of the radius of gyration (Rg) against the molar mass 

(M) determined from the elution volume gives the molecular conformation, which is related 

to Mark-Houwink constant α using Eq 1 and Eq 2:22 

                                                        𝑅𝑔 = 𝐾𝑅𝐺𝑀𝑣                                                               (1) 

                                                             𝛼 = 3𝑣 − 1                                                                 (2) 
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where the exponent 𝑣 is calculated from the slope of the double logarithmic plot of the 

radius of gyration (Rg) and the molar mass (M), and the coefficient 𝐾𝑅𝐺 is determined by the 

intercept with the ordinate. At 35°C, the shape of the polymer was estimated using the Mark-

Houwink constant α calculated from the slope v. Theoretical slopes (v) of 0.33, 0.50 and 1.0 

represent sphere, random coil in theta solvent and rigid rod.22 The second virial coefficient 

(A2) values were determined using a flow-cell system at 25°C. Zimm plots were obtained by 

static light scattering. In order to estimate the value of A2, values of 𝐾∗𝑐 𝑅 (𝜃)⁄  at various 

sattering angles and concentrations at a constant temperature are plotted against sin2(𝜃 2⁄ ) +

𝐾′𝑐, where  𝐾′ is an arbitrary constant chosen to generate a reasonable spread of data points, 

𝐾∗ is the optical constant, c the polymer concentration and R(θ) the excess Rayleigh ratio. 

𝐾′𝑐 at almost zero concentration, divided by 2, yields the value of A2.  

3.3. Results  

3.3.1. Polymer Synthesis and Characterization.  

For the statistical polyampholyte poly(METAC-stat-MMA-stat-SPMA), METAC and 

SPMA were selected as ionic monomers and MMA acted as a hydrophobic “spacer”. The 

intention was to prepare a near-neutral statistical polyampholyte. Table 3.1 shows the 

theoretical molecular weight, the calculated net charge, the estimated molar ratio of the 

oppositely charged segments (-SO3
-/-N+-R3) and the observed element content after dialysis 

determined by 1H NMR spectra and elemental analysis. The target molecular weights of 

PMPDSAH and poly(METAC-stat-MMA-stat-SPMA) (S3-01) were 9100 g mol-1 and 14000 

g mol-1, respectively. Based on the 1H NMR spectra of the crude products, an average of 70% 

yield was determined for both polymers, which leads to the theoretical molecular weight 

illustrated in Table 3.1. The estimation of the net charge is a little difficult. The amount of 
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SPMA is slightly over-estimated by elemental analysis, because each chain carries also the 

RAFT initiator. The net charge of poly(METAC-stat-MMA-stat-SPMA) can be estimated by 

three different approaches. Firstly, an upper limit of net charge (0.74 mmol g-1) can be 

obtained from the total amount of sulphur and nitrogen content determined by elemental 

analysis. An alternative estimate is that the difference between the potassium and the chloride 

content represents the net charge on the polymer, since the polymer as a whole must be 

electrically neutral. The net-charge of statistical polyampholytes was calculated using Eq 1: 

[𝐾+] − [𝐶𝑙−] = [𝑆𝑂3−] − [𝑁+]                         (1) 

if potassium and chloride content are 1.30 mmol g-1 and 1.45 mmol g-1, then the net charge of 

poly(METAC-stat-MMA-stat-SPMA) ought to be 0.15 mmol g-1. However, since some of 

charge on the -N+-R3 may have been balanced by OH−  in solution, the accuracy of the 

calculated value can be a good source of debate. A third method is to use the ratio of 

integrated NMR intensity associated with the distinguishable protons associated with SPMA 

and METAC. However, as shown later, this ratio is sensitive to environmental conditions. 

These estimates were compared in Table 3.1. Generally, the purification of zwitterionic 

polymers via exhaustive dialysis against pure water leads to self-neutralization of the polymer 

where the oppositely-charged monomer units interact with each other as the mobile 

counterions diffuse away.23 Less than 0.05 mmol g-1 counterions in PMPDSAH was detected 

by elemental analysis after dialysis indicating the occurrence of self-neutralization.  
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Table 3.1. The theoretical molecular weight assuming 70% conversion, the calculated net chargea, 

the estimated molar ratio of sulfonate to quaternized amine groups and the element content of 

PMPDSAH and poly(METAC-stat-MMA-stat-SPMA) (S3-01) after dialysis determined by elemental 

analysis and NMR studies.  

Sample 

theor obsd 
obsd 

(-SO3
-/-N+-R3) ratio 

obsd 

element content (mmol g-1) 

Mn (g mol-1) 
net-charge 

(mmol g-1)a 

Elemental 
analysis 

1H NMR 

(30°C) 
S N K Cl 

PMPDSAH 6400 ― ― 1.056 ― ― < 0.05 < 0.05 

S3-01 9800 > 0.74 < 0.736 1.091 2.06 2.80 1.30 1.45 

aThe net-charge was estimated from the N and S content determined by elemental analysis  

Figure 3.1 depicts the chemical structure and 1H NMR spectra of the two polymers. Both 

spectra consist of α methyl protons (C-CH3) on the polymer backbone in the range δ 0.8-1.2 

ppm with three overlapping peaks which could be assigned to the syndiotactic, heterotactic 

and isotactic configurations. In the PMPDSAH spectrum, there are characteristic peaks of 

repeated monomer units: δ ≈ 2.05 ppm (-NH-CH2-CH2-, f); δ ≈ 2.25 ppm (SO3-CH2-CH2-, e); 

δ ≈ 3.0 ppm (SO3
--CH2-, d); δ ≈ 3.2 ppm (-N+-(CH3)2-, c); δ ≈ 3.4 ppm (-N+-CH2- and -N+-

CH2-CH2-CH2-, b); δ ≈ 3.5 ppm (SO3
--CH2-CH2-CH2-, a).24 3 For poly(METAC-stat-MMA-

stat-SPMA), featured peaks of each monomer can be observed: δ ≈ 1.9 ppm (-CH2- on the 

backbone, g); δ ≈ 2.2 ppm (SO3
--CH2-CH2-, f); δ ≈ 3.0 ppm (SO3

--CH2-, e); δ ≈ 3.3 ppm (-N+-

(CH3)3, d); δ ≈ 3.7 ppm (-N+-CH2-, c); δ ≈ 3.8 ppm (-O-CH3, b); δ ≈ 4.2 ppm (SO3
--CH2-CH2-

CH2-, a).25 
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Figure 3.1. 1H NMR spectra of (A) PMPDSAH and (B) poly(METAC-stat-MMA-stat-SPMA) in D2O 

(the solvent peak removed).  

3.3.2. Temperature–Dependence Probed by Turbidimetry, DLS and 

NMR.  

The primary goal of this study was to elucidate the effect of temperature and ionic strength 

on the conformation of poly(sulfobetaine)s and statistical polyampholytes. Temperature-

dependent phase behaviors of both polymers were extensively characterized by turbidimetry, 

DLS, NMR and T2 relaxation time measurements. Cloud-point, in this particular case, is 
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defined as the point where a sufficient temperature or salt concentration has been reached to 

yield a transition in solution turbidity. Temperature-induced water solubility of PMPDSAH 

and poly(METAC-stat-MMA-stat-SPMA) was examined by cloud-point measurements in the 

absence of salt, as illustrated in Figure 3.2. An aqueous solution of PMPDSAH was mostly 

cloudy at 20°C. A reversible transition in solution turbidity was observed upon the heating-

cooling cycle (15 - 95°C) and the UCST was obtained at approximately 30°C (Figure 3.2A). 

In contrast, a clear solution of statistical polyampholytes was observed and temperature had 

little effect on the absorbance of the polymer solution (Figure 3.2B).  

 

Figure 3.2. Effect of temperature on water solubility of salt-free (A) PMPDSAH and (B) 

poly(METAC-stat-MMA-stat-SPMA) (0.5 g L-1) determined by cloud point measurements 

(absorbance was recorded at 310 nm). (•) heat up; (ο) cool down. 

Dynamic and static light scattering data provides additional information concerning 

polymer size, molar mass and polymer-solvent interaction of PMPDSAH and poly(METAC-

stat-MMA-stat-SPMA) in response temperature. Figure 3.3 shows the hydrodynamic radius 

(Rh) of both polymers at various temperatures determined by DLS. As anticipated, Rh of salt-

free PMPDSAH fell steadily (from 200 nm to 30 nm) with increasing temperature, to the 

UCST. In contrast, the size of the statistical polyampholyte firstly increased from ~8 nm to 
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~16 nm with increasing temperature and then became a constant value when the temperature 

was above 30°C (Figure 3.2). 

 

Figure 3.3. The hydrodynamic radius (Rh) of PMPDSAH ( ) and poly(METAC-stat-MMA-stat-

SPMA) ( ) (0.5 g L-1) at different temperatures determined by DLS analysis. 

Dipole-dipole interactions of polymer chains can affect NMR spectra and spin-spin 

relaxation time (T2). Figure 3.4 illustrates the temperature-induced phase transition of salt-

free PMPDSAH in the temperature range 5 – 50°C (All the NMR spectra can be found in 

Appendix I). As shown in Figure 3.4A and Figure 3.4C, a marked increase in the integrated 

intensity of all the NMR signals was obtained in 1H NMR spectra. The exception is the 

invariance of integrated signal intensity of the methylene protons (SO3
--CH2-). The molar 

ratio of the sulfonate and quaternized amine groups was estimated based on the integrated 

intensities of the methylene (SO3
--CH2-) protons and methyl (-N+-(CH3)2-) protons. Changes 

in the thermo-induced molecular dynamics of the polymer can be illustrated by plotting this 

ratio as a function of temperature (Figure 3.4B). Three different states can be distinguished: 



Yiwen Pei Chapter 3 

114 

 

in the first state, at low temperatures (below 15°C), the molar ratio was ~1.5; in the second 

state, from 15°C to 30°C (the UCST of PMPDSAH), the ratio decreased to ~1.0 with 

increasing temperature; in the third state, at high temperatures (above 30°C), the ratio 

decreased to ~0.8. Changes in proton dynamics through the UCST-type phase transition of 

PMPDSAH were further confirmed by spin-spin relaxation time (T2) measurements at 

different temperatures (Figure 3.4D). In general, the T2 values of all the protons on 

PMPDSAH increased as a function of temperature. Among those, the T2 value of the methyl 

(-N+-(CH3)3) protons exhibited a marked increase whereas that of the protons on the polymer 

backbone did not vary much. Interestingly, over the temperature range 25 – 35°C, the T2 

value of the methylene protons (SO3
--CH2-) slightly decreased but then continued to increase 

at higher temperatures.  
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Figure 3.4. Temperature-dependence of (A) 1H NMR spectra, (B) the estimated molar ratio of 

sulfonate to the quaternized amine group (-SO3
-/-N+-R3) based on the integrated intensities of 

the methylene and methyl protons, (C) the integrated intensity ratio of protons at a certain 

temperature to that at 298 K, and (D) the T2 relaxation time of salt-free PMPDSAHa in D2O         

(3 g L-1) measured in the range of 5 -50°C under the same instrument conditions.  

aPeaks of PMPDSAH: methyl protons on the polymer backbone( ), methylene protons (S-CH2, ) 

and methyl protons (N-CH3, ) are assigned to 1.1 ppm, 3.0 ppm and 3.2 ppm, respectively.  
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Figure 3.5 shows the 1H NMR spectra of salt-free poly(METAC-stat-MMA-stat-SPMA) 

and T2 values of each segment on the polymer chains in the temperature range 25 - 85°C. As 

shown in Figure 3.5A and Figure 3.5B, the integrated intensity of the methylene protons on 

the polymer backbone markedly increased as a function of temperature whereas that of the 

MMA protons (-OCH3) decreased when the temperature was above 50°C. The integrated 

intensity of both the SPMA (SO3
--CH2-) and METAC protons (-N+-(CH3)3) did not vary with 

increasing temperature. In Figure 3.5C, the molar ratio of SPMA/METAC and 

MMA/METAC were estimated from the integrated intensity of the featured protons on each 

segment. Both ratios were initially constant but that of MMA/METAC showed a continuous 

decrease when the temperature exceeded 50°C. In Figure 3.5D, the T2 relaxation time of 

different segments on poly(METAC-stat-MMA-stat-SPMA) is plotted as a function of 

temperature. Increasing temperature gave an increase of the T2 value of the methylene (SO3
--

CH2-) and the methyl protons (-N+-(CH3)3 and -OCH3), while that for the methylene protons 

on the polymer backbone was relatively constant. For the methyl protons on MMA groups, a 

decrease of the T2 value was observed when the temperature was above 70°C.  
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Figure 3.5. Effect of temperature (A) on the 1H NMR spectra, (B) the integrated intensity ratio of 

the protons at a certain temperature to that at 298 K, (C) the estimated molar ratio of 

SPMA/METAC and MMA/METAC, and (D) the T2 relaxation time of salt-free poly(METAC-stat-

MMA-stat-SPMA)a in D2O. (25 – 85°C, τ = 2.65 ms, 128 scans).  

a peaks of poly(METAC-stat-MMA-stat-SPMA): methylene protons ( , -CH2-), methylene protons (

, S-CH2), methyl protons ( , N-CH3) and methyl protons ( , O-CH3) are assigned to 1.9 ppm, 

3.0 ppm, 3.2 ppm and 3.8 ppm, respectively. 
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3.3.3. Salt–Dependence Probed by Turbidimetry, DLS, SEC_MALLS, 

and NMR. 

Extensive characterizations, including turbidimetry, dynamic and static light scattering and 

NMR spectroscopy, were utilized to study the salt-dependent solution properties of 

PMPDSAH and poly(METAC-stat-MMA-stat-SPMA). Figure 3.6 shows the effect of salt 

concentration with the salt added in a controlled manner to PMPDSAH and poly(METAC-

stat-MMA-stat-SPMA) (0.5 g L-1) at 20°C. At low salt concentration (cNaCl < 1 mmol dm-3), 

as shown in Figure 3.6A, the addition of salt decreased the solubility of PMPDSAH. Further 

addition of salt resulted in a gain of water solubility and the polymers were fully dispersed in 

aqueous solution when the salt concentration exceeded 0.01 mol dm-3. For the statistical 

polyampholyte solution, the absorbance did not vary much except for a pronounced, sharp 

maximum at a salt concentration of 0.02 mol dm-3. There were no visible precipitates in this 

solution at any salt concentration. Water solubility of poly(METAC-stat-MMA-stat-SPMA) 

also changed with changing polymer concentrations and depended on the nature of salt added 

(see the Appendix I).  
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Figure 3.6. Influence of salt on the aqueous solution behavior of PMPDSAH and poly(METAC-stat-

MMA-stat-SPMA) (0.5 g L-1) at 20°C. •, PMPDSAH; ο, poly(METAC-stat-MMA-stat-SPMA). 

The value of the second viral coefficient (A2) and the hydrodynamic radius (Rh) of 

PMPDSAH and poly(METAC-stat-MMA-stat-SPMA), as a function of NaCl concentration, 

determined using SEC_MALLS and DLS at 20°C are presented in Table 3.2. Since A2 

reflects the volume exclusion of a polymer chain, polymers in a good solvent usually have 

higher A2. For PMPDSAH, there was a sharp decline of the A2 value as NaCl concentration 

increased up to 0.005 mol dm-3, followed by a marked increase with increasing salt 

concentration, from 0.005 mol dm-3 to 0.010 mol dm-3, then a decrease upon further addition 

of salt. A rather large Rh of PMPDSAH was observed in dilute salt solution, dropping to a 

constant value of 8 nm when salt concentration exceeded 0.005 mol dm-3. For poly(METAC-

stat-MMA-stat-SPMA), the A2 value dramatically decreased with increasing NaCl 

concentration, whereas Rh slightly increased in the same concentration range, until the SEC 

signal of the polymer disappeared. 
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Table 3.2. Salt-dependence of the second viral coefficient (A2) and the hydrodynamic radius (Rh) 

of PMPDSAH and poly(METAC-stat-MMA-stat-SPMA) (S3-01) measured by DLS and SEC_MALLS at 

20°C. Estimated error of SEC data was <10%.  

Cs(M) 
PMPDSAH S3-01 

A2 x 10-2 (cm3 mol g-2) Rh (nm)   A2 x 10-2 (cm3 mol g-2) Rh (nm)   

0 ― 156.95 

 

 0.83 7.86 

 0.001                  -2.88 273.20 

 

-0.07 16.25 

 0.005                -14.58 7.34 

 

-1.84 15.00 

 0.010 2.80 7.73 

 

-9.16 14.56 

 0.020 0.48 8.54 

 

― ― 

 0.050 0.47 8.28 

 

― ― 

 0.100 0.57 8.51 

 

― ― 

 0.500 0.28 8.60   ― ―   

 

SEC_MALLS measurements were performed with a variety of salt solutions as the eluent. 

The refractive index increments, ∂n/∂C, for the polymer in each eluent were measured (see 

the Appendix I). During the SEC measurements, it seems that PMPDSAH and poly(METAC-

stat-MMA-stat-SPMA) were aggregated since the observed molecular weight was much 

higher than the theoretical value (Table 3.1). The weight-average radius of gyration (Rg) and 

the apparent weight-average molecular weight (Mw) of both polymers are plotted as a 

function of salt concentration at 35°C, as shown in Figure 3.7A. For PMPDSAH, the results 

demonstrated the existence of five different zones separated from each other by four 

crossover concentrations: a first zone (i) (cNaCl < 0.005 mol dm-3) where a small addition of 

salt resulted in a sharp decrease of both Mw and Rg; a second zone (ii) (0.005 – 0.01 mol 

dm-3) where Mw (~ 2.5 × 104  g mol-1) and Rg (~20 nm) did not vary much with salt 
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concentration; a third zone (iii) (0.01 – 0.05 mol dm-3) where adding salt lead to a steady 

increase of Rg (up to ~60 nm) but Mw  did not vary; a fourth zone (iv) (0.05 – 0.1 mol dm-3) 

where a large addition of salt resulted in a marked decline of Rg (from ~60 nm to ~20 nm) 

while Mw increased to ~7 × 104 g mol-1; and a fifth zone (v) (cNaCl > 0.1 mol dm-3) where 

both values were invariant as salt concentration increases. For poly(METAC-stat-MMA-stat-

SPMA), a steady increase of Mw (from 1.5 × 105 g mol-1 to 7.8 × 105 g mol-1) and Rg (from 

4 nm to 8 nm) with increasing salt concentration was observed, until the SEC signal 

disappeared at higher salt concentrations (above 0.01 mol dm-3). Unfortunately, since this 

effect was unexpected, DLS measurements were not conducted at higher salt concentration 

for the statistical terpolymer. 
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Figure 3.7. Salt concentration-dependence of weight-average radius of gyration (Rg) and apparent 

weight-average molecular weight (Mw) of (A) PMPDSAH and (B) poly(METAC-stat-MMA-stat-

SPMA) at 35°C (above UCST of PMPDSAH, see the Figure 3.2A). Detailed information of 

SEC_MALLS results can be found in the Appendix I. 
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Table 3.3 shows the salt concentration-dependence of the polydispersity (Mw/Mn) and the 

slope (v) of PMPDSAH and poly(METAC-stat-MMA-stat-SPMA) at 35°C. The 

polydispersity of PMPDSAH was constant and close to unity except in very diluted salt 

solution, cNaCl < 0.005 mol dm-3. Interestingly, the slope changed from ~0.5 to ~0.9 when the 

salt concentration exceeded 0.05 mol dm-3. On the contrary, adding salt gave an increase of 

the polydispersity in the polyampholyte but the slope (v ≈ 0.35) did not vary at all.  

Table 3.3. Salt-dependence of polydispersity (Mw/Mn) and the slope (v)a of PMPDSAH and 

poly(METAC-stat-MMA-stat-SPMA) (S3-01) in aqueous solution (5 g L-1) at 35°C (above UCST). 

Estimated error of SEC data was < 10%. 

aThe conformation of polymers was estimated using Mark-Houwink constant α calculated by the 

slopes of the data on a double logarithmic plot of the radius of gyration (Rg) and the molar mass 

(M). Theoretical slopes (v ) of 0.33, 0.50 and 1.0 represent sphere, random coil in theta solvent and 

rigid rod.22  

Cs (mol dm-3) 
PMPDSAH   S3-01 

Mw/Mn v 

 

Mw/Mn v 

0 ― ― 
 

1.097  0.35 

0.001 1.413  ― 
 

1.186  0.34 

0.005 1.070  0.53 
 

1.315  0.36 

0.010 1.044 0.66 
 

5.023  ― 

0.020 1.015  0.59 
     

0.050 1.002  0.90 
     

0.100 1.066  0.91 
     

0.500 1.031  0.93           
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The effect of adding NaCl in a controlled manner to the salt-free PMPDSAH, examined by 

1H NMR at 25°C, is shown in Figure 3.8. Increasing the NaCl concentration resulted in an 

approximately 30% drop of the integrated intensity of the methylene protons on the polymer 

backbone, the methylene (SO3
--CH2-) protons and the methyl (-N+-(CH3)2-) protons on the 

pendant chains (Figure 3.8C). However, the estimated molar ratio of the sulfonate to the 

quaternized amine group (-SO3
- /-N+-R3) exhibited only a slight decrease from ~ 1.0 to ~ 0.9 

with increasing salt concentration (Figure 3.8B). In Figure 3.8D, T2 relaxation time of these 

segments did not vary much with increasing salt concentration, except for an increase of T2 

value of the methyl (-N+-(CH3)2-) protons over a salt concentration range 0.2 – 0.4 mol dm-3.   
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Figure 3.8. Effect of salt on (A) the 1H NMR spectra, (B) the estimated molar ratio of the sulfonate 

group to quaternized amines (-SO3
- / -N+-R3), (C) the ratio of the integrated intensity of protons 

at certain salt concentration to that of the salt-free cases and (D) the T2 relaxation time of 

PMPDSAHa in D2O at 25°C. (298 K, τ = 2.65 ms, 128 scans). 

aPeaks of PMPDSAH: methyl protons on the polymer backbone ( ), methylene protons (S-CH2, ) 

and methyl protons (N-CH3, ) are assigned to 1.1 ppm, 3.0 ppm and 3.2 ppm, respectively.  
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Figure 3.9A illustrates the salt-dependence of the 1H NMR spectra of poly(METAC-stat-

MMA-stat-SPMA). The integrated intensity of all the signals gradually increased as a 

function of salt concentration. These changes were further analyzed utilizing the ratio of 

integrated intensity of each segment of random copolymer in the presence of NaCl to the salt-

free cases. As shown in Figure 3.9B, the integrated intensity of all protons relative to the salt-

free cases increased with increasing salt concentration but decreased at high salt 

concentration. Among those, (OCH3) and (-CH2-) protons exhibited more profound changes 

as compared to SO3
--CH2- and -N+-(CH3)2- segments. In the turbidity range (0.01 – 0.05 mol 

dm-3), the integrated ratio were less than unity and some distinctive changes were observed in 

the T2 values: the spin-spin relaxation time for S(CH2) increased (Figure 3.9D) while that of 

the other protons were relatively constant. Further addition of salt (cNaCl > 0.05 mol dm-3) 

resulted in a continuous increase of the T2 values for (OCH3), (-CH2-) and -N+-(CH3)2- 

protons (Figure 3.9C). 



Yiwen Pei Chapter 3 

127 

 

 

Figure 3.9. Salt-dependence of (A) the 1H NMR spectra, (B) the ratio of the integrated intensity of 

the protons at certain salt concentration to that in the absence of salt, (C) T2 relaxation time of all 

the segments and (D) T2 values of -SCH2, -CH2 and -OCH3 protons of poly(METAC-stat-MMA-stat-

SPMA)a in D2O at 25°C. (298 K, τ = 2.65 ms, 128 scans).  

aPeaks of poly(METAC-stat-MMA-stat-SPMA): methylene protons ( , -CH2-), methylene protons    

( , S-CH2), methyl protons ( , N-CH3) and methyl protons ( , O-CH3) are assigned to 1.9 ppm, 

3.0 ppm, 3.2 ppm and 3.8 ppm, respectively 
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3.4. Discussion 

In water, poly(sulfobetaine)s usually present the UCST-type solution behavior in the 

absence of salt. Flory’s formalism is largely accepted and can be applied to the physics of 

sulfobetaine polymers in solution. According to the Flory theory, the Flory-Huggins 

parameter χ, which determines the state of miscibility, is closely linked to the temperature 

and the solvent quality. Since the strength of the Coulomb interaction measured by the 

Bjerrum length lB is inversely proportional to temperature, increasing temperature should 

screen the electrostatic attractions and promote the water solubility of poly(sulfobetaines). 

Garner et al.1 have reported the UCST of sulfobetaine-based polyzwitterions at approximately 

30°C. The salt-promoted water-solubility of sulfobetaine-based polymer, the so-called the 

“antipolyelectrolyte effect”, is commonly reported.26 The mechanism of salt-induced phase 

transitions is generally understood as a Coulomb screening effect, that is, adding salt 

decreases the Debye length 𝑙𝐷  which represents the range of the electrostatic Coulombic 

interaction. As a result, the Flory-Huggins parameter χ becomes increasingly negative which 

finally decreases the critical temperature 𝑇𝑐 ∝ 1 |𝜒|⁄ , yielding a promotion of water 

solubility. Mary et al.4 have investigated the solution behaviour of sulfobetaine 

polyzwitterions in the domain of low- and high salinity. They found that a small addition of 

salt decreased the critical solution temperature and promoted water insolubility, whereas a 

large addition of salt resulted in the usual decrease of UCST as solubility promotion occurs. 

They suggested that the crossover concentration which separates the two domains is 

dependent on the charge asymmetries inside polymer coils (resulting from partial 

degradation) and interactions between the different ionic species.  

For statistical polyampholytes consisting of both ionic and hydrophobic segments, water 

solubility is due to a balance of electrostatic attraction and repulsion. The thermosensitivity of 
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polyampholytes generally depends upon both the polymer volume fraction and the degree of 

polymerization. McCormick and co-workers14 have found that temperature has little effect on 

the solution properties of both charge balanced and unbalanced statistical polyampholytes 

consisting of ionic and hydrophobic segments. Fevola et al.8 reported that the solution 

behavior of a random polyampholyte carrying near-neutral net charge exhibited chain 

expansion with increasing ionic strength: the antipolyelectrolyte effect. 

In this research, the solution properties of a poly(sulfobetaine) and a statistical 

polyampholyte were characterized by a variety of techniques. Each of these techniques 

depicts a different aspect of both polymers. NMR spectroscopy harvests information about 

molecular structure and dynamics using the weak interaction of the nuclear spins with their 

surrounding environment. The variance of integrated intensity in NMR spectra demonstrated 

an equilibrium between an “NMR visible” and an “NMR invisible” state. In the latter state, 

nuclear dipole-dipole interactions are not averaged to zero on the characteristic time scale of 

the NMR experiment, an effect that might be expected for large, rigid aggregates. These 

interactions may also affect other NMR parameters, such as spin-spin relaxation time (T2). T2 

probes the dynamic properties of the polymers in the “NMR visible” state. Chemical 

exchange influences the lifetime of the spin state and leads to changes in the line width, 

which has value on the order of 𝜋𝑇2−1 . In the absence of salt, the water insolubility of 

PMPDSAH at 25°C can be understood as a result of the electrostatic interactions, both inter- 

and intramolecular, between ammonium and sulfonate groups of opposite charges along the 

polymer backbone. In contrast, poly(METAC-stat-MMA-stat-SPMA) yields a clear solution, 

which can be understood as due to the presence of a small net charge and corresponding ionic 

species.  

(1) Increasing temperature can screen the electrostatic attractions of PMPDSAH and 

subsequently promote its water solubility. Figure 3.2A shows an insoluble-to-soluble 
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transition as temperature approaches 30°C, which is indicative of the dissociation of 

polymer aggregates. These results are supported by the data in DLS analysis: a sharp 

decrease of hydrodynamic radius Rh with increasing temperature was observed (Figure 

3.3). NMR results divide the phase diagram of PMPDSAH into three states (Figure 

3.4): largely aggregated, associated and partially associated. In the first state, the methyl 

proton on pendant side chains and the methylene proton on the polymer backbone are 

mostly “NMR invisible” due to the formation of large aggregates. Temperature did not 

strongly affect the NMR signal assigned to the methylene protons (-CH2-SO3
-) which 

may be understood if they were located on the outside of the aggregates (and therefore 

motionally mobile).  In the second state, the (-N+(CH3)2-) became progressively more 

“visible” and the expected 1:1 molar ratio of sulfonate-associated protons to 

ammonium-associated protons was reached as the temperature approached the UCST (≈ 

30°C). In the third state, all the protons are were fully mobile and the peak 

corresponding to the methylene proton (-CH2-SO3
-) was split by adjacent CH. In this 

third state, the integrated intensity due to the (-CH2-SO3
-) protons was less than that 

expected relative to the (-N+-(CH3)2) protons. All protons are expected to be equally 

“visible” (the molar ratio ≈ 1) in the third state. This result suggests the existence of a 

self-folding conformation of the polymer chains which relatively constrains a small 

fraction of the methylene protons. A plausible explanation is that the thermal energy 

was insufficient to break up all the intra-molecular dipole-dipole interactions. For the 

protons in the “NMR visible” state, temperature-promoted mobility was obtained as the 

T2 values steadily increased upon heating. 

(2) Changes in the solution behavior and polymer conformation upon addition of salt were 

marked by the change in turbidimetry, DLS, SEM_MALLS and NMR results. For 

PMPDSAH, up to five different zones were observed, depending on the NaCl 
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concentration added to the polymer solution, as shown in Figure 3.7A. In zone (i), cNaCl 

< 0.005 mol dm-3, there are very strong associations between opposite charge of 

polymer chains and adding salt “breaks” dipole-dipole interactions, leading to 

monodispersed polymer molecules. In the zone (ii), 0.005 – 0.01 mol dm-3, the 

polymers are weakly associated (due to the partial dipole screening) and tumble as 

random coils. Increasing salt concentration leads to strong associations of the polymers 

and different aggregates are in an equilibrium. In zone (iii), 0.01 – 0.05 mol dm-3, the 

electrostatic attractions are further screened and therefore polymer chains expand, while 

in zone (iv), 0.05 – 0.1 mol dm-3, a coil-to-rod transition occurs which may have been 

driven by ion pairing with solution counterions. In zone (v), cNaCl > 0.5 mol dm-3, 

polymers are again in a partially dissociated state and move through the solution as 

rigid rods. Although the measurements were made at different temperatures and the 

polymers are most likely aggregated during the light scattering measurements, the 

NMR intensity ratios do reflect the different states indicated by the light scattering 

results. The estimated intensity ratio for sulfonate to quaternized amine groups changed 

from 1.0 ± 0.005 in zone 2 to 0.96 ± 0.008 in zones 3 and 4 to 0.94 ± 0.013 in zone 5. 

In zone 2, the MW measurement indicates that the polymer was partically dissociated. In 

zones 3 and 4, Rg implies association of the molecules, possibly into dimers or larger 

aggregates with the general form of a random coil. The NMR result implies that this 

association resulted in a slight relative immobilization of the protons around the 

sulfonate.  The NMR result for zone 5 implies that the rigid rod configuration could be 

due to a self-associated state which relatively further constrains the protons around the 

sulfonate groups. 

(3) The effect of temperature on the water solubility of the charge-near neutral 

poly(METAC-stat-MMA-stat-SPMA) was minimal, as is commonly reported. As 
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shown in Figure 3.2B and Figure 3.3, the absorbance of the random polyampholytes 

solution did not vary with temperature and Rh slightly increased implying polymer 

chain expansion at low temperatures (below 30°C). The NMR data show some new 

features. Figure 3.5 shows that that the NMR signal of the polymer backbone increased 

as a function of temperature, which implies thermally-promoted water solubility of the 

polymer chains. However, at high temperature (above 50°C), the peak corresponding to 

the MMA segments gradually attenuated. The T2 values for these protons also 

decreased when the temperature exceeded 50°C.  These observations can be interpreted 

if micelles are formed, with MMA core and METAC/SPMA corona. The 

SPMA/METAC ratio did not change (≈ 0.9) with increasing temperature but the 

METAC groups became increasingly flexible with increasing temperature, since the T2 

relaxation time markedly increased. The effects on other protons were much less 

marked. A possible explanation, consistent with the interpretation of the 

SPMA/METAC ratio is that at higher temperature the hydrophobic interaction of MMA 

segments was relatively increased, leading to micellisation of the polymer.  

(4) The statistical polyampholytes exhibited a soluble-insoluble-soluble transition as a 

function of salt concentration, indicating polymer aggregation and then possible 

precipitation when the critical salt concentration was reached (cNaCl ≈ 0.02 mol dm-3). 

This phase behavior is in a good agreement with the prediction proposed by Higgs and 

Joanny.27 They consider that the solution behavior of charge-balanced polyampholytes 

is determined by the polyampholyte effect.  Like the poly(zwitterion), in this case the 

Coulomb interaction is expected to collapse the polymer in the absence of salt. 

However, if there is a small excess of charge of one sign, then the net Coulomb 

repulsion will tend to expand the polymer chain, though it may be locally collapsed.  In 
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this case, addition of salt could cause a collapse of the chains at low salt concentration, 

caused by screening of the net electrostatic repulsion, followed by an expansion of the 

chains at higher salt concentration as the Coulomb attraction between the opposite 

charges becomes screened. The effect is predicted to depend on the polymer chain 

length, total charge density and net charge.  The different measurements all reflect these 

effects. DLS, SEC, and cloud-point measurements all show the polymer to be 

disaggregated in the absence of salt and then becoming aggregated even at very low salt 

concentration. Due to the formation of aggregates, the polymer signals disappeared in 

SEC studies when salt concentration exceeded 0.01 mol dm-3. NMR and turbidimetry 

implied that the polymer became disaggregated again at higher salt concentration, in 

line with the predictions of Higgs and Joanny.27  However, the signal did not re-appear 

in SEC. This is most puzzling and implies that, in this state the polymer had some 

strong interaction with the column. There were very distinctive changes in the T2 

relaxation times and relative NMR integrated intensities corresponding to the 

transitions between turbid and clear solutions, and some other distinctive changes at 

high salt concentration. The NMR lines, other than those for N(CH3)3, were 

significantly broadened: the T2 relaxation time was small. The lines sharpened 

distinctly with salt concentration increasing above the range of turbidity, though the 

behaviour of the different proton groups was different: the T2 relaxation time for 

S(CH2) increased through the turbidity range and then stayed approximately constant; 

that for (OCH3) and backbone (CH2) was constant through the turbidity range then 

increased with further increase of salt concentration. The integrated intensities relative 

to the salt free case increased through the turbidity range. However, when the salt 

concentration became very high, the integrated line intensities decreased.  In the very 

low salt concentration range, DLS and SEC showed that the polymer was significantly 
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aggregated. Integrated NMR intensity ratios less than unity are consistent with this. The 

line broadening could reflect the rate of exchange of the protons between the 

differently-mobile environments. The N(CH3)3 could be on the outside of the 

aggregates and hence the protons could be more mobile. The S(CH2), (OCH3) and 

backbone (CH2) could be on the interior of the aggregates, but these aggregates might 

be dissociating and reforming sufficiently fast that the observed relaxation time is an 

average of that in the different states.  If the polymer is long enough, then the idea is 

that is forms a random Gaussian chain, with ‘blobs’ along the length of the chain.27  

The formation of ‘blobs’ is driven by the attraction between the opposite charges on the 

chain. The expansion of the chain as a whole is driven by the net electrostatic repulsion 

due to an excess of one charge over the other. Different chains may associate to a 

degree and in a form that also reflects the net charge balance. Agglomeration is then 

partly a loosening of the ‘blobs’ and partly an interaction of different molecules. The 

light scattering measurements show that the intermolecular interaction leading to large 

aggregates is certainly important. The NMR measurements confirm that the protons 

were, paradoxically, more mobile in the turbid phase:  the effect can be attributed to a 

loosening of the blob structure as the charges become screened, which is balanced 

against an association of different molecules and an overall chain collapse as the net 

charge is screened. The effect was most marked for those protons that were deduced to 

be in the interior of the aggregates, and particularly for the S(CH2), adjacent to one of 

the charged groups. At high salt concentration, the mobility and apparent concentration 

of the protons on the charged groups decreased, and there was a particularly strong 

effect for N(CH3)3. One interpretation is that, at high salt concentration there is the 

possibility of formation of ion-pairs with the electrolyte and salt bridges between 

different charged groups, mediated by the electrolyte, which could give rise to self-
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folded configurations, with a consequent reduction in proton mobility and apparent 

concentration. Since the separation of the oppositely-charged monomer units is via 

neutral MMA moieties, hydrophobic effects, and the way in which these change with 

salt concentration, may play a significant role in the phase behaviour of the statistical 

terpolymer. A more detailed understanding would require the synthesis of a wider range 

of polymers, which was beyond the scope of this thesis. 

3.5. Conclusions 

Sulfobetaine-based polyzwitterions, PMPDSAH, and statistical polyampholyte terpolymers 

composed of cationic METAC, anionic SPMA and hydrophobic MMA have been 

successfully synthesized via RAFT polymerization. Elemental analysis revealed a difference 

between the monomer feed composition and final polymer compositions, indicating a 

unbalanced net charge in poly(METAC-stat-MMA-stat-SPMA). Temperature- and salt-

dependent solution behaviors of both polymers were characterized extensively by cloud-point 

measurements, DLS, SEC_MALLS, 1H NMR spectroscopy and T2 relaxation time 

measurements. A UCST-type phase transition was found for PMPDSAH whereas the water 

solubility of the statistical polyampholyte was essentially insensitive to temperature, as is 

commonly reported.14 Moreover, both polymers possess the characteristic of the 

“antipolyelectrolyte” effect. A coil-to-rod conformational transition of PMPDSAH was 

captured by an analysis of the Rg -M relationship, resulting from inter-group interactions with 

increasing salt concentration. The additional 1H NMR and T2 relaxation time studies helped 

elucidate how the structure and interactions of the soluble polymers was changed in a 

multicomponent system: increasing temperature or ionic strength resulted in a self-folding 

conformation of PMPDSAH; for poly(METAC-stat-MMA-stat-SPMA), the formation of 
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micelles was observed at high temperatures due to the hydrophobic interactions, while adding 

salt lead to aggregation and precipitation at intermediate concentration and re-solubilisation 

at high concentration. Since these stimuli-responsive polymers can be easily grafted from 

conducting polymer surfaces, the studies of their solution properties will be useful to predict 

the behavior of surface-bound polymer brushes in aqueous environment and to assist in the 

interpretation of the electrochemical control of surface properties (such as wetting), which 

will be described in Chapter 4 and Chapter 5. 
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4.1. Introduction 

The present work was stimulated by the studies of Huck et al. on the change of properties 

caused by changes of conformation of a surface-bound polyelectrolyte brush, caused either 

by a change of temperature or of solution composition.1 2 3 4 5 6 7 8 These authors have 

recently demonstrated electrochemically-driven actuation of microcantilevers, where a 

reversible perturbation of the electrical double layer causes ion transport into and out of a 

grafted polymer brush, resulting in conformational changes of the grafted polymer layer.9 

ECP10 11 12 13 have an interesting property of ion exchange driven by a redox process that is 

also coupled to changes in electrical conductivity, optical properties and volume. The 

properties can be modulated by the choice of ionic dopant and by the choice of exchangeable 

ion. Thus, we have explored the idea that the ion flux associated with the redox reaction of an 

ECP could cause a change of conformation of a suitably formulated polymer that was grafted 

from the surface. Out of this comes a new method for electrochemical control of surface 

wettability or adhesion. Controlling wetting properties of a surface is significant in many 

applications, such as microfluidic devices, low friction surfaces and thin film sensors.14 15 16 17 

By suitably altering the surface energy of “smart” materials, wettability gradients can be set 

up and used to induce fluid movements. Recently, ECP doped with surfactant anions have 

been shown to switch wetting state by an electric stimulus.11
 
14

 
15

 
17 18 19 20 

Surface-initiated growth of polymer brushes has been extensively investigated. The 

resultant properties of course depend upon the surface density of the brush and upon its 

chemical nature.21
’
22 Atom transfer radical polymerization (ATRP) is an elegant and efficient 

method to produce a polymer with well-controlled molecular weight and low polydispersity23 

and is well-adapted for surface grafting using a surface-attached initiator. The “grafting 
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from” technique provides control over the density of polymer chains on a surface.24 The 

possibility of using a surface-initiated polymerization to graft another polymer from the 

surface of an ECP has been demonstrated: Roux et al.25 employed a surface initiated 

polymerization to grow polystyrene from a carboxylic acid functionalized polypyrrole 

surface, and Strover et al. have recently described grafting of polystyrene-b-poly(acrylic acid) 

from a poly(terthiophene).26 

In chapter 3, we investigated the synthesis of zwitterionic polymeric betaines (PMPDSAH) 

and its unique solution properties as a consequence of strong inter- and intramolecular 

interactions.27 An upper critical solution temperature (UCST) that must be exceeded for 

transition from water-insoluble to water-soluble was observed, which is significantly 

decreased upon addition of salts: the so-called “anti-polyelectrolyte” effect, as commonly 

described in the literature.28 29 30 31 The important effects are directed dipole-dipole 

interactions between the zwitterionic side-chains of the polymer, which promote the 

formation of organized molecular aggregates that are broken up by an osmotic pressure effect 

upon addition of salt.32 The effects are significantly modified by an asymmetry in adsorption 

of the ions of the electrolyte onto the anionic and cationic sites of the polymer.31
 
33 The 

solution properties of these polymers are modified in interesting ways when hydrophobic 

elements are introduced, depending upon the balance between dipolar (zwitterionic) and 

hydrophobic interactions.34 Random copolymers of acrylamide and acryloyl-sulfobetaine 

showed extreme sensitivity of solution conformation to change of solution pH or salt 

concentration.35 Lower concentrations of salt caused disaggregation but higher concentrations 

caused an enhancement of aggregation.36 

The possibility of surface modification of a solid substrate using thermo- and salt-

responsive zwitterionic polymers has stimulated intensive research interest37 and found 
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applications in designing biocompatible surfaces,38 39 40 enhancing efficiency of anti-

biofouling coating,41 transferring proteins42 and controlling electro-osmotic flow in 

microfluidics.43 Recently, it has been reported that poly(zwitterions) conjugated to proteins 

can significantly increase the stability and improve the binding affinity or bioactivity of the 

protein.44 Collapse and expansion of poly(zwitterionic) brushes grafted onto polymer45 or 

silica46 particles, driven by change of temperature45 or salt concentration in solution,46 has 

been demonstrated recently.  

In this chapter, the synthesis of PMPDSAH-grafted and PMMA-b-PMPDSAH grafted 

poly(pyrrole-co-pyrrolyl butyric acid) films via ATRP (MMA: methylmethacrylate) is 

reported. The resulting films have been characterized by scanning electron microscopy 

(SEM), X-ray photoelectron spectroscopy (XPS), cyclic voltammetry (CV), electrochemical 

impedance spectroscopy (EIS) and contact angle measurement. EIS has proven to be an 

extremely powerful method for following in-situ the conformational changes of such grafted 

layers.7 Electrochemically controlled conformational changes of the grafted films driven by 

the oxidation and reduction of the conducting polymer has been demonstrated. Moreover, 

these changes have been shown to be sensitive to changes of temperature and salt 

concentration in solution.  

4.2. Materials and Methods 

All the films were prepared from a surface-initiated poly(Py-co-PBA) via ATRP, as 

described in chapter 2. Films were characterized by scanning electron microscopy, X-ray 

photoelectron spectroscopy (XPS) and fourier transform infrared spectroscopy (FTIR) 

measurements.  



Yiwen Pei Chapter 4 

This chapter has been published: “Reversible Electrochemical Switching of Polymer Brushes Grafted Onto Conducting 

Polymer Films”, Yiwen Pei, Jadranka Travas-Sejdic, David E. Williams (2012), Langmuir, 28 (21), pp 8072–8083 

 144 

Electrochemical measurements. A conventional three-electrode cell (6 mL) with a 

modified glassy carbon as working electrode (without Kapton® tape masking), a Pt wire 

counter electrode and an Ag/AgCl (3M KCl) reference electrode was employed for 

electrochemical characterization. Cyclic voltammetry was measured at room temperature 

using a CH Instrument potentiostat (Model 650). The electrolyte was an aqueous solution of 

sodium chloride, with concentration increased stepwise from lowest to highest, with scan rate 

decreased from highest to lowest in each electrolyte. All cycles started with the film in the 

reduced state, at -0.8 V (vs. Ag/AgCl, 3M KCl). The impedance data were measured from 10 

kHz to 0.1 Hz at 10 points per decade. The series resistance due to the electrolyte solution, 

Rs, was determined from an impedance diagram, by extrapolation of the high-frequency data 

to the real impedance axis. 

 

Scheme 4.1. Chemical structure of PMPDSAH grafted (1) and PMMA-b-PMPDSAH grafted (2) 

poly(Py-co-PBA) films. 

Equivalent circuit fitting. The porous polymer film is best represented as a transmission 

line. This equivalent circuit model has been extensively developed by Bisquert et al.47 47 48 49 
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Figure 4.1. A simplified model for a thin porous conducting polymer film, following Bisquert et 

al.47
’
48 used for fitting and interpretation of the impedance data. 

Here a simplified version of Bisquert’s model is presented that can sufficiently describe the 

main features of the impedance data. The transmission line is described by a characteristic 

length. If this is much greater than the film thickness, then the system behaves as a uniformly 

accessible surface with impedance described by the polymer-solution interface impedance 

averaged over the thickness of the layer, with the resistances due to the electrolyte and 

polymer phases being absorbed into a simple series resistance, Rs. As shown in Figure 4.1, 

the simplified impedance model involves a distributed constant-phase element (CPE) with 

fractional exponent 0 < α1 < 1 and prefactor q1, in parallel with a resistive element R1 which 

is in series with another CPE (0 < α2 < 1). The impedance of this circuit is given by the 

following equation (ω denotes the angular frequency): 

𝑍 = 𝑅𝑠 + �𝑞1(𝑖𝜔)𝛼1 +  � 1
𝑞2(𝑖𝜔)𝛼2

+ 𝑅1 �
−1
�
−1

                                     (1) 

These circuit elements can be interpreted as a double layer capacitance associated with the 

conducting polymer film-solution interface (q1), and a type of surface-state capacitance (q2)-

that is charged through the conducting polymer or by ionic diffusion in the polymer brush 

layer-characterized by resistance R1. In our experimental configuration, since the glassy 
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carbon support was not masked, the element q1 also has a fixed parallel contribution due to 

the part of the carbon surface that was not coated with conducting polymer. Moreover, we 

assume that the deviation from non-ideality captured in the exponents α1 and α2 is largely due 

to the surface roughness, which is assumed affects both constant phase elements in the same 

way, so α1 = α2 = α is set to minimize the number of variable parameters for the fitting. The 

impedance spectrum was fitted using the non-linear least square algorithm Solver in an 

Excel® spreadsheet. Two methods for estimation of errors in the fitted parameters were 

used.50 51 52 The macro SolverAid53 provided parameter uncertainty estimates based on the 

partial derivatives. Also, normally distributed errors with standard deviation (1%) determined 

from repeated measurement of a model circuit were added to the experimental data and the 

results were re-fitted; estimated errors in the fitted parameters were obtained from the results 

of ten such trials. The full transmission line model48 did not yield an improvement in fitting 

of the data sufficient to justify the additional parameters (with associated uncertainty) that 

were required. 

Contact angle measurement. In-situ electrochemical switching of surface energy of 

PMPDSAH grafted and unmodified poly(Py-co-PBA) films was studied using a contact angle 

meter (CAM 100, KSV instrument) and an electrochemical workstation (model 650, CH 

Instruments). A two-electrode system comprised a polymer coated glassy carbon electrode 

and a Pt wire. A droplet of 5 µL 0.001 M NaClaq electrolyte was applied on a polymer coated 

glassy carbon electrode, and a fine Pt wire was then immersed into the droplet, taking care 

not to touch the surface. The films were firstly oxidized at a cell potential difference of +0.4 

V for 180 s and then reduced at a cell potential difference of -0.8 V for 540 s. Mean contact 

angles of both films were recorded every 180 s.  
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4.3. Results and Discussion  

4.3.1. Structures of Polymer Films 

These results demonstrate that the aim of this work, a reversible electrically-controlled 

switch of surface property of surface modified conducting polymer films, has been achieved. 

All conducting polymer films were obtained electrochemically at a fixed potential of 0.75 V 

(vs. Ag/AgCl, 3M KCl). The resulting film thickness was controlled by the amount of total 

charge supplied (0.36 C) by the electrode and the film thickness (≈3µm) was estimated using 

literature parameters.54 All the polymer brushes were grafted from the modified poly(Py-co-

PBA) films by ATRP. Figure 4.2 shows intact microstructures of the modified films after 

chemical reactions, as compared with that of the unmodified film. SEM images indicate that 

although the films were fragile, the extensive synthetic manipulations had not destroyed the 

microstructure of the polymer or resulted in the disintegration of the film. The presence of the 

grafted polymer layer was confirmed by XPS (Figure 4. 3) and FTIR (see the Appendix II). 

 

Figure 4.2. SEM images of (A) the unmodified, (B) PMPDSAH-grafted and (C) PMMA-b-PMPDSAH 

grafted poly(Py-co-PBA) films. 

Compelling evidences for successful grafting of (co)polymer brushes are given by XPS. 

Figure 4.3 shows the XPS C 1s and N 1s core level spectra for the unmodified, PMPDSAH-

grafted and PMMA-b-PMPDSAH grafted poly(Py-co-PBA) films. The C 1s and N 1s core 
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level spectra of all films exhibited broad and asymmetric peaks located at 284.9 and 400.1 

eV, which is typical for polypyrrole.55 For the unmodified film, the two sub-bands at 286.9 

and 288.5 eV can be assigned to –O-CH2-56 and [O-(C=O)]57, resulting from the carboxyl 

side chains from pyrrolyl butyric acid. The two shoulders (398.4 and 401.8 eV) are attributed 

to static disorder effects and electrostatic effects from PPy+Cl-.58 As a surface sensitive 

technique, XPS analysis profiles the outer 10 nm of a sample, therefore the surface-bound 

polymer brushes are more likely to contribute to the measured peaks. According Figure 4.3b 

and Figure 4.3e, the increasing peak area at 286.3 and 402.5 eV can be attributed to amide 

(C-N) and quaternary ammonium (N+),59 indicative of the successful grafting of sulfobetaine 

polymers. The presence of the grafted polymer layers, PMPDSAH and PMMA-b-

PMPDSAH, was further confirmed by observation of a sulfur signal at 170 eV (see the 

Appendix II), with estimated atomic composition 0.18 % and 0.10% (see the Appendix II), 

which are absent in the unmodified film. A weak bromine signal (72 eV) was found in the 

PMPDSAH-grafted layer but not for the PMMA-b-PMPDSAH grafted film (see the 

Appendix II). For the PMMA-b-PMPDSAH grafted polymer film, the evidence for the 

surface-grafted PMMA block copolymer is best highlighted by the appearance of a new peak 

at 289.3 eV, which can be assigned to the carbonyl carbon O=C-O-CH3.60
 
61 The bromide 

content determined by XPS analysis was utilized to estimate the surface density (σ ≈ 0.63 

chains nm-2) and the average distance between anchor points (d ≈ 1.26 nm) of PMPDSAH-

grafted poly(Py-co-PBA) film. Assuming that the size of surface-grafted polymers is close to 

that of solution polymers, the chain length of polymer brushes (L ≈ 9 nm) is calculated from 

the molecular weight of PMPDSAH synthesized in solution (see the Appendix II). The 

characteristics of the methyl methacrylate in PMMA-b-PMPDSAH poly(Py-co-PBA) film62 

was also observed in FTIR measurements: the peaks that attributes to the OCH3 symmetric 
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stretching 1445 cm-1 and the α-CH3 symmetric C-H bending vibrations at 1388 cm-1, which 

are absent in the unmodified film (see the Appendix II). 

 

Figure 4.3. C 1s core level spectra (a-c) and N 1s core level spectra (d-f) of unmodified (a, d) and 

PMPDSAH grafted (b, e) and PMMA-b-PMPDSAH grafted (c, f) poly(Py-co-PBA) films.  
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4.3.2. Cyclic Voltammetry  

The electrochemical activity of the modified and unmodified thin film electrodes was 

examined in aqueous solutions of sodium chloride at 22 °C. Figure 4.4A-C shows the cyclic 

voltammograms of the obtained films in various concentrations of the electrolyte (1 mM ― 1 

M) at a scan rate of 0.01 V s-1. The broad voltammetric envelope characteristic of conducting 

polymers was observed for each of the three types of polymer film, with subtle but clear 

differences in behaviour according to the modification. Though broad, the waves could be 

characterized by an anodic and cathodic peak potential. The shape (both magnitude and peak 

position) of the voltammograms varied with the salt concentration, differently for the 

unmodified poly(Py-co-PBA) films and for the brush-grafted films. A pair of oxidation and 

reduction peaks could be observed when the polymer films were cycled in an aqueous 

solution of sodium chloride (cNaCl > 0.01 M). The first oxidation peak (-0.3 V, vs Ag/AgCl) 

and its associated reduction peak (-0.6 V) corresponds to the peak usually reported in the 

oxidation scan of polypyrrole63
’
64. Another pair of redox peaks starting just within the 

potential window studied may relate to the further oxidation process of polypyrrole films in 

the presence of small anions.63 Others have ascribed the peaks around -0.3 to -0.6V Ag/AgCl 

to cation exchange and peaks around 0 V to anion exchange, for a chloride-doped film cycled 

in NaCl.65 Inzelt et al.66 interpreted quartz-crystal microbalance (EQCM) studies of 

polypyrrole films in contact with aqueous solutions containing chloride salts of alkali-metal 

cations as showing that, for thin (100 nm) films, cation expulsion accompanies oxidation of 

the polymer, while for thick (620 nm) films, cation expulsion occurs at lower potential and 

the incorporation of anions dominates at higher positive potentials. Gabrielli et al. again with 

EQCM, demonstrated anion exchange as the dominant process for 200 nm thick-films in 

NaCl electrolyte.67  Li et al. studied much thicker films (1-2 µm, similar to those studied in 
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our work)65 and concluded that full oxidation of these films in aqueous NaCl electrolyte 

involved about 30% cation expulsion and 70% anion insertion. Since the electrochemical 

reaction involves ion insertion and ejection, the peak height should indeed be sensitive to the 

salt concentration. As has been noted many times,66 the details of the ion exchange 

accompanying the redox reaction are dependent on the thickness, morphology and 

composition of the conducting polymer. In our case the process may be further influenced by 

the effect of the carboxylate groups incorporated into the polymer. The waves opened out 

with increasing salt concentration in the electrolyte, with the cathodic peak moving to more 

positive potentials: this effect was rather less marked for the PMPDSAH-grafted film than for 

PMMA-b-PMPDSAH grafted film. The anodic peak stayed at approximately constant 

potential for both the grafted films, but moved to more positive potential for the unmodified 

film, with increasing salt concentration. The cyclic voltammetry results at low salt 

concentration are distorted by the effects of ion migration in the solution, however, the peak 

shift towards positive potential as salt concentration increases indicates that a cation 

exchange process has occurred.68 

Figure 4.4D shows the effect of salt concentration on the separation of oxidation and 

reduction peak potentials (Epa – Epc, symbolized by ∆Ep) for all the films. The peak 

separation for unmodified and PMPDSAH grafted films was not influenced by the addition of 

salt. However, ∆Ep for the PMMA-b-PMPDSAH grafts changed from 0.4 V to 0.1 V as salt 

concentration increased. There is thus a rather subtle effect of the grafted polymer brush on 

the kinetics of the ion-exchange process that is coupled to the redox process of a conducting 

polymer film. The conclusion is supported by AC impedance work, as is discussed below. 

Since the effects in cyclic voltammetry were subtle, the effect of temperature was not 

explored in detail with this method. One simple but important fact can be taken from the 
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voltammetry results: that the redox process of the conducting polymer, although modified, 

could indeed be driven through the grafted layer.  

 

Figure 4.4. Cyclic voltammograms of (A) the unmodified, (B) PMPDSAH grafted and (C) PMMA-b-

PMPDSAH grafted poly(Py-co-PBA) films in (a) 0.001 M, (b) 0.01 M, (c) 0.1 M and (d) 1 M NaClaq. 

Scan rate is 0.01 V s-1. (D) The difference between anodic and cathodic peak potential (vs. 

Ag/AgCl, 3 M KCl) of (I) the unmodified, (II) PMPDSAH grafted and (III) PMMA-b-PMPDSAH 

grafted poly(Py-co-PBA) films as a function of salt concentration at 22 °C. This temperature is 

below the transition temperature in 0.01 M NaClaq for the PMMA-b-PMPDSAH film and above 

that for the PMPDSAH film (Figure 4.7). 

4.3.3. EIS study of Polymer Conformation Change 

Impedance measurements were conducted at a fixed potential of +0.4 V (fully oxidized 

state: Figure 4.4) or -0.8 V (fully reduced state: Figure 4.4). The main concern in this study is 
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the capacitance behaviour of the charged/uncharged polymer films. Cole-Cole diagrams 

(capacitance plots) were generated by subtracting the series resistance Rs from the impedance, 

C(ω)corr = 1/iω(Z(ω) – Rs). Examples of capacitance plots in the reduced state (E = -0.8 V) 

and in the oxidized state (E = +0.4 V) of various films in 0.5 M NaClaq solution (18 °C) are 

given in Figure 4.5. In the reduced state, the capacitance plots were very similar for all the 

films, modified and unmodified. In the oxidized state, however, a very significant diminution 

of capacitance of the modified films compared to the unmodified ones was observed.  

 

Figure 4.5. Capacitance plots of (a) the unmodified, (b) PMPDSAH grafted and (c) PMMA-b-

PMPDSAH grafted poly(Py-co-PBA) films in 0.5 M NaClaq solution under an applied potential of 

(●) +0.4 V or (○) –0.8 V (vs. Ag/AgCl, 3 M KCl) at 18 °C. ( ) Fitting results for the proposed 

model are marked; labels are frequency in Hz. 

The effect of temperature on the capacitance of PMPDSAH and PMMA-b-PMPDSAH 

grafted films was followed by successive impedance measurements in 0.01 M NaClaq 

applying a potential of +0.4 V or -0.8 V (vs. Ag/AgCl, 3 M KCl). Films were firstly reduced 

and then oxidized at each temperature. As shown in Figure 4.6, the capacitance in the 

oxidized state of the PMPDSAH-grafted film changed dramatically over the small 

temperature range from 18 °C to 23 °C, such that at the higher temperature the behavior had 

become qualitatively similar to that of the unmodified film. The capacitance in the reduced 
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state was hardly affected. A similar effect was observed for the PMMA-b-PMPDSAH grafted 

film (Figure 4.7) though over a different temperature range. A large difference of the 

capacitance plots between the oxidized and reduced polymer was observed at 15 °C; the 

difference between the two states was less at 23 °C and had essentially disappeared at 35 °C.  

Clear evidence of electrochemically controlled switch of conformation of grafted layers is 

provided by the changes in the Cole-Cole diagrams when the conducting polymer (ECP) was 

switched between the oxidized and reduced states. The major effects were due to the 

elements of the equivalent circuit that could be attributed to the charging of a surface state (R1 

and q2 in Figure 4.8 and Figure 4.9). In the reduced state of the ECP, these elements were 

essentially the same for all the films, but in the oxidized state, they were very different and 

showed a very different behavior with change of salt concentration, provided the temperature 

was below a critical temperature. Parallels can be found in the literature on the solution 

properties of PMPDSAH:31 changes in intra- and inter-molecular association caused by 

screening of the dipoles on the side-chains by ions from the electrolyte, and by changes in the 

interactions with water, specifically the osmotic effects induced as a consequence of 

distribution of salt between bulk electrolyte and the polymer.32 However, whilst the effects of 

temperature were observed over a similar range for the surface-bound PMPDSAH to that 

reported for the solution polymer, the electrochemically-induced switch in surface state 

occurred over the full salt concentration range explored (1mM – 2M). 
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Figure 4.6. Capacitance plots of PMPDSAH grafted poly(Py-co-PBA) film in 0.01 M NaCl(aq) under 

an applied potential of (●) +0.4 V or (○) –0.8 V (vs. Ag/AgCl, 3 M KCl) at (a) 18 °C, (b) 23 °C. 

 

Figure 4.7. Capacitance plots of PMMA-b-PMPDSAH grafted poly(Py-co-PBA) film in 0.01 M 

NaCl(aq) under an applied potential of (●) +0.4 V or (○) –0.8 V (vs. Ag/AgCl, 3 M KCl) at (a) 15 

°C, (b) 23 °C and (c) 35 °C.  

In all the experiments described in this section, the electrochemical state was switched from 

oxidised to reduced then back to oxidised, after which the salt concentration in solution was 

incremented, starting from the most dilute. The consistency of the derived parameters 

strongly implies that the consequent switch of surface state of the graft was repeatable and 

reversible. As a further check on the reversibility and repeatability, in the particular case of 

the block copolymer graft in 10 mM NaCl, after three successive switches between oxidised 
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and reduced states the impedance in each state had changed by less than 1%. It is evident that 

the switch of surface state was completely and reproducibly reversible. 

As illustrated in Figure 4.5, the circuit of Figure 4.1 represented the data well, except at the 

highest measurement frequencies, when in some cases an additional series R-q element in 

parallel with q2 was needed to fit this part of the data accurately. In the following, we present 

the variation of the fitted parameters R1, q1, and q2, in the oxidized and reduced states of the 

conducting polymer, as a function of salt concentration at a temperature below the transition 

temperature described above, where the capacitance diagrams for the grafted films showed a 

strong dependence on the state of oxidation. Except where otherwise mentioned, the 

parameter uncertainty estimates based on the partial derivatives were less than ±1%, whilst 

those based on the Monte-Carlo assessment were in the range ±5-10%. 

Charging resistance R1. Figure 4.8 illustrates the dependence on salt concentration of the 

resistance R1 for the various polymer films. The fitting error in this parameter, as indicated 

above, was acceptably small for resistances on the scale of 105 Ω and lower. For resistances 

above 106 Ω, the quality of the fit was essentially independent of the exact value, hence these 

are shown on the diagram just as >106 Ω.  As shown in Figure 4.8A, the resistance R1 for the 

unmodified film did not much vary with the salt concentration in the reduced state, and fell 

steadily with increasing salt concentration in the oxidized state. The resistance values in the 

oxidized state were lower than in the reduced state. Figure 4.8B and Figure 4. 8C shows that 

the variation of the resistance R1 for the grafted films was in the reduced state essentially the 

same as that of the unmodified film. However, in the oxidized state for the PMPDSAH 

grafted film, R1 showed much larger values in the oxidized state than in the reduced state. 

Furthermore, there was a sharp decline of R1 when salt concentration exceeded 0.01 M. The 

behavior of the PMMA-b-PMPDSAH grafted film was again different: at low salt 
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concentration, in the oxidized state R1 was similar to that in the reduced state, but then 

increased steadily with salt concentration increasing above 0.01 M.  

 

Figure 4.8. Charging resistance R1 of (A) the unmodified film, (B) PMPDSAH grafted and (C) 

PMMA-b-PMPDSAH grafted poly(Py-co-PBA) films in the oxidized (●) and the reduced state (○), 

as a function of salt concentration at 18 °C. Estimated standard deviation of the fitted parameters 

was <10% except for very large values of R1, when the fit was essentially insensitive to the exact 

value. 

Surface state capacitance-like element q2. Figure 4.9A shows that the surface state 

capacitance-like element, q2 for the unmodified film essentially did not vary, with either the 

ionic strength or with the oxidation state of the conducting polymer. Figure 4.9B and Figure 

4.9C illustrate that, in contrast the surface state capacitance-like element q2 of the modified 

polymer films was very different in the oxidized and reduced states of the conducting 

polymer, and varied differently in response to salt concentration for the zwitterionic 

homopolymer and for the block copolymer graft. In the oxidized state, q2 of the PMPDSAH 

grafted film had a very large value regardless of the concentration of NaCl (q2 > 1 F m-1 sα-1); 

with such large values, the fit is insensitive to the exact value of q2. In contrast, as shown in 

Figure 4.9C, q2 of the PMMA-b-PMPDSAH grafted film in the oxidized state was very 

similar to that in the reduced state at low salt concentration but then abruptly increased to a 

large value when the salt concentration was increased above 0.01 M.  
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Figure 4.9. Interfacial capacitance q2 of (A) the unmodified film, (B) PMPDSAH-grafted and (C) 

PMMA-b-PMPDSAH grafted poly(Py-co-PBA) films at the oxidized (●) and reduced state (○), as 

a function of salt concentration at 18 °C. Estimated standard deviation of the fitted parameters 

was <10% except for very large values of q2, when the fit was essentially insensitive to the exact 

value.  

 Fractional exponent α and double-layer capacitive-like element q1. Figure 4.10 

illustrates the fractional exponent α and a double layer capacitive-like element q1 for all the 

polymer films as a function of salt concentration, in the oxidized and reduced states. As 

shown in Figure 4.10A, all films showed fairly constant q1 in both the oxidized and reduced 

states. For the unmodified film, q1 was essentially the same in both states and invariant with 

salt concentration. For the modified films, q1 was higher in the oxidized state, significantly so 

for the PMPDSAH grafted film. For the block copolymer-grafted film, the difference in q1 in 

the two states was only noticeable for salt concentration greater than 0.01 M. As noted in the 

experimental part, the glassy carbon support would have introduced a capacitance in parallel 

with the polymer film that would add to q1 and so diminish the effects of the grafted film on 

variations of this parameter. Figure 4.10B shows that the exponent, α of the constant phase 

elements varies within the range from 0.6 to 0.8. In the reduced state, α was a constant value 

(0.75) for all salt concentrations for both the modified and unmodified polymer electrodes. 

However, in the oxidized state, the exponent α for the unmodified film decreased to 

approximately 0.6, that for the pMPDSAH-grafted film increased, to approximately 0.85, and 
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that for the pMMA-b-pMPDSAH-grafted film increased steadily with increasing salt 

concentration, from ~0.6 at low concentration to ~0.8 at high concentration. 

 

Figure 4.10. (A) Double layer capacitance q1 and (B) fractional exponent α of (a) the unmodified, 

(b) PMPDSAH-grafted and (c) PMMA-b-PMPDSAH grafted poly(Py-co-PBA) films as a function of 

salt concentration at 18 °C. All films were firstly fully oxidized (●) and then reduced (○). 

Estimated standard deviation of the fitted parameters was <10%. 

4.3.4. In-Situ Switching of Surface Wettability 

Electrochemically controlled, in-situ switching of surface property of PMPDSAH-grafted 

poly(Py-co-PBA) film has been demonstrated.  

Table 4.1 illustrates the change in surface wettability induced as a consequence of 

oxidation or reduction of the polymer film.  An auxiliary Pt wire electrode is needed to 

achieve some degree of control of the electrochemical state of the film, but wetting of this 

wire causes a change in shape of the drop.  The films were also rough, so the results are 

indicative only. They illustrate a switch in surface wettability of the layer grafted with 
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PMPDSAH. The behavior of the layer grafted with the block co-polymer was not measured 

in this way. 

Table 4.1. Effect of the oxidation state on the interfacial tension of PMPDSAH-grafted and 

unmodified poly(Py-co-PBA) films.  

 

A 5µL droplet of 1 mM NaCl(aq) was used as the electrolyte. The polymer coated glassy carbon 

was the working electrode and fines Pt wire the counter electrode. The films were firstly oxidized 

at a cell potential difference of +0.4 V for 180 s and then reduced at a cell potential difference of 

-0.8 V for 540 s. 

For the surface-bound PMPDSAH, three different states can be distinguished: that on the 

reduced ECP where the graft does not have a big effect on the observed impedance; and two 

different states on the oxidized ECP, both characterized by a very large surface-state 

capacitance and with a switch in surface state charging resistance from a lower to a higher 

value with salt concentration below 0.1 M. The explanation is a simple one for the 

PMPDSAH surface-grafted conducting polymer: the factor controlling the impedance of the 

modified film is the grafted layer of polymer brushes, which controls the access of ions from 

the solution to the ECP interface. If this grafted layer transforms from an open to a ‘super-
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collapsed’ state - a very dense polymer layer where interchain interactions of the charged 

side-groups occur – then the resistance to ion transport to the ECP will increase, and the 

grafted polymer could be approximated as a very thin dielectric layer with consequentially 

high capacitance.7 For PMPDSAH, the non-associated state becomes more stable with 

increasing temperature, leading to an upper critical solution temperature (UCST) for these 

zwitterionic polymers, both in solution31 and as surface-grafted brushes.3 So, at higher 

temperature, the super-collapsed state cannot be accessed. We presume that the non-

associated state offers no barrier to ion transport into and out of the ECP surface. Hence at 

higher temperature there is no switch. In the reduced state, there was little, or no, difference 

in impedance between the modified and unmodified layers. Therefore, the interpretation is 

that, when the ECP is in the reduced state, the grafted layer is in the non-associated state. 

Thus, in the reduced and non-associated state, the equivalent circuit parameters R1 and q2 are 

associated with charging of the conducting polymer-solution interface, controlled by the 

resistivity of the conducting polymer. In the oxidized and super-collapsed state on the other 

hand, the equivalent circuit parameters R1 and q2 are associated with charging of the grafted 

layer, with capacitance determined by its thickness and resistance by its resistance to ionic 

movement. For the PMPDSAH surface-grafted conducting polymer, in the oxidized state, the 

graft is in a super-collapsed state at all salt concentrations in the range investigated, with an 

additional increase of density at the lower salt concentrations indicated by the increase of the 

charging resistance, R1. The changes in surface wettability are consistent with these ideas. 

The collapsed state should be relatively hydrophobic,3 as indeed observed for the oxidized 

grafted polymer, and the open state relatively hydrophilic,3 as indeed observed for the 

reduced grafted polymer. 
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The response of the PMMA-b-PMPDSAH grafted film to changes in ionic composition in 

solution was different to that of the PMPDSAH grafted film. The first obvious difference is 

that the transition temperature for observation of the electrochemical switch was increased. 

The second was that the salt concentration required to develop the electrochemical switching 

was also increased. Following the interpretation developed for the PMPDSAH grafted films, 

the variation of the equivalent circuit parameters R1 and q2 for the block copolymer-grafted 

films implies that, when the conducting polymer was in its oxidized state these films were in 

the open, non-associated state at low salt concentration and transformed to the collapsed state 

when the salt concentration was increased above 0.01 M. Again, parallels can be found in the 

literature on the solubility and aggregation behavior of hydrophobically-modified polymeric 

betaines. The interactions of the hydrophobic segments with each other and with the solvent 

significantly modify the behavior.36 Other systems with hydrophobic-block-hydrophilic 

polymer structures exhibit a lower critical solution temperature (LCST), at which the polymer 

chains switch to a self-associated state in response to salt addition and heating.69
’
70 

In solution, the dipole-associated or aggregated or collapsed state is found in the absence of 

salt. Osmotic effects, counter-ion association with the charged sites of the zwitterion, and 

changes in solvation caused by salt in the solution lead to disassociation of the dipoles. For 

the PMPDSAH graft on the ECP surface, therefore, the reduced state would seem to 

correspond to the high-salt solution state and the oxidized state to the low-salt solution state, 

both essentially independent of the salt concentration in the electrolyte. It seems therefore a 

remarkable fact that, whilst the solution polymer is known to be essentially dissociated by 

rather small concentrations of NaCl, the behavior of the surface-bound PMPDSAH was 

dominated by the oxidation state of the conducting polymer and relatively little influenced by 

the salt concentration in solution.  
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The interpretation can be developed as follows. The conducting polymer is synthesized in 

the oxidized state, with the oxidized polymer charge balanced by incorporated anions.  

Reduction can involve either expulsion of anions or (perhaps less likely from the present 

literature,66
’
71 though consistent with the shift to more positive potential of the cathodic 

reduction peak as the solution salt concentration is increased) absorption of cations to balance 

the charge of immobilized incorporated anions. However, the redox process in aqueous 

solution does not necessarily proceed throughout the volume of the conducting polymer: 

indeed, the phenomenon of microstructure collapse limiting the extent of the redox process in 

aqueous solution is well-documented.72 Thus, it is reasonable to suggest that charge-

balancing exchangeable ions in the reduced state are located in sites close to or on the 

conducting polymer surface, which in the case of the films carrying grafted layers would be 

the interface between the conducting polymer and the surface graft. The proposal is that the 

surface grafted layer acts as a kind of inner Helmholtz layer, storing the charge that balances 

the conducting polymer charge. Hence, for example, to develop the argument for the 

particular case of exchangeable cations, in the reduced state of the conducting polymer, 

exchangeable cations would adsorb to and screen the anionic sulfonate charge on the 

zwitterionic graft and act to expand the grafted layer, as a consequence of the intermolecular 

repulsion of the positive charges on the quaternary ammonium group. When these 

exchangeable cations were expelled upon oxidation of the conducting polymer, the grafted 

layer would collapse because the screening charges had been removed: the ‘super-collapsed 

state’ promoted by strong dipolar interactions between adjacent polymer molecules on the 

surface. A similar argument can be developed for exchangeable anions. At higher 

temperatures, the thermal motion of the polymer chains negates this effect and the zwitterion 

charges are effectively screened by the electrolyte at all concentrations investigated in this 
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work. The smaller values for the charging resistance, R1, at higher salt concentration and 

lower temperature can be attributed to some screening by the electrolyte causing a partial 

expansion of the grafted layer. 

The effect of the hydrophobic outer block of the PMMA-b-PMPDSAH grafted film was to 

change the behavior: the grafted layer on the oxidized conducting polymer was in a non-

associated state at low salt concentrations but changed to a collapsed state at high salt 

concentration. As has previously been noted, the surface density of the grafted polymer is an 

important parameter whose effect has not been explored. Intermolecular interactions at high 

surface grafting density are assumed to lead to the ‘super-collapsed’ state; intramolecular 

interactions would lead simply to folding of the side chains. We speculate that the effect of 

the hydrophobic block was to weaken the inter-molecular interactions and thus expand the 

grafted layer, to an extent dependent on the interaction of the hydrophobic block with the 

solvent. Salt-induced strengthening of hydrophobic interactions could stabilize compact 

conformations of the hydrophobic block73 and lessen its effect on inter-molecular interactions 

of the zwitterionic block, leading in this case to a salt induced collapse of the layer. These 

salt-induced effects are perhaps reflected in the different behavior in cyclic voltammetry of 

the block copolymer-grafted films. The variations of the other parameters of the fitting, q1 

and α, reflect in different ways the charge distribution at the outer surface of the polymer film 

and are clearly also sensitive to the conformation of the surface-grafted layer. 

4.4. Conclusions 

PMPDSAH and PMMA-b-PMPDSAH grafted poly(Py-co-PBA) films have been successfully 

synthesized. An electrochemically-controlled conformational switch of surface modified polymer 

films has been achieved. This switch results from the intermolecular interaction of the grafted 
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zwitterionic polymer brushes on a conducting polymer surface, which is sensitive to the ionic 

composition in the immediate vicinity of the interface. The switch is consequently dependent upon the 

oxidation state of the ECP, with secondary effects due to the ionic strength of the solution and the 

temperature. It has been shown that the nature of the grafted polymer brushes can be manipulated to 

alter the switching behaviour in aqueous solution, by grafting a block copolymer brush having a 

hydrophobic poly(methylmethacrylate) block outside the zwitterionic block. The behavior of these 

systems is subtly affected by salt-mediated interactions with the solvent. The behavior could also be 

strongly influenced by the surface density of the polymer graft.  The collapse or expansion of the graft 

should also be detectable by the effect on the redox reaction on the polymer surface of couples whose 

reversible potential lies within the range over which the switch is observable. It is reasonable to 

suggest that these materials will find use in the electrochemical control of surface properties, such as 

adhesion,26 and will be useful in microfluidic and sensor devices.  
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5.1. Introduction 

In chapter 4, a reversible electrochemical switching of sulfobetaine (co)polymer grafted 

onto the surface of electrochemically-active conducting polymers (ECP) has been presented. 

The collapse and expansion of poly(zwitterionic) brushes driven by the ion exchange that is 

associated with the oxidation and reduction of the ECP has been demonstrated.1 In this 

chapter, this work is extended, reporting synthesis and electrochemical switching of the 

statistical, near-neutral mixed hydrophobic-ionic ampholyte poly(METAC-stat-MMA-stat-

SPMA) grafted poly(Py-co-PBA) films. Polyampholytes are ionic polymers containing both 

positive and negative charges. The presence of ionic monomers of opposite charge leads to 

some interesting properties (such as condensation or swelling) which are essentially 

controlled by the net charge or the solution ionic strength.2 3 4 5 If the net charge of a 

polyampholyte in aqueous solution is near zero, then the polymer exhibits chain expansion 

upon the addition of salt due to the counterion screening effect diminishing the attractive 

interaction of the opposing charges on the polymer. On the other hand, if there is an excess of 

one charge over the other, then these polymers demonstrate polyelectrolyte-like behavior - 

chain shrinkage with increasing ionic strength caused by screening of the repulsive 

electrostatic force between like charges.6 7 8 9 10 “Quenched” polyampholytes are defined as 

ionic polymers that contain strong acid and strong base segments. Since the charge is 

permanently fixed on certain chemical groups, the solution behavior of “quenched” 

polyampholytes is independent of pH. On the other hand, “annealed” polyampholytes consist 

of weak acid or base segments, and their net charge can be easily tuned by changes of pH. In 

both cases, “quenched” and “annealed” polyampholyte, the observed effects of the interaction 
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between the chain segments depend on the ionic strength of the solution. For “quenched” 

polyampholytes, up to five different chain conformations are predicted, depending on the 

chain length, net charge and ionic strength.8   

The synthesis and solution properties of statistic11 12 13 14 15 16 17 and block18 19 20 

polyampholytes that contain anionic, neutral and cationic segments have been demonstrated. 

There have been some studies of stimulus-responsive behavior of surface-grafted 

polyampholytes. Huck et al. have reported a salt-induced responsiveness of triblock 

copolymer brushes with cationic METAC, neutral MMA and anionic sodium methacrylate 

(NaMA).21 Tran and co-workers22 23 have investigated the pH-responsive behaviour of 

random polyampholyte brushes. These authors showed that the structure adopted by the 

polymer brushes strongly depends on the balance between electrostatic repulsions of charges 

of the same sign and attractions of charges of opposite sign, that is further strongly governed 

by the net charge of the random polyampholyte. For random polyampholyte brushes, the 

overall charge, charge density and distribution of charges along the polymer chains are 

significant factors that affect the stimulus-responsive behavior.   

In this chapter, the synthesis of statistical copolymer-grafted ECP film via ATRP and its 

characterization by X-ray photoelectron spectroscopy (XPS), cyclic voltammetry (CV), 

electrochemical impedance spectroscopy (EIS) and contact angle measurement is reported. 

Electrochemically controlled conformational changes of the random copolymer grafted films 

driven by the redox process of the conducting polymer are reported, which are different from 

that of the zwitterionic grafts described in chapter 4.1 24 Three distinguishable surface states 

are demonstrated, with switches between them dependent on the salt concentration in 

solution.  
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5.2. Materials and Methods 

The random copolymer brushes, poly(METAC-stat-MMA-stat-SPMA), grafted poly(Py-

co-PBA) was synthesized via ATRP, as illustrated in chapter 2. The resulting film was 

characterized by X-ray photoelectron spectroscopy (XPS) analysis. Electrochemical 

properties of the unmodified and modified films were obtained by cyclic voltammetry and 

electrochemical impedance spectroscopy (EIS) in a variety of NaCl aqueous solution. The 

AC impedance data was fitted using a simplified version of Bisquert’s model,25 26 as 

described in chapter 4.  

5.3. Results and Discussions  

5.3.1. Chemical Composition of Polymer Films 

The poly(Py-co-PBA) films were obtained electrochemically at a fixed potential of 0.75 V 

(vs Ag/AgCl, 3 M KCl). Film thickness (~3µm: films that were much thinner or thicker were 

too easily detached from the surface) was controlled by the oxidation charge and was 

estimated as described.27 The resultant layers had the characteristic nodular morphology 

typical of polypyrrole prepared from aqueous solution, which was unaffected by the chemical 

manipulations necessary to grow the brushes.1 Random copolymer brushes were grafted from 

surface-initiated poly(Py-co-PBA) films via ATRP using a mixed monomer solution. The 

relative proportions of the three different monomers in the brush would be determined by 

their relative rate of reaction. Here, the assumption is that the grafts would be weakly 

negatively charged for the relative amounts of the different monomers that used because 

statistical copolymer by ATRP was previously prepared in solution and its composition was 

inferred by elemental analysis and NMR (net charge = -0.19 mmol g-1: see the Appendix II). 
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XPS analysis provided compelling evidence of the successful growth of polymer brushes on 

the poly(Py-co-PBA) film, as illustrated in Figure 5.1. The C 1s and N 1s core level spectra 

of both films reveal broad and asymmetric peaks located at 284.9 and 400.1 eV, which is 

typical for polypyrrole.28 29 For the unmodified film, the C 1s peak was decomposed into 

three sub-bands, centered at 284.9, 286.1 and 288.5 eV, respectively. The two sub-bands at 

286.1 and 288.5 eV can be assigned to (C-N) and [O-(C=O)] carboxyl group,30 resulting from 

pyrrolyl butyric acid.  For the modified film, the C 1s peak could be decomposed into four 

sub-bands, at 284.9, 286.1, 287.9 and 289.2 eV, consistent with the new carbon environments 

introduced by the graft. On the N 1s peak, the two shoulders (at 398.4 and 401.8 eV) are 

attributed to static disorder effects and electrostatic effects from PPy+Cl-.28 For the surface 

modified film, as shown in Figure 5.1D, the increasing peak area at 402.7 eV can be 

attributed to quaternary ammonium (N+),31 32 which is indicative of the successful grafting of 

METAC. Other evidence for poly(METAC-stat-MMA-stat-SPMA) brushes is the 

observation of core level emissions due to S 2p (resulting from SPMA grafts) and Br 3d (as a 

consequence of ATRP initiator), which are absent in the unmodified film. The XPS-

determined atomic proportions of S 2s and Br 3d were 0.51% and 0.11 %, respectively. The 

surface density (σ ≈ 0.12 chains nm-2) and the average distance between anchor points (d ≈ 3 

nm) are estimated based on XPS results. Under the assumption that surface-bound polymer 

grows equally to the polymer in solution, the chain length of polymer brushes (L ≈ 16 nm) is 

calculated from the molecular weight of random polyampholytes synthesized in solution (see 

the Appendix II). 
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Figure 5.1. C 1s and N 1s core level spectra of the unmodified (A-B) and poly(METAC-stat-MMA-

stat-SPMA) grafted (C-D) poly(Py-co-PBA) films 

5.3.2. Cyclic Voltammetry  

Electrochemical properties of the unmodified and the modified films were characterized by 

cyclic voltammetry and electrochemical impedance spectroscopy (EIS). The cyclic 

voltammetry results show that the redox process of the ECP could still drive through the 

grafted layer after surface modification. Figure 5.2A and Figure 5.2B shows the cyclic 

voltammograms of both films in various concentrations of the NaCl aqueous solutions (0.001 

M, 0.01 M, 0.1 M and 1 M) at a scan rate of 0.01 V s-1. The broad voltammetric envelope 
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characteristic of conducting polymers was observed for the unmodified film, with the wave 

opening out and the broad peaks shifting anodic with increase of the salt concentration. 

Though broad, the waves could be characterized by an anodic and cathodic peak potential 

which corresponds to the peak usually reported in the oxidation scan of polypyrrole.33 As has 

been shown by several groups,34 35 36 the details of the ion exchange as well as the redox 

reactions in conducting polymers depend on the film thickness, morphology and chemical 

composition. In this work, the process may be further influenced by the effect of the 

carboxylate groups incorporated into the polymer. Since the electrochemical reaction 

involves ion insertion and ejection, the peak height and position should indeed be sensitive to 

the salt concentration. The results at low salt concentration are distorted by the effects of ion 

migration in the solution. As shown in Figure 5.2B, the behavior of the modified film was 

somewhat different. In the anodic range (-0.2 - +0.2V Ag, AgCl) it behaved like a salt-

independent capacitor. The reduction wave appears as a step that shifts anodic to a limit with 

increasing salt concentration, analogous to a salt-dependent increase in capacitance. The 

reduction current on the step decreased at higher salt concentration. More subtle effects, 

illustrated in Figure 5.2C, were observed over a narrow range of higher salt concentration: the 

plateau current on the reduction wave, at -0.6 V, passed through a distinct maximum with 

increase in salt concentration over the range 0.1 – 0.5 M, and the half-wave potential for 

oxidation, taken as the point of inflexion for the current, went through a minimum.  
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Figure 5.2. Cyclic voltammograms of (A) the unmodified and (B) poly(METAC-stat-MMA-stat-

SPMA) grafted poly(Py-co-PBA) films in (a) 1 mM, (b) 10 mM, (c) 100 mM and (d) 1 M NaCl 

aqueous solution at 22°C. Scan rate is 0.01 V s-1. (C) The half-wave potential for oxidation (◊) and 

the current on the reduction wave at -0.6 V Ag/AgCl (□) of poly(METAC-stat-MMA-stat-SPMA) 

grafted poly(Py-co-PBA) film in the salt concentration range 0.1-0.5 M.  

5.3.3. EIS Study of Surface Conformation 

EIS provided compelling evidence of electrochemically controlled switching behavior of 

the surface-grafted random polyampholyte. Comparison of Cole-Cole diagrams (Figure 5.3) 

when the conducting polymer was fully oxidized (at +0.4 V, Ag/AgCl) or reduced (at -0.8 V, 

Ag/AgCl) in 0.01 M and 0.5 M NaCl(aq) solution shows the effects. In the reduced state, the 
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capacitance plots were just slightly different for both films. The effects on the oxidized state 

were much more marked and were significantly dependent on the salt concentration in the 

solution. Figure 5.3 shows that the effect of the graft was to markedly decrease the 

capacitance in the oxidized state. Figure 5.3 also illustrates the fit to the equivalent circuit 

model presented in Figure 5.4b. The variation of the fitted parameters with salt concentration 

and ECP oxidation state clearly reveals the electrochemically-driven and salt-dependent 

switches in surface conformation of the graft. The effect of temperature on the surface state 

of polymers has not considered in this study. 

In Chapter 4 variations of the equivalent circuit parameters (Figure 5.4b) were interpreted 

in terms of the physical effects at the surface. The double layer capacitive element q1 and the 

exponent α showed little difference between the unmodified and the modified films (see the 

Appendix II). The major variations were in the elements q2 and R1 which respectively 

represent a surface-state capacitance (constant phase element) and surface charging resistance. 

For the unmodified film, as shown in Figure 5.4c and Figure 5.4e, the surface charging 

resistance R1 of the unmodified poly(Py-co-PBA) film did not much vary in the reduced state, 

and fell steadily with increasing salt concentration in the oxidised state. The resistance values 

in the oxidised state were lower than those in the reduced state. The surface-state 

capacitance-like element q2 essentially did not vary, with either the ionic strength or the 

oxidation state of the conducting polymer. The interpretation of this element is that the ion 

exchange associated with the redox process is surface-confined, and so behaves like a 

capacitor rather than a charge-transfer resistance. For the grafted polymer on the other hand, 

the change of these elements with salt concentration and ECP oxidation state (Figure 5.4d 
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and Figure 5.4f) delineate three clearly different surface conditions, that are denoted 

expanded, partially-collapsed and fully-collapsed. 

(1) With the ECP in the oxidised state, over the NaCl concentration range approximately 

10-3 – 2×10-1 mol dm-3 the parameter values for the modified ECP were similar to those 

for the unmodified ECP. This can be interpreted as meaning that the surface graft was 

in an expanded state, having little effect on the impedance of the polymer-solution 

interface. 

(2)  With the ECP in the reduced state, over the NaCl concentration range approximately 

10-3 – 2×10-1 mol dm-3 the surface-state capacitance for the polyampholyte-grafted ECP 

was increased to a high value, such that it could not reliably be determined (with such a 

large value for this parameter, over the frequency range studied the fit was not sensitive 

to the exact value). The high capacitance implies that the surface graft had collapsed, to 

a state that approximated a very thin dielectric layer. The charging resistance was not 

greatly increased, however, from the values observed for the unmodified film, implying 

that the collapsed film did not offer a high resistance to ion passage to the ECP-graft 

interface. A plausible interpretation is that the graft had collapsed to a layer which had 

two zones – an inner, very thin compact dielectric layer and an outer, more expanded 

part. Thus, over this lower salt concentration range, there was an electrochemically-

induced switch of the graft conformation, from expanded with the ECP oxidised, to a 

partially collapsed state with the ECP reduced. 

(3) With the ECP in the oxidised state, over the NaCl concentration range approximately 

3×10-1 - 5×10-1 mol dm-3 the parameter values for the modified ECP changed markedly.  



Yiwen Pei Chapter 5 

This chapter has been published: “Electrochemical Switching of Conformation of Random Polyampholyte Brushes Grafted 

onto Polypyrrole”, Yiwen Pei, Jadranka Travas-Sejdic, David E. Williams (2012), Langmuir, 28 (37), pp 13241–13248 

 

 183 

The surface capacitance and charging resistance both went to high values, consistent 

with the surface graft completely collapsing to an impermeable dielectric state.   

(4) With the ECP in the reduced state, over the NaCl concentration range approximately -

3×10-1 - 5×10-1 mol dm-3 there was also a significant change to the fitted parameters, to 

values characteristic of a state somewhat similar to the expanded state. The surface 

capacitance for the modified ECP decreased from the high values observed at lower salt 

concentration. The charging resistance did not change. Thus, over this intermediate salt 

concentration range, there was an electrochemically-induced switch of the graft 

conformation, from expanded or partially expanded with the ECP reduced, to an almost 

impermeable collapsed state with the ECP oxidised. The effects mirrored the shift in 

reduction current and half-wave potential for re-oxidation of the layer, observed in 

cyclic voltammetry (Figure 5.2C). 

(5) With the ECP in the oxidised state, over the NaCl concentration range approximately 

5×10-1 - 1 mol dm-3, the surface capacitance and charging resistance were both small, 

implying that the graft was in the expanded state. The surface capacitance was indeed 

smaller than that observed for the unmodified polymer.  
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Figure 5.3. Capacitance plots of (A, C) the unmodified and (B, D) poly(METAC-stat-MMA-stat-

SPMA) grafted poly(Py-co-PBA) films in 0.01 M  and 0.5 M NaClaq solution under an applied 

potential of (●) 0.4 V or (○) –0.8 V (vs. Ag/AgCl, 3 M KCl) at 18°C. ( ) Fitting results for the 

proposed model are marked; labels are frequency in Hz  
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Figure 5.4. (a) Chemical structure of poly(METAC-stat-MMA-stat-SPMA) grafted poly(Py-co-PBA) 

films; the polymer is assumed to be a pseudo-random sequence of the three different monomers. 

(b) Simplified equivalent circuit model for a thin porous conducting polymer film, following 

Bisquert et al.,25 26 used for fitting and interpretation of the impedance data. Charging resistance 
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R1 and surface capacitance q2 of the unmodified (c-d) and the modified (e-f) films in the oxidised 

(●) and the reduced state (○), as a function of salt concentration at 18°C. Estimated standard 

deviation of the fitted parameters was <10% except for very large values of q2, when the fit was 

essentially insensitive to the exact value. 

The interpretation of the EIS results is supported by observations of electrochemically 

induced wetting. In the results shown in Figure 5.5, the drop shape is significantly distorted 

by the reference and counter electrode wires. However, the qualitative result is clear. In 0.01 

M NaCl with the film in the reduced state, the modified film was slightly hydrophobic, but 

not as much so as the unmodified film. Nevertheless, the drop did not wet into the film and 

wick away. When the film was switched to the oxidized state, the drop on the modified film 

soaked into the rough layer and wicked away. The drop on the unmodified film remained 

unaffected. In 0.5 M NaCl, the behavior was reversed. These results mirror the EIS results 

and support the interpretation. The expanded graft should confer hydrophilicity on the film 

and the collapsed graft some hydrophobicity. The wetting results show the graft to be 

hydrophilic and thus expanded in the oxidized state in 0.01 M NaCl and in the reduced state 

in 0.5 M NaCl and to be less hydrophilic and thus collapsed or partially collapsed in the 

reduced state in 0.01 M NaCl and in the oxidized state in 0.5 M NaCl. 
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Figure 5.5. Effect of the oxidation state on the interfacial tension of poly(METAC-stat-MMA-stat-

SPMA) grafted and the unmodified poly(Py-co-PBA) films. A 5 μL droplet of 0.01 or 0.5 M 

NaCl(aq) was used as the electrolyte. The polymer-coated glassy carbon was the working 

electrode, an Ag/AgCl wire the reference electrode, and a fine Pt wire the counter electrode. In 

0.01 M NaCl(aq), the films were first reduced at − 0.8 V (vs Ag/AgCl) for 180 s and then oxidized 

at +0.4 V (vs Ag/AgCl) for 180 s. In 0.5 M NaCl(aq), the films were first oxidized at +0.4 V (vs 

Ag/AgCl) for 180 s and then reduced at − 0.8 V (vs Ag/ AgCl) for 180 s. 

Higgs and Joanny8 have described a sequence of conformational transitions that can be 

expected for neutral or near-neutral polyampholytes in an electrolyte solution. If the chain 

length is great enough, then there is the possibility of collapse into a sequence of ‘blobs’, 

which may then further collapse. The electrostatic interaction of the opposite charges on the 

chain tends to collapse the chain (‘polyampholyte effect’). If there is a net charge on the 

chain, then the net repulsion tends to expand the chain (‘polyelectrolyte effect’). The 

electrostatic interactions are screened by electrolyte, and the result may be either collapse or 

expansion of the chain of ‘blobs’ and of the ‘blobs’ themselves dependent on the net charge 

on the polymer, the total concentration of charged groups on the chain, the polymer chain 

length and the solution ionic strength. If the chain length is great enough, then the polymer 

will transition through up to four or five different global conformations as the solution ionic 

strength increases. For a polymer brush anchored on a surface, intramolecular interactions 

become important. The ideas can be applied to a polymer brush anchored on a surface, 

because they treat the energy terms as averaged over volume, the different configurations 

being determined by the volume over which there is a balance between the electrostatic 

energy, the elastic energy and free energy terms due to the excluded volume of the brush 

chains. If f denotes the fraction of positive charges on the polymer chain and g denotes the 

fraction of negative charges, then in the absence of screening by electrolyte, if f = g, the 
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electrostatic self-energy will collapse the brush. The necessary net charge to swell the brush8 

would be  

f – g > (1/b)(f + g)3/2       [1] 

where here interpret b3 is interpreted as the volume occupied by a single monomer averaged 

over the surface, b3 ~ ad2 where a is the monomer length and d the average spacing of the 

chain anchors on the surface. 

Although the theory is strictly applicable only in the dilute solution limit, where Debye-

Huckel theory is valid, it is useful to characterize the different interactions in terms of 

screening lengths. Thus, the electrostatic interactions due to the charge on the polymer are 

characterized by a screening length, κp
-1 where, using dilute electrolyte theory as an 

approximation:8  

𝜅𝑝2 ~ 
(𝑓 + 𝑔)𝑁
𝐿𝑑2

𝑙                                                                            [2] 

Here, l = e2/(4πεkT), L denotes the brush thickness and N denotes the chain length of the 

brush. In the presence of a salt whose concentration is significant in comparison with the 

charge concentration within the polymer brush, then there is an additional screening of the 

electrostatic interactions. The salt concentration can also be characterized by a screening 

length, κ0
-1, where for a 1:1 electrolyte: 

𝜅02 ~ 8𝜋𝑛0𝑙                                                                                        [3] 

where n0 is the salt concentration. The electrostatic energy terms modify the excluded 

volume, v, giving an effective excluded volume, v*: 

𝑣∗ = 𝑣 −  
𝜋𝑙2(𝑓 + 𝑔)2

𝜅0𝑏3
+  

4𝜋𝑙(𝑓 − 𝑔)2

𝜅02𝑏3
                                      [4] 
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The key point is that the second term, due to the polyampholyte effect, has a different 

dependence on the electrolyte screening length, 𝜅0−1, than does the third term, due to the 

polyelectrolyte effect. The balance between these two terms defines a transition screening 

length, 𝜅θ−1,, below which the chains tend to be collapsed, because the polyampholyte effect 

dominates, and above which the chains tend to be expanded, because the polyelectrolyte 

effect dominates. Here: 

𝜅𝜃 =  
4(𝑓 − 𝑔)2

𝑙(𝑓 + 𝑔)2                                                                              [5] 

The predicted effects have been observed in experiments on non-neutral polyampholyte 

solution37 and gels,38 39 and also agree with results of molecular dynamic simulation.40 

Pincus41 has used similar ideas in the theory of conformational changes in polyelectrolytes 

grafted onto surfaces. He considers that the polymers are extended in the form of a brush 

whose thickness, L, is determined by the balance between the osmotic pressure due to the 

polyelectrolyte, the elastic energy of the chain and the free energy associated with the 

excluded volume. The present results can be interpreted using these ideas of a pressure 

balance along with different zones of behavior defined by the net charge on the brush and 

different relative values of the various screening lengths, altered by altering the electrolyte 

concentration. 

In chapter 4, it was assumed that the charge balancing ions exchanged upon reduction or 

oxidation of the electrochemically-active conducting polymer (ECP) were adsorbed at the 

ECP-graft interface, and that it was this ion exchange that drove the conformational switch of 

the graft. Whilst the ECP oxidation could involve both anion insertion and cation expulsion, 

with anion insertion the dominant process for chloride-doped polypyrrole, rather it was 

simpler to interpret the redox-driven collapse and expansion of a zwitterionic brush grafted 
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onto the same ECP as used here1 by assuming that oxidation involved just cation expulsion 

from the interface. That is, anions were trapped and immobile in the ECP. Although the ideas 

may be adapted to accommodate anion insertion as the oxidation process, again it is simpler 

to develop a self-consistent interpretation of the different surface states observed in the 

present work by using the same assumption, of cation expulsion on oxidation. For the 

interpretation, it is also ncessary to assume that the brush as synthesized carried a small net 

negative charge, consistent with the analysis of the analogous solution-synthesized polymer 

(see the Appendix II). An important detail that has only superficially been considered in the 

argument is that an energy balance based on relatively long-range interactions, such as is 

implied by the use of dilute solution-theory screening lengths, should also include the 

electrostatic energy of interaction of the charges on the brush polymer chain with the charges 

trapped on the conducting polymer side of the interface.  

(1) Low concentration range of the electrolyte (10-3 – 2×10-1 mol dm-3): the electrolyte 

screening length, κ0
-1 (eq 3) is large in comparison with the internal screening length of 

the brush, κp
-1 (eq 2). There is no effective screening by the electrolyte and the 

conformation is determined by the charge state of the brush (eq 1). If the 

polyampholyte brush carries a net charge, and inequality [1] is satisfied, then the brush 

will be swollen. This is the first state, corresponding to the oxidised form of the ECP in 

dilute electrolyte. With cation expulsion as the model for oxidation, the ECP side of the 

interface would be neutral in the oxidized state.  

(2)  Reduction of the ECP is assumed to be associated with cation insertion to the ECP-

graft interface. These ions can be considered to be essentially immobilized at the 

interface and therefore they can be considered as part of the net charge associated with 
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the brush, within a distance on the order of the screening length of the brush, κp
-1. The 

effect would be to increase the fraction, f, of positive charges in this zone. If the brush 

had an excess of negative charges, then f-g would be diminished. If inequality [1] no 

longer held, then the brush would collapse near the interface, but could remain 

expanded sufficiently far from the interface. This interpretation is consistent with the 

interpretation of the change of the experimental parameters. With cation insertion as the 

model for reduction, the ECP side of the interface would be negative in the reduced 

state: the repulsive energy associated with interaction of a net negative polymer with 

the ECP charge might act to help keep the outer part of the brush expanded. 

(3) Over the concentration range approximately 3×10-1 - 5×10-1 mol dm-3 the experimental 

parameters changed markedly. The lower limit of this range can be interpreted as 

corresponding to a salt concentration that approaches the net charge concentration in 

the brush, (f-g)N/Ld2, or alternatively as the salt concentration such that the screening 

length associated with the electrolyte, κ0
-1, becomes less than that associated with the 

brush, κp
-1 and also less than κθ

-1 (eq 5). Then, the electrostatic interactions that cause 

expansion of the brush (the polyelectrolyte term in eq 4) are screened so the 

polyampholyte term (eq 4) and the elastic energy of the brush will cause the brush to 

collapse. This would be the case with the ECP in the oxidized state and so with the 

interface ions expelled from the brush. Reduction of the ECP would, according to the 

hypothesis, cause insertion of ions into the brush-ECP interface. The osmotic pressure 

associated with this ion insertion could then cause the brush to partially expand, as 

implied by the observations 
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(4) The final set of conditions is marked by the change in experimental parameters for the 

ECP in the oxidised state, for NaCl concentration greater than 5×10-1 - 1 mol dm-3. The 

ideas of Higgs and Joanny8 indicate two possible cases for this range, according to 

whether κ0 is greater than or less than κθ (eq 5). If κ0 > κθ , or alternatively if the salt 

concentration approaches the total charge concentration in the brush, (f+g)N/Ld2, then 

all electrostatic interactions become screened and the brush can approach the ideal, 

fully extended state. This would correspond to the condition where the ECP is oxidized.   

If the ECP is reduced, then again the effect of excess cations inserted into the graft-ECP 

interface has to be considered. As before, the effect can be considered as a change in 

both the net charge on the brush, f-g, and the total charge near the interface, and hence 

an increase in κθ  in this zone. The expected effect would be a partial collapse of the 

brush in the zone near the interface, which would indeed explain the experimental 

observation. 

5.4. Conclusions 

An electrochemically-controlled conformational switch of surface-attached poly(METAC-

stat-MMA-stat-SPMA) polyampholyte brushes grafted onto a poly(Py-co-PBA) film has 

been demonstrated. A straightforward adaptation of ideas about the effect of electrolyte on 

the conformation of polyampholytes in solution has been used to explain the results. The 

switch results from redox-driven ion insertion altering the balance between Coulombic 

repulsive and attractive interactions within the brush. The effects depend both on the net 

charge density and the total charge density along the polymer chains, both of which could in 

principle be easily changed by changing the proportions of the anionic, cationic and non-ionic 
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monomers. The switch is dependent upon the oxidation state of the ECP, which alters the 

fixed ionic composition in the immediate vicinity of the interface. For the polyampholyte 

brushes the effects of electrolyte concentration were very marked, due to the effects of 

screening of the charges by the electrolyte. This behavior is in contrast to the behavior of 

zwitterionic brushes, which is determined by the dipolar interactions between the sidechains 

of the brush, and to that of zwitterionic-hydrophobic block co-polymers where the switch is 

suppressed at low salt concentration.1 Clearly, the behavior could also be strongly influenced 

by the surface density of the polymer graft. The non-ionic monomer constituent acts not only 

as a charge diluent on the polymer brush, but could also further modify the behavior as a 

result of hydrophobic interactions with the solvent. Taken together with the work reported in 

chapter 4,1 24 this study illustrates the subtle control over redox-driven surface switching that 

could be obtained by altering the balance between hydrophobic, ionic and dipolar 

components of polymer brushes that are grafted onto electrochemically active conducting 

polymers.  
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6.1. Introduction 

With advantage of the low cost, high conductivity and surface area, carbon black (CB) 

nanoparticles have earned a growing interest in designing electronics, sensors and fuel cells. 

However, dispersing CB nanoparticles into polymer matrix or solvents still remains an 

elusive application with numerous challenges. The poor water solubility, largely due to high 

hydrophobicity of CB, is a key reason. Colloids stabilized with polymer have become 

increasingly significant in the current practical technological uses. Surface-initiated atom 

transfer radical polymerization (SI-ATRP) has proven to be a promising tool for grafting a 

comb structure polymer onto CB to achieve water-dispersible particles.1 2 3 4 Zwitterionionic 

polymer brushes have been the subject of intensive research due to their unique properties.5 6 7 

8 9 Compared to these polymers attached to flat surfaces, as described in chapter 4 and 

chapter 5, spherical zwitterionic polymer brushes may exhibit some interesting solution 

properties because of an increase of surface area. Temperature- and ionic strength-induced 

phase behavior of poly(sulfobetaine)-grafted polymer colloidal particles10 and silica 

particles11 12 have been investigated. Urea is well known for its protein unfolding, enhancing 

solvation of ionic group and reducing aggregation of ion pairing properties as a consequence 

of urea’s effect on hydrophobic interactions.13 14 Urea can also lower the upper critical 

solution temperature (UCST) and promote water solubility of poly(sulfobetaine)s.15 16 17 

This chapter presents a study of a colloidal-polymer system that consist of a spherical CB 

colloidal core with attached sulfobetaine-based zwitterionic polymer chains, poly(3-

(methacryloylamino)propyl)-dimethyl(3-sulfopropyl)ammonium hydroxide (PMPDSAH). 

With the advent of approaches for the preparation of monodispersed CB nanoparticles and 

surface-initiated polymerization, systematical control of the colloidal stability can in principle 

be obtained by choosing the functionality of the polymer brushes. Specifically, this chapter 
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presents the effects of urea addition on the stability of CB-PMPDSAH nanoparticles in 

aqueous solution. The objective was to develop phenomenological knowledge about the 

kinetics involved in the system, and also to obtain some insights into the development of 

electrochemically switchable composite films.  

6.2. Experimental 

Preparation of PMPDSAH-grafted CB nanoparticles. CB-PMPDSAH nanoparticles 

were prepared via atom transfer radical polymerization (ATRP), as described in Chapter 2. 

The route is summarized in Scheme 6.1.  

FTIR analysis. The presence of the grafted polymers on CB nanoparticles was confirmed 

by elemental analysis and Fourier transform infrared spectroscopy (FTIR) measurements. 

FTIR spectra was recorded after accumulation of 128 scans at a resolution of 2 cm-1 for a 

range 700 - 2000 cm-1, using a Continuum FTIR microscope equipped with a liquid nitrogen 

cooled MCT detector in reflectance mode with aperture size 100µm x 100µm, and the Atlµs 

spectroscopic software.  

UV-vis characterization. The absorption spectra were obtained at 550 nm using a UV-Vis 

spectrophotometer (UV-1700, SHIMADZU) by equipped with a temperature controller 

system (S-1700 thermoelectric cell holder, SHIMADZU). All samples (0.9 g L-1) were kept 

overnight to allow complete hydration. All samples were stirred for 10 min using a magnetic 

stirrer before each measurement. All the measurements were performed at 20°C. 
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Scheme 6.1. Synthesis of PMPDSAH-grafted CB nanoparticles (1) via ATRP. poly(3-

(methacryloylamino)propyl)-dimethyl(3-sulfopropyl)ammonium hydroxide) (PMPDSAH). 

6.3. Results and Discussion 

6.3.1. Synthesis and Characterizations  

As described in Chapter 2, carboxylic acid-functionalized CB nanoparticles were obtained 

after treatment with nitric acid for 24 h. The carboxylate group on the oxidized CB 

nanoparticles was successively converted to hydroxyl group by ECD/NHS facilitated 

coupling reaction, followed by the attachment of the ATRP initiator with bromine via a 

nucleophilic substitution reaction. The content of attached initiator was determined based on 

the bromine content from elemental analysis. Elemental analysis for Br shows approximately 

43 initiator functions / 100 carbon atom (Table 6.1).  

ATRP was carried out in water/methanol (4/6, vol/vol) at room temperature with 

CuBr/CuBr2/bipy as catalyst and surface-initiated CB nanoparticles plus 3-

(methacryloylamino)propyl)-dimethyl(3-sulfopropyl)ammonium hydroxide) (MPDSAH) in a 

8.5 mole ratio. The “halogen exchange” technique of CuBr catalyst with a bromo initiator 

provides a better control of the polymerization.18 The addition of [CuII] in polymerization can 

control the rate of deactivation and hence to avoid coupling of the organic radicals which 
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causes an increase in the deactivator concentration.19 Huck et al.20 have reported that the 

internal structure of polymer brushes could be affected by the [CuI]/[CuII] ratio. Here, all the 

polymer brushes were grafted from CB surfaces using [CuI]/[CuII] = 10 polymerization 

condition. The polymerization was ceased after 15 h and chemical composition of the 

resulting CB-polymer nanoparticles were characterized by elemental analysis and FTIR 

spectra. 

The dispersibility of CB nanoparticles has been improved by grafting PMPDSAH onto the 

surface, as shown in Figure 6.1. As the most common solvent, water does not wet the bare 

CB spherical particles at all due to their hydrophobic nature. However, CB nanoparticles 

acquired a hydrophilic property after grafting zwitterionic PMPDSAH, leading to the 

formation of stable colloidal dispersions in water.  

 

Figure 6.1. Dispersibility of (A) the unmodified and (B) PMPDSAH-grafted CB nanoparticles in 

water. 

Table 6.1 shows the atomic composition of bare CB, CB-Br and CB-PMPDSAH 

nanoparticles determined by elemental analysis. The bare CB sample contains 45.14% C and 

0.44% N. There was 48.46% C, 9.24% N and 20.8% Br found in the CB-Br sample. The 

increased amount of nitrogen and the presence of bromide content in CB-Br strongly suggests 

a successful attachment of ATRP initiator. The presence of polyzwitterion grafts is best 
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highlighted by the observation of 5.18% N, 0.97% S and 3.32% Br in the CB-PMPDSAH 

sample. FTIR spectra provide further compelling evidence of the successful growth of 

poly(sulfobetaine), as shown in Figure 6.2: in the spectrum of the CB-COOH nanoparticles 

(Figure 6.2B), the peak at ~1720 cm-1 is attributed to the C=O stretch of the carboxylic 

(COOH) group, which is absent in the bare CB nanoparticles; the S=O symmetric         

(~1205 cm-1) and symmetric stretching vibration (~1038 cm-1) of the sulfonate group,21 is 

observable in the spectrum of PMPDSAH-CB nanoparticles; the peak at ~965 cm-1 related to 

quaternary ammonium (-N+-(CH3)2-)22 further confirms the successful grafting of 

sulfobetaine polymer brushes (Figure 6.2C). 

Table 6.1. Atomic composition of bare CB, CB-Br and CB-PMPDSAH nanoparticles determined by 

elemental analysis. 

Sample       %C  %N     %S       %Br 

CB     45.14 0.44       ―          ― 

CB-Br     48.46 9.24       ―       20.80 

CB-PMPDSAH     40.29 5.18         0.97         3.32 
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Figure 6.2. FTIR spectra for (A) CB-PMPDSAH, (B) CB-COOH and (C) bare CB nanoparticles. 

6.3.2. Effect of Urea on Colloidal Stability  

Urea-dependent dispersibility of CB-PMPDSAH colloids in aqueous environment was 

examined by UV-vis spectrometric measurement of the turbidity of the solution at 20°C. As 

shown in Figure 6.3, there was a maximum cloudiness observed in CB-polymer colloids   

(0.9 g L-1) containing 1 M urea solution. Figure 6.4A shows the urea-dependent colloidal 

stability in the form absorbance (Abs) vs time. In the absence of urea, the CB-PMPDAH 

dispersion showed a steady decrease of the absorbance after stabilizing 2 h at 20°C. A clear 

improvement of the stability of the CB-PMPDSAH dispersion against agglomeration and 

sedimentation was obtained with increasing urea concentration from 0.1 M to 1 M. However, 

further increase of urea concentration (8 M) was detrimental to the colloidal stability. In 

Figure 6.4B, the existence of three states separated from each other by two critical urea 

concentrations is observable: a first state (i) ranging from 0.001 M to 0.1 M, where the 
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absorbance of CB-PMPDSAH colloids was a relatively low value, at approximately 1.2, a 

second state (ii) for the range 0.5 – 1.2 M, where the absorbance sharply increased to a large 

value and a third state (iii) where further addition of urea (1.2 M < curea < 8 M) lead to a 

steadily decreasing cloudiness. As a comparison, urea-promoted water solubility of 

PMPDSAH was also observed at 20°C.  

 

 

Figure 6.3. Visual cloudiness change of CB-PMPDSAH nanoparticles (0.9 g L-1) aqueous solution 

with increasing concentration of urea after stabilizing for 30 min: (a) no urea; (b) 0.001 M; (c) 0.01 

M; (d) 0.1 M; (e) 0.5 M; (f) 0.8 M; (g) 1 M; (h) 1.2 M; (i) 1.5 M; (j) 2 M.  
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Figure 6.4. Uv-vis absorption of (A) CB-PMPDSAH nanoparticle suspension (0.3 g L-1) with (1) no 

urea, (2) 0.1 M, (3) 0.8 M and (4) 8 M urea. (B) urea concentation-dependent colloidal stability of 

CB-PMPDSAH nanoparticles. All samples were measured after standing for 1 h.   

Colloids may be stabilised by either electrical or steric repulsion of the particles.  The 

polyzwitterion is electrically neutral. Thus the stabilization must be a steric stabilization, due 

to the extension of the polymer chains from the surface. CB-PMPDSAH suspensions were 

not unconditionally stable; however, the colloidal stability was greatly improved by the 

presence of urea. As described in chapter 3, the upper critical solution temperature (UCST) of 

salt-free PMPDSAH was observed at around 30°C. Therefore, spherical PMPDSAH brushes 

should be in a partially collapsed state at 20°C, hence steric stabilization of the suspension is 

not fully effective. The effect of a small addition of urea can be interpreted as due to an 

expansion of the polymer chains in the presence of urea. The expanded polymer layer would 

act like a shell on the CB nanoparticle surfaces that stabilizes the interface and cannot be 

penetrated when two particles touch. The effect is due to a loss of configurational entropy as 

the polymer chains interpenetrate.  This effect could be out-weighed by interactions between 
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oppositely charged quaternised ammonium and sulfonate groups.  Expansion of the polymer 

chains in the presence of urea implies that this electrostatic interaction has been diminished; 

the explanation is likely to be that the solvation of the ionic groups is increased in the 

presence of urea, so that the interaction is in some degree screened by water dipoles.  Thus 

adding urea served both to expand the polymer chains on individual particles and increase the 

steric repulsion between different particles. The effect at large concentration of urea can be 

explained by analogy with protein denaturation15 by urea: addition of a large concentration of 

urea would “break” the water structure, decreasing the solvation of the charged groups, 

leading to an increase of the electrostatic interaction and hence the collapse of the polymer 

chains causing the suspension to becomes unstable. 

6.4. Conclusions 

The preparation of PMPDSAH-grafted CB nanoparticles by SI-ATRP has been 

demonstrated. The presence of zwitterionic polymer grafts improved the water dispersibility 

of CB nanoparticles due to the extremely high dipole moment of the graft. Alteration of CB-

PMPDSAH colloidal stability was obtained by changing the urea content at ambient 

temperature. The mechanism behind the urea-promoted stabilisation of CB-PMPDAH 

colloids can be understood as an expansion of sulfobetaine-based spherical polymer brushes 

on the surfaces, because the presence of urea changes the solvation of the charged groups, 

disrupting the inter/intramolecular interactions and stabilizing the colloid through the steric 

effect. A large addition of urea can “break” the water structure, altering further the solvation 

of the charged groups, resulting in the the electrostatic interactions becoming relatively more 

important, which causes a collapse of the polymer brush and therefore causes the 

agglomeration and sedimentation of CB-PMPDSAH nanoparticles. These stimuli-responsive 
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nanoparticles will be useful to fabricate composite films to achieve electrochemical-control 

of surface properties, and find applications in biosensors and microfluidic devices.   
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7.1. Introduction 

Three-dimensional (3D) hollow spheres with controlled morphology and size attract a large 

amount of interest in the field of medicine, materials scicence and chemistry. The unique 

hollow structure makes these materials an excellent candidate for applications that include 

drug delivery, medical imaging, encapsulation of cosmetic/inks/dyes and protein/enzyme 

transplantation.1 2 3 Conducting polymer hollow spheres have been demonstrated by several 

research groups. Feng et al.4 have prepared polyaniline/gold composite hollow spheres using 

polystyrene/polystyrene sulfonate core/shell gel particles.  

Surface-initiated atom transfer radical polymerization (SI-ATRP) has been the focus of 

research due to its excellent control over the molecular weight, polydispersity and end-

functionality of polymer grafts and it provides an exceptional high grafting density.5 In this 

chapter, the first synthesis of monodispersed polymer-grafted conducting polymer hollow 

spheres via SI-ATRP is demonstrated. The polyzwitterion-grafted conducting polymer 

hollow spheres were characterized by scanning electron microscopy (SEM), transmission 

electron microscope (TEM), X-ray photoelectron spectroscopy (XPS) and elemental analysis. 

The idea is to use these polymer-grafted hollow spheres for the fabrication of conducting 

polymer composite films for the application of electrochemically switchable wettability in 

microfluidic and sensor devices.   

7.2. Materials and Methods 

The preparation of PMPDSAH-grafted poly(Py-co-PBA) and poly(PBA) hollow spheres 

can be found in section 2.6. The structure of polyzwitterion-grafted poly(Py-co-PBA) hollow 
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spheres is shown in Figure 7.1. All the products were characterized by SEM, TEM, XPS and 

elemental analysis.  

Scanning electron microscopy (SEM). The surface morphology of poly(Py-co-PBA)- and 

poly(PBA)-coated PSS particles and  hollow spheres was examined by scanning electron 

microscopy (SEM). All the samples were sonicated for 5 min prior to the measurements. 5 µl 

of the sample dispersions was transferred onto a conductive carbon tape and left in air 

overnight. The images were taken using a 5 KeV electron beam with a spot size of 5 nm. 

Transmission electron microscopy (TEM). The morphology of conducting polymer 

particles and hollow spheres was further investigated using a transmission electron 

microscope (TEM). The instrument was operated at 120 kV accelerating voltage. The images 

were acquired with a Bioscan digital camera. A very thin sample grid of nickel coated plastic 

film was charged in a plasma discharge which allows the material to adhere better to the 

surface of the grid. All the samples were diluted and a single layer of the sample was coated 

over the area of each grid. The grid was then carefully clamped and placed inside the vacuum 

chamber to acquire images. 

 

 

 

Figure 7.1. Target structure of PMPDSAH-grafted poly(Py-co-PBA) hollow spheres.  
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7.3. Results and Discussions 

7.3.1. XPS Analysis of Chemical Composition  

The synthesis of polyzwitterion-grafted polypyrrole hollow spheres via SI-ATRP was 

successful. The polymerization of MPDSAH was achieved in solution with surface-initiated 

pyrrole (co)polymer-coated polystyrene particles prepared using the approach reported by 

Feng et al.4 As mentioned in chapter 2, the polystyrene/polystyrene sulfonate core/shell gel 

particles were obtained after treatment with concentrated sulfuric acid at 40°C for 4 h. 

Pyrrole and pyrrole-3-butyric acid (PBA) can be absorbed in the gel shell. Addition of 

ammonium persulfate (APS) as an oxidant lead to the formation of poly(Py-co-PBA)- and 

poly(PBA)-coated polystyrene spheres. The carboxylate group on the conducting polymer-

coated polystyrene microparticles was firstly converted to a hydroxyl group by EDC/NHS 

facilitated coupling reaction and the ATRP initiator with bromine was covalently attached to 

the surface via a nucleophilic substitution reaction. As shown in Table 7.1, the amount of 

bromine (from the ATRP initiator) in the surface-modified poly(Py-co-PBA)/polystyrene and 

poly(PBA)/polystyrene core/shell particles determined by elemental analysis was 0.34 mmol 

g-1 and 0.27 mmol g-1, respectively. The ATRP polymerization of 3-

(methacryloylamino)propyl)-dimethyl(3-sulfopropyl)ammonium hydroxide) (MPDSAH) was 

carried out at room temperature overnight, targeting a chain length of 15 repeating units. 

After polymerization, the polystyrene core was removed by exposing the PMPDSAH-grafted 

conducting polymer/polystyrene particles to tetrahydrofuran (THF). The resulting hollow 

spheres were characterized by elemental analysis and XPS and their morphology was 

determined by SEM and TEM.   

The XPS C 1s, N 1s and S 2p core level spectra for the PMPDSAH-grafted poly(Py-co-

PBA) hollow spheres are shown in Figure 7.2. The spectra for the poly(sulfobetaine) -grafted 
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poly(PBA) hollow spheres were the essentially the same as those for the copolymer. The 

atom composition (%) of polyzwitterion-grafted poly(Py-co-PBA) and poly(PBA) hollow 

spheres were calculated by XPS analysis and the results are given in Table 7.2. As 

anticipated, the modified poly(Py-co-PBA) and poly(PBA) hollow spheres have very similar 

bulk polypyrrole loadings. However, the amount of PMPDSAH graft that was present was 

higher for the copolymer hollow spheres (S = 0.49 at%), as compared to that for the 

homopolymer spheres (S = 0.2 at%). As illustrated in Figure 7.2A and Figure 7.2B, there 

were two broad peaks located at 285.1 and 400.2 eV observed in the C 1s and N 1s core level 

spectra, which is typical for polypyrrole.6 In C 1s spectrum, the peak at approximately 285.6 

eV can be attributed to carbon atom attached to the heteroatom nitrogen atom.7 The sub-band 

at 292.0 eV can be assigned to the π-π* transition of the aromatic polystyrene component.8 

Since XPS analysis profiles the outer 10 nm of a sample and the thickness of hollow spheres 

was estimated (from TEM images) to be around 700 nm, the observation of the polystyrene 

peak is more likely caused by the insufficient purification upon the polystyrene template 

removal. The shoulder on the N 1s peak at 402.1 eV can be attributed to the quaternary 

ammonium (N+),9 and is indicative of the presence of PMPDSAH brushes on the surface. 

Further compelling evidence for the surface-bound polyzwitterions can be found in the peak 

located at 165.2 eV assigned to the sulfonate groups.  

 

Table 7.1. Bromine content in surface-initiated poly(PBA)- and poly(Py-co-PBA)-coated 

polystryrene core-shell microparticles determined by elemental analysis. 

Samples Br  content 

poly(PBA)-Br 0.27 mmol g-1 

poly(Py-co-PBA)-Br 0.34 mmol g-1 

Analysis performed by The Campbell Microanalytical Laboratory, University of Otago. 
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Table 7.2. Atomic Composition Obtained by XPS Analysis.  

Sample C 1sa O 1sb N 1sc S 2pd 

PMPDSAH-poly(PBA) hollow spheres 92.79% 5.53% 1.50% 0.17% 

PMPDSAH-poly(Py-co-PBA) hollow spheres 92.29% 4.92% 2.30% 0.49% 

a Scanned from 282 to 292 eV for C 1s 

b Scanned from 527 to 537 eV for O 1s 

c Scanned from 369 to 406 eV for N 1s 

d Scanned from 68 to 78 eV for S 2p 

e Scanned from 164 to 174 eV for Br 3d 

 
 

Figure 7.2. XPS results of PMPDSAH-grafted poly(Py-co-PBA): (A) C 1s, (B) N 1s and (C) S 2p core 

level spectra. 

7.3.2. SEM and TEM Measurements 

The structure and surface morphology of PMPDSAH-grafted conducting polymer hollow 

spheres was characterized by TEM and SEM, as shown in Figure 7.3 and Figure 7.4. 

Poly(Py-co-PBA)- and poly(PBA)-coated polystyrene spheres were monodisperse and the 

average particle diameter was 10 ±  1 µm. Dissolving the polystyrene cores resulted in 

hollow spheres composed of conducting polymers (Figure 7.3B and Figure 7.3C). The wall 

thickness of both hollow spheres was estimated as ~700 nm. From the SEM images, 
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noticeable differences in contrast in the surface morphology between poly(Py-co-PBA) and 

poly(PBA) were observed: the copolymer shell has relatively smooth morphology while the 

homopolymer sphere shows a blob-like surface structure. This difference may have been 

caused by the increasing content of pyrrole butyric acid (and therefore increasing pH value in 

the polymerization solution). For PMPDSAH-grafted poly(Py-co-PBA) hollow spheres, 

intact microstructures were obtained after ATRP polymerization, whereas the structure of 

surface-modified homopolymer spheres was completely destroyed (Figure 7.4E and Figure 

7.4F). This result indicates that the poly(PBA) wall thickness was not invariably sufficient to 

maintain the initial spherical structure of the polystyrene templates upon its removal. 

Moreover, the vacuum in the SEM may cause the breakage of the spheres since the TEM 

images of hollow spheres show a relatively intact structure.  

 

 

Figure 7.3. TEM images of (A) polystyrene microspheres, (B) PMPDSAH-grafted poly(Py-co-PBA) 

hollow spheres and (C) PMPDSAH-grafted poly(pyrrole butyric acid) hollow spheres. 
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Figure 7.4. SEM images of (A) poly(Py-co-PBA) particles, (B) ATRP initiator-attached poly(Py-co-

PBA) hollow spheres, (C) PMPDSA-grafted poly(Py-co-PBA) hollow spheres, (D) poly(PBA) particle, 

(E) ATRP initiator-attached poly(PBA) hollow spheres and (F) PMPDSAH-grafted poly(PBA) hollow 

spheres.  

7.3.3. Solubility in Aqueous and Organic Solvent 

Unusual dispersibility of PMPDSAH-grafted hollow spheres was noticed in water and 

methanol. As shown in Figure 7.5, these hollow spheres did not disperse in water but 

homogeneously dispersed in methanol. Increasing temperature (to up to ~40°C) or adding 

NaCl (up to 2 M) did not affect their dispersibility in water.  
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Figure 7.5. Dispersibility of PMPDSAH-grafted poly(Py-co-PBA) hollow spheres in (A) in water and 

(B) in methanol. 

7.4. Conclusions 

In this chapter, the first synthesis of PMPDSAH-grafted conducting polymer hollow 

spheres has been demonstrated. Sulfobetaine-based polyzwitterions were grafted from 

poly(Py-co-PBA)/PS and poly(PBA)/polystyrene core/shell microparticles via SI-ATRP and 

formation of hollow spheres was achieved by dissolving the polystyrene cores. The resulting 

hollow spheres were characterized by elemental analysis, XPS, SEM and TEM. Based on the 

SEM and TEM images, homopolymer hollow spheres were more fragile after ATRP 

polymerization, as compared to the copolymer ones. The presence of pyrrole monomer and 

its corresponding ratio in the polymerization solution may influence the surface morphology 

and even the stiffness of the shell. The stimuli-responsiveness of these hollow spheres should 

be the subject of future work. This chemistry should facilitate incorporation of these novel 

materials in composite films designed for reversible electrochemically-controllable surface 

wettability and adhesion in biosensors and microfluidic devices. 
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8.1. Introduction  

In chapter 4-5, the synthesis of (co)polymer-grafted poly(pyrrole-co-pyrrole butyric acid) 

films has been presented and a reversible electrochemically controlled switching behavior of 

surface-grafted zwitterionic polymer brushes demonstrated. However, sophisticated chemical 

treatments were required and the resulting films were fragile, leading to certain difficulties in 

use in industrial applications.  

For several decades, there has been interest in the synthesis of water-soluble conducting 

polymers, such as polythiophene and poly(3, 4-ethylenedioxythiophene) (PEDOT) 

derivatives. Inganas et al.1 have prepared water-soluble polythiophene derivatives 

functionalized with an amino acid on a side chain. Despite the development of 

PEDOT/poly(styrenesulfonic acid) dispersions,2 only PEDOT derivatives with covalently 

attached side chains, such as hydroxymethyl3 and oligoethylene,3-4 have yielded truly water-

soluble conducting polymer materials. It is well known that PEDOT is a “low band gap 

polymer”, which leads to some advantageous properties over other conducting polymers, 

including tremendous stability, high conductivity and unique optical contrast.5 Additionally, 

PEDOT has been proven to be much more electrochemically stable in aqueous solution than 

polypyrrole.6  

The speculative work described in this chapter aimed to synthesise conducting polymer 

precursors that had been functionalised with poly(zwitterion) or poly(glycidyl methacrylate). 

The idea was that these precursors could then be polymerised to make a conducting polymer 

that was soluble, so could be cast into a film, and could be cross-linked, so subsequently 

rendered insoluble. Due to its extremely high dipole moment, zwitterionic poly(3-

(methacryloylamino)propyl)-dimethyl(3-sulfopropyl)ammonium hydroxide) (MPDSAH) 
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possesses some unique properties.7 Glycidyl methacrylate (GMA) been used as a crosslinking 

agent, by which hydrogel could be prepared.8  

Thus, this chapter presents the synthesis and characterization of water-soluble double 

polymers, oligo(MPDSAH)-poly(GMA)-PEDOT, using controlled radical polymerization 

techniques. 2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methanol (referred to here as 

hydroxymethyl EDOT)  was functionalized with methyl-2-bromoisobutyl group to initiate the 

polymerization. MPDSAH oligomer- and GMA polymer-grafted EDOT monomers were 

synthesized via ATRP. Consequently, chemical copolymerization was performed to obtain a 

water-soluble PEDOT derivative which was then thermally cross-linked onto gold-coated 

glass. NMR spectra, mass spectroscopy analysis and cyclic voltammetry were performed to 

characterize the resulting polymers. This study leads to a novel synthetic route to achieve 

processable conducting polymers with stimuli-responsive properties.  

8.2. Experimental 

Synthesis of EDOT and PEDOT derivatives. As described in chapter 2, 

oligo(MPDSAH)-EDOT and poly(GMA)-EDOT were synthesized from EDOT derivatives 

via ATRP polymerization. A water-soluble conducting polymer, oligo(MPDSAH)-

poly(GMA)-PEDOT, was obtained by chemical copolymerization, as shown in Scheme 8.1. 

The oligo(MPDSAH)-poly(GMA)-PEDOT film was then fabricated on a gold-coated glass 

slide by the thermal cross-linking reaction.  

NMR spectroscopy measurements. 1H NMR spectra were recorded with a Bruker Avance 

AV-III 300 MHz or 400 MHz.  All the samples were prepared in CDCl3 containing 1% 

(wt/wt) internal standard. 
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Mass spectrometry analysis. Fourier transform mass spectrometry (FTMS) was 

performed on all the polymer samples. Full scan mass spectra over the range m/z 200-2000 

were obtained in high resolution (100,000 at m/z 400) accurate mass mode (< 2 ppm mass 

accuracy). For the polymer samples use of in source CID at 35-70 V helped reduce the 

complexity especially for the extended mass range m/z 900-3500.  A source voltage of 3.8 kV 

was used and spectra were recorded in negative ion mode in both high and low resolution 

modes.    

Electrochemical characterizations. Electrochemical characterization was performed in a 

conventional three-electrode cell (6 mL) with polymer-coated gold-glass as working 

electrode, Pt sheet as counter electrode and Ag/AgCl (3 M KCl) as reference electrode. 

Cyclic voltammetry was recorded at 20°C using a CH Instrument potentiostat (Model 650). 

Both bare and polymer-coated gold electrodes were cycled in acetonitrile (ACN) containing 

0.1 M lithium trifluoromethanesulfonate (LiCF3SO3) at a scan rate of 0.1 V s−1, over a range 

from −1 V to 1 V (vs Ag/AgCl, 3 M KCl).  

 

Scheme 8.1. Synthesis of (3) oligo(MPDSAH)-poly(GMA)-PEDOT by chemical copolymerization of 

(1) oligo(MPDSAH)-EDOT and (2) poly(GMA)-EDOT. Inset image is a drop of oligo(MPDSAH)-

poly(GMA)-PEDOT aqueous solution deposited on a piece of glass slide.  
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8.3. Results and Discussion 

8.3.1. Synthesis of Water Soluble Conducting Polymers  

Since the commercially available hydroxymethyl EDOT does not possess the functionality 

to initiate ATRP polymerization, a nucleophilic substitution reaction was performed to 

convert hydroxyl group to bromo-functional group. A typical Willamson reaction has proven 

to be one of the most efficient and easiest approaches to create ether products. ATRP-

initiator-attached EDOT (referred to here as EDOT-Br) was obtained as a light brown oil-like 

liquid with approximately 70% yield. Figure 8.1 shows the 1H NMR spectrum of EDOT-Br 

in D2O (4.8 ppm): δ ≈ 6.35 (2H, a); δ ≈ 4.46 ppm (2H, b); δ ≈ 4.25 ppm (H, c); δ ≈ 4.12 ppm 

(2H, d); δ ≈ 1.95 ppm (6H, e). MS (EI) m/z = 320.9 (100%) [M+]. 

ATRP polymerization of GMA was carried out in toluene at 50°C with CuBr/PMDETA as 

catalysts and targeted degree of polymerization was 20. As illustrated in Figure 8.2, there are 

characteristic peaks of repeated GMA monomer units while most of the EDOT peaks were 

overlapped: δ ≈ 6.35 (2H of EDOT-Br, a); δ ≈ 4.30 ppm (1H of EDOT-Br, b); δ ≈ 4.29, 3.81 

ppm (-CH2-CO of GMA, c); δ ≈ 4.04 ppm (2H of EDOT-Br, d); δ ≈ 3.23 ppm (-CH-O-CH2- 

of GMA, e); δ ≈ 2.84, 2.63 ppm (CH2-O-CH- of GMA, f);δ ≈ 1.95 ppm (-CH2- of polymer 

backbone, g); δ ≈ 1.10 ppm (6H of EDOT-Br, h). By comparing the integrated intensity of 

protons on poly(GMA) to that on EDOT, the molar mass of poly(GMA)-EDOT was 

calculated as 2309 g mol-1 with approximately 14 repeating units. The molecular weight can 

also be estimated from MS data which will be described later.  

ATRP of MPDSAH was performed in a system commonly adopted throughout this thesis, 

as described in Chapter 2. The addition of a small amount of GMA monomer during 

polymerization is to facilitate the reaction by providing free radicals. The formation of 
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oligo(MPDSAH)-EDOT was confirmed by FTMS. Consequently, chemical copolymerization 

of equivalent amounts of oligo(MPDSAH)-EDOT and poly(GMA)-EDOT was performed in 

dichloromethane with iron(III) chloride as oxidant. The resulting polymers show the 

characteristic red colour that is commonly observed in poly(thiophene) derivatives.   

 

 

Figure 8.1. 1H NMR spectrum of EDOT-Br in CDCl3.  
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Figure 8.2. 1H NMR spectrum of EDOT-poly(GMA) in CDCl3. 

8.3.2. Mass Spectrometry Analysis   

Figure 8.3-8.5 depict the FTMS of oligo(MPDSAH)-EDOT, poly(GMA)-EDOT and their 

copolymers. Mass spectrometry approach allows the relatively straightforward estimation of 

polymer molecular weight and polydispersity using only small amounts of material. For a 

polymer with relatively low molecular weight (< 10, 000 g mol-1), the number average 

molecular weight (Mn), the weight average molecular weight (Mw) and the polydispersity 

(Mw/Mn) can be calculated from MS results using Eq [1], Eq [2] and Eq [3]:9 

𝑀𝑛 = ∑𝑀𝑖𝑁𝑖/∑𝑁𝑖                          [1] 

𝑀𝑤 = �(𝑀𝑖)2𝑁𝑖/∑𝑀𝑖𝑁𝑖                [2] 

𝑝𝑜𝑙𝑦𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑡𝑦 = 𝑀𝑤/𝑀𝑛               [3] 
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where Mi is the mass of an observed ion and Ni is the number of ions observed. Based on the 

MS results, the estimated values of the molecular weight of the oligomers and (co)polymers 

are shown Table 8.1. Although the accuracy of MS average molecular weight determination 

has been the center of debate, these results did confirm the successful polymerization. All the 

oligomer and polymers have very low polydispersity indicating the well-defined chemical 

structures. For oligo(MPDSAH)-EDOT, the average molecular weight was around 600 g mol-

1 which suggests the successful attachment of the MPDSAH segment onto EDOT monomer. 

As for poly(GMA)-EDOT, clear evidence can be found to confirm the ATRP polymerization 

of GMA: Mw ≈ 1657 g mol-1 and Mn ≈ 1500 g mol-1. However, there is an difference of the 

poly(GMA)-EDOT estimated molecular weight between NMR (Mw ≈ 2309 g mol-1) and MS 

techniques which may attibuted to the different errors inherent in the different analysis 

procedures. The copolymerization of oligo(MPDSAH)-EDOT and poly(GMA)-EDOT results 

in an increase of the average molecular weight (Mw ≈ 1754 g mol-1, Mn ≈ 1654 g mol-1). 

Table 8.1. The weight average molar mass (Mw), the number average molar mass (Mn) and 

polydipersity (Mw/Mn) of oligo(MPDSAH)-EDOT, poly(GMA)-EDOT and oligo(MPDSAH)-poly(GMA)-

PEDOT calculated from mass spectroscopy (MS) data.  

Sample 
Calculated from FTMS data 

Mw Mn Mw/Mn 

Oligo(MPDSAH)-EDOT 599.580 595.106 1.008 

Poly(GMA)-EDOT 1657.084 1500.346 1.104 

Oligo(MPDSAH)-poly(GMA)-PEDOT 1754.922 1654.684 1.061 
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Figure 8.3. FTMS of oligo(MPDSAH)-EDOT in methanol.  

 

Figure 8.4. FTMS of poly(GMA)-EDOT in methanol.  
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Figure 8.5. FTMS of oligo(MPDSAH)-poly(GMA)-PEDOT in 90% methanol 10% chloroform.  

8.3.3. Cyclic Voltammetry    

Hydroxymethyl EDOT and EDOT-Br only dissolve in organic solvents, such as chloroform 

and dichloromethane. Introducing zwitterionic MPDSAH segments resulted in a gain of 

water solubility of the EDOT monomer and its corresponding copolymer. Indeed, 

oligo(MPDSAH)-poly(GMA)-PEDOT was soluble in both aqueous and organic solvents. The 

thermal cross-linking reaction (at 150°C, 12 h) of GMA groups yielded a dark red gel-like 

film deposited on a gold-coated glass which allowed the study the electrochemical properties 

of the double copolymer. Figure 8.6 shows the cyclic voltamograms of a bare gold electrode 

and the oligo(MPDSAH)-poly(GMA)-PEDOT film coated electrode in acetonitrile (ACN) 

containing 0.1 M LiCF3SO3 at a scan rate of 0.1 V s-1. Though broad, the wave can be 

characterized by a pair of redox peaks around 0.05 V to 0.33 V (vs Ag/AgCl) and another 
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reduction peak (-0.23 V, vs Ag/AgCl). However, the adhesion of oligo(MPDSAH)-

poly(GMA)-PEDOT film was insufficient and the polymer dissolved in the electrolyte after 2 

cycles.  

 

Figure 8.6. Cyclic voltammograms of (I) bare gold electrode and (II) oligo(MPDSAH)-poly(GMA)-

PEDOT coated gold electrode in acetonitrile containing 0.1 M LiCF3SO3, at a scan rate of 0.1 V s−1. 

8.4. Conclusions  

In this chapter, the successful synthesis of a water-soluble conducting polymer, 

oligo(MPDSAH)-poly(GMA)-PEDOT, has been presented. ATRP initiator was covalently 

attached to the hydroxymethyl EDOT precursor from which oligo(MPDSAH) and 

poly(GMA) were grafted via ATRP. Chemically copolymerization was performed to obtain 

oligo(MPDSAH)-poly(GMA)-PEDOT, that was soluble in both aqueous and organic solvent. 

NMR and FTMS analysis confirmed the chemical structure and the average molecular weight 

of the resulting (co)polymers. Thermal cross-linking of oligo(MPDSAH)-poly(GMA)-

PEDOT yielded a gel-like polymer film and its electrochemical properties was examined by 
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cyclic voltammetry. Poor adhesion of the polymer film hindered further characterizations; 

however, this procedure would appear to offer a promising route for further development.  
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9. Conclusion and Future Works 
The aim of this PhD project has been to develop novel materials in which a synergistic 

interaction of polymer brushes and conducting polymer substrate is utilized to generate a 

stimuli-responsive polymeric material with electrochemically controllable surface wettability. 

Atom transfer radical polymerization (ATRP) and the “grafting from” approach have been 

the major techniques used to build a material in which polymer brushes are covalently 

attached to a conducting polymer surface. The concept has been proven using polymer 

brushes surface-grafted to an electrochemically-grown conducting polymer film. The 

physical and electrochemical properties of the surface-grafted polymer brushes have been 

extensively characterized via XPS, FTIR and CV. Electrochemical impedance spectroscopy 

(EIS) has been used to deduce the conformational changes of the surface-bound polymer 

brushes and an electrochemically-triggered switch of the surface properties has been 

demonstrated. In an attempt to provide materials that could be used to generate easily-

processable precursors for forming films or to make composite structures that could be 

formed by industrial coating processes, a variety of coated particles have been made and a 

new, soluble oligomer demonstrated.   

Zwitterionic poly(MPDSAH) and random polyampholyte, poly(METAC-stat-MMA-stat-

SPMA) were tested first for their stimuli-responsiveness in solution. Extensive solution 

characterizations, including turbidimetry, dynamic and static light scattering, NMR 

spectroscopy, were used to determine the temperature- and ionic strength-induced 

conformational changes of the ionic polymers in aqueous environment. Different solution 

behavior was observed for poly(MPDSAH) and poly(METAC-stat-MMA-stat-SPMA) and 

this result was attributed in part to molecular architectures and charge distributions. 
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Temperature- and salt-promoted water solubility were observed for poly(MPDSAH). 

However, the changes in polymer conformation were complicated. Adding salt to the solution 

firstly dissociated the poly(MPDSAH) aggregates and resulted in a chain expansion (known 

as the “antipolyelectrolyte” effect).  The polymer transformed from a random coil- to a rigid 

rod-like shape in a high salinity solution. This coil-to-rod transition may be caused by the 

electrostatic attractions between the counterions adsorbed on the pendant chains. No 

temperature-induced change in solution properties was observed in poly(METAC-stat-MMA-

stat-SPMA). However, 1H NMR spectra showed the formation of micelles at higher 

temperatures. The hydrophobic effect of MMA segments may have played an important role 

in this molecular rearrangement. A salt-promoted soluble-insoluble-soluble transition was 

also observed for the random terpolymer. According to Higgs and Joanny’s prediction, the 

collapsing of polymer chains can be interpreted as the salt concentration approaches the total 

charge inside the polymer coils, causing a screening of the electrostatic repulsion between 

polymer chains. This result strongly suggests an unbalanced net-charge of poly(METAC-stat-

MMA-stat-SPMA). 

Electrochemical switching of conformation of surface-bound polymer brushes, by grafting 

environmentally sensitive polymer brushes from an electrochemically-active conducting 

polymer (ECP) has been demonstrated. Using surface-initiated ATRP, zwitterionic betaine 

homopolymer and block copolymer brushes of poly(MPDSAH) and PMMA-blo-

poly(MPDSAH) were grafted from an initiator, surface-coupled to a poly(Py-co-PBA) film. 

The changes in ionic solution composition in the surface layer, resulting from oxidation and 

reduction of the ECP, triggered a switch in conformation of the surface-bound polymer 

brushes-demonstrated by EIS and in a change of wettability. The switch was dependent upon 

temperature in a way that is analogous to the temperature-dependent solubility and 
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aggregation of similar betaine polymers in aqueous solution, but had a quite different 

dependence on salt concentration in solution. The switch was completely and repeatedly 

reproducibly reversible. The switching behavior was interpreted in terms of a transition to a 

“super-collapsed” state on the surface that is controlled by ions that balance the charge state 

of the ECP and are adsorbed to the opposite charges of the zwitterionic graft, close to the 

graft-ECP interface. The behavior was significantly modified by hydrophobic interactions of 

the block co-polymer graft.  

Contrasting behavior was found for the electrochemical switching of conformation of 

surface-bound ABC random polyampholyte brushes that had been grafted from the surface of 

an ECP. Using surface initiated-ATRP, a statistical near-neutral poly(METAC-stat-MMA-

stat-SPMA) was grafted from a surface modified poly(Py-co-PBA). With the EIS technique, 

a salt concentration-dependent switching of conformation of the polymer grafts between a 

stretched and a collapsed state, triggered by the reduction or oxidation of the ECP, was 

demonstrated. Three states of the brush could be deduced from EIS: collapsed, partially 

collapsed and expanded. At low salt concentration, the brush switched between partially 

collapsed with the ECP reduced and expanded with the ECP oxidized. With increase of salt 

concentration, the switch changed, to collapsed with the ECP oxidized and partially collapsed 

with ECP reduced. At still higher salt concentration, the switch changed back again, to 

partially collapsed with the ECP reduced and expanded with the ECP oxidized. The behavior 

can be contrasted with that of the zwitterionic brushes, which showed a switch between 

collapsed with ECP oxidized and expanded with ECP reduced, independent of salt 

concentration over the same range (10-3M – 2M NaCl), and that of zwitterionic-hydrophobic 

block co-polymers where the switch was suppressed at low salt concentration. The behavior 

may be explained by adapting ideas applicable to the conformation of polyampholytes in 
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electrolyte solutions. The results point to the possibility of a sophisticated electrochemical 

control of the surface conformation of polymer brushes, that can be altered by altering the 

balance between hydrophobic, ionic and dipolar components of the brush. 

As a part of an effort to prepare materials that could be incorporated into switchable 

composites, poly(MPDSAH) brushes were tethered onto monodispersed carbon black (CB) 

nanoparticles via surface-initiated ATRP and characterized using elemental analysis and 

FTIR. The presence of the polymer brushes enhanced the colloidal stability in water of CB 

nanoparticles. The colloidal stability was interestingly altered by urea in solution. Addition of 

urea significantly improved the colloidal stability of CB-poly(MPDSAH) in water. An 

interpretation is that the change in solvation of the charged groups of the polymer brush 

caused by the presence of urea led to expansion of the brush because of a screening by water 

of the electrostatic interactions between surface-bound polymer brushes. However, large urea 

concentrations (> 1.2 M) reacted adversely on the colloidal stability. A plausible explanation 

is that the large concentration of urea can “break” the water structure and, by analogy to the 

denaturation of proteins caused by urea, decreases the solvation of the charged groups, 

leading to collapse of the brush and hence agglomeration and sedimentation of CB-

poly(MPDSAH) nanoparticles.  

Also a part of an effort to prepare materials that could be incorporated into switchable 

composites, spherical poly(MPDSAH) brushes were grafted from conducting polymer hollow 

spheres via surface-initiated polymerization. The chemical composition and polymer 

morphology were confirmed by elemental analysis, XPS, TEM and SEM. The average 

diameter of the polymer brush-grafted hollow spheres was around 10 μm and the wall 

thickness was approximately 700 nm. Copolymerization of pyrrole and pyrrole butyric acid 

provided smoother and more rigid hollow spheres as compared to those made using the 
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homopolymer of pyrrole butyric acid. The resulting spheres formed a fairly stable dispersion 

in methanol but not in water. Although the preparation of these functionalized powders was 

fairly demanding, the procedures ultimately developed proved to be relatively straightforward 

and robust. Although there was not time available during this thesis work to take the ideas 

any further forward, the basis has been laid for preparation of materials that could, for 

example, be incorporated into printing inks and hence easily fabricated into practical 

structures. 

In an attempt to prepare a processable, surface-grafted conducting polymer, 

oligo(MPDSAH) and poly(GMA) were separately grown onto EDOT-Br monomer via 

ATRP. Chemical copolymerization of these compounds yielded a water soluble conducting 

polymer, oligo(MPDSAH)-poly(GMA)-PEDOT, which was fabricated as a film by casting 

from solution then fixing using a thermal cross-linking reaction. The chemical structure, 

average molecular weight and electrochemical properties of this terpolymer were 

characterized by NMR, FTMS and CV. However, poor adhesion of the polymer film hinders 

further characterizations. 

In conclusion, the concept of using a conducting polymer as an “ion pump” to trigger 

changes of conformation of surface-bound zwitterionic polymer brushes, leading to an 

electrochemical switchable polymeric surface, has been demonstrated. Throughout the 

research in this thesis, it has been clear that inter/intra-molecular interactions of the polymer 

brushes tethered onto planar substrates or spherical particle surfaces determine the 

conformational orientation of the polymers, and govern the solution behavior and switching 

kinetics at polymer surfaces. The synergistic combination of properties embodied in these 

“smart” materials may find applications in electrochemical control of the interaction of the 

surfaces with biomolecules and living cells. They may also be used to build transport media 
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for guiding fluid movements in microfluidic channels, and means for investigating interface 

interactions under external stimuli. However, the key to practical applications would seem to 

be the need to prepare the materials in a suitable form for device application. The soluble 

double polymers described in chapter 8 would seem to offer an extremely interesting way 

forward. 
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Appendix I 

Additional results in chapter 3 were presented in this section. These results were 

determined by turbidimetry, GPC and NMR measurements. 

1. Water solubility of  poly(METAC-stat-MMA-stat-SPMA) 

a) Effect of Polymer Concentration  

In conventional polymers, the critical temperature is usually dependent on the polymer 

volume fraction and degree of polymerization.1 As shown in Figure A1.1, effect of polymer 

concentration on the salt-induced phase transition of poly(METAC-stat-MMA-stat-SPMA) 

was investigated via the cloud point measurements at 18°C. Interestingly, ionic strength has 

profound impact on the dilute polymer solution (0.5 g L-1) than the concentrated polymer 

solution (5 g L-1). Besides, increasing polymer concentration leads to a shift of the critical salt 

concentration to a lower value. 

b) Effect of salt cation structure 

The effect of cation ranking for monovalent cations at a polymer concentraion of 5.0 g L-1 

at 18°C is shown in Figure A1.2. The order of solubilizing power for a fixed Cl- anion 

structure is 

NH4
+ > Na+ ≈ Cs+ 

These sequences are in a good agreement of the Hofmeister lyotropic series2 that determine 

the power of electrolyte to solubilize proteins or polymers from aqueous solution. NH4
+ is 

regarded as a “salt in” cation (therefore largely promote the water solubility of statistical 

polyampholyte) while the Na+ and Cs+ ions are “intermediate” anions. 
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Figure A1.1. Effect of polymer concentration and salt on the phase behavior of poly(METAC-stat-

MMA-stat-SPMA) (S3-01) at 18°C measured by turbidimetry. �, 5.0 g L-1; Δ, 0.5 g L-1. aNormalized 

absorbance (Abs) = Abs of polymer in salt solution/Abs of polymers in salt-free solution. 

 

Figure A1.2. Effect of salt cation structure on the phase behavior of 5.0 g L-1 poly(METAC-stat-

MMA-stat-SPMA) (S3-01) at 18°C determined by cloud-point measurements: ο, NH4Cl; ∇, CsCl; �, 

NaCl. 
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2. Salt-dependence of GPC results 

 

Figure A1.3. Salt-dependence of the GPC traces of (A) PMPDSAH and (B) poly(METAC-stat-MMA-

stat-SPMA) (5 g L-1) at 35°C. 

Table A1.1. The refractive index increments (∂n/∂C) at different salt concentrations at 35°C were 

determined by differential Refractometer (polymer concentration = 5 g L-1).   

cNaCl (mol dm-3) ∂n/∂C 

0.001 0.1167 

0.005 0.1685 

0.010 0.2390 

0.020 0.3139 

0.050 0.1147 

0.100 0.2931 

0.500 0.2945 
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3. Influence of temperature and salt concentration on 1H NMR spectra.  

 

Figure A1.4. Influence of temperature on the 1H NMR spectra of (A) PMPDSAHa and (B) 

poly(METAC-stat-MMA-stat-SPMA)b in D2O (solvent peak removed). 
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Figure A1.5. Influence of temperature on the 1H NMR spectra of (A) PMPDSAHa and (B) 

poly(METAC-stat-MMA-stat-SPMA)b in D2O (solvent peak removed). 
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aPeaks of PMPDSAH: methyl protons on the polymer backbone( ), methylene protons (S-CH2, ) 

and methyl protons (N-CH3, ) are assigned to 1.1 ppm, 3.0 ppm and 3.2 ppm, respectively.  

a peaks of poly(METAC-stat-MMA-stat-SPMA): methylene protons ( , -CH2-), methylene protons (

, S-CH2), methyl protons ( , N-CH3) and methyl protons ( , O-CH3) are assigned to 1.9 ppm, 

3.0 ppm, 3.2 ppm and 3.8 ppm, respectively. 
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Appendix II 

Supplementary materials of chapter 4 and chapter 5 can be found in this section, including 

XPS and FTIR results, equivalent circuit fitting parameters, estimated grafting density, 

calculated net charge and chain length of surface-bound polymer grafts.  

 

1. XPS characterization of the unmodified and polymer brush-grafted poly(Py-co-
PBA) films. 

                     

Figure A2.1. XPS survey spectra of (A) the unmodified, (B) PMPDSAH grafted and (C) PMMA-b-

PMPDSAH grafted poly(Py-co-PBA) films.  
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Figure A2.2. XPS survey spectra of (A) poly(METAC-stat-MMA-stat-SPMA) grafted and (B) the 

unmodified poly(Py-co-PBA) films. 

 

Table A2.1. Atomic Composition Obtained by XPS. 

Sample C 1sa O 1sb N 1sc S 2pd Br 3de 

poly(Py-co-PBA) 69.95% 24.13% 5.78% − − 

PMPDSAH grafted poly(Py-co-PBA) 73.30% 20.78% 4.23% 0.18% 0.90% 

PMMA-b-PMPDSAH grafted poly(Py-co-PBA) 84.60% 14.50% 0.80% 0.10% - 

Random copolymer grafted  poly(Py-co-PBA) 77.57% 18.82% 2.99% 0.51% 0.11% 

a Scanned from 282 to 292 eV for C 1s 

b Scanned from 527 to 537 eV for O 1s 

c Scanned from 369 to 406 eV for N 1s 

d Scanned from 68 to 78 eV for S 2p 

e Scanned from 164 to 174 eV for Br 3d 
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2. FTIR result of PMMA-b-PMPDSAH grafts. 

  

Figure A2.3. FTIR spectra of (A) PMMA-b-PMPDSAH grafted and (B) the unmodified poly(Py-co-

PBA) films. 
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3. Equivalent circuit fitting of the unmodified and modified ECP films.  

 

Figure A2.4. Double layer capacitance q1 (a-b) and fractional exponent α (c-d) of the unmodified 

(a, c) and the poly(METAC-stat-MMA-stat-SPMA) grafted (b, d) poly(Py-co-PBA) films as a function 

of salt concentration at 18°C. Both films were firstly oxidised (●) and then reduced (○). Estimated 

standard deviation of the fitted parameters was less than 10%. 

4. Estimate the grafting density and the average distance between anchor points. 

The surface density σ and the average distance between anchor points d are estimated from 

the bromide content [Br%] determined by XPS analysis, as shown in Table A2.1. The total 

number of polymer chain per unit projected area is approximately [Br%]λρ𝑁𝐴
20𝑀�  where 

the molar mass of pyrrole, M ∼ 67.09 g mol-1, the analysis depth,1 λ ∼ 2.2 nm, and the density 

of polypyrrole,2 ρ ∼ 1.1 g cm-3 (approximately, assuming that the modified polymer film can 

be considered effectively as just polypyrrole, all other species being in much lower 

concentration), then the average distance between anchor points is (1 𝜎� )0.5 . Hence, for 

PMPDSAH grafts, if σ ~ 0.63 chains nm-2, d ~ 1.26 nm. Ffor random copolymer grafts, if σ ~ 

0.12 chains nm-2, d ~ 3 nm.   
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5. Estimation of the net charge of poly(METAC-stat-MMA-stat-SPMA) graftes. 

For comparison, poly(METAC-stat-MMA-stat-SPMA) was synthesized in aqueous 

solution via ATRP using ethyl 2-bromoisobutyrate as initiator. After purification, the 

polymer was characterized by nuclear magnetic spectroscopy (NMR), elemental analysis and 

size exclusion chromatography, as shown in Figure A2.5 and Table A2.2.  

1H-NMR (400 MHz, D2O), δ (ppm from TMS); 0.8-1.2 (-C-CH3, on the backbone, h); 2.0 

(-C-CH2-, on the backbone, g), 2.2 (SO3-CH2-CH2-, f), 3.0 (SO3-CH2-, e), 3.3 (-N-(CH3)3, d), 

3.7 (-N-CH2-, c), 3.8 (-O-CH3, b), 4.2 (SO3-CH2-CH2-CH2-, a). 

 

Figure A2.5. 1H NMR spectrum of poly(METAC-stat-MMA-stat-SPMA) in D2O. 

Table A2.2. Atomic composition of poly(METAC-stat-MMA-stat-SPMA) obtained by elemental 

analysis. 

Sample 
N 

(mmol g-1) 

S 

(mmol g-1) 

K 

(mmol g-1) 

Cl 

(mmol g-1) 

Net-charge 

(mmol g-1) 

S3-01 1.74 1.93 0.08 0.015 -0.19 

Analysis performed by The Campbell Microanalytical Laboratory, University of Otago. 
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In Table A2.2, the excess on S over N implies a net negative charge of 0.19 mmol g-1. 

Because there was also an excess of Cl- over K+, some of the SO3
- must have been 

protonated, to SO3H. 

6. Estimation of the chain length of poly(METAC-stat-MMA-stat-SPMA) grafts. 

The chain length of random copolymer brushes (L) is estimated based on the polymer 

molecular weight, Mw ∼ 9900 g mol-1. For the purpose of assessment, an average monomer 

molecular weight of random copolymer grafts is considered, if 𝑀�  ∼ 184 g mol-1, then degree 

of polymerization is approximately 54. Because the C-C bond length is 0.15 nm, the polymer 

chain length, L ≈ 16 nm. The chain length of PMPDSAH is estimated in an analogy way: if 

polymer molecular weight, Mw ∼ 9000 g mol-1, and the monomer molecular weight, M ∼ 292 

g mol-1, the repeating unit is approximately 30, L ≈ 9 nm.  
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 Appendix III  

In this section, synthesis and characterization of polymer brush-grafted poly(terthiophene) 

films were reported. Soluble poly(terthiophene) ATRP-macroinitiator was previously 

synthesized in our group.1 Surface-initiatored poly(terthiophene) films were fabricated by 

dip-coating. Subsequently, the ATRP-macroinitiators on the surface were converted into the 

RAFT ones, followed by the growth of different polymer brushes from the poly(terthiophene) 

films via surface-initiated RAFT (SI-RAFT) polymerization. Meanwhile, control experiments 

were performed in solution using a soluble RAFT agent to assess the degree of 

polymerization on the surface. NMR, FTIR, XPS and contact angle meter were utilized to 

characterize the polymer brush-grafted ECP films.   

 

1. Materials and Methods 

Materials and Reagents. 2, 2’-azobis(2-methlpropionitrile) (AIBN) was re-crystallized. 

Acrylic acid (AA) and styrene were distilled under reduced pressure to remove inhibitors. 

RAFT agents, trithiocarbonate salt and 3-(benzylthiocarbonothioylthio)propanoic acid, were 

synthesized by the Centre for Advanced Macromolecular Design (CAMD) group at the 

University of New South Wales, Australia. Poly(terthiophene) ATRP-macroinitiator were 

synthesized according to reported procedures.1 All chemicals were purchased from Aldrich 

and used as received. Most of the synthesiss and the characterization were conducted at the 

University of New South Wales, Australia. 

Fabrication of Poly(terthiophene) ATRP-Macroinitiator Films. A gold-coated glass 

slide was cut into small pieces (0.5 cm × 0.5 cm) and immersed into a solution of 0.05 mol 

dm-3 potassium hydroxide in 30% H2O2 for 10 min. Each substrate was then washed with 
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deionized water before dried under a stream of nitrogen gas. A solution of poly(terthiophene) 

ATRP-macroinitiator (10 g L-1) in dimethylformamide (DMF) went through a Nylon filter 

(pore size = 0.45 µm). Smooth and homogeneous polymer films were obtained by dip-coating 

polymer solution onto gold substrates and evaporating the solvent in the air at ambient 

temperature (see the Figure A3.3). 

Converting ATRP- to RAFT-Macroinitiator. The reaction was carried out in aqueous 

solution at ambient temperature. Poly(terthioiphene) ATRP-macroinitiator films were kept in 

a solution (100 mL) of trithiocarbonate salt (0.01 mol dm-3) at room temperature overnight. 

After the reaction, the polymer films were gently rinsed with deionized water before dried 

under nitrogen gas (Figure A3.1). 

 

Figure A3.1. Coverting a ATRP initiator to a RAFT agent on the poly(terthiophene) film.  

Grafting Polymer Brushes from Poly(thiophene) via SI-RAFT Polymerization. All 

polymerizations were conducted under nitrogen atmosphere at 70°C using poly(terthiophene) 

RAFT-macroinitiator films. During the experiment, the reaction flasks were under continuous 

shaking at a speed of 50 rounds per minute (rpm). Control experiments were performed in the 

same reaction flask in solution using a soluble RAFT agent, 3-

(benzylthiocarbonothioylthio)propanoic acid (BSPA). 

Synthesis of Poly(MPDSAH) Brushes. A solution of MPDSAH (1 g, 6.85 mmol), BSPA 

(63 mg, 0.23 mmol) and AIBN (7.5 mg, 0.046 mmol) in methanol was injected into a 50 ml 

flask containing a poly(thiophene) RAFT-macroinitiator film. The reaction flask was then 

sealed using a rubber septum and degassed by purging nitrogen gas for 30 min. The reaction 



Yiwen Pei  Appendix III 

256 

 

took place at 70°C for 6 h. After the polymerization, the polymer film was washed with 

methanol before dried under a stream of nitrogen gas. The reaction solution was subject to 

NMR to work out the monomer conversion. The solution polymer in the control experiment 

was obtained by precipitating in n-hexane and washed with methanol.  

Synthesis of Poly(PEG) Brushes. Polymerization of PEG was performed in an analogous 

approach using a solution of poly(ethylene glycol) methyl ether acrylate (4 g, 8.3 mmol), 

BSPA (45 mg, 0.166 mmol) and AIBN (5.5 mg, 0.0332 mmol) in acetonitrile. The 

polymerization was carried out at 70°C for 6 h. The solution polymer in the control 

experiment was obtained by precipitating in ether.  

Synthesis of Poly(DMAEA)-blo-Poly(Styrene)-block-Poly(Acrylic Acid) Brushes. 

Polymerization of PEG was performed in an analogous approach using SI-RAFT 

polymerization (Figure A3.2). The reaction conditions were summarized in Table A3.1. All 

the reactions were conducted at 70°C. After each polymerization, the substrates were 

extensively washed and dried under N2 gas. The crude products were subject to NMR 

analysis to work out the monomer conversion as shown in Figure A3.5. 

Table A3.1. Summary of the reaction condition for growth of a triblock copolymer from a RAFT-

agent   modified poly(terthiophne) film. Poly(DMAEA) = poly[2-(dimethylamino)ethyl methacrylate]  

Block Sequence 
Reactant Ratio 

Reaction Time 
 

Target Mw 
Monomer AIBN BSPA (g mol -1) 

Step 1 Poly(DMAEA) 250 1 5 5 h 8000 
Step 2 Poly(styrene) 150 1 5 6 h 3000 

Step 3 Poly(acrylic acid) 250 1 5 4 h 3500 
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Figure A3.2. Growth of triblock copolymers from a RAFT agent-modified poly(terthiophne) film 

via SI-RAFT polymerization. 

 

Figure A3.3. Images of the reaction solution and the polythiophene RAFT-macroinitiator films (A) 

before and (B) after the polymerization in (C) a sealed reaction flask.   

Characterizations. All NMR, FTIR and XPS measurement of polymer brush-grafted film 

were conducted in the CAMD group at the University of New South Wales, Australia.  

Contact Angle Measurements. Static contact angles of a drop (~10 μL) of Milli-Q water 

on polymer films in the oxidized and reduced states were recorded using a KSV instrument 

CAM100 contact angle meter and CAM100 software. Contact angles of four drops on 

different areas along the surface were recorded for each polymer film. The student’s t-test for 

equal variance was used for the statistical analysis of the data.  
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2. Results 

 

Figure A3.4. FTIR spectra of a (●) poly(terthiophene) ATRP-macroinitiator film and  (Ο) a RAFT-

agent modified poly(terthiophene) film.  

 

Table A3.5. The estimated monomer converstion and the molecular weight of polymer grafts 

were obtained using 1H NMR. PEG = poly(ethylene glycol)methyl ether acrylate, PAA = poly(acrylic 

acid), PS = poly(styrene). 

Sample Reaction Time Monomer conversion (%) Estimated Mw (g mol-1) 

P(PEG) 6 h 84.0 21706 

PMPDSAH 6 h 83.0 7500 

PDMAEA block 5 h 86.5 6095 

PAA block 4 h 99.0 3600 

PS block 6 h  85.0 2652 
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Table A3.2. Atomic composition obtained by XPS analysis. PTT = poly(terthiophene) 

Sample C% N% O% Br% 

PTT ATRP-macroinitiator 83.82 1.42 10.75 1.30 

PTT RAFT-macroinitiator 81.77 0.79 12.28 0.46 

Poly(PEG)-grafted PTT film 59.78 0.55 23.02 − 

 

 

 

Figure A3.6. Static water contact angle of various polymer films.  
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