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1 Introduction 

In everyday life the human nose is well adapted for perception of odours in the 

atmosphere. However, the detection of gases and vapours with the nose is not suitable 

for industrial applications because it is extremely subjective as human smell 

assessment is affected by many parameters [1] and inapplicable if odourless or harmful 

substances have to be detected. For this reason, assistive techniques as for example gas 

chromatography and mass spectrometry have been employed to control the 

atmosphere, to raise an alarm if a maximum or minimum value is exceeded or to 

assess the quality of products through odour evaluation. However, there are several 

drawbacks of customary analytical techniques: They are not portable and tend to be 

expensive and furthermore are relatively slow [2]. Compared with these techniques, 

chemical microsensors have several advantages as small size, low power consumption 

and the potential to be produced in a low priced batch fabrication manner. Nowadays, 

chemical sensors are used in and optimised for many applications such as for example 

the identification of purity, process and quality control, environmental analysis, 

medical diagnosis [3], food evaluation and flavour and fragrance testing [4], but there 

are still many applications remaining for which optimal sensors have not yet been 

developed. Therefore, further research into the area of chemical sensors is required. 

 

1.1 Motivation and scope of the work 

The entire field of chemical sensors suffers from a common malady: The development 

of chemically sensitive and selective interfaces is far behind the technology of the 

physical transduction platforms, which translate energy from a chemical system to a 

useful analytical signal [5]. Additionally, to meet the demands on chemical sensors the 

sensing material must not only have interesting and useful interactions with the key 

analytes, but they must be cheap and commercially viable in terms of 

manufacturability, reproducibility, and longevity. 

Inorganic sensing materials, e.g. metal oxides show good sensing properties [6] but 

have the disadvantage to work at elevated temperatures only. The required heating of 

the sensing layer results in a high power consumption of the sensor making it 

unsuitably expensive for many applications. In contrast, sensors with polymers as 



1 Introduction 

 

2 

sensing materials usually work at room temperature. This feature allows cheap 

operation and makes polymers promising candidates to be included in chemical gas 

sensing devices. Another advantage of polymers is their suitability for standard IC 

(integrated circuit) processing which allows the fabrication of small, low cost sensors. 

However, the major drawback of these materials is the lack of selectivity as they 

respond to many different gases and vapours. To avoid this problem sensor arrays 

were constructed, which allow for the determination of a characteristic response 

pattern for each gaseous species [7, 8]. Another possibility to enhance the selectivity 

of polymers is the chemical modification of the material. Due to chemical reactions 

before, during and after the polymerisation process the properties can be tuned so that 

the material becomes selective for a certain target species. 

It is well known that depending on the polymer functional groups the material prefers 

to interact with a certain type of molecules, for example polar, non-polar, acidic or 

basic species. Beside the functional groups other parameters such as the polymer 

structure or the presence of other species may influence the sorption process and, with 

it, the observed properties for chemical sensing. It is necessary to gain knowledge 

about the sorption mechanism in detail to purposefully vary the chemical properties of 

the polymer yielding in a sensor with optimum characteristics [9]. In this work, a 

sorption model system, the water vapour and ammonia gas sorption process into 

polyacrylic acid (PAA), is studied in order to allow for the modelling of the single 

species sorption mechanisms and their mutual influence on the sorption process. This 

work will aid future attempts to enhance the selectivity of PAA to water and ammonia. 

Additionally, the gained knowledge is used to explain the sensing properties of PAA 

already observed in different kinds of chemical sensors. 

First experiments with PAA sensitive layers had already been performed by using 

chemomechanical sensors as quartz microbalances and electrochemical sensors as 

resistance measurements and Kelvin Probe set-ups. With the same types of devices the 

mass uptake upon water vapour and ammonia sorption and the potential change 

determined in the Kelvin Probe set-up were systematically measured in this work. To 

complete the picture of the sorption process, changes of the electrochemical properties 

in the bulk of the polymer and at the polymer electrode interface were studied with 
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impedance spectroscopy, cyclovoltammetry and voltage step measurements; 

additionally, infrared spectra were aquired at several compositions of the ambient. 

These measurements were repeated with two derivates of PAA: ammonium 

polyacrylate (NH4PA) and sodium polyacrylate (NaPA). The study of the PAA salts 

demonstrates the considerable influence of small chemical modifications on the 

chemical and electrochemical properties and deepens the understanding of the sorption 

processes in PAA. 

 

1.2 The sorption model system 

In this work the water vapour and ammonia gas sorption processes into polyacrylic 

acid are used as a sorption model system because water and ammonia are important 

target species and polyacrylic acid showed interesting sensing properties in previous 

measurements. Both the gaseous species and the polymer are described in the 

following chapter. 

 

1.2.1 Water vapour as target analyte 

Water vapour is a natural component of air, and already in the 19
th

 century several 

methods were used in meteorology to determine the atmosphere humidity. For 

example the amount of absorbed or condensed water under given experimental 

conditions can be used to measure humidity [10, 11]; another approach is the hair 

hygrometer whereby a strain in hairs induced by ambient humidity is used as sensing 

process [12]. Beside meteorology studies the humidity was measured in living space 

equipped with heating facilities to keep the humidity in a beneficial range for human 

beings [13].  

With further development of technology and industry the measurement and/or control 

of humidity are important not only for human comfort but for a broad spectrum of 

applications: From intelligent control of tumble dryer, over climate control systems in 

the automotive industry [14], to high temperature catalyst control systems [15] the 

request for humidity sensors is widespread. Accordingly, various sensors have been 

investigated and developed to meet the demands. Most humidity sensors in the market 

are based on the capacitive technique [16] but other sensor principles such as, for 
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example, resistive, gravimetric or optical techniques are also used. In recent years 

transduction techniques of various state-of-the-art humidity sensors and sensing 

materials were reviewed [17-19]. A variety of ceramic, semiconducting, and polymer-

based sensing materials are used in humidity sensors; also polyacrylic acid and its 

copolymers were already employed [20], as discussed in 2.2.4.  

The interaction of water vapour with sensing materials is not only advantageous for 

humidity sensing but can also be a problem if cross-sensitivity to water hinders the 

detection of other target gases. Due to changes in the ambient humidity, a sensor may 

respond similarly as in the presence of the target species and falsely indicate a certain 

gas concentration. Such behaviour is called cross-sensitivity of first kind to humidity 

while the cross-sensitivity of second kind express the degree of influence of specific 

background humidity on the sensitivity to the target gas [21]. To compensate for these 

phenomena it is necessary to understand the interaction of the sensing material, the 

target species and water vapour with each other. For PAA used as ammonia sensing 

material, water vapour is a significant interference for measurements with several 

transducers [22]. The study of ammonia and water sorption interdependence in the 

polymer accomplished in this work leads to an understanding of the cross-sensitivity to 

humidity and supports further efforts to reduce it. 

After the presentation of water as target of humidity sensors and as interference in 

other sensors the significance of ammonia as a target species is discussed in the 

following chapter. 

 

1.2.2 Ammonia gas as target analyte 

Ammonia is an important industrial gas with high toxicity. Therefore, in 1886, it was 

among the first chemical products whose maximum value allowed at the working 

place was restricted after animal experiments proved the toxicity even at low 

concentrations [23]. The human nose smells gaseous ammonia down to a 

concentration of about 55 ppm [24], particularly if the person is exposed to ammonia 

for the first time. After repeated exposure inurement effects occur and people become 

less sensitive to ammonia [25]. Up to now it is not clear if this inurement effects are 

due to a nonhazardous adaptation or are a pathological process [26] and because of the 
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insufficient toxicological database decisions on occupational exposure limits are 

difficult to make. In Germany, the maximum value allowed at the working place is 

regulated by law and given in the “Technische Regeln für Gefahrstoffe 900” (TRGS 

900 [27]). According to this the ammonia concentration must not exceed 50 ppm but 

this value is rather high and a lowering to 20 ppm is advised by the DFG (Deutsche 

Forschungsgemeinschaft) in accordance with the European Scientific Committee on 

Occupational Exposure Limits (EU-SCOEL [28]). This issue is under discussion right 

now.  

Irrespective to the specific maximum value, for the use in work place safety, devices 

capable of detecting ammonia in a concentration range of 1-50 ppm in ambient air are 

required. Traditionally the detection of ammonia in the gas phase is performed by 

potentiometric electrodes [29, 30]. They have the disadvantages of high power 

consumption, being easily poisoned and consumptive of the analyte. Chemical 

microsensors can solve these problems because of the sensor properties already 

mentioned above. In addition, such sensors may be employed in other indoor 

monitoring applications such as the leakage control in refrigeration systems and air 

conditioners [31]. The great demand for ammonia sensors has stimulated research 

efforts in this field and many different transducers and sensing materials were 

presented in literature. To provide insight into the ammonia sensor field, some of the 

used transducers and sensitive materials are presented in the following section.  

Transducers frequently used for ammonia sensing are resistive devices, acoustic wave 

devices and field effect transducers (FET) or Kelvin Probe set-ups for the 

measurement of work function changes. 

Resistive devices consist in comb electrode structures covered with sensing materials 

whose resistance depend on the amount of sorbed ammonia. A great variety of 

materials were used in this set-up as for example CuxS films [32], acrylic acid doped 

polyaniline [33], CuBr thin films [24], nanoporous anodized ammonia [34], and 

tellurium thin films [35]. The mass increase of a sensing layer upon gas sorption is 

also used as a sensing principle for ammonia detection and measured with surface 

acoustic wave devices. This type of transducers were, for example, covered with 

Langmuir-Blodgett polypyrrole films [36], nanoporous anodized alumina [34] or 
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polyacrylic acid produced by different methods [37, 38]. The major problem of many 

of these sensors is the pronounced cross-sensitivity to humidity, which was already 

mentioned in the previous chapter. Therefore, an increasing interest in another group 

of sensors based on work function changes induced by interaction with ammonia is 

observed because this sensors show a remarkable low cross sensitivity to water. The 

work function changes are measured with Kelvin Probe set-ups or FET devices and 

examples for sensing layers are titanium nitride [31], iridium oxide [39] or polyacrylic 

acid [21]. Further sensor types such as optical sensors, which are based on the change 

of absorbance of an acid-base indicator [40] or other optical effects are useful for 

ammonia detection; but these approaches are beyond the scope of this work and 

therefore will not be discussed in detail. 

In the following chapter the sensing material PAA is described. 

 

1.2.3 Polyacrylic acid as sensitive material 

The monomer of PAA, acrylic acid was first prepared in 1843 by the air oxidation of 

acrolein obtained from the high temperature cracking of glycerine [41]. But it was not 

until 1930 when the technical obstacles for the manufacture and handling of this 

reactive monomer were overcame [42] and polyacrylic acid could be obtained in a 

controlled chemical reaction and produced on a large scale. Throughout the following 

years a growing demand for PAA develops from a variety of industries; some 

application examples are given in the next section.  

In pharmaceutical applications cross-linked, water swellable polymers of acrylic acid 

are used for the controlled release of drugs in tablets. Because of the wide range of 

viscosities and flow properties these materials are also used in lotions, creams and gels 

[43]. Some derivates of PAA such as the ionic complexes with metal salts for example 

FeCl3 or TiCl4 form hydrogels which have a spongy structure containing water up to 

90 wt %. These hydrogels are biocompatible, non-toxic materials which are widely 

used in dental glass-ionomer cements [44] and as antimicrobial agents [45]. Cross 

linked with polyethylenglycol or diisocyanates polyacrylic acid is used as a 

superabsorbant in diapers and other hygiene products.  
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Figure 1.1: Chemical structure of polyacrylic acid 

 

PAA is composed of repeating units bearing carboxyl groups (Figure 1.1) which 

determine the chemical and electrochemical properties of the material. Being a weak 

polyelectrolyte, polyacrylic acid partially dissociates in water allowing for electrical 

conduction in solution [22]. In the solid state, the acid functional groups are capable of 

hydrogen bonding via the oxygen atom and due to acid / base reactions specific 

interactions with bases are expected. Because of this chemical constitution the 

interaction of PAA with water vapour and the base ammonia changes the chemical and 

electrochemical polymer properties. In combination with appropriate transducers these 

changes can be utilised in chemical sensors for humidity and ammonia gas detection 

extending the field of PAA applications beyond the established industrial uses. 

To study the sensing properties of PAA some investigations were performed in recent 

years; PAA was used in: switch-type humidity sensors with electrochemical 

transducers [20]; in field effect transducers (FET) and Kelvin Probe set-ups for 

ammonia detection [21, 46]; and in combination with acoustoelectrical transducers for 

both analytes [22, 37, 38]. The results obtained in these studies are presented in the 

theoretical part of this work.  

Even though impressive changes in the resistance, capacitance and mass of the 

polyacrylic acid layers have been observed, the sorption mechanism and the influence 

of the ambient conditions on the electrical transport processes in the polymer have 

been so far investigated to a limited extent only. In this work, systematic gravimetric 

and electrochemical measurements were performed and complemented with infrared 

spectroscopy to obtain a deeper understanding of the sensing mechanisms. For 

explaining the origin of the work function changes measured in FET and Kelvin Probe 

set-ups suggestions were made in literature [22, 47], which will be discussed and 

extended in this work. 
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2 Theoretical background and related work 

Several methods have been used in this work to study the chemical and 

electrochemical properties of PAA and its derivates, which can be monitored in 

sensing applications. In the following chapters a short introduction into the basics of 

each method is given and the interpretation is discussed as far as it is required for the 

measurements performed in this work. A literature survey for already published results 

obtained for PAA is additionally included. 

The discussion starts with gravimetric measurements (2.1) and continues with 

electrochemical measurements (2.2) and measurements of work function changes 

(2.3). The chosen methods are supplemented with spectroscopic studies of PAA and its 

derivates (2.4). 

 

2.1 Gravimetric measurements 

Due to the sorption of gases or vapours from the ambient atmosphere the mass of a 

polymer increases. If it is possible to measure this mass change, useful information can 

be gained including the polymer / vapour sorption thermodynamics and kinetics [9]; 

adsorption/desorption isotherms [48]; and vapour/polymer interaction mechanisms 

[49].  

To study the sorption behaviour of thin polymer films, commercial analytical 

microbalances are inapplicable because the mass increase is less than the current 

detection limit of the balances (10
-10

 kg). For the measurement of small masses down 

to 10
-16

 kg Sauerbrey introduced the quartz microbalance (QMB) in 1959 [50]. This 

device is composed of a thin piezoelectric quartz crystal sandwiched between two 

metal electrodes (Figure 3.2 a) and its mode of operation is based on the converse 

piezoelectric effect [51, 52]:  

A voltage connected to the electrodes determines a mechanical strain in the 

piezoelectric material. If the polarity is reversed an identical strain is produced, but in 

the opposite direction. Therefore, an alternating potential across the quartz causes a 

vibration of the crystal at its resonant frequency. The resonant frequency depends on 

the mass of the quartz and the electrodes and therefore, is sensitive to mass changes. 

This property of the resonant frequency is used in QMBs: The quartz resonator is 
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adherently coated with a thin polymer layer and the corresponding resonant frequency 

is chosen as a reference point. Further changes of the resonant frequency indicate the 

mass change due to sorption of gases or vapours into the polymer layer and hence, the 

device can be used as a microbalance.  

Unfortunately, the resonant frequency does not depend on the mass change only but 

also on other environmental effects to be discussed, below, in detail. Some authors 

stress that the QMB is not a mass detector because the sensitivity to mass changes is 

one property among others only [52]. Therefore, instead of quartz microbalance the 

name thickness shear mode detector was suggested to be more appropriate [53]. This 

discussion is still ongoing and in 2006 Mecea formulated three fundamental principles 

for mass measurements: the field principle, the mass sensitivity principle and the 

general equivalence principle. With his own work and the results obtained by other 

authors he demonstrated that QMBs satisfy these principles and hence are really mass 

detectors [54]. Other effects influencing the resonant frequency are second order only. 

The QMBs belong to the family of acoustic wave (AW) devices which are introduced 

in chapter 2.1.1. In the subsequent chapters the discussion focus on the QMB devices 

describing their operation method as mass detectors (2.1.2) and further parameters that 

can influence the QMB signals (2.1.3). The latter chapter examines the experimental 

conditions under which the QMB results reflect mass changes undisturbed by other 

parameters. For the interpretation of the gravimetric measurements sorption isotherms, 

relevant for the studied system are discussed (2.1.4.1) and the Flory-Fox equation for 

estimation of the polymer static glass transition temperature is deduced (2.1.4.2). The 

chapter 2.1 closes with a survey of PAA covered SAW devices responses already 

reported in literature (2.1.5). 

 

2.1.1 Acoustic wave devices [55] 

Acoustic wave devices have in common that metal electrodes attached to a 

piezoelectric material launch acoustic waves into the material at ultrasonic 

frequencies, which may range from one to hundreds megahertz [55]. Typically a 

quartz crystal is used as a piezoelectric material but AW devices with other materials 
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are also known, for example lithium niobate [56], zinc oxide [57], and aluminium 

nitride [58].  

The AW devices are divided into groups according to the following characteristics of 

the generated acoustic wave: particle displacement relative to the direction of the wave 

propagation, particle displacement relative to the plate surface, and the wave 

propagation mechanism. These parameters are determined by the crystal orientation 

and thickness of the piezoelectric material and the geometry of the metal electrodes. 

 

 

Figure 2.1: Views illustrating the structures of TSM, SAW, FPW, and APM devices and their 

respective wave motion. The piezoelectric material is white while electrodes are indicated 

with schematic comb structures or black areas. The side views are cross sections. In the 

representation of the wave motion the shaded areas illustrate the wave motion or indicate 

the depth of wave penetration into the plate and the double-headed arrows show 

directions of surface particle displacements. [55] 

 

In QMBs which are among the group of thickness shear mode (TSM) resonators, the 

waves generated are bulk transverse waves that travel in a direction perpendicular to 

the plate surfaces; particle displacements at these surfaces are parallel to the surface. 

Beside TSM resonators other important groups of the AW family are the Surface 
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Acoustic Wave (SAW), Flexural Plate Wave (FPW) and Acoustic Plate Mode (APM) 

devices. Typical setups of these four groups are illustrated in Figure 2.1 and the 

appropriate type of acoustic wave is sketched.  

All these groups are used for applications in chemical sensing and interfacial studies. 

For this purpose the surface of the AW device is adherently coated with a layer that 

sorbs gas-phase species [59, 60], for example a polymer film. It is important to 

carefully tune the thickness of the added layer; the optimal thickness where the device 

acts as a nearly ideal gravimetric detector depends on the transducer design, the 

operating frequency and the material chosen as sensitive layer. If the polymeric layer 

is “acoustically thick” the film does not move synchronously with the substrate surface 

but the upper film portions lag behind the film/substrate interface, causing nonuniform 

displacement across the film thickness. This leads to a nonlinear response to the sorbed 

vapour concentration if the viscosity of the material alters during vapour sorption [61]. 

Therefore it is necessary that the film remains in the “acoustically thin” regime. 

Typically, this condition is fulfilled if the mass of the film does not exceed 2% of the 

mass of the crystal [52]. However, the polymeric film must not be too thin: 

Coadsorption of analyte molecules at the transducer surface and at the polymer 

substrate interface could adulterate the response unless the substrate is completely and 

closely covered [62]. 

Further discussion in this work will be limited to TSM resonators because these are the 

devices used in the experimental part. SAW, APM, and FPW devices are mentioned 

only if it is especially interesting to compare their properties with the ones of the TSM 

resonator. 

 

2.1.2 Gravimetric measurements with QMBs [50, 52] 

If a material is uniformly deposited on the QMB substrate, the acoustic wave will 

travel across the interface between the quartz and the added material. If it is assumed 

that the density and the wave transverse velocity associated with the foreign material is 

identical to those of quartz, the system can be described as a “composite resonator” in 

which the quartz covered with an additional material is treated as tantamount to a 

thicker quartz crystal.  
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Figure 2.2: Schematic representation of the transverse shear wave in a quartz crystal and a composite 

resonator comprising the quartz crystal and a layer of foreign material. The acoustic 

wavelength is longer in the composite resonator due to the greater thickness, resulting in 

a low resonant frequency compared to the quartz crystal [52]. 

 

The larger the thickness the longer is the acoustic wavelength in the “composite 

resonator”, resulting in a lower resonant frequency (Figure 2.2). Hence, the resonant 

frequency of a quartz crystal changes proportionally to the mass deposited onto the 

surface. Sauerbrey set up an equation to quantify this relationship  

A

m
fkf 2

0


  (2.1) 

where f is the frequency shift due to added mass, k is a constant, f0 is the 

fundamental frequency of the quartz crystal, and m/A the surface mass loading in 

grams per square centimetre. 

According to this equation and similar equations deduced for other AW devices [63] 

the sensor response is proportional to the square of the fundamental frequency. In case 

of QMBs, increasing the operating frequency and therewith the mass sensitivity 

requires diminishing the plate thickness, with the fragility of the substrate setting the 

ultimate limit [5]. Because of different setups other devices of the AW family have the 

advantage to work at higher fundamental frequencies. These devices show higher 

sensor responses but not necessarily better performance because the higher the 

fundamental frequency of the devices the thinner the coatings and this results in less 

vapour being sorbed [64]. Additionally, even if the same amount of foreign material is 

used to cover AW devices the signal to noise ratio (S/N) increases with increasing 

operating frequency due to thermal effects and especially electronic interferences at 
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high frequencies. Beside the S/N ratio the limit of detection (LOD), which is the 

concentration of the analyte corresponding to S/N = 3 may also negatively be 

influenced. The QMBs used in this work have a fundamental frequency of 30 MHz 

and show very favourable S/N and LOD values [62]. 

 

2.1.3 Further parameters influencing the QMB signals 

As mentioned above the response of AW devices is not determined by mass changes 

only but the sorbed species may, in addition, modify other physical properties of the 

layer. These modifications would also influence the frequency response of the system 

[61, 65]. Ricco et al. [56] developed a formula where the frequency change of a SAW 

device is expressed as a sum of contributions 
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where m is the mass, c  the stiffness,  the dielectric constant,  the conductivity, T the 

temperature, and p the pressure. Similar relationships can be assumed for other AW 

devices.  

The stiffness modulus, a measure for the viscoelastic properties of a polymer layer, is 

affected by volume changes due to thermal expansion of the polymer or vapour 

sorption, polymer relaxation time, and film resonance effects [66, 67]:  

When the polymer film is perturbed by the probing acoustic waves, polymer chain 

segments relax back to their former conditions. The characteristic relaxation time 

depends on the temperature and the structure of the polymer possibly altered due to 

sorption and swelling processes. If the viscosity of the material changes during vapour 

sorption this effects the resonant frequency of the system and the AW device is no 

longer a pure mass sensor [68, 69]. Additionally, in relative thick layers film resonance 

can occur. In this case the films upper surface lags behind the motion at the polymer-

substrate interface by 90° and the shear stress applied to the lower film surface 

interfere constructively with those reflected from the upper film surface leading to a 

dramatic response of the acoustic wave device at the film resonant frequency [61]. To 

avoid erroneous conclusions about mass transport in the film Buttry and Ward suggest 

that QMB investigations of polymer layers should be performed for a range of film 
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thicknesses [52]. Linearity of response over the chosen range is evidence of the 

absence of changes in viscoelasticity during the experiment and/or rigid behaviour of 

the film.  

The viscoelastic and the film resonance effect must be considered only in “acoustically 

thick” films where the polymer behaves rubbery with a modulus of about 10
6
 N/m

2
. In 

an “acoustically thin” film where the entire layer of a glassy polymer moves 

synchronously with the substrate surface the described effects do not occur. Even if the 

temperature is above the glass transition temperature and the polymer is supposed to 

be in the rubbery state the material may response “acoustically thin” because the 

resonant frequency of the AW devices additionally determines if a layer behaves 

acoustically thick or thin: As soon as the relaxation time is much longer than the 

period of the acoustic wave the polymer chains cannot relax in between the 

perturbations and therefore the frequency response is not influenced by changes in 

viscoelasticity. At acoustic wave frequencies above 1 MHz and room temperature 

nearly all rubbery polymers show “acoustically thin” film properties with measured 

moduli typical of polymer glasses (about 10
9
 N/m

2
) [61, 66]. 

Not only the mechanical properties of the coating material but also its electric 

properties (dielectric constant and conductivity) can affect the resonant frequency of 

an AW device [70, 71]: The propagation of an acoustic wave in a piezoelectric 

material generates a layer of electric charges at the surface due to the induced 

electrical polarisation of the crystal. The magnitude of this effect depends on the 

electromechanical coupling constant of the piezoelectric material; for example in 

lithium niobate the effect is more distinctive than in quartz [56, 66]. The resulting 

electric field extends into the adjacent layer where it may induce movement of ions 

and dipole reorientation. The energy stored and dissipated in moving these charges and 

dipoles depends on the dielectric constant and conductivity of the coating film. It is 

extracted from the wave energy and influences the wave velocity and therefore the 

resonant frequency of the AW devices. This acoustoelectric effect is not observed if 

the coating film is either non-conducting, as in most of the polymer layers, or highly 

conductive, as in metal films [66].  
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Additionally, the effect of temperature and pressure variations on the AW device 

signal must be considered. The temperature influences the resonant frequency of the 

uncoated transducer, for example the resonance frequency of a 30 MHz QMB device 

increases by 5 Hz per degree Celsius. However this effect is small compared to the 

effects resulting from the coatings because the temperature strongly influences the 

viscoelastic properties of the polymer inducing the effects described above [62, 66]. 

To perform precise measurements it is necessary to control carefully the temperature 

and the pressure in the measurement chamber. 

In the liquid phase additional effects may occur such as frequency changes due to 

trapped solvent molecules in the holes of a rough surface, effects due to surface stress 

or due to interfacial slippage of solvent layers [52]. In contrast gas phase mass 

detection with acoustic wave devices is usually straightforward if the polymer film is 

stiff and thin, the added material is non-conducting, and temperature and pressure is 

kept constant. 

 

2.1.4 Interpretation of the QMB measurements 

As discussed in 2.1.2 the raw experimental results are obtained as resonance frequency 

shifts of the polymer coated QMBs. From them are deduced the corresponding 

frequency shifts due water vapour and ammonia gas sorption. If this data are plotted 

against the analyte concentration, sorption isotherms are obtained which can be 

compared with theoretically deduced sorption isotherms. Depending on the mode of 

sorption several isotherms have been observed and modelled; in section 2.1.4.1 the 

discussion is limited to the Langmuir and the BET (Brunauer-Emmett-Teller) 

isotherm, which are required for the interpretation of the chosen model system. 

While the sorption isotherms reflect the mode of sorption they do not take into account 

any structural changes in the polymer as water vapour or ammonia gas is absorbed. 

However, it is well known that in amorphous solids water vapour absorption is 

associated with a significant plasticizing effect, as reflected by significant reductions 

in the glass transition temperature of the solid [72]. This structural change during gas 

sorption is very important to understand the sorption mechanism. With the Flory-Fox 
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equation deduced in 2.1.4.2 the static glass transition temperature can be estimated 

from the frequency shifts obtained in the QMB measurements. 

 

2.1.4.1 Sorption isotherm 

Depending on the sorption site the classical sorption theory draws a formal distinction 

between adsorption where the sorption phenomenon is confined to the physical 

interface between a substrate and its environment and absorption where the sorption 

process occurs within the substrate.  

In 1918 Langmuir proposed a theoretical model to describe the process of surface 

adsorption [73] 

Pb1

Pbm





  (2.3) 

where  is the current adsorbate loading, m the adsorbate loading at monolayer 

coverage, P the adsorptive partial pressure and b a constant. According to this model, 

at low pressure, the amount adsorbed becomes proportional to the pressure whereas at 

high pressure,  approaches the monolayer coverage (Figure 2.3). Depending on the 

properties of substrate and adsorbate other theoretical models were developed [74-76] 

to obtain a better fit to the experimental results.  
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Figure 2.3: Illustration of Langmuir (dashed line) and BET (continuous line) isotherms. The 

isotherms give a relation between the adsorbate loading and the adsorptive pressure at 

constant temperature. 
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Further attempts have been made to extend the analytical treatment of adsorption to 

cover the formation of multilayers [77-82]; in this work only the well-known 

Brunauer-Emmett-Teller equation [80] will be discussed. The BET isotherm takes 

account of the formation of multilayers but usually overestimates the effect at higher 

adsorbate concentrations. In order to avoid this, the model has been extended by the 

assumption that multilayer formation is limited to n layers. This leads to a modified 

equation called finite length BET isotherm where CBET is the BET constant and 

 PPx  (with the saturation pressure of the target gas P
*
)[83]: 

     
  1n

BETBET

1nn

BET
m

xCx1C1

xnx1n1x1/xC







   (2.4) 

The BET constant represents the ratio of the adsorption equilibrium constant of the 

first layer to that of the subsequent layers. Due to the formation of multilayers the 

adsorbate loading increases at high pressure (Figure 2.3), at low adsorptive pressure 

(x < 0.01) and sufficient high constant CBET the BET isotherm simplifies to the 

Langmuir isotherm [84]. 

These equations are developed for the adsorption process but according to Hayward 

and Trapnell they can also be used to describe absorption processes because absorption 

can be regarded as essentially internal adsorption, where the sorbate diffuses from the 

surface of the substrate into its interior via fine capillaries, crystal grain boundaries, 

and by penetration of vapour between the atoms of a crystalline network [85].  

In this work the Langmuir isotherm is used to fit the ammonia sorption data (e.g. 

Figure 4.5 b) in 4.2.2) and the finite length BET isotherm proved to be useful to fit the 

water sorption data (e.g. Figure 4.3 a) in 4.2.1). However, the theoretical models are 

only nonpredictive curve-fitting exercises that do little to advance the understanding of 

the molecular processes occurring as water and ammonia is taken up into the polymer 

[86]. A parameter reflecting structural changes in the polymer is the static glass 

transition temperature. It can be estimated from the gravimetric measurements as 

discussed in the following chapter. 
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2.1.4.2 Dynamic and static glass transition temperature 

As mentioned above (see 2.1.3) the temperature affects the viscoelastic properties of 

the polymer layer. Below the dynamic glass transition temperature the glassy 

polymer film behaves acoustically thin and if the temperature is increased above the 

glass transition the film becomes rubbery showing acoustically thick behaviour.  

There are two phenomena associated with the glass transition that are not observable at 

the high frequencies at which AW devices operate [61]. These are an increase in 

specific heat capacity as observed in differential scanning calorimetry (DSC) and an 

increase in thermal expansion coefficient. It is important to identify the temperature at 

which these quasi-static effects occur because the properties of the polymer differ 

below and above this temperature, which is called the static glass transition 

temperature (Tg). It is a controversial issue if the static glass transition temperature 

can be extracted from the response of polymer-coated AW devices [60, 87-89], 

however, for the sorption of water into the polymer it can be estimated with the Flory-

Fox equation [90] which is deduced in the following section: 

A relationship between Tg and the phase composition of mixed amorphous systems can 

be derived from the polymer free volume theory [91]. By assuming perfect volume 

additivity at Tg and no specific interaction between the two components the following 

equation can be set up  

2g2V1g1Vgm TTT    (2.5) 

where Tgm is the static glass transition temperature of the mixed amorphous system, 

Tg1 and Tg2 the static glass transition temperatures and V1 and V2 the volume fraction 

of each component. The equation is based on a simple mixing rule similar to that used 

to describe ideal solution behaviour. If it is expressed in terms of weight fraction of 

each component the result is the well-known Gordon-Taylor equation [92] 
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where for both materials 1 and 2 w is the weight fraction,  the true density, and  

the change of thermal expansivity of Tg; K is a constant. This equation has been used 

to describe the glass transition behaviour of many compatible polymer blends. It is, 

however, not particularly suitable for the description of the glass transition temperature 
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dependence on the water content in the polymer layer because Tg of water is very low 

and  is subsequently very difficult to measure. In this case it is useful to simplify 

the Gordon-Taylor equation using the Simha-Boyer rule [93].  

constTg    (2.7) 

Hence the constant K can be calculated from the densities of the two components. 

22
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
 (2.8) 

For polymers plasticized with water the ratio of densities will be approximately unity 

and this leads to a further simplification of the Gordon-Taylor equation resulting in the 

following equation which is commonly referred to as the Flory-Fox equation 

gp
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w

T

1
  (2.9) 

where the indices w and p mark the weight fraction of the water in the polymer film 

and the polymer respectively. The weight fraction of the water depends on the ambient 

humidity and can be calculated from the frequency shift of the QMBs, where 

f PAA layer is the frequency shift due to the added polymer in dry air, and f water is the 

further frequency shift due to sorbed water molecules at a given ambient humidity. 

The weight fraction of the polymer follows from the same equation. 
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
  (2.10) 

With the calculated weight fractions and the values for Tgw (Tg of water) and Tgp (Tg of 

the dry polymer) taken from literature the Flory-Fox equation can be used to estimate 

the static glass transition temperature of the humid polymer at several ambient 

humidities (see Figure 4.4 in 4.2.1). 

 

2.1.5 Literature survey of QMB devices covered with PAA 

In 2001 Nanto et al. reported for the first time that QMBs covered with a plasma-

polymerized acrylic acid exhibit a high sensitivity and selectivity for gaseous 

ammonia. While many organic species such as for example methane, ethanol, 

chloroform, toluene, or trimethylamine induce no sensor response, the injection of 

gaseous ammonia into the measurement chamber results in a frequency shift which 
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increases with increasing ammonia concentration. The sensor responded to the gas 

ammonia at concentrations down to 1 ppm [37]. Even if this study does not consider 

the influence of relative humidity on the ammonia sensing process, later work 

highlights that water vapour strongly intensifies the sensor response [22, 38]. This 

property can be used to detect gaseous ammonia at ppb level with the assistance of 

pre-adsorbed water in the polymer, as reported for QMBs covered with an electrospun 

fibrous polyacrylic acid membrane.  

Because of the high sensitivity of QMBs with PAA coating to humidity Ding et al. 

suggested to use this device for water vapour detection [38]. However, up to now no 

systematic studies of humidity sensors based on acoustic wave devices covered with 

PAA are reported in literature. 

To explain the interactions between polymer, ammonia and, in addition, water 

molecules it was suggested that a tendency of carboxyl radicals to chemically adsorb 

ammonia causes the sensitivity to ammonia [33] and that water molecules absorbed 

into the PAA layer are creating new absorption sites for ammonia explaining the 

enhanced sensitivity in the presence of humidity [38, 47]. However, so far it was not 

possible to draw a complete picture of the sorption process and the suggestion 

concerning the interaction of ammonia with preabsorbed water molecules is 

challenged by the experiments performed in this work. 

 

2.2 Electrochemical measurements 

In chemical gas sensing the electrical resistance and capacitance shifts of polymer 

layers upon gas exposure can be used to monitor the analyte concentration in the 

ambient atmosphere [94, 95]. For research into the underlying electrochemical 

processes the alternating current impedance spectroscopy (AC IS) is particularly 

suitable because this minimally destructive technique [96] allows insight into the 

mechanism of charge carrier transport in the polymer layer and into the 

electrochemical interactions and reactions at the polymer/electrode interface.  

After an introduction into the measurement principle and typical results of AC IS in 

the following chapter the interpretation of the obtained results with equivalent circuits 

is discussed in 2.2.2 and possible equivalent circuit elements are presented. The 
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physical meaning of the circuit elements describing the impedance of the polymer bulk 

and the polymer/electrode interface are given in section 2.2.2.1 and 2.2.2.2 

respectively. The impedance measurements are supplemented with voltage step and 

cyclic voltammetry measurements which are introduced in 2.2.3. 

 

2.2.1 Measurement principle and typical results of AC impedance 

spectroscopy 

The concept of electrical impedance generalizes Ohm’s law to AC circuit analyses and 

analogue to Ohm’s law the impedance, Z, results from the ratio of the potential and the 

current: 

t

t

I

E
Z   (2.11) 

To measure the impedance of a circuit a sinusoidal alternating electrical potential is 

applied (equation (2.12)) where Et is the potential at time t, E0 the amplitude and  the 

radial frequency. As response to this stimulus, a AC current is measured. If the 

electrical circuit is linear
1
, the AC current is a sinusoidal function with the same 

frequency as the potential but shifted in phase where It is the response signal, I0 the 

amplitude and  the phase by which the signal is shifted (equation (2.13)). 

 tsinEE 0t   (2.12) 

   tsinII 0t  (2.13) 

Equation (2.13) is also valid for non-linear circuits if the system is pseudo-linear; this 

means that the current versus voltage plot is at least linear over the measured range. To 

experimentally fulfil this condition it is necessary to keep the measured range as small 

as possible and therefore such experiments are performed with very small electric 

potentials applied (usually 10-30 mV [98] or even below 10 mV [96] depending on the 

studied circuit). The polymer coated metal electrodes used in this work can be 

considered as a linear system and hence higher electric potentials (up to 100 mV) are 

possible [99].  

                                              
1
 “A linear system… is one that possesses the important property of superposition: If the input consists of the 

weighted sum of several signals, then the output is simply the superposition, that is, the weighted sum, of the 

responses of the system to each of the signals.” [97]  
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With equations (2.12) and (2.13) the impedance of linear or pseudo-linear systems 

results in: 

 
 






tsin

tsin
Z

I

E
Z 0

t

t  (2.14) 

where Z0 is the amplitude. The impedance depends on the frequency of the excitation 

potential and this property is applied in the AC IS. 

AC impedance spectroscopy consists in measuring the changes in electrical impedance 

upon variation in frequency (1 mHz – 1 MHz) of the alternating voltage. To present 

the data the complex notation of the impedance is introduced which results from 

equation (2.14) and Eulers relationship: 

    sinicosZZ 0   (2.15) 

with the real part cosZZ 0   and the imaginary part sinZZ 0  . In the plane 

spanned by Z  and Z   each point can be specified by two Cartesian ( Z  and Z  ) or 

polar coordinates (r and , where r is the modulus of impedance). Most 

electrochemical impedance spectra have been presented with the real impedance 

plotted against the imaginary leading to the so-called Nyquist impedance spectrum 

[100] which is sometimes also called Cole-Cole plot; an example is shown in Figure 

2.4 a). An alternative presentation is the Bode spectrum where the polar coordinates  

and r are plotted as a function of the frequency (Figure 2.4 c) and d). The Bode plot 

provides a quick survey of the type of spectrum recorded because all measured points 

are displayed equally, the frequency dependence is directly visible and the resistance 

and capacitance regions are clearly distinguished [101].  

 

2.2.2 Interpretation of the AC impedance spectroscopy results 

Depending on the electrochemical processes in the polymer and at the 

polymer/electrode interface the Nyquist plot shows a line, an arc and one or more full 

semicircles. The properties of the studied electric circuit can be deduced from this data 

by several methods [102]. The resistance of an electrochemical process for example 

can directly be obtained from the Nyquist plot because the distance from the high-

frequency end of the semicircle to the low-frequency end coincides with the resistance. 

Other methods are the calculation of the resistance from the maximum of the 
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imaginary impedance, from the absolute impedance and phase angle versus frequency 

plots or from the equivalent circuit. The values resulting from the different methods 

are almost identical but in this work the equivalent circuit is exclusively used because 

this method is simple, fast and can provide a complete picture of the system [103].  
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Figure 2.4: Two different representations of impedance spectroscopy results: In the Nyquist 

impedance spectra (a) the real impedance Z' of the circuit (b) is plotted against the 

imaginary one Z'' while in the Bode spectrum the modulus of the impedance (c) and the 

phase angle (d) are plotted against the frequency of the AC circuit. In the equivalent 

circuit (b) R represents the resistor that charge carrier encounter in the material or in a 

specific electrochemical process and the capacitor C in parallel is caused by the dielectric 

constant of the polymer layer or by the accumulation of charged species. The constant 

phase element CPE describes the behaviour of the sample at low frequencies. 
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The equivalent circuit model represents the various processes involved in the transport 

of mass and charge in the polymer. The model usually consists of several elements 

(resistors and capacitors among others) arranged in series and in parallel in a network 

[104]. For the dispersion data in Figure 2.4 the equivalent circuit is given in Figure 

2.4 b).  

The resistor R represents the resistor that charge carrier encounter in the material or in 

a specific electrochemical process and the capacitor C in parallel is caused by the 

dielectric constant of the polymer layer or by the accumulation of charged species. The 

impedance increase at low frequencies cannot satisfactorily be described with a 

capacitor and for this reason an empirical impedance function, the constant phase 

element CPE, is introduced  

  niYZ 0CPE   (2.16) 

where Y0 and n are parameters of the CPE impedance. The CPE represents a variety of 

elements (for example a capacitor (n = 1) or a resistor (n = 0)) and can describe non-

ideal dielectric behaviour (-1 ≤ n ≤ 1). Possible causes that give rise to non-ideal 

behaviour are the irregular thickness and morphology of the polymeric film [105], the 

roughness of the electrode surface [106], a distribution of relaxation times [107] or a 

non-uniform diffusion in the layer [108]. Even though a particular theory may not give 

exactly CPE behaviour, very often CPE will fit experimentally data very well and can 

provide a useful modelling element even if it is just treated as an empirical constant 

with no real physical meaning [109]. 

Additional elements which can be included in an equivalent circuit are the inductor 

and the Warburg element. The inductor may represent the deposition of surface layers 

and the Warburg element is used to model linear semi-infinite diffusion which occurs 

when the diffusion layer has infinite thickness [109, 110]. Calculations of the 

impedance due to diffusion show that the real and the imaginary part of the impedance 

depend on the frequency in the same manner and, hence, in the Nyquist plot it appears 

as a straight line inclined at 45° to the real axis. In the equivalent circuit the Warburg 

element is a short form for a semi-infinite resistive-capacitive transmission line 

(Figure 2.5). This model must be modified in the case of finite-length boundary 

conditions (reflective and transmissive boundary conditions) which have to be 
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considered at very low frequencies, for very thin samples or for large diffusion 

coefficients. In the case of reflective boundary conditions the electroactive species 

cannot reach the electrode at low frequencies any more and in the equivalent circuit 

the finite-length transmission line is terminated with an open circuit. If the 

transmission line ends with a resistance it is an analogue of transmissive boundary 

condition where the electroactive species reaches the electrode at low frequencies with 

a constant activity. 

r  dx r  dx r  dx r  dx

c dx c  dx c  dx c  dx = ZW
*

complex 

Warburg Impedance  

Figure 2.5: A resistive-capacitive transmission line which describes the behaviour of a semi-infinite 

diffusion process. 

 

With the described elements the equivalent circuit is a useful model to represent the 

dynamic characteristics of an electrochemical system. However, a major drawback of 

this method is that the elements of an equivalent circuit often can be rearranged in 

various ways and still yield exactly the same impedance. This raises the problem: 

which specific equivalent circuit out of a large number of possibilities has to be chosen 

[109]? A suitable model of an electrochemical system should not only give a good fit 

with the experimental data but also be physically meaningful und confirmed by one or 

two other techniques [104]. 

The equivalent circuit representing the electrochemical system studied in this work 

should be able to explain both the impedance of the polymer bulk and the 

polymer/electrode interface.  

 

2.2.2.1 Impedance of the polymer bulk 

The arc or semicircle that appears at the highest frequencies in the electrochemical 

impedance spectra can be fitted with a parallel R║C circuit with R representing the 

resistance of the polymer (Rb) and C the capacitance of the electrode structure covered 

with polymer as a dielectric material (Cb).  
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Ionic conductance of polymers in dry air depends on the ability of the polymer chains 

to move in the bulk and in doing so to carry charged species through the polymer 

[111]. This segmental motion of polymer chains is usually observed above the glass 

transition temperature only and therefore polymers at lower temperatures in dry air do 

not show ionic conductance. In humid air water molecules diffuse into the polymer 

adsorbing at critical points by dipole-dipole interaction or hydrogen bonds. With 

increasing amount of water in the polymer the molecules associate, forming clusters of 

water molecules and eventually liquid water in the polymer. This process was studied 

for example for cellulose [112]. Sorbed water molecules allow for the transport of 

charge by two different mechanisms [113]:  

The first transport mechanism is based upon the ability of water molecules to form 

hydrogen bonds among each other and with the host polymer if the material is able to 

accept or donate hydrogen bonds. These bonds, which specifically involve a hydrogen 

atom already covalently or ionically bonded to another atom [114], cause the 

formation of a chain of water dipoles throughout the polymer providing a path for 

proton transfer from one water molecule to the neighbouring one. Under the action of 

an externally applied field the protons undergo a Grotthuss [115] mechanism where 

the charge is carried through the entire polymer film by a hopping process along the 

uninterrupted trajectory of water dipoles which is in average aligned to the field 

direction (Figure 2.6 a). Besides water, other molecules, for example imidazol, may 

take part in the Grotthuss mechanism acting as proton donor and acceptor in the proton 

conduction process [116].  

This transport mechanism is favoured if the hydrogen bonds are short and strong but it 

is progressively dominated by a second transport mechanism if the hydrogen bonds are 

weakened, for example, due to increasing temperature [113]. The second transport 

mechanism, the so-called vehicle mechanism is a molecular diffusion process where 

the migration of protons is assisted by the translational dynamics of bigger species 

(Figure 2.6 b). The protons diffuse together with a vehicle (e.g. H3O
+
 or NH4

+
 ions) 

while the counterdiffusion of unprotonated vehicles (e.g. H2O or NH3) allows the net 

transport of protons through the polymer [117]. The vehicle mechanism is, for 

example, observed in solvent swollen polyelectrolytes; this materials can be described 
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as concentrated solutions in which one ionic species is very large and multiply charged 

and the mobile ion is solvated and hence mobile in the solution [111].  
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Figure 2.6: Possible charge transport mechanisms in humid polymers: a) Grotthuss mechanism where 

the charge is carried by a hopping process along the uninterrupted trajectory of water 

dipoles and b) a molecular diffusion process which is called vehicle mechanism. 

 

Sorption of water not only changes the resistance of the polymer but also influences 

the capacitance of the coated electrode structure: Since the relative dielectric constant 

of polymers is typically in the range of 3-8, and for pure water it is 78.3 at 25°C, then 

the uptake of water shall lead to a rise in the dielectric constant of the coating material, 

resulting in a higher capacitance [118]. Additionally, due to water induced swelling of 

the polymer, the capacitance may be further influenced. If the polymer is sufficiently 

rigid and hence the swelling of the material can be neglected the Brasher-Kingsbury 

equation [119] has been used to relate the increase in capacitance to the volume 

fraction of the absorbed moisture ( O2H,V ) 

 
 W

0t
O2H,V

log

CClog


   (2.17) 

where Ct is the capacitance at time t, C0 the initial capacitance of the system in dry air 

and W the dielectric constant of water. This equation gives a good approach to 

gravimetric data [120] but, as aforementioned, it assumes that the increase of the 

coating capacitance is caused by the penetration of water only; to include the swelling 
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of the polymer or non-uniformities in the distribution of water in the film more 

advanced equations have to be deduced [33]. 

 

2.2.2.2 Impedance of the polymer/electrode interface 

To identify whether a semi-circle is due to bulk processes or due to electrode reactions 

it is useful to apply several bias voltages: A higher voltage should decrease the time 

constant related to the electrode reaction but should normally not affect the time 

constant related to the bulk properties of the polymer [121]. The time constant, , can 

be deduced from the impedance measurements by the following relationship: 

0

1


   (2.18) 

where 0 is the frequency corresponding to the maximum of the imaginary part of the 

impedance [122]. Variations of the time constant influence the shape of the Nyquist 

plot and, therefore, that part of the spectra responsible for the slow electrode reaction, 

depends strongly on the potential. If this arc, usually appearing at low frequencies 

[104], is fitted with a R║CPE equivalent circuit it is observed that R strongly depends 

on the bias voltage while the parallel CPE is almost unaffected. This indicates that R 

represents the charge-transfer resistance of an electrochemical process at the 

electrode/polymer interface (Rct) and CPE represents the double layer capacitance 

altered due to non-ideal behaviour at the interface (CPEdl) [123]. 

The charge transfer reaction in water containing polymers is probably the redox 

reaction of water at the electrodes which was studied for several polymers partly 

doped with other substances in humid ambient [124]. The following chemical 

equations were suggested to describe the redox reaction at the polymer/electrode 

interface in a water swollen polymer: 

Cathode reaction:   OH2He2OH2 22  (2.19) 

Anode reaction:   e2O
2

1
H2HOH 222  (2.20) 

Cathode and anode reaction together result in the decomposition of water as the 

overall reaction shows: 

Overall reaction: 222 O
2

1
HOH   (2.21) 
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2.2.3 Voltage step and cyclic voltammetry measurements  

In order to study the processes at the electrode it is useful to supplement impedance 

spectroscopy with other electrochemical techniques. In this work the current decay 

after the application of a 1 V potential step and cyclic voltammetric measurements 

were used; they are presented in the following sections.  

A schematic representation for a current decay after a constant potential is applied to 

the electrodes is given in Figure 2.7. In the first millisecond after the charging of the 

electrode the double layer at the surface develops inducing a linear current decrease 

with the square root of time. In time other processes as, for example, charge transfer 

reactions, adsorption and desorption at the electrode surface and coupled chemical 

reactions may influence the shape of the current decay until after sufficient time the 

diffusion process exclusively determines the current [125] and a quasi-steady state 

condition is reached. The dependence of this diffusion current on the exposure to water 

and water in a background of ammonia is used in this work to determine the 

electroactive species in the studied system (4.3.2). Similarly, square-wave 

potentiostatic measurements were used to study charge transfer reactions in several 

polymers [126]. 
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Figure 2.7: Current decay following the application of a constant potential: In the first millisecond 

the charging of the double layer determines the shape of the curve. With proceeding time 

charge transfer reactions and other processes influence the current decay until after a 

sufficient time only the diffusion process determines the current. 

 

In contrast to the method described above, cyclic voltammetry (CV) is a potential 

sweep method where the potential is not changed in one step but increases or decreases 
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continuously as shown in Figure 2.8 a): Starting from 0 the voltage linearly increases 

with time until the maximum value is reached. At this point suddenly the potential 

scan is reversed and the voltage linearly decreases until no voltage is applied any 

more; subsequently the polarity of the voltage changes and the run is repeated. The 

current response upon the applied voltage is measured resulting in a current-potential 

diagram. Without charge transfer reactions at the electrodes or specific chemisorption 

processes the current against voltage plot is similar to the solid line plotted in Figure 

2.8 b). This current is proportional to the voltage scan rate with the double layer 

capacitance as proportionality constant. Therefore, from several measurements 

performed with different scan rates the capacitance of the double layer can be deduced 

(e.g. Figure 4.23 in 4.3.2) and compared with the information obtained from 

impedance measurements performed in the frequency range of the CV scan rates (e.g. 

Figure 4.18 in 4.3.1.2).  

If charge transfer reactions or chemisorption at the electrodes take place the charging 

current is superimposed by a faradaic response leading to the formation of current 

peaks as observed in the dotted line in Figure 2.8 b). The study of these current peaks 

was proven very useful in obtaining information about fairly complicated electrode 

reactions and hence, cyclic voltammetry is a very popular technique for studies of 

electrochemical systems [127]. 
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Figure 2.8: Cyclic voltammetry measurements are perfomed applying a triangular voltage sweep (a) 

to the sample. In the obtained current voltage plot (b) the solid line indicates double layer 

charging process only while the peaks of the dotted curve represent electrochemical 

reactions at the electrode surface. 
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2.2.4 Electrochemical measurements with PAA sensing materials 

Variations of the electrochemical properties of PAA and its derivates upon gas 

exposure have been used to a limited extent in gas sensing devices only, even if, for 

example, the remarkable water sorption properties suggest that these polymers are 

promising candidates for humidity sensors. However, a major disadvantage is the 

water solubility of the materials which may cause destruction of the sensitive layer at 

high ambient humidities. To solve this problem crosslinked polymers can be used to 

increase the stability of the material: The more hydrophilic groups participate in the 

crosslinking reaction the more stable is the polymer but unfortunately the less sensitive 

it is to water. To adapt the polymer layer to the requirements of a certain sensing 

problem a balance has to be struck between stability and water sensitivity [20]. 

In some applications sensors for which the dependence of the electrical resistance on 

the humidity has an obvious switch point are required. Wu et al. observed such a 

switch point for the resistance of the PAA layers and discovered that it becomes much 

more distinctive if polyacrylic acid is used as a copolymer together with acrylamide 

[20]. Additionally, the switch point of the humidity sensor depends on the content of 

the crosslinking agent and the amount of alkali metal ions added to the copolymer. 

Ammonia sensors based on the resistance and capacitance changes of PAA or its salts 

have not been reported in literature. For ammonia detection with PAA sensitive layers 

it is more suitable to use Kelvin Probe or field effect transducer measurements which 

are discussed in the following chapter. 

 

2.3 Measurement of work function changes 

The work function is “the minimum work required to extract an electron from the 

Fermi level of a conducting phase through the surface and place it in vacuum just 

outside the reach of the electrostatic forces of that plate” [128]. From the point of view 

of chemical sensing the work function is a useful parameter because it is influenced by 

variation of the ambient atmosphere and the work function changes caused by the 

interaction with gaseous species can easily be detected with Kelvin Probe 

measurements or field effect transducers (FET).  



2.3 Measurement of work function changes 

 

  33 

For ammonia detection the work function changes of several sensitive materials upon 

ammonia exposure have been used. Sensors made of conducting or semi-conducting 

inorganic materials as platinum, iridium [129], gallium oxide [130], titanium nitride, 

titanium oxide [31], iridium oxide [39] or high critical temperature superconductors 

[131] were described in literature. In addition, it was observed that organic polymer 

layers deposited on metal substrates, as PAA on gold, show remarkable responses in 

Kelvin Probe or FET setups [21, 46]. For explaining the origin of these signals, the 

standard picture valid for, e.g. metal-semiconductor structures does not help because 

of the lack of electronic conduction in the PAA layer. To understand the sensing 

mechanism of the polymer / metal structure some experimental work has been 

performed and possible mechanism suggested [47]. One aim of this work is to deepen 

the understanding of the PAA / gold system by means of Kelvin Probe measurements 

of PAA and its derivates on gold substrates.  

In the following chapter the basic principle of Kelvin Probe measurements is presented 

before work function changes of gold and polymer covered gold substrates upon water 

and ammonia exposure are discussed in 2.3.2. 

 

2.3.1 Basic principle of Kelvin Probe measurements 

When two different conducting materials are brought into contact forming an electric 

junction, electrons flow from the material of low work function to that of the higher 

work function until the Fermi energies of the materials are adjusted. The charge flow 

induces a potential change of the materials; the resulting potential difference at the 

junction of the two materials is the so-called contact potential.  

In Figure 2.9 the band structure of two metals without and with electric contact is 

sketched. Without electric contact the vacuum level of both materials is even and no 

electric field is observed between the plates. When the metals are electrically 

connected the Fermi energies reach the same value and the vacuum levels differ by the 

work function difference of the materials. The work function difference 

 BmetalAmetal   divided by eq   is the measurable contact potential VCPD: 

q
V

BmetalAmetal

CPD


  (2.22) 
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Figure 2.9: Two metals with different work functions are shown in the left side of the figure. When 

they become electrical connected (right band structure) the Fermi energies reach the same 

value and this leads to a charging of the two opposing materials and the appearance of a 

contact potential (CPD). 

 

To determine the contact potential (CPD), Lord Kelvin developed a capacitor method 

in 1898 [132] which was advanced to the vibrating capacitor method by Zisman in 

1932: In the so-called Kelvin Probe setup two metals are arranged as the plates of a 

capacitor and electrically connected. Due to the work function difference of the 

materials, a voltage drop appears between the plates of the capacitor. This induces the 

charging of the plates proportional to the voltage, with the capacitance, C, as the 

constant of proportionality: 

CPDVCQ   (2.23) 

The capacitance is a function of the plate area, A, the dielectric constant of the 

material between the plates, , the permittivity of free space, 0, and the separation 

distance, d(t): 

)t(d

A
C

0
  (2.24) 

The distance dependence of the capacitance is used in the vibrating capacitor method 

where one of the capacitor plates moves permanently up and down. A periodic 
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variation of the separation distance  tsind)t(d 0   causes a periodic change of the 

capacitance and with it of the charges on the capacitor plates (equation (2.23)). The 

time variable charge is the ac current that is measured in the experimental setup: 

 

dt

tsind

1
d

AV
dt

dC
V

dt

dQ
I

0

0CPDCPD














  

 
  20

0CPD
tsind

tcos
AV







  (2.25) 

Because of experimental reasons a counter voltage, VC, is added to the circuit:  

 
   CCPDtotal2

0

0total VVVwith
tsind

tcos
AVI 







  (2.26) 

The counter voltage pushes the electrons back to the material of low work function. As 

a result of this the electric field between the capacitor plates decreases and the ac 

current vanishes, indicating that the compensating voltage equals exactly the 

difference of the work functions which caused the displacement of the electrons.  

The zero current condition can easily be determined in the Kelvin-Probe set-up and the 

corresponding counter voltage is used to obtain the contact potential: 

 conditioncurrentzeroCCPD VV   (2.27) 

From the measured contact potential differences the work function difference of the 

materials can be calculated with equation (2.22).  

 

2.3.2 Work function changes 

The surface potential of a metal or a semiconductor has to be overcome to transport an 

electron from the bulk to the vacuum level. Therefore, variations of the surface 

potential caused by changes of the interfacial dipole layer influence the metal work 

function. The dipole layer is formed and affected due to physisorption and 

chemisorption of gaseous species at the metal surface. To study this work function 

change with Kelvin Probe measurements a capacitor plate of the material to be tested 

must be electrically connected with a reference plate that remains unaffected by the 

variation of the gaseous environment. It is assumed that stainless steel, oxidised 

tungsten or tantalum are materials which are inert against changes of the gaseous 

environment [133] and hence can be used as reference material. Another commonly 
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used reference material is gold although metal-gas reactions are observed, which may 

influence the work function. These reactions have to be compensated by reference 

measurements of the gold plate with an inert material, for example Si3N4, as the 

second capacitor plate [134] and considered in the interpretation of the Kelvin Probe 

response.  

The contact potential of a system composed of a gas sensitive and an inert material is 

influenced by the sensitive material work function change only [135]. Therefore the 

Kelvin Probe is a powerful device to study ambient atmosphere depending work 

function changes caused due to several interaction mechanisms between adsorbate 

molecules and sensitive material (Figure 2.10). 

 

 

Figure 2.10: Possible factors forming and affecting the interfacial dipole layer: a) Charge transfer 

across the interface, b) Concentration of electrons in the adsorbate leading to charging of 

the vacuum side, c) Rearrangement of electron cloud at the metal surface, with the 

reduction of tailing into vacuum, d) Strong chemical interaction between the surface and 

the adsorbate leading to the rearrangement of the electronic cloud and also the molecular 

and surface geometries (both directions of dipoles are possible), e) Existence of interface 

state serving as a buffer of charge carriers, and f) Orientation of polar molecules or 

functional groups. [136] 
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The charge transfer from the gaseous species to the metal or semiconductor across the 

interface (Figure 2.10 a) occurs when, for example, donor molecules, e.g. alkali atoms, 

are sorbed at a metal surface. In other cases the adsorbate acts as an electron acceptor. 

Theoretical studies suggested this behaviour for thiols and disulfides on gold surfaces 

[137] but there are experimental hints that, at least, the work function change of gold 

with sorbed methanethiol and dimethyl disulfide are due to other reasons [138]. The 

formation of an interface dipole on the basis of physical interaction only (Figure 

2.10 b) is observed when for example noble gas atoms are being pulled towards a 

metal surface by van der Waals forces and their electronic wave functions overlap with 

those of the metal inducing a change of the metal surface potential [139, 140]. An 

alternative explanation in the case of noble gas adsorption describes the work function 

change due to the rearrangement of the electron cloud at the metal surface (Figure 

2.10 c) [136]. Besides charge transfer, other chemical interactions may occur between 

the adsorbate and the metal or semiconductor surface (Figure 2.10 d). These give rise 

to the relocation of the bonds or to the formation of new bonds and are well-known for 

small molecules like CO and benzene on clean metal surfaces [141]. Differing from 

the figure, the formation of the dipoles due to chemical interaction is possible in both 

directions. In Figure 2.10 e) interface states which work as a buffer at the charge 

exchange between the metal and the added material are sketched. Such interface states 

are observed at metal / inorganic semiconductor interfaces [142]. Non-polar molecules 

may interact with a metal surface as discussed till now. Additionally, for polar 

molecules, the orientation of the dipole moment can lead to a large surface dipole, as 

shown in Figure 2.10 f).  

 

2.3.2.1 Work function changes of gold due to sorbed ammonia 

For most metals, e.g. Ni [143], Ir [144], Pt [145], Al [146], and also Au [147] 

ammonia is molecularly adsorbed onto the surface and bonded to the substrate via the 

nitrogen atom with the hydrogens pointing away from the surface (Figure 2.11) so that 

the threefold axis of the ammonia molecule is perpendicular to the metal surface. In 

the NH3/Au system this orientation allows an interaction between the ammonia 
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molecule and the gold, which is often described with the term “weak chemisorption” 

[148-150].  

N

H
HH

gold substrate  

Figure 2.11: Ammonia molecularly adsorbed on a metal surface usually bond to the substrate via the 

nitrogen atom with the hydrogens pointed away from the substrate so that the threefold 

axis of the ammonia molecule is perpendicular to the metal surface. 

 

The chemical interactions may be caused by charge transfer from the ammonia to the 

metal or the other way around (according to Figure 2.10 a) or by covalent bonding via 

electron sharing involving the ammonia lone-pair orbital and the partially filled gold s 

band (according to Figure 2.10 d) which both would induce a work function change 

for the gold. 

In a new approach, calculations from first principles of the adsorption process show 

that charge-transfer or electron sharing contributions are not required to understand the 

work function changes caused by ammonia sorption [147]: The dipole moment of 

gaseous ammonia is too small to explain the observed work function changes but 

ammonia additionally interacts with the gold surface due to electron-correlation effects 

such as dispersion (according to Figure 2.10 b). Caused by the dipole of the ammonia 

these effects induce a downward charge flow on the gold surface that result in a dipole 

moment with the same orientation as that for the ammonia molecule and, in response, 

a charge flow from nitrogen upwards reducing the ammonia dipole is induced from the 

gold surface on the ammonia molecule. The obtained over-all dipole moment is in 

good agreement with the value required to explain the experimentally observed work 

function decrease. 

 

2.3.2.2 Work function changes of gold due to sorbed water 

On metal, semiconductor and ionic compound surfaces at which H2O does not 

dissociate, the water molecules are usually chemisorbed. They bound through the 

oxygen atoms with the hydrogens pointing away from the surface. The bonding is 

accompanied by net charge transfer to the surface; this manifests itself in a negative 
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work function change upon adsorption. Isolated single water molecules are not found 

usually at surfaces but hydrogen bounded water clusters because water molecules are 

able to form hydrogen bonds with their neighbours and the resulting hydrogen bonding 

is often energetically competitive with the molecule-substrate bond.  

These general features of water sorption on surfaces are taken from [151] and are also 

confirmed for the sorption on gold surfaces [148, 149, 152]. In contrast to the 

ammonia sorption, the water molecules remain at the gold surface when the humidity 

is removed from the ambient, indicating chemisorption.  

 

2.3.2.3 Work function changes of PAA covered gold substrate due to ammonia 

Beside the metals and semiconductors described above it was found that organic 

insulators also show electrical potential outputs when tested as Kelvin Probe samples 

[153]. One example is PAA that deposited on metal electrodes shows significant 

Kelvin Probe signals upon ammonia exposure [21, 46]. The observed response 

logarithmically depends on the ammonia exposure with a logarithmic sensitivity of 30-

50 mV/decade of concentration. Having a very high signal to noise ratio the system 

allows measuring ammonia concentrations down to 50 ppb in a Kelvin Probe and 

300 ppb in FET set-up respectively. Other advantages are the good reproducibility of 

the output signal, whose changes are below 10% in all exposure cycles measured, and 

minor cross-sensitivity to almost all gases and vapours except humidity and NO2. The 

major problem of the humidity cross-sensitivity is that different samples, prepared in 

the same manner, are giving different responses. If the ammonia measurement is 

performed in a constant background of humidity in the range of 30-70% r.h. the 

associated error is below 15%.  

The observed Kelvin Probe and FET signals cannot be explained with the standard 

picture of physisorption and chemisorption (Figure 2.10) at the sample surface because 

the lack of electronic conduction in the PAA layer prohibits the establishing of an 

electrical equilibrium between the polymer layer and the reference electrode. An 

electrical analysis of the system shows that the observed response most probably is 

based on a process at the PAA / electrode interface [47]. As discussed above for the 

example of gold (chapter 2.3.2.1), many metal or semiconductor surfaces show some 
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intrinsic sensitivity to ammonia due to the dipole moment of the ammonia molecule. It 

is suggested that this feature is improved by the presence of a PAA layer because the 

polymer significantly concentrates the ammonia through a more or less standard 

sorption process. In dry air this process explains the signal increasing effect of a 

deposited polymer layer. The presence of water seems to change the detection 

mechanism: Water molecules are readily sorbed into the polymer, cluster together, and 

finally form liquid water in the polymer matrix. Ammonia solves in the liquid water 

leading to an electrolyte mixture similar to a dilute solution of ammonia in water. It is 

suggested in literature that, possibly connected with chemical processes in the PAA 

layer, the electrolyte allows electrochemical reactions at the electrodes. This could 

give rise to an electrochemical cell potential at the electrodes that can be measured as 

CPD change in a Kelvin Probe and FET set-up respectively [47]. 

In this work further investigations are performed in order to check the validity of the 

considered mechanism. 

 

2.4 Spectroscopic studies of PAA 

The infrared (IR) measurement technique is a useful tool to characterize and quantify 

the interaction between the polymer and the ammonia and water molecules sorbed into 

the polymer matrix: As the oscillation forces of the intramolecular modes in the 

polymer are sensitive to the level of interaction with the sorbed molecules the 

appearance, disappearance or shift of peaks in the IR spectrum allow to draw 

conclusions about the sorption induced processes in the polymer.  

Transmission spectra of PAA and its ammonium and sodium salts are discussed in the 

literature and the results of these studies are introduced 2.4.1. In addition, first 

measurements of polyacrylic acid under water and ammonia exposure were already 

performed [22]; results obtained in this study are presented in 2.4.2.  

 

2.4.1 Transmittance IR spectra in dry air 

Transmittance IR spectra of PAA, NH4PA and NaPA are shown in Figure 2.12. In the 

following section the PAA spectrum is discussed in detail particularly taking into 

consideration the region around 1700 cm
-1

 assigned to stretching vibrations of the 
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carboxyl group. Subsequently the spectra of the ammonium and sodium salts are 

compared with the one of PAA. 
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Figure 2.12: IR transmittance spectra of PAA and its ammonium and sodium salts. The marked bands 

in the spectra are discussed in 2.4.1. 

 

2.4.1.1 Polyacrylic acid 

In a dry sample the polymer chains of PAA are connected via hydrogen bonds so that 

most carboxyl groups form dimers with each other. This results in a shift of the O-H 

stretching vibrations to lower wave numbers (3200 cm
-1

 in Figure 2.12) if compared to 

the band of free hydroxyl groups which is expected above 3600 cm
-1

 [154]. The 

observed band is superimposed by absorption due to symmetric and asymmetric CH2 

stretching vibrations of the polymer backbone appearing between 2950 and 2800 cm
-1

 

[155]. The shoulder between 2700 and 2500 cm
-1

 is characteristic of dimer carboxylic 

acids caused by overtones and combinations of the H-bonded carboxyl groups [156].  

The band at about 1710 cm
-1

 is ascribed generally to the C=O stretching vibrations in 

cyclic dimers [155, 157, 158] without further detailed analysis of it. However, Raman 

and carefully performed infrared spectroscopy studies pointed out that this band is 

actually composed of several bands that are due to distinct local environments of the 

C=O groups in the polymer [156, 159]. The dependence of these bands on the local 

environment makes the C=O stretching vibration a suitable candidate to study the 

changes in the polymer upon water and ammonia sorption. Therefore this region is 

discussed in detail in the following section. 
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According to Ostrowska and Narębska [156] in the neighbourhood of the main band at 

1708 cm
-1

 shoulders appear at 1695 cm
-1

, 1723 cm
-1

 and 1737 cm
-1

. In agreement with 

several studies performed [159, 160] the main peak of the band has been attributed to 

cyclic dimers (Figure 2.13). 
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Figure 2.13: Acid groups of adjacent polymer chains form cyclic dimers with each other due to 

hydrogen bonds. 

 

At 1737 cm
-1

 or even higher wave numbers the vibration frequency of an unassociated 

carboxyl group appears in the spectra. The contribution of this vibration to the whole 

C=O band is rather small because to a large extend PAA forms dimers at room 

temperature [159]. Additionally, in dry air a weak band at 1730 to 1720 cm
-1

 arises 

from bonded carbonyl stretching mode of a chain structure or a open dimer (as shown 

in Figure 2.14 a). The band corresponding to the vibration of the terminal carbonyl 

group of a chain structure ((t) in Figure 2.14 a) should appear at higher wave numbers 

but it is impossible to differentiate it in the spectra because the characteristic frequency 

of this species is very close to the vibration frequency of an unassociated carboxyl 

group. With increasing humidity in the ambient, the water content of the polymer 

increases and the band at this frequency also may be due to complex compounds 

composed of acid and water molecules (Figure 2.14 b). 
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Figure 2.14: Hydrogen bonds between the acid groups of a single polymer chain (a) result in an open 

dimer (n = 0) or a chain structure (n > 0) and water molecules interact with terminal 

hydroxyl radicals (b). 

 

The insert ion of water into the polymer may lead to many other structures shifting the 

C=O stretching vibration to lower wave numbers. The band at 1700 to 1690 cm
-1

 

which is not observed in a completely dry sample may be ascribed to dimers with two 

molecules of water incorporated in the cycle (Figure 2.15 a), three dimensional 
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structures formed by carboxyl groups and water (Figure 2.15 b) and open dimers or 

oligomers in which terminal carbonyl groups are hydrogen-bonded with water 

molecules (Figure 2.15 c) [156] 
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Figure 2.15: In the presence of humidity the acids groups incorporate water molecules into the cyclic 

dimer (a), form three dimensional structures (b) or open dimers or oligomers in which 

terminal carbonyl groups are hydrogen-bonded with water molecules. 

 

In this work the influence of ammonia and water sorption on the rather complex 

process of carboxyl group association is studied and information about the interaction 

of the gaseous species and the polymer are deduced. 

At lower wave numbers the classification of the bands is controversial: While Wu 

[155] et al. allocate the bands at 1452 and 1415 cm
-1

 to shear mode and bending 

vibrations of CH2 and CHCO groups and state that the bands at 1240 and 1180 cm
-1

 

are due to the combination of the C-O stretching and O-H bending vibrations of 

neighbouring carboxyl groups, Santhiya et al. [157] relate the latter ones to CH2 

deformation and the former ones to the O-H bending and C-O stretching. The 

comparison of the IR spectra of PAA with its derivate NaPA, which is not able to 

perform O-H bending vibrations, gives a hint that the allocation of Wu is correct 

because the bands at 1240 and 1180 cm
-1

 do not appear in the spectrum of NaPA any 

more while the ones at 1452 and 1415 cm
-1

 are still observed (Figure 2.12).  

The weak bands at 1107 and 1040 cm
-1

 indicate C-O stretching vibrations [157] and 

the one at 803 cm
-1

 is associated with the O-C-O deformation vibration; other modes 

of the O-C-O group cannot be observed in the spectra of PAA because it is difficult to 

differentiate between the asymmetric stretching vibration (1310-1250 cm
-1

) and the 

symmetric stretching vibration (1200-1130 cm
-1

) and the other bands in these 
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frequency ranges. The shoulder at 1960 cm
-1

 and weak signals at 960 and 925 cm
-1

 

may be caused by some acrylic acid monomer remaining in the material after the 

polymerisation process. 

 

2.4.1.2 PAA derivates 

At high wave numbers the transmittance spectrum of ammonium polyacrylate shown 

in Figure 2.12, has a similar shape to the one of the pure acid. In both spectra the band 

caused by O-H stretching vibrations and the characteristic shoulder between 2700 and 

2500 cm
-1

 indicate the hydrogen bonds based structure of these materials. Sodium 

polyacrylate shows quite a different transmission spectrum confirming that this 

derivate is not able to form hydrogen bonds: The characteristic bands observed in PAA 

and NH4PA spectra do not appear and only the peak at 2935 cm
-1

 with a shoulder at 

2848 cm
-1

 representing the symmetric and asymmetric CH2 stretching vibrations is 

observed. The very weak and broad band above 3250 cm
-1

 is due to water molecules 

that remain in the polymer matrix even after keeping the sample in dry air for at least 

3 days. The absence of hydrogen bonds is additionally demonstrated by the missing 

bands at about 1240 cm
-1

, as mentioned in the previous chapter.  

Due to the salt formation process, COO¯ ions are generated in the polymer and the two 

oxygen atoms attached to the carbon atom in these ions keep in resonance equilibrium. 

As a result, the polymer adsorption bands associated with a protonated carboxylate 

species disappear (around 1710 cm
-1

) and are replaced by a strong band in the 1540 to 

1610 cm
-1

 range which corresponds to the asymmetric C-O stretching mode and a 

weaker on representing the symmetric C-O stretching mode in the 1400 to 1300 cm
-1

 

range [161]. The former band is generally stronger and more stable in wave number; it 

is more diagnostic than the latter one which is weaker and has many other skeletal 

vibrations occurring in the same range. For the identification of the latter band, it is 

helpful to know that the intensity ratio of the former to the latter band average out at 

7.6 : 1 [162].  

In the transmission spectrum of NaPA the decrease of the carboxyl bands and the 

appearance of the carboxylate bands (1570 and 1320 cm
-1

) can be clearly observed 

(Figure 2.12). A band caused by the asymmetric C-O stretching mode of COO¯ 
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appears also in the spectrum of NH4PA but it is shifted with about 30 cm
-1

 to lower 

wave numbers. As discussed in literature [161], the different size of ammonium and 

sodium as cations in the PAA salts explain this frequency shift. However, in the case 

of ammonium polyacrylate the carboxyl bands are still very strong. Lee et al. 

interpretation is that a large number of carboxylate groups do not bond to ammonium 

ions because some ammonia evaporates from the polyacrylate leaving behind a 

hydrogen ion which bonds to a carboxylate group [161]. Another interpretation of 

these observations is suggested in this work (see chapter 5). 

 

2.4.2 IR spectra changes upon water and ammonia sorption [22] 

Water sorption into a PAA layer leads to strong changes in the infrared transmission 

spectrum. Most obvious is the increase in intensity of the broad band assigned to 

associated water molecules (at about 3500 cm
-1

); this increase is in agreement with the 

known water sorption properties of PAA. In addition, with increasing humidity the 

band attributed to protonated carboxylate groups decreases and bands caused by 

carboxylate anions appear, suggesting a higher degree of PAA dissociation with 

increasing water content of the polymer.  

In addition to the interaction of PAA with water vapour, the influence of ammonia 

sorption on the IR spectra was also studied. In dry air, ammonia induced changes are 

very small indicating that a proton exchange reaction between PAA and ammonia 

hardly takes place; in humid air the changes in the spectra are much more intense. 

Ammonia sorption creates additional sorption possibilities for water molecules 

reflected by the strong increase of the bands due to O-H vibrations (about 3200 cm
-1

). 

Changes of the bands in the carboxyl / carboxylate region indicate a reaction of 

ammonia molecules with PAA in the presence of water in the polymer matrix. 

Even though the published data are very helpful for the understanding of the sorption 

process, they have a major shortcoming: the band ascribed to the protonated 

carboxylate groups is discussed without further analysis. A lot more information about 

the environment of carboxyl groups and the changes of this environment upon water 

vapour and ammonia gas sorption can be gained if the region around 1710 cm
-1

 is 

studied in detail. Therefore, in this work similar measurements were performed 
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particularly taking into consideration the 1800 to 1600 cm
-1

 range (see 4.5.2) but also 

discussing in detail other parts of the spectra. 
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3 Experimental details 

As presented in the previous chapters gravimetric, electrochemical, Kelvin Probe and 

infrared measurements were performed in this work. The following chapters provide 

comprehensive information about the experimental details of the polymers including 

the coating process, the study of the film morphology and the instrumental equipment 

required for the different methods. Special features of the measuring tools, for example 

the determination of alternating current amplitude for IS measurements or the two 

different Kelvin Probe set-ups, are discussed in detail and references to additional 

reading concerning the measuring tools is given. 

 

3.1 Sensitive materials 

Polyacrylic acid with a molecular weight of 2000 g/mol was purchased from 

SigmaAldrich and an aqueous stock solution was prepared. According to Figure 3.1 its 

derivates were made by neutralization of the PAA solution with diluted ammonia 

(diluted from: ammonia solution max. 33% NH3, extra pure, Riedel-de Haën) or 

sodium hydroxide (analytical reagent, Riedel-de Haën) in water; all chemicals were 

used as delivered. While the structural unit of the original acid has a molar mass of 

72 g/mol the molar mass of the salts is greater than this value: 89 g/mol for NH4PA 

and 94 g/mol NaPA, because of the additional cation mass. To the prepared solutions 

acetone (puriss., Fluka) and water (purified with Milli-Q PF PLUS, Millipore 

Corporation) were added to obtain the desired polymer concentration in a mixture of 

acetone and water. The concentrations required for the substrates studied in this work 

are given below at the method descriptions.  

In dry air PAA as well as its ammonium and sodium salts are glassy materials at room 

temperature. It is not easy to determine the glass transition temperature in dry air 

because the studied polymers likely sorb water from the ambient. The sorbed water 

molecules Act as plasticizer and change the glass transition temperature of the polymer 

(see 2.1.4.2). However, with some experimental effort Tg of PAA in dry air could be 

determined to 106°C [163]. This procedure is not possible for NaPA because of the 

great difficulty to obtain this derivate in the dry state. Therefore the glass transition 

temperature was determined as a function of water content and extrapolation to zero 
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plasticizer content resulting in a Tg of 251°C in dry air [164]. The glass transition 

temperature of the ammonium salt is not known. 
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Figure 3.1: The ammonium and sodium salts of polyacrylic acid are prepared by neutralisation of the 

aqueous acid solution with diluted ammonia and sodium hydroxide solutions in water. 

 

3.1.1 Coating procedures 

Depending on the intended polymer layer thickness two different deposition processes, 

drop and spray coating, were applied to produce the polymer film on the substrates as 

described in the following sections. 

The drop coating is a simple and fast technique as the polymer solved in water and 

acetone are directly dropped onto the substrates. If the solution amount is accurately 

defined, for example by the use of an Eppendorf pipette, reproducible polymer films 

can be obtained with the additional advantage of a very small surface roughness. In 

this work 50 l drops of polymer solutions between 6 and 200 mg/ml were deposited 

onto the substrates resulting in layer thicknesses between 1 and 30 m. For thinner 

films this method is suitable to a limited extend only because due to irregular drying, 

the obtained films are not uniform any more. This especially happens if the wettability 

of the substrates is poor. In such cases improved polymer layers can be obtained with 

the spray deposition method. 

The spray coating technique uses a conventional spraying nozzle with nitrogen as 

propellant. This system allows the controlled growth of the polymer film on the 
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substrate: The concentration and flow of the polymer solution, the spraying pressure, 

the sample-nozzle distance and the carrier air stream influencing coating rate are 

parameters which can be adjusted to obtain optimised polymer layers. In this work the 

optimal parameters determined in [22] were set to obtain uniform films with 

thicknesses between 0.1 and 1.5 m. 

The progress of the coating process is monitored on-line by a QMB sensor used as a 

thickness monitor. To obtain polymer films of PAA and its derivates containing the 

same amount of polymer, i.e. the same number of functional units, the required 

frequency change of the thickness monitor is determined by the molar mass of the 

polymer basic units: Therefore, the frequency shift through the derivate coating 

process must be about 1.24 times larger for NH4PA and 1.31 times larger for NaPA 

than the frequency shift observed for polyacrylic acid. The obtained polymer films can 

be used to study the influence of the derivatisation on the sensing properties 

undisturbed by effects induced through changes of the polymer amount. 

In this work a semi-automatic spray deposition system is used consisting of a two 

substance nozzle Model 970 S8 manufactured by Düsen-Schlick and a rotating disk as 

sample holder; it allows the preparation of a large set of samples in one single process. 

In detail the system is described in literature [22]. The polymers were solved in a 

mixture of acetone and water (80% to 20%) resulting in a solution of 0.2 or 0.5 mg/ml 

depending on the substrate to be covered. After preparation the coated samples were 

heated up overnight at 70°C to remove remaining solvent traces and were openly 

stored at room temperature in ambient air. 

 

3.1.2 Layer morphology studies 

Beside the substrates for the different measurement techniques silicon wafers covered 

with thin gold layers were coated with polymer for morphology research.  

The surface of the films was studied with an optical microscope (Olympus BX60) and 

images were taken and processed with the AnalySIS software (Soft Imaging Systems 

GmbH analyses 3.00, 1986). In addition the surface roughness and the thickness of the 

produced layers were determined with a stylus surface profilometer (KLA Tencor 

Alpha Stepper 500). The measurement is done by a stylus which touches the surface of 
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the sample and runs across a prescribed length; details about the method are described 

in literature [22]. To measure the thickness of a film, a step that is comparable to the 

film thickness must be produced before the measurement. This can be done for 

example by scratching the film with a sharp metal piece.  

Some optical microscope images and surface profilometer scans are presented in 

Figure 4.1 in chapter 4.1. 

 

3.2 Instrumental equipment 

The experiments performed in this work require controllable and reproducible 

conditions in terms of air flow and composition of the gas atmosphere. In a computer 

driven gas mixing station all those parameters can be adjusted with high accuracy and 

reproducibility. The gas mixing station consists of several gas channels controlled by a 

set of mass flow controllers (Tylan 2900). The system used in this work is similar to 

the one described in literature [165] and runs under control of a personal computer 

equipped with the homemade software programme POSEIDON. In a background of 

synthetic air the required humidity was adjusted in a thermostated water evaporator 

and ammonia was supplied from a gas bottle (Air Liquid, 100 ppm and 500 ppm 

ammonia in synthetic air respectively). 

The outlet of the gas mixing station was connected with the gas ports of the 

measurement chambers providing the desired gas composition. Beside the 

measurement chambers, the measuring tools, the substrates and the applied polymer 

deposition procedure are described for each method in the following paragraphs. 

 

3.2.1 Gravimetric measurements 

Gravimetric measurements were performed with quartz micro balances as presented in 

2.1.2. In Figure 3.2 the QMB substrate is shown; it is composed of the piezoelectric 

material sandwiched between two gold electrodes. The piezoelectric material used in 

this work is an AT-cut quartz crystal with a thickness of 56 m and a fundamental 

frequency of 30 MHz. The QMBs were manufactured by KVG Quartz Crystal 

Technology GmbH, Neckarbischofsheim.  
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QMB substrate Measurement chamber 

 
 

a) b) 

Figure 3.2: a) QMB substrate: A piezoelectric material (quartz crystal) plate sandwiched between two 

gold electrodes. b) Measurement chamber: The polymer coated QMB substrates are 

placed in a brass measurement chamber designed for a maximum of eleven QMB sensors 

aligned in two opposite, interlacing rows. A temperature control system which is made up 

of water filled coils integrated in the walls of the measurement chamber enabling the 

temperature control as required for precise studies. 

 

The substrates were covered by spray deposition of a 0.2 mg/ml PAA solution in 

acetone and water (80% to 20%) resulting in polymer film thicknesses of 120 nm, 

320 nm, 400 nm, 710 nm and 1.3 m respectively. Ammonium and sodium 

polyacrylate solutions were prepared in the same solvent mixture and molarity and 

spray deposited onto the QMB substrates. In each case, the deposited polymer amount 

was equal to the amount of PAA in the 400 nm layers. This allows the comparability 

of the sorption properties observed for the different materials studied. To be able to 

subtract the interaction of the analyte gases with the uncoated substrate an uncovered 

QMB was measured as well. 

The sensor holder contains the driving oscillator circuitry and a coaxial cable between 

the sensor holder and the computer provides the driving voltage and transmits the 

signal which is read out by a frequency counter card. More detailed information on the 

circuitry can be taken from literature [166]. The data acquisition system allows 

measuring the resonance frequency shift of ten QMB sensors at a time. The system 

possesses a very good resolution of 1 Hz but has the disadvantage that absolute 
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frequencies cannot be determined with it because always the initial frequency is taken 

as reference.  

The polymer covered QMB substrates attached to the sample holder are placed in a 

brass measurement chamber designed for a maximum of eleven QMB sensors aligned 

in two opposite, interlacing rows (Figure 3.2 b). The sensors are close to a water filled 

coil integrated in the walls of the measurement chamber enabling the temperature 

control of the measurement chamber as required for precise studies (see 2.1.3). For the 

measurements performed in this work the temperature was kept at 25°C by a Julabo F 

32 MH thermostat. 
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a) b) 

Figure 3.3: Measurement schemes usually applied in gravimetric measurements. a) Water exposure 

with and without ammonia in the ambient: The dried polymer was exposed to humidities 

starting with 5% r.h. and each 10 hours increased by the same fraction until 85% r.h. was 

reached and the sample was dried again. The measurements of water sorption in the 

presence of ammonia followed the same scheme but additionally constant backgrounds of 

ammonia were added over the whole humidity range. b) Ammonia exposure in dry air: 

The sample was exposed for 30 min to ammonia concentration steps between 1 and 

25 ppm separated by 90 min of dry air without ammonia. 

 

In the measurement chamber the samples were exposed to water vapour and ammonia 

gas; typical runs are presented in Figure 3.3: Starting from dry air, the relative 

humidity was increased in steps of 5% r.h. each 10 hours until 85% r.h. was reached 

(Figure 3.3 a). Afterwards the sample has been exposed to dry air again. For further 

experiments the scheme was changed so that each level of relative humidity was 
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separated from the next one by 5 hours of dry air to allow the sensor to recover. The 

experiments of humidity pulses with ammonia followed the same scheme but 

additionally constant backgrounds of 1 to 30 ppm ammonia were added over the whole 

humidity range. In dry air the sample was exposed to ammonia concentration steps 

running from 1 to 25 ppm ammonia separated by periods of dry air without ammonia 

(Figure 3.3 b). Additionally, several measurements were performed with longer 

exposure times and higher ammonia concentrations up to 100 ppm. Examples of the 

frequency shifts obtained upon the polymer interaction with these analytes are given in 

Figure 4.2 in chapter 4.2 and Figure 4.5 in chapter 4.2.2 respectively. In this work, the 

frequency shifts are given as positive values even if the frequency of the QMBs is 

actually lowered due to the additional mass uptake. 

 

3.2.2 Electrochemical measurements 

The samples required for electrochemical measurements were prepared by drop 

deposition of PAA solution (concentration range between 6 and 200 mg/ml) or 

corresponding solutions of the derivates in acetone and water (80% to 20%) onto 

quartz substrates provided with platinum interdigitated electrodes. The electrodes have 

a width of 50 m and are separated from the counter electrode by 50 m quartz 

resulting in an aspect ratio of 1000 and a 10 mm
2
 active area (Figure 3.4 a) and the 

produced polymer layers have a thicknesses between 1 and 30 m. 

Mounted on a TO-8 socket the sample is placed in a Teflon measurement chamber 

which is equipped with current linkage for the working and the counter electrode 

between the sample and the measuring tool (Figure 3.4 b). In all electrochemical 

experiments performed a two electrode set-up without reference electrode is applied. 

The measurement chamber is covered with an earthed Cu sheathing, shielding the 

sample from environmental effects and connected with a gas mixing station to provide 

the desired gas composition in the ambient. The measurements were performed under 

equilibrium conditions in dry air and humidities up to 80% r.h. and ammonia 

concentrations between 1 and 30 ppm in dry and humid air. 
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a) 

 

 b) 

Figure 3.4: Substrate and measurement chamber for electrochemical measurements. a) Optical 

microscope picture of a quartz substrate applied in these measurements (detail section). 

The platinum interdigitated electrodes (black in the picture) have a width of 50 m and 

are separated from the counter electrode by 50 m quartz gap. b) Shielded measurement 

chamber for electrochemical measurements. It is equipped with current linkage for the 

platinum electrodes of the substrate with the measuring tool. 

 

As measuring tool the computer controlled electrochemical measurement system 

Autolab (Eco Chemie B.V., Utrecht) was used; it consists of a data acquisition system 

and a potentiostat (PGSTAT 30) which provides potentials up to 30 V with an 

accuracy of 0.2% independent of the current in a range of 10 nA to 1 A and an 

alternating voltage frequency up to 1 MHz. This device was employed for the 

impedance measurements as well as for the step voltage and cyclic voltammetry 

experiments as discussed in the following sections. 

For AC impedance spectroscopy measurements the potentiostat is driven by the 

Frequency Response Analyser software (FRA, Eco Chemie B.V., Utrecht) were the 

settings of the measurement as the frequency range, the amplitude of the alternating 

voltage and possibly an additional direct current bias can be chosen. In this work the 

electrical impedance is measured upon variation in frequency of the alternating voltage 

in the range of 1 mHz to 1 MHz. As discussed in 2.2.1 the method requires a linear 

electrochemical system and therefore the alternating voltage applied should not 

influence the response of the sample. In contrast to other systems the influence of the 
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alternating voltage on the spectra obtained is small for polymer covered comb 

structures as for example shown in Figure 3.5: Potentials below 250 mV do not 

influence the shape of the spectra suggesting that the system behaves linear at lower 

voltages. Hence, in this work a relative high alternating voltage of 100 mV (compared 

with [96] and [98]) could be applied to the sample  resulting in accurate determination 

of the AC current response and with it in a low-noise determination of the impedance. 

Examples for the obtained impedance spectra are given in Figure 4.10 in 4.3.1 or 

Figure 4.17 a) in 4.3.1.2 where additionally a direct current bias up to 3 V is applied to 

the sample.  

As presented in 2.2.2 the interpretation of the impedance spectra was performed with 

equivalent circuits using the software Equivalent circuit written by B. Boukamp [167] 

to fit the circuit parameters to the experimental data. The equivalent circuit describing 

the measured electrochemical systems is given in Figure 4.11 in 4.3.1. 
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Figure 3.5: Negligible influence of the alternating current amplitude on the impedance of a sample 

below 250 mV presented in a Nyquist diagram. The measurements were performed with a 

2 m PAA covered sample exposed to 10 ppm ammonia in 50% r.h. and alternating 

voltages varied between 5 and 350 mV. 

 

Beside the impedance spectroscopy voltage step and cyclic voltammetry 

measurements were performed with the Autolab set-up driven by the software General 

Purpose Electrochemical System (GPES version 4.7, Eco Chemie B.V., Utrecht).  
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For the voltage step measurements a DC voltage of 1 V was applied and the current 

decay upon this perturbation was observed for 30 s. Typical responses for the current 

decay several seconds after the voltage step started is shown in Figure 4.21 a) in 4.3.2. 

The cyclic voltammetry measurements were performed in the range of -1 to 1 V and 

scan rates ranging from 0.01 to 0.5 V/s were applied. Results obtained with this 

method are shown in Figure 4.21 and Figure 4.22 in 4.3.2. 

 

3.2.3 Kelvin Probe measurements 

In this work Besocke and McAllister Kelvin Probe set-ups were used simultaneously; 

the configurations are discussed in detail below. Both measurement chambers are 

made of brass covered with a thin Teflon layer allowing the study of the samples in an 

inert and shielded environment. Additionally, the chambers are equipped with glass 

windows to make the sample visible during the measurements (Figure 3.6) and allow 

for the tuning of the tip position. The two measurement chambers were connected in 

series with the gas mixing station which provides the desired composition of the 

sample ambient. With this arrangement and two samples prepared in a single spray 

deposition process it is possible to compare the response of the different Kelvin Probe 

set-ups. 

The Besocke Kelvin Probe as well as the McAllister one has a gold covered counter 

electrode. As discussed in 2.3.2 it cannot be excluded that especially ammonia but also 

water molecules interact with the gold surface changing the work function of the 

counter electrode. This raises the problem that the measured CPD is not only caused 

by the sample any more. However, this work does not aim to measure the absolute 

work function change of the sample but to compare the responses of the substrates 

covered with different polymers. Therefore, a reproducible work function shift of the 

counter electrode upon analyte exposure does not hinder these studies.  

As substrates, silicon wafers covered with a 100 nm gold layer on a 20 nm thin layer 

of titanium were applied. The wafers with very smooth surfaces reflected in a 

roughness of less than 10 nm were hand cut to the desired size of about 5x5 mm
2
 for 

the use in Kelvin Probe measurement chambers. By the spray deposition method the 

substrate gold layers were covered with a solution of 0.2 mg/ml PAA in acetone and 
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water (80% to 20%) resulting in a porous layer of 700 nm thickness. The same amount 

of ammonium and sodium polyacrylate respectively is deposited on the substrates to 

study the response of these materials exposed to ammonia and humidity. 

 

 

a) 

 
 

b) c) 

 

Figure 3.6: In series connected McAllister and Besocke Kelvin Probes for work function change 

measurements. A magnified picture of the samples and the counter electrodes is given in 

b) for the McAllister set-up and in c) for the Besocke set-up.  

 

The pure substrates and the polymer covered samples were exposed to steps of 1, 3, 10 

and 25 ppm ammonia separated by one and a half hours without ammonia as shown in 
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Figure 3.7. The measurements were performed in dry air and against a background of 

50% r.h., additionally the response of the uncovered sample was studied in 90% r.h.  
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Figure 3.7: Measurement scheme applied in Kelvin Probe measurements. The sample was exposed to 

ammonia concentration steps between 1 and 25 ppm for 30 min separated by 90 min of 

dry air without ammonia. The experiments were performed in dry air and in a background 

of 50% r.h., additionally the response of the uncovered sample was studied in 

90% ambient humidity. 

 

3.2.3.1 Besocke set-up 

After the measuring principle of Kelvin Probes was published (see 2.3.1) several 

technical approaches of work function measurement devices were developed. The 

Besocke set-up used in this work (Kelvin Probe type S manufactured by Besocke-

Delta Phi, Figure 3.8 b) is an improvement of a Kelvin Probe described by Besocke 

and Berger in 1976 [168]. Typical results obtained with the Besocke Kelvin Probe set-

up are shown in Figure 4.24 a) in 4.4. 

The probe material is a gold covered stainless steel grid of 3 mm diameter fixed with 

an insulator to steel wires. According to the manufacturer the optimal sample-probe 

distance is about 1 mm and the gold grid has to be mounted in a plane-parallel 

orientation to the sample (Figure 3.6 c). The gold grid vibrations are produced by a 

piezoceramics with a base resonance frequency of 160 Hz which is set by the 

dimensions of the probe and the piezoelectric constant of the piezoceramics. The 

amplitude of the vibration can be varied via the driving electronics of the Kelvin 

Probe. 

The driving electronics (Kelvin Control 07) purchased from the same company has 

outputs for driving the piezoelectric actuator, for the raw signal visualised by an 
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oscilloscope (Hewlett Packard 54602B), and for the Kelvin Probe signal connected to 

the data acquisition system (KP6500 from McAllister). For the determination of the 

contact potential the raw signal is amplified with a lock-in amplifier and a DC counter 

voltage is applied as discussed in 2.3.1. In the automatic modus the counter voltage is 

adjusted by the circuitry to minimize the charging current of the gold-grid / sample 

capacitor so that the compensating voltage equals exactly the difference of the work 

functions.  
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b) 

a)  

Figure 3.8: Schematic set-ups of the Kelvin Probes used in this work. a) McAllister set-up with an 

alternating current-carrying coil inducing an alternating magnetic field in which a 

ferromagnetic material connected with the counter electrode periodically moves [169]. b) 

Besocke set-up with a piezoceramic wafer inducing the gold grid vibrations. Additionally 

the electric circuit used for the determination of work function changes is sketched. In 

3.2.3.1 and 3.2.3.2 the set-ups and their differences are discussed in more detail. 

 

3.2.3.2 McAllister set-up 

The McAllister Kelvin Probe KP6500 uses another procedure to determine the contact 

potential avoiding the unfavourable signal to noise ratio at the zero point which is the 

weak spot of the Besocke set-up: 

Far away form the zero point the current is measured at several potential differences 

(Vtotal); in this region the signal to noise ratio is significantly improved. According 



3 Experimental details 

 

60 

equation (2.26) a linear relationship exists between the potential difference and the 

measured current at constant capacitor plate distance and hence, the resulting 

current / potential difference plot shows a straight line whose slope is called 

“gradient”. The counter voltage required for the zero point condition can be obtained 

by interpolation from the experimental data. In this work three potential differences 

between 4.95 and -4.95 V were applied to the sample and the response current was 

measured resulting in a straight line with a gradient of -0.254. 
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Figure 3.9: Humidity induced gradient changes observed in experiments performed without tracking 

mode. The 700 nm PAA covered substrate was exposed to 50, 60, 70, and 80% r.h. for 

2 hours separated by 3 hours of dry air and measured in the McAllister Kelvin Probe set-

up. 

 

This method ensures a high accuracy but has the disadvantage to be very sensitive to 

gradient changes. Therefore measurements can only be compared with each other if 

they are performed with the same gradient which is basically determined by the 

distance of the capacitor plates. Due to outside influences, accidental variations of the 

distance may occur altering the Kelvin Probe response. To avoid this, the tracking 

mode provided by the software can be used adjusting the gradient by restoring the 

initial distance. An additional problem occurs if measurements in different ambient 

humidities are performed: Due to water sorption into the polymer the sample 

capacitance changes (2.2.2.1) and with it the gradient measured as followed from 

equation (2.26). Figure 3.9 shows an example of the humidity induced gradient change 

of a PAA sample which was recorded without tracking mode. If such measurements 

are performed in tracking mode the software alters the capacitor plate distance to keep 
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the gradient constant. This adulterates the measured contact potential difference 

because the gradient change was originally not induced by distance variations. 

Therefore it is not possible to obtain reliable CPD changes with the McAllister method 

if the capacitance of the sample depends on the ambient. Under these conditions the 

Besocke Kelvin Probe is preferable because it works under biased voltage and with it 

zero current conditions where the capacitance is not relevant. 

In the McAllister set-up (Figure 3.8 a) the gold covered stainless steel counter 

electrode with a diameter of 5 mm is placed directly above the sample at a distance of 

about 0.1 mm or even less (Figure 3.6 b). To obtain low-noise signals and the aimed 

gradient the gap between the capacitor plates must be optimised with the screw thread 

shown in the figure and fine tuned with the tracking mode. An ac excitation coil 

induces an oscillation of a ferromagnetic material which is directly connected with the 

counter electrode resulting in a periodical movement which is required for the work 

function difference measurements as discussed in 2.3.1.  

The McAllister Kelvin Probe is computer driven and controlled with the software 

KP6500 from McAllister. This software acquires the measurement data and allows the 

setting of several parameters for the Kelvin Probe; important examples are the 

frequency of the counter electrode vibration which was preset to 217 Hz, the number 

of measurements used for averaging (usually 128) and the gradient control with the 

tracking mode already mentioned above. Typical results obtained with the McAllister 

Kelvin Probe set-up are shown in Figure 4.24 b) in 4.4.  

 

3.2.4 Infrared measurements  

Infrared transmission spectroscopy performed with a Bruker Equinox 55 FT-IR 

spectrometer is the fourth experimental method used in this work. 2 m thick polymer 

films are spray deposited from a solution of a 0.5 mg/ml PAA and the corresponding 

amount of the PAA salts in acetone and water (80% to 20%) directly on the 1 mm 

thick Germanium optical windows of the measurement chamber. The measurement 

chamber is made of stainless steel, inside and outside covered with black Teflon 

providing an inert ambient for the infrared measurements. The chamber illustrated in 

Figure 3.10 has two gas ports connecting it with the gas mixing station. Just as the 
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electrochemical measurements the infrared experiments were performed under 

equilibrium conditions in dry air and humidities up to 80% r.h. and ammonia 

concentrations between 1 and 30 ppm in dry and humid air. 

 

Figure 3.10: Black Teflon coated stainless steel measurement chamber for infrared measurements. The 

polymer to be measured is directly deposited on the Germanium optical window. 

Through the gas ports the desired gas composition is supplied. 

 

The infrared spectra were taken in transmission with a resolution of 2 cm
-1

 in the range 

of 400 to 4000 cm
-1

 with 1024 scans per measurement in order to get a good signal to 

noise ratio. The accompanying software package OPUS 4 (Bruker Optik GmbH) 

controlled the spectrometer and was used to calculate the absorbance spectra using a 

reference spectrum taken without a polymer film in the measurement chamber. 

Additionally the spectra in dry air were used as reference to study analyte induced 

changes of the polymer materials. The spectra obtained are given in chapter 4.5. 
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4 Measurement results and interpretation 

Results obtained with the previously described experimental methods are presented in 

the following sections. After a short discussion of the polymer layer morphology (in 

4.1) the results of the gravimetric measurements are given (in 4.2). The interpretation 

of the QMB experiments provides information about mass changes upon water 

sorption, ammonia sorption and water sorption in a background of ammonia. 

Additionally, the influence of water sorption on the glass transition temperature is 

discussed. This information is supplemented by an insight into the polymer bulk 

processes and at the polymer electrode interface obtained from electrochemical 

measurements presented in 4.3. Kelvin Probe experiments were performed with 

McAllister as well as Besocke set-ups; the results of the different methods and of 

uncovered and polymer covered samples are compared with each other in 4.4. Detailed 

discussions of the interactions between water and ammonia molecules and the 

polymers, studied additionally based on the interpretation of infrared spectra, are 

presented in 4.5. 

 

4.1 Characterisation of the polymer layer morphology 

Depending on the counterion of the polyacrylate the deposition of the same amount of 

polymer with the spray-deposition method results in two different film types easily 

distinguishable by their optical microscope images (Figure 4.1 a) and by their 

roughness to thickness ratio (Figure 4.1 c) determined from the surface profile, which 

is given in Figure 4.1 b).  

The materials with a large roughness to thickness ratio PAA (0.7) and NH4PA (0.9) 

grow in islands on the substrate with the space between the islands covered by a very 

thin layer. The resultant layers are porous films with similar structured surfaces but 

different layer thicknesses: While the PAA layer has a thickness of 0.4 m the one of 

the ammonium derivate is with 1.5 m almost four times larger. The thickness of the 

NaPA film lies with 0.7 m in between the thickness of the other layers but the 

roughness to thickness ratio is significant smaller (0.3). This is also reflected in the 

much smoother surface of this material. 
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PAA NH4PA NaPA 

   

a) Optical microscope images  

                     

   

b) Profile of the polymer layers  
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c) Normalised profile of the polymer layers  
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Figure 4.1: Morphology studies of PAA and the same amount of its derivates spray deposited onto 

gold substrates. a) Optical microscope pictures with a scale bar representing 20 m for all 

materials. While PAA and NH4PA have an island like structure the surface of NaPA is 

much smoother. b) Stylus profiler scans show the surface roughness and the different 

thicknesses of the materials: 0.4 m for PAA, 1.5 m for NH4PA, and 0.7 m for NaPA. 

c) Normalised profiles of the surface are presented to compare the roughness to thickness 

ratio of the produced polymer films. The normalisation was made taking the polymer 

thickness as 1. The roughness to thickness ratios resulting from the normalized 

profiles were found to be: 0.7 for PAA, 0.9 for NH4PA and 0.3 for NaPA. 
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If the studied layers are prepared by using the drop-coating method, all produced films 

are transparent and very smooth with a surface roughness of about 20 nm. The 

thickness of the layers depends on the concentration of the polymer solution, which is 

used to prepare the films (see 3.1.1).  

 

4.2 Gravimetric measurements  

For the gravimetric measurements, the QMBs were covered with thin PAA, NH4PA 

and NaPA layers, respectively. The raw experimental results are obtained as resonance 

frequency shifts of the polymer coated QMBs depending on humidity and ammonia 

concentration; an example of QMB raw data is given in Figure 4.2. From them the 

corresponding frequency shifts due water vapour and ammonia gas sorption are 

deduced, described in detail in the following chapters.  
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Figure 4.2: Resonance frequency shifts dependence on humidity and humidity in a background of 

10 ppm ammonia for a 360 nm coated QMB. The measurement scheme is additionally 

given in the upper part of the figure. 

 

4.2.1 Water sorption 

According to the measurement scheme shown in the upper part of Figure 4.2 the 

polymer samples were dried and afterwards the humidity was increased by 5% each 

10 hours. In a subsequent run the scheme was changed in such a way that the humidity 

pulses are separated by 5 hours dry gas exposure periods. The obtained frequency 

shifts are the same in both cases. 



4 Measurement results and interpretation 

 

66 

For PAA the QMB response was simultaneously determined for three different layer 

thicknesses; the sorption isotherms, that are the frequency shift dependencies on the 

humidity, are shown in Figure 4.3 a). The shapes of the sorption isotherms are 

characteristic for amorphous solids with two deviations from linearity: one at high 

humidities and the other one usually appearing as a “shoulder” at low relative 

humidities. It has not been well understood what gives rise to the initial shoulder but 

the increase at higher humidities is due to the formation of liquid water in the polymer 

and the glassy to rubbery transition of the material [86]. After exposure to humidity, 

the frequency shift disappears when the ambient atmosphere is switched to dry air; this 

fact indicates that the interaction between water molecules and the polymer is 

reversible. As shown in Figure 4.3 a) the sorption isotherm can successfully be fitted 

with the BET equation discussed in 2.1.4.1.  
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a)  b) 

Figure 4.3: Frequency shift response of QMBs coated with 0.12, 0.36 and 1.3 m PAA layers 

respectively. a) Frequency shifts plotted against the relative humidity can be described 

with BET isotherms (solid lines). b) The QMB response linearly increases with 

increasing polymer layer thickness as shown for three humidity examples. 

 

During the sorption process water is taken up into the bulk of the PAA and therefore 

the amount of water sorbed at a given humidity, depends on the volume and, through 

it, on the thickness of the polymer layer covering the QMBs. The linear correlation 

between the QMB responses of layers with varying thickness is presented in Figure 4.3 

b) for a low, a medium and a high humidity. It proofs that water sorption is a volume 

effect and gives evidence of the absence of changes in viscoelasticity during water 
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sorption and/or rigid behaviour (see 2.1.3). In the chosen range PAA films are 

“acoustically thin” and hence QMBs covered with PAA layers are really mass sensors 

and suited to study the sorption induced mass changes. 

The non-linear increase of the sorption isotherm at high ambient humidities suggests 

that the static glass transition temperature of the sample is sufficiently lowered and the 

polymer undergoes a glassy to rubbery transition. To estimate the static glass transition 

temperature at different humidity levels the Flory-Fox equation (equation (2.9)) is used 

with the glass transition temperatures of dry PAA (106°C [163]) and of water (-135°C 

[170]) taken from literature and the weight fraction of polymer and of water calculated 

according to equation (2.10) from the QMB measurements. In Figure 4.4 the estimated 

glass transition temperatures calculated from the measurements of the 360 nm PAA 

layer, are plotted against the relative humidities causing the respective values. The 

temperature, which is required to observe the glassy to rubbery transition decreases 

with increasing humidity and at about 78% r.h. the glass transition temperature is 

lowered to room temperature and the polymer changes from its glassy to its rubbery 

state. 
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Figure 4.4: Glass transition temperature dependence on the relative humidity. The glass transition 

temperatures were estimated with the Flory-Fox equation (see 2.1.4.2) using data 

obtained from QMB measurements of substrates covered with 360 nm PAA. At room 

temperature the glassy to rubbery transition occurs at almost 80% r.h. 
 

4.2.2 Ammonia sorption  

Compared with the water sorption induced mass uptake, the effect due to ammonia is 

rather small but shows a similar dependence on the materials: While the response of 



4 Measurement results and interpretation 

 

68 

QMBs covered with PAA and NH4PA are quite similar, the one of QMBs covered 

with the sodium derivate differs greatly.  
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Figure 4.5: Response of QMBs covered with 360 nm PAA layer or the same amount of the 

ammonium and sodium derivates to several ammonia concentrations in dry air. a) The 

shape of the frequency shift upon a 100 ppm ammonia step depends on the studied 

material being very similar for PAA and NH4PA but quite different for NaPA. b) Plotted 

against the ammonia concentration the frequency shift of the former can be described 

with a Langmuir isotherm (solid line) while the response of NaPA coated QMBs cannot 

be fitted with any known sorption isotherm. The example shown in the figure was 

measured with a PAA coated QMB. c) Frequency changes upon several exposure cycles 

for all materials studied. The measurement scheme was chosen according to Figure 3.3 in 

chapter 3.2.1. 
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In the case of PAA and NH4PA in dry air the diffusion of ammonia into the polymer 

matrix is very slow and desorption after ammonia exposure is even slower and partly 

irreversible as presented in Figure 4.5 a). Even if the ammonia exposure time is 

extended to 10 hours the system is far away from equilibrium, which can only be 

estimated. The obtained sorption isotherm of a dry PAA sample is given in Figure 

4.5 b) and well fitted with a Langmuir equation discussed in 2.1.4.1. As shown in 

Figure 4.5 c) the mass of the sample increases over several runs of ammonia exposure 

for these materials. If the ammonia measurements are performed in a background of 

humidity the response time decreases and the frequency shifts are much larger than in 

dry air. At all humidities, the sorption isotherms can be fitted with Langmuir 

equations. 

The NaPA covered QMBs exhibit a completely different behaviour in dry air showing 

a very fast response time, an overshot for about 20 min, which is followed by a 

constant frequency shift until ammonia is removed from the ambient and a fast decay 

of the QMB response is observed. Unlike the other materials, the mass does not 

increase but does perhaps even decrease over several measurement runs. Both in dry 

air and in humid air none of the typical known sorption isotherms [83] is observed. 

 

4.2.3 Water sorption in a background of ammonia 

The water sorption measurements were repeated in a background of several ammonia 

concentrations. Due to the presence of ammonia the mass uptake of the sample during 

the water sorption process is strongly enhanced but the typical shape of the sorption 

isotherms remain and they still can be fitted with the BET equation as shown in Figure 

4.6 a). From the measured data and with the assumption that at a given ammonia 

concentration the further frequency change of the QMBs is due to absorbed water 

molecules only, it is possible to calculate the polymer and water weight fraction again 

with equation (2.10) if the frequency shift due to the added polymer in dry air 

( layerPAAf ) is replaced with the frequency shift ammoniawithlayerPAAf  considering mass 

changes due to absorbed ammonia in dry air. Infrared measurements show that this 

assumption is valid and that the mass uptake is due to an additional water uptake 

induced by the presence of water (Figure 4.28 in 4.5.1). With the calculated weight 
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fraction the static glass transition temperature of the system can be estimated. When 

the obtained values are plotted in the same manner as in Figure 4.4, the relative 

humidity required for the glassy to rubbery transition at room temperature can be 

determined. The dependence of this relative humidity on the ambient ammonia 

concentration is given in Figure 4.6 b). The higher the ammonia concentration the 

lower is the water concentration needed for the glass transition at a given temperature 

and the other way around.  
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a) b) 

Figure 4.6: a) Gravimetric measurements with 360 nm PAA covered QMBs without ammonia (open 

circles) and in a constant background of ammonia. The QMB response upon an increase 

of humidity increases in the presence of ammonia while the plot against the humidity can 

always be fitted with BET isotherms (solid lines). b) Glass to rubber phase transition 

diagram estimated form the QMB responses by means of the Flory-Fox equation. It 

shows the ambient conditions (relative humidity and ammonia concentration) required for 

the glassy to rubbery transition of PAA at room temperature. 

 

The relative frequency shifts due to interaction with ammonia (arrows in Figure 4.7 a) 

compared to the frequency shift without ammonia have been further derived to study 

the interaction mechanism between water and ammonia molecules in the PAA layer. 

The effects in a background of 10, 20 and 30 ppm ammonia are presented in Figure 

4.7 b). The results are showing that as long as the relative humidity is low, the relative 

increase of the frequency shift due to interaction with ammonia is independent of the 

humidity. At higher humidity levels, however, the frequency linearly depends on it but 

with a slope almost independent on the ammonia concentration. 
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The humidity at which the switch between the humidity independent region and the 

dependent one takes place, is in agreement with the values required for the glassy to 

rubbery transition at room temperature; it also decreases with increasing ammonia 

concentration. 
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a) b) 

Figure 4.7: a) Response of a QMB with 360 nm PAA layer to several levels of relative humidity 

without and with a background of 10 ppm ammonia. The arrows indicate the increase of 

frequency shift due to interaction with ammonia at a given humidity. b) Relative increase 

of the frequency shift in dependence on humidity for three different ammonia exposure 

levels. The frequency shift without ammonia at each humidity was taken as reference. 

The sample was a 360 nm PAA coated QMB. 

 

To get a full picture of the water sorption process in PAA the sorption properties of the 

ammonium and the sodium derivates were also studied. The obtained sorption 

isotherms are shown in Figure 4.8 and it is obvious that the two derivates of the same 

acid show quite different responses: If the ammonia salt of the PAA is used, the 

system still responds with the same mass increase to several levels of relative humidity 

and ammonia concentrations (Figure 4.8 a) as the PAA film does, if the amount of 

polymer is the same in both cases. The response of the NaPA covered QMB to 

humidity (Figure 4.8 b) is much higher than the one of the other materials; almost 

40 kHz frequency shift are observed in humid air even without ammonia. At low 

humidity levels the response vary from one measurement run to the next one but, 

unlike for PAA and NH4PA, it is independent of the ammonia concentration. With 
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increasing humidity some influence of ammonia seems to be present, but the poor 

reproducibility of the NaPA film response does not allow for a clear conclusion. 
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Figure 4.8: Response of QMBs covered with 360 nm PAA and the same amount of the ammonium 

and sodium salts respectively. a) PAA coated QMB response in comparison with NH4PA 

coated QMB to several levels of relative humidity without and with 1 and 10 ppm 

ammonia. The data are fitted with BET isotherms (solid lines). b) Response of NaPA 

coated QMBs to several levels of relative humidity without and with 1, 10, and 30 ppm 

ammonia. For comparison the frequency shift of a PAA coated QMB upon humidity 

exposure without ammonia is given in the same figure. 

 

4.3 Electrochemical measurements 

Systematic impedance measurements were performed to study the electrochemical 

properties of a system consisting of metal comb electrodes covered with a polymer 

layer. To supplement the obtained information, cyclo-voltammetric and voltage step 

measurements were added.  

 

4.3.1 Impedance measurements 

The main experimental results are the dependencies of the electrical parameters as 

revealed by the impedance spectrograms in the 1 mHz – 1 MHz range. In controlled 

atmosphere containing different levels of humidity the raw data (real and imaginary 

components of the impedance) are spanning over more than eight orders of magnitude; 

their direct comparison being impossible, scaled representations have been derived 

that give a feeling for the samples’ behaviour (see for example the impedance of a 
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PAA layer in Figure 4.9). The Nyquist plot for different humidity values shifts from a 

vertical line in dry air over “one-semicircle” and the “two-semicircles” type (one of 

them very large, only partially shown in the picture; plotted with squares in Figure 4.9) 

to the “three-semicircles” type (plotted with circles and triangles in Figure 4.9; again, 

one semicircle is very large and only partially shown in the picture), indicating the 

onset of further electrochemical processes. At higher humidities, this semicircle is 

partially or completely overlapped by the large lower frequencies semicircle. After 

drying the sample, the initial impedance spectra are obtained again showing that the 

effect of humidity on the electrical properties of PAA is reversible. This is in 

agreement with the gravimetric measurements which are also indicating the 

reversibility of the water sorption (see 4.2.1). 
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Figure 4.9: Scaled Nyquist plot for a sample covered with a 2 m PAA layer at different humidity 

levels. The radius of the first circle is scaled to 1. 

 

In dry air gaseous ammonia does not influence the electrochemical properties of PAA 

and NH4PA (see Figure 4.10 a) but the impedance of the comb structure covered with 

NaPA changes a bit if ammonia is present in the ambient; it does not, however, display 

a clear dependence on the ammonia concentration. The great difference between the 

impedance of PAA and NH4PA and in contrast NaPA is notable. 
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a) Dry air b) Humid air 

Figure 4.10: Influence of ammonia on the impedance of the measured sample in a) dry and b) humid 

air presented as Nyquist plot. The substrates were covered with 2 m PAA, NH4PA and 

NaPA films respectively. 
 

The behaviour of PAA and NH4PA completely changes if the ambient atmosphere 

contains some humidity. Then the presence of ammonia is dramatically enhancing the 
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water effect in this materials and a strong impedance decrease of the polymer layer is 

observed. For example in the non-scaled Figure 4.10 b) for PAA it is no more possible 

to see the semicircle describing the high frequency response of the layer at 10 ppm 

ammonia and the one for NH4PA is also very small. The response of NaPA covered 

samples is almost unchanged by the presence of ammonia. Only a slight increase of 

the impedance with increasing ammonia concentration is observed. 
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Cb

 

Figure 4.11: Equivalent circuit representing the electrochemical system studied in this work: Cb and Rb 

are the capacitance and the resistance describing the bulk properties of the polymers; 

CPEdl represents the double layer capacitance parallel to the charge transfer resistance of 

processes at the electrode surface Rct probably supplemented with a Warburg impedance 

*

WZ . The elements Cm and Rm describe the properties of a third semicircle appearing in 

the Nyquist plot between the bulk and the electrode elements. Further work is required to 

explain the meaning of this semicircle. 

 

For the interpretation of the AC impedance spectroscopy results the equivalent circuit 

sketched in Figure 4.11 is used. Depending on the ambient conditions one to three 

R║C circuits are necessary to fit the measured data. The semicircle at the highest 

frequencies is due to the impedance of the polymer layer and can be fitted with Rb 

representing the resistance of the bulk and Cb the capacitance of the electrode structure 

covered with polymer as dielectric material in parallel (see 2.2.2.1). Here one has to 

point out the relative meaning of the term “high frequency”, which, depending on the 

ambient conditions, is addressing the whole measurement range but always refers to 

the outermost left element presented in the Nyquist plot. According to the discussion 

below (see 4.3.1.2) the large semicircle at the lowest frequencies is caused by the 

redox reaction at the electrodes and can be fitted with the charge transfer resistance Rct 

for the electrode reaction in parallel to the double layer capacitance CPEdl. 

Additionally, if the electroactive species has to diffuse to the electrodes a complex 

Warburg impedance element *

WZ  may be used in the equivalent circuit to model the 
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observed behaviour in a certain humidity range. The third semicircle which, depending 

on the studied polymer for the first time appears at about 60% r.h. (PAA and NH4PA) 

and 30% r.h. (NaPA), respectively, in between the other elements may be related to the 

polymer / electrode interfaces [124] and is fitted with the parallel Rm║Cm circuit. 

 

4.3.1.1 Polymer bulk properties 

The humidity dependence of the polymer bulk resistance, Rb, and the capacitance of 

the electrode structure covered with polymer, Cb, is shown in Figure 4.12 (open 

squares) for a PAA layer deposited on metal electrodes. Rb decreases with increasing 

humidity but has a kink at about 40% r.h. so that one can observe two regions with two 

different slopes in the logarithmic scale. The capacitance increases with increasing 

humidity showing a kink at about the same humidity as the resistance curve. When the 

impedance measurements at the same humidity levels are repeated after the sample 

was kept in dry air for at least 3 days the run of the resistance and capacitance curve is 

unchanged as long as the sample has never been exposed to ammonia before. If the 

impedance measurements are performed with several PAA samples the bulk properties 

differ not more than 10% from each other and are independent of the layer thickness in 

the measured range (1 to 30 m) as expected for humidity measurements [171]. 

However, the thicker the polymer layer the longer is the time required to equilibrate 

the system with the ambient. 

In a background of ammonia the plots of resistance and capacitance values against the 

relative humidity keep the shape but shift with about 20% r.h. to lower humidities 

(open circles in Figure 4.12). If the gaseous ammonia is removed from the ambient 

and, additionally, the sample is dried for at least 3 days a rerun of the impedance 

measurement does not yield the results obtained before ammonia exposure (filled 

squares in Figure 4.12): the resistance is much smaller at low humidities and the kink 

is shifted to higher humidities. Above 60% r.h. the bulk resistance before and after 

ammonia exposure converges. The capacitance shows no clear trend at low humidities 

but similar to the results obtained before ammonia exposure strongly increases at 

higher ones.  
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a) b) 

Figure 4.12: a) Bulk resistance and b) capacitance of the electrode structure covered with PAA as 

dielectric material depending on the humidity and ammonia concentration of the ambient. 

The humidity measurements were performed before the sample was ever exposed to 

ammonia (open squares), in a background of 20 ppm ammonia (open circles) and in a 

rerun without ammonia after ammonia exposure (filled squares). 

 

The ammonium and sodium derivates differ in their electrochemical response to water 

vapour in the atmosphere (Figure 4.13). At low humidity levels both materials exhibit 

a lower resistance than the polyacrylic acid and NH4PA shows a kink at about 50% r.h. 

approaching the bulk resistance of PAA above this humidity. This shape and 

especially the position where the kink of the bulk resistance occurs is in agreement 

with the observations made for PAA measured after previous ammonia exposure but 

without ammonia in the ambient (see Figure 4.12 a). The curve of NaPA shows no 

kink and over the whole humidity range the slope is similar to the slopes of the other 

materials above their kink humidity.  

The capacitance of all samples increases with increasing humidity and a kink is 

observed. While for NaPA the kink appears already at about 30% r.h. followed by a 

strong increase of the capacitance, the curve for PAA is much lower until the kink 

occurrence at about 45% r.h. and the capacitance rises. At higher humidities above 

50% r.h., the capacitance data obtained for NH4PA is similar to those of PAA but at 

lower humidities it is in between the capacitances observed for the acid and the sodium 

salt. 
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Figure 4.13: a) Bulk resistance and b) capacitance of the electrode structure covered with polymers as 

dielectric material depending on the humidity of the ambient. The results obtained for 

PAA (squares), NH4PA (triangles), and NaPA (stars) are compared. 

 

With the Brasher-Kingsbury equation (equation (2.17)) the volume fraction of water in 

the polymer layer can be obtained from the capacitance data at several levels of 

relative humidity. For PAA and its derivates this equation gives only a rough 

estimation because rigid behaviour and negligible swelling, which are the assumptions 

made in the derivation of the Brasher-Kingsbury equation, cannot be assumed, 

especially at higher humidities. However, the obtained values presented in Figure 4.14 

are still helpful: They show, in accordance with the QMB measurements discussed in 

4.2.1, that the water sorption into the polymers is similar for PAA and NH4PA and 

quite different for NaPA. This is notably valid for the point at which a strong increase 

of the volume fraction starts and for the values at high humidities.  

As shown in Figure 4.12 humid ammonia pre-exposure strongly influences the 

humidity dependent bulk parameters for PAA and NH4PA. In contrast, a previous 

ammonia exposure has no influence of the resistance and capacitance of NaPA: The 

bold filled stars in Figure 4.15, deduced from the rerun of the measurements after 

ammonia exposure, coincide with the data obtained before ammonia exposure (open 

stars). A similar behaviour is observed for NH4PA at higher levels of relative humidity 

but at lower humidities the responses differ and the data taken form the rerun after 

ammonia exposure do not display a clear dependence on the humidity. 
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Figure 4.14:  Water volume fraction in the polymers depending on the ambient humidity. According to 

the Brasher Kingsbury equation (2.17) the water volume fraction was estimated from the 

bulk capacitance data shown above (Figure 4.13 b).  
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Figure 4.15: a) Bulk resistance and b) capacitance of the electrode structure covered with NH4PA 

(triangles) and NaPA (stars) respectively depending on the humidity of the ambient 

before (open symbols) and after (filled symbols) ammonia exposure. In between this 

measurement runs the samples were kept in 50% r.h. with 20 ppm ammonia for three 

days and subsequently dried for one week in dry air. 

 

4.3.1.2 Electrode processes 

At low humidity levels the semicircle at high AC frequencies is the only element in the 

Nyquist plot but with increasing humidity a second element appears to lower 

frequencies. At the onset humidity of the new element a straight line becomes visible 

(with an angle of about 55° in respect to the x-axis (Figure 4.16 a). This angle deviates 
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from the expected 45° degree for a Warburg impedance but the linear slope still 

suggests diffusion, probably overlapping with other processes.  
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Figure 4.16: Low frequency elements in the Nyquist plot. At low ambient humidities, for example 

20% r.h. (a), the impedance linearly increases showing a Warburg impedance like 

behaviour in the low frequency range. With increasing humidity, for example at 60% r.h. 

(b) the element changes from a straight line to an arc indicating the onset of a new 

electrochemical process. The inlet shows the behaviour in the 0 to 250 MHz range. The 

measurements were performed with a PAA coated substrate but the results obtained with 

NH4PA are very similar. 

 

At higher humidities the element changes from a straight line to an arc indicating the 

onset of a new electrochemical process (Figure 4.16 b). This process is observed in 

PAA as well as in the other studied polymers. To investigate this process, bias voltages 

were applied and the impedance measurements repeated. An example of such 

measurements performed with an NH4PA sample at 60% r.h. is given in Figure 4.17 a) 

where the strong effect of the applied voltage on the low frequency element is 

observable in the impedance spectra. The data can be interpreted with an equivalent 

circuit containing a resistance and a constant phase element in parallel and a Warburg 

impedance to account for the straight line at small humidities (Figure 4.17 b). The 

constant phase element cannot be replaced by a capacitance because the parameter n is 

with 0.88 far away from 1 indicating that a distribution of relaxation times occurs 

possibly caused by the roughness of the electrode. Above 1 V bias voltage, the 
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equivalent resistance obtained form the measurements, strongly decreases with 

increasing bias voltage (Figure 4.17 c) suggesting that the resistance is caused by 

charge transfer reactions at the electrode surface (see 2.2.2.2). In contrast, the CPE is 

almost independent of the applied voltage – a characteristic feature of the double layer 

capacitance (Figure 4.17 d). 
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Figure 4.17: Dependence of the low frequency response on an applied bias voltage: a) The Nyquist 

plot shows the strong influence of a direct voltage on the impedance of the sample. The 

voltage was varied between 0 and 3 V in 0.5 V steps. b) The obtained arcs can be fitted 

with an equivalent circuit containing the charge transfer resistance (Rct), the double layer 

capacitance (Cdl) and especially at low ambient humidities the Warburg impedance 

element. The charge transfer resistance and the double layer capacitance obtained form 

the impedance measurements are represented in (c) and (d) respectively. The 

measurements were performed at 60% r.h. with a NH4PA coated substrate. 
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For the study of the charge transfer reactions at the electrode in detail, the usefulness 

of the impedance technique is limited because only a small part of a huge semicircle 

can be fitted resulting in large errors. In contrast, the dependence of the constant phase 

element on the relative humidity can be fitted more precisely and is shown in Figure 

4.18 for PAA and its ammonium and sodium salts. While for PAA and NH4PA the 

same results were obtained, NaPA differs significantly showing a large increase of the 

CPE already at low humidities. Bias voltages applied to a PAA sample exposed to dry 

ammonia do not change the impedance spectra of the sensor indicating that ammonia 

is not involved in any charge transfer reactions (Figure 4.18). In humid air the 

presence of ammonia induces a decrease of the impedance, probably due to an increase 

of the water content in the polymer and with it at the polymer electrode interface 

(compare with Figure 4.7 in 4.2.3). 
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Figure 4.18: a) Dependence of the double layer capacitance on the relative humidity measured for 

PAA and its derivates. b) Negligible influence of a bias voltage on the impedance of a 

PAA sample in the presence of 10 ppm ammonia in dry air. 

 

These observations suggest that the water content of the polymers determines the 

processes at the electrodes because the water content of PAA and NH4PA is the same 

while the one of NaPA is much higher as demonstrated by gravimetric measurements 

(see Figure 4.8 in 4.2.3). To study the processes at the electrodes in more detail the 

impedance spectra must be supplemented by other electrochemical techniques because 
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several elements possibly overlapping each other in the sharp increase of the arc 

cannot be separated. Therefore voltage step and cyclic voltammetry measurements 

were, additionally, performed (see 4.3.2). 

 

4.3.1.3 Electrochemical properties represented by the Rm║Cm circuit 

In a certain humidity range an additional semicircle appears between the one at high 

frequencies caused by the bulk processes and the one at low frequencies due to 

electrode processes: this intermediate semicircle can be observed in a small humidity 

range only; it does not appear at humidities below 60% (PAA and NH4PA) and 30% 

(NaPa) respectively, and at higher humidities it is partially or completely overlapped 

by the large semicircle at lowest frequencies (see Figure 4.9). An example of this 

semicircle is given in Figure 4.19 (semicircle marked with an arrow) for NH4PA. 

The impedance measurements were performed with several applied bias voltages and 

the results are shown in Figure 4.19. The shape of the middle semicircle does not 

change with the applied voltage and this indicates that the middle semicircle is not 

caused by a process involving charge transfer at the electrodes (see 2.2.2.2). 
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Figure 4.19: The middle semicircle appearing in the Nyquist plot is independent on an applied bias 

voltage. These measurements were performed with a NH4PA sample in 60% relative 

humidity; experiments with PAA and NaPA show the same Nyquist plot at other 

humidities.  
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The equivalent circuit resistance which is fitted from the impedance data decreases 

with increasing humidity forming a straight line in the semi logarithmic representation. 

The resistance curves of the different materials are parallel and the one of PAA and 

NH4PA are very similar while the one of NaPA is shifted to lower humidities. The 

capacitance Cm increases with increasing humidity showing the same material 

dependence as the one observed for Rm: The results for PAA and NH4PA are quite 

similar and observed at higher humidities. The capacitance obtained for the sodium 

derivate is shifted to lower humidities (Figure 4.20). 
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Figure 4.20: a) Equivalent resistance and b) capacitance describing the dependence of the impedance 

parameters of the middle semicircle on the relative humidity. The response for PAA and 

NH4PA is almost the same but the one for NaPA significantly differs. 

 

4.3.2 Voltage step and cyclic voltammetry measurements 

Voltage step and cyclic voltammetry measurements were additionally performed to 

study the processes at the electrode polymer interface. As discussed in 2.2.3 the 

electroactive species can be determined due to the dependence of the diffusion current 

on the composition of the ambient atmosphere. In Figure 4.21 a) the current decay is 

plotted against the square root of time showing the current several seconds after the 

potential step was applied to the sample. After 30 s the current reaches a quasi-steady 

state condition and remains almost unchanged; this is the diffusion current which is 

plotted against the relative humidity in Figure 4.21 b). Without ammonia the diffusion 

current increases linearly with the humidity until a kink appears at about 73% r.h. and 
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the slope becomes stiffer still showing a straight line in the semi-logarithmic 

representation. The linear relation between the relative humidity and the logarithmic 

representation of the diffusion current suggests that the electroactive species is water; 

this is consistent with the impedance spectroscopy results (see Figure 4.18 in 4.3.1.2). 

The kink appears in a humidity region where the polymer switches over from the 

glassy to the rubbery state as estimated from the gravimetric measurements with the 

Flory-Fox equation (see 2.1.4.2 and Figure 4.4 in 4.2.1). The correlation between the 

kink of the diffusion current and the glassy to rubbery transition is confirmed by 

humidity measurements in a background of 20 ppm ammonia as shown with open 

circles in Figure 4.21 b). Under these last conditions the kink appears at lower 

humidities: a shift at about 30% r.h. is observed for the kink of the diffusion current as 

well as for the estimation with the Flory-Fox equation (see Figure 4.6 b) in 4.2.3). 
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Figure 4.21: a) Current decay induced voltage step plotted against the square root of time. The 

measurement was performed with a PAA coated sample at relative humidities between 55 

and 81% r.h. without ammonia. b) If the diffusion current obtained from the voltage step 

experiment is plotted against the relative humidity two straight lines with a kink in 

between are observed (squares). In the presence of 20 ppm ammonia the same shape 

appears but shifted to lower humiditites (circles). 

 

The electroactive species, water, diffuses to the electrodes and forms the double layer 

at the electrode surface. Charge transfer reactions do not occur at low humidity levels 

and therefore no peaks appear in the range of -1 to 1 V as shown in Figure 4.22 a). 

With increasing humidity (for example bold line in Figure 4.22 a) the cyclic 
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voltammogram tilts indicating the onset of a charge transfer reaction which will occur 

at higher applied voltages. 

In the absence of water the response under ammonia exposure is very small and 

independent of the ammonia concentration as shown in Figure 4.22 b). Likewise, in 

the presence of humidity no charge transfer reactions induced by ammonia are 

observed in the studied electrical potential range (dashed line in Figure 4.22 a). The 

obtained cyclic voltammogram is very similar to the one without ammonia at higher 

humidities because ammonia increases the amount of water in the polymer (see Figure 

4.30 in 4.5.1) 
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Figure 4.22: a) Cyclic voltammetry diagram dependence on the humidity and ammonia content of the 

ambient. In the presence of ammonia (dashed line) the diagram is similar to the one in 

humid air at higher levels of humidity. b) In dry air, ammonia has almost no influence on 

the cyclic voltammetry diagram (dashed and dotted lines in comparison with the solid 

line). The measurements were performed with a PAA coated sample. 

 

To study the formation of the double layer at the electrode surface the cyclic 

voltammetry measurements were performed at given ambient conditions with different 

scan rates (Figure 4.23 a) as discussed in 2.2.3. If the scan rates match the frequency 

range in which the electrode processes are observed in the impedance spectroscopy 

(see 4.3.1.2) the results can be compared with each other. While the impedance 

measurements show a straight line or an arc only, the CV measurements reveal that the 

electrode processes are more complex. The straight lines with two different slopes 

appearing if the current at any chosen point is plotted against the scan rate indicates 
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that the double layer has to be described with two different capacitances (Figure 4.23 

b). Further studies are necessary to complete the understanding of the processes at the 

electrodes.  
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Figure 4.23: CV measurements of a PAA sample in 85% r.h. performed with several scan rates 

between 0.5 and 0.01 V/s. a) Some examples for the obtained cyclic voltammetry 

diagrams. b) Current dependence on the scan rate taken from the CV measurement at 1 V. 

 

4.4 Kelvin Probe measurements 

Kelvin Probe measurements were performed in Besocke and McAllister setups, both 

described in 3.2.3. The pure gold substrate as well as the gold substrate spray 

deposited with PAA, NH4PA or NaPA layers where studied upon exposure to several 

ammonia concentrations in dry air or in a background of 50% r.h. An example of the 

Kelvin Probe raw data is given in Figure 4.24 for PAA covered gold substrates 

exposed to ammonia in dry air. The Kelvin Probe signals observed in the two different 

setups slightly vary in shape but the data interpretation (see Figure 4.27) shows that 

both setups yield the same contact potential difference (CPD) changes. The variation 

in shape is probably determined by the properties of the experimental setups as, for 

example, the measurement routine, the distance between the sample and the reference 

electrode and the geometry of the measurement chamber.  
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a) Besocke b) McAllister 

Figure 4.24: Kelvin Probe raw response to ammonia exposure between 1 and 25 ppm NH3 in dry air 

obtained with a Besocke (a) and a McAllister (b) set-up. 

 

In the following chapters the work function change of the uncovered gold substrate is 

discussed and compared with the response of the polymer covered substrates. 

 

4.4.1 Work function changes of the uncovered gold substrate 

As discussed in 2.3.2.1 and 2.3.2.2 both gaseous ammonia and water vapour sorption 

changes the work function of gold in the same direction. In this work the sorption of 

the two species was combined, i.e. in a background of several humidity levels the 

effect of ammonia sorption on the Kelvin Probe signal was studied. It is observed that 

the response under ammonia exposure is more complex in the presence of humidity as 

shown in Figure 4.25. In dry air, negative changes of the Kelvin Probe signals are 

observed, which decrease with increasing humidity. At about 50% r.h. the changes are 

very small and if the humidity is further increased the sign of the CPD change upon 

ammonia exposure is switched. In a background of 90% r.h., remarkable large positive 

changes are measured. The interpretation of the data is included in Figure 4.27.  

After the gold substrate has been once exposed to higher humidities, the initial 

properties cannot be obtained due to a drying process under a stream of dry air at room 

temperature: When the sample was kept in 90% r.h. and subsequently dried for at least 

one week, ammonia sorption measurements show positive CPD changes also in dry 

air. This is in agreement with the studies of other authors showing that water vapour 

are chemisorbed at the gold surface with bounds strong enough to resist desorption at 
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room temperature [148, 149, 152]. If the sample is washed with acetone and afterward 

dried the initial ammonia sorption properties recover and in dry air negative CPD 

changes are observed again. 
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Figure 4.25: Response of an uncoated gold substrate to ammonia pulses in dry air, 50% and 90% 

relative humidity. The measurements were performed with the McAllister set-up and due 

to experimental limitations the 25 ppm NH3 pulse is not measured in 90% r.h. 

 

4.4.2 Work function changes of the polymer coated gold substrates 

The Kelvin Probe signal of the PAA and NH4PA sample decreases when it is exposed 

to ammonia in dry air while the gold substrate covered with NaPA respond with a 

positive CPD change (Figure 4.26). The response time corresponding to 70% of the 

equilibrium value is in all materials well below 5 min and the great difference to the 

response time in QMB measurements is striking attention. While the QMB response of 

PAA and NH4PA samples reflects the very slow ammonia sorption into the bulk of the 

polymer, the different time dependent trends of the Kelvin Probe signal indicate that 

the contact potential difference measured upon ammonia exposure is not caused by an 

effect associated with the bulk sorption process. This observation is also valid for 

NaPA sample even if the shape of the QMB and Kelvin Probe signals is quite different 

in this case.  

The CPD changes of the uncovered gold substrate and of the PAA and NH4PA 

samples show the same sign upon ammonia and water sorption. This behaviour is not 

observed for NaPA where a positive CPD change due to ammonia sorption but a 

negative CPD change due to interaction with water molecules is found. 
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Figure 4.26: Comparison of the time constant observed in gravimetric (QMB) and Kelvin Probe 

measurements upon a 10 ppm ammonia pulse in dry air measured with the McAllister set-

up for all materials studied. 
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Figure 4.27: CPD changes induced by interaction of ammonia with the PAA, NH4PA and NaPA 

covered gold substrates in dry air (a) and 50% r.h. (b). The data obtained for the 

uncovered sample in 90% r.h. are also included in b). Values obtained with the Besocke 

set-up are marked with open symbols while the filled symbols represent McAllister 

measurements. 

 

The interpretation of the Kelvin Probe data in dry and humid air is shown in Figure 

4.27. The filled and the open symbols representing the CPD changes obtained with the 
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McAllister and the Besocke setup, respectively, match very well providing evidence 

that the different measurement setups are not inducing differences.  

In dry air the CPD changes induced by ammonia interaction with the PAA and NH4PA 

coated gold substrates are negative and almost identical (squares and circles in Figure 

4.27). They are significantly larger than the response of the uncovered gold (stars in 

Figure 4.27) that, as already discussed, also has a negative sign in dry ambient (see 

2.3.2.1). In a background of 50% r.h. the ammonia induced CPD change of the gold 

substrate both uncovered and covered with PAA and NH4PA decreases. If the ambient 

contains a relative humidity of 90% r.h., ammonia induces a positive CPD change for 

the gold (grey filled stars in Figure 4.27 b). Also, in the positive CPD range the 

response of the NaPA sample to ammonia exposure is observed in dry air as well as in 

humid air. 

 

4.5 Spectroscopic studies 

The transmittance spectra of the studied polymers is already described in literature and 

presented in 2.4.1. In this chapter changes upon water vapour and ammonia gas 

sorption are discussed. For this purpose a reference spectrum taken with the polymers 

in dry air is used; the resulting absorbance spectra show the bands that change their 

intensity and position under analyte gas or humidity exposure. A decrease in 

concentration of a species results in a negative band and an increase in a positive band. 

In the following chapters, the absorbance spectra of three different wave number 

regions are discussed in detail. Afterwards, irreversible changes of PAA induced by 

the interaction with gaseous ammonia in humid air are presented. 

 

4.5.1 Hydrogen bonded water and CH2 stretching vibrations (3750 to 

2500 cm-1) 

Water sorption into the polymer layer causes several changes in the infrared spectrum 

of polyacrylic acid. In the 3750 to 2500 cm
-1

 wave number region a band appearing at 

about 3500 cm
-1

 is most noticeable (solid lines in Figure 4.28 a). Studies performed 

with similar materials [172] suggest that this band is caused by symmetric stretching 

vibration of hydrogen bonded water molecules and therefore can be used to study the 
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water sorption into the polymer. According to Lambert-Beer’s law, the absorbance is 

proportional to the concentration of the IR absorbing species in the material and hence 

the signal height in the absorbance spectra is a measure for the concentration of water 

in the PAA layer. The signal height increases with increasing humidity and the 

dependence on the humidity can be described with a BET isotherm (Figure 4.28 b). 

This is in agreement with the QMB measurements described in 4.2.1 suggesting that 

the mass increase of PAA layers upon water sorption is mainly caused by hydrogen 

bonded water species. The asymmetric stretching vibration of hydrogen bonded water 

molecules appears at higher wave numbers; it is usually much weaker and often cannot 

be observed in the spectra. 
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Figure 4.28: a) Comparison of PAA infrared absorbance spectra at several humidities without 

ammonia (solid lines) and in a background of 20 ppm NH3 (dashed lines) in the 3750 to 

2500 cm
-1

 wave number range. b) Dependence of the 3500 cm
-1

 band signal height in the 

infrared spectra on the relative humidity without ammonia. The data can be described 

with a BET isotherm (solid line in figure b). 

 

From 40% r.h. on a shoulder appears to lower wave numbers (at about 3200 cm
-1

, 

marked with an arrow in Figure 4.30 a), which increases with increasing humidity. 

According to calculations performed for similar polymers [172] in this region a band 

due to water clusters bound to the polymer via hydrogen bonds is expected. If the 

infrared spectra are compared with the impedance measurements it is striking that the 

humidity at which this band appears for the first time corresponds to the humidity at 

which the kink is observed for the resistance of the polymer bulk (see 4.3.1.1). This 
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observation is also valid if the measurements are repeated in a background of 20 ppm 

ammonia: The kink shifts to 20% r.h. and also the band in the infrared spectra is 

visible already at this humidity (at about 3200 cm
-1

, marked with an arrow in Figure 

4.30 b). Therefore, the water species causing this shoulder are probably responsible for 

the bulk conduction above the kink humidity. This conclusion is confirmed by 

measurements of the sodium derivate of PAA with both techniques (Figure 4.29). The 

interpretation of the impedance data show that the bulk resistance of this material has 

no kink and over the whole humidity range the slope is similar to the slopes of the 

other materials above their kink humidity. Accordingly, in the impedance spectra the 

band at about 3200 cm
-1

 appears at all humidities. The same correlation between the 

peak at about 3200 cm
-1

 and the onset of the vehicle type conduction mechanism is 

observed for NH4PA. In this material the switch between the conduction mechanisms 

occur at higher humidities than in the other polymers and in the humidity range below 

this switch the peak at about 3200 cm
-1

 is not manifesting itself in the impedance 

spectra. 
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Figure 4.29: Appearance of a shoulder or band at about 3200 cm
-1

 (marked with an arrow). a) For 

NH4PA, this shoulder can be observed at humidities 60% r.h. and above. b) In NaPA this 

peak is very strong and already present at very low humidity levels. 

 

In a background of ammonia changes of the spectra are observed if the humidity 

exceeds a certain level as shown in Figure 4.28 a). Up to 10% r.h. the absorbance does 

almost not change compared to the measurement of the same humidity without 

ammonia in the atmosphere. At higher humidities, the bands of the water species at 
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about 3500 and 3200 cm
-1

 increase due to the presence of ammonia. For the band 

corresponding to water clusters, the increase already occurs at lower humidities and 

the increase of this band is also more distinct than for the one due to single water 

molecules hydrogen bonded to the polymer. Additionally, between 3100 and 2750 cm
-

1
 further bands appear: They are caused by N-H stretching vibrations of the 

ammonium radical formed by the reaction of PAA with the gaseous ammonia [162] 

and changes of the polymer conformation during gas sorption resulting in an increase 

of the absorption due to symmetric and asymmetric CH2 stretching vibrations of the 

polymer backbone.  
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Figure 4.30: Appearance of a shoulder or band at about 3200 cm
-1

 (marked with an arrow) related to 

condensed water or water clusters. For PAA, this shoulder can be observed at 50% r.h. 

and above (a) or much earlier in the presence of ammonia (b). In a background of 20 ppm 

NH3 the shoulder is already visible at 20% r.h. and becomes a distinctive band at higher 

humidities. 

 

4.5.2 Range of C=O stretching vibrations (1800 to 1600 cm-1) 

Valuable information about changes in the polymer upon water and ammonia sorption 

can be gained if variations in the range of the C=O stretching vibrations are studied. 

As discussed in 2.4.1.1 the band at about 1700 cm
-1

 is composed of four bands, which 

have different dependences on the presence of water vapour and ammonia gas in the 

ambient as shown in Figure 4.31.  

Even at very small humidities the water molecules form hydrogen bonds to 

unassociated carboxyl groups; the decrease of carboxyl groups causes a negative band 
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at 1737 cm
-1

. Some of these originally unassociated groups, form carboxylate anions 

with protons as counter ions, as discussed in the following chapter; others form species 

connected via hydrogen bonds. The interaction of water molecules with single 

hydroxyl radicals causes a positive band at 1730 to 1720 cm
-1

. Another possibility is 

the incorporation of water into cyclic dimers or into three-dimensional structures, open 

dimers or oligomers as sketched in Figure 2.15 in 2.4.1.1. The formation of these 

species leads to an increase of the absorbance in the range of 1700 to 1690 cm
-1

. At 

1708 cm
-1

 the main band is slightly negative due to interaction with water. Even if 

some of the carboxyl groups, originally forming cyclic dimers, react with water 

towards the species already discussed above the majority of the interchain hydrogen 

bonds and with them the structure of the polymer remains unchanged. The band at 

about 1625 cm
-1

 is due to the HOH water bending vibration in the polymer.  
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Figure 4.31: Different changes of the bands in the C=O stretching region upon humidity exposure 

without (solid line) and in a background of 20 ppm ammonia (dashed line). The vertical 

lines give the wave numbers of the bands discussed in 2.4.1.1. 

 

The presence of ammonia does hardly affect the infrared spectra as long as the 

humidity is very low but with increasing humidity this is no more the case: Negative 

bands are observed at 1730 to 1720 cm
-1

 and 1708 cm
-1

 indicating that cyclic dimers 

and chain structures are destroyed, due to the presence of ammonia, and the 

carboxylate ion is formed (see 4.5.3). The destruction of the interchain hydrogen 

bonds increases the flexibility of the polymer chains and, with it, lowers the static 

glass transition temperature. This is in agreement with the ammonia dependence of the 
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static Tg deduced from the QMB measurements (Figure 4.6 b) in 4.2.1). Additionally, 

the amount of unassociated carboxyl groups decreases due to the interaction with 

ammonia and water molecules and a negative band appears at 1737 cm
-1

. Due to the 

presence of ammonia the carboxyl groups form carboxylate anions and water 

incorporation into cyclic or chain structures possibly does not occur, as suggested by 

the missing positive band in the 1700 to 1690 cm
-1

 region. The band associated with 

water bending vibrations is overlapped by the strong positive signal of the carboxylate 

anion and, therefore, cannot be identified in the spectra. 

 

4.5.3 Stretching modes of the carboxylate anion (1600 to 1000 cm-1) 

Figure 4.32 a) shows the absorbance spectra below 1600 cm
-1

. At high humidities a 

weak positive band at 1557 cm
-1

 indicates the formation of carboxylate anions in the 

polymer. In accordance with the interpretation of the C=O group this peak strongly 

increases in the presence of ammonia if the relative humidity is high enough. 

Associated with asymmetric C-O stretching modes of the acid anion, this band is 

strong and constant in wave number while the one caused by symmetric C-O 

stretching modes has many other skeletal vibrations occurring in the same range. For 

the identification of the latter one, the intensity of the bands was compared (Figure 

4.32 b): With a intensity ratio of 7.8 : 1 the bands marked with (A) and (B) are very 

close to the value given in literature (see 2.4.1.2) showing that (B) is associated with 

the symmetric C-O stretching modes. The band (C) in Figure 4.32 a) appears only in 

the presence of ammonia and is allocated to N-H deformation modes of the NH4 

radical. Scissors and bending vibration changes of CH2 and CHCO groups due to the 

increased flexibility of the polymer backbone upon the destruction of the hydrogen 

bonds causes the positive bands between 1500 and 1425 cm
-1

. Additionally, the 

destruction of hydrogen bonds shows itself in the negative band between 1300 and 

1130 cm
-1

, the wave number range at which combinations of the C-O stretching and 

O-H bending vibrations are observed. 
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Figure 4.32: a) Absorbance spectra of PAA in the 1650 to 1000 cm

-1
 wave number range measured at 

several humidities without ammonia and in the presence of 20 ppm NH3. The indicated 

bands are associated with the asymmetric CO2 stretching vibration (A) and the symmetric 

one (B) and the N-H deformation of the NH4 radical (C). b) The height ratio of band (A) 

and (B) for the example of 40% r.h. in the presence of 20 ppm ammonia result in 7.8 

suggesting that (B) really is caused by the symmetric CO2 stretching vibration as 

discussed in chapter 2.4.1.2. 

 

4.5.4 Irreversible changes of PAA due to interaction with gaseous 

ammonia 

After removal of ammonia from the ambient, the sample was dried and subsequently 

exposed to the same humidity without ammonia (Figure 4.33). From the infrared 

spectra it is obvious that ammonia molecules in humid air irreversibly change the 

polymer:  

In the region marked with (A) in Figure 4.33, bands caused by N-H stretching 

vibrations remain in the spectra when ammonia is removed from the ambient (point-

dashed line in the figure). This observation is confirmed by the band marked with (B) 

in the figure, which is allocated to N-H deformation modes of the NH4 radical. Beside 

the detection of ammonium ions in the polymer matrix, the infrared spectra show 

several permanent changes of the polymer matrix due to the incorporation of NH4 ions 

during ammonia exposure, as for example reflected in the bands caused by symmetric 

and asymmetric CH2 stretching vibrations observed in the wave number region marked 

with (A). Additionally the environment of the carboxylic groups changes irreversibly: 
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The C=O stretching vibrations (marked with (C) in the figure), observed after 

ammonia exposure, are weaker than in a newly prepared PAA layer, which has never 

been exposed to ammonia before. This indicates the permanent destruction of some 

interchain hydrogen bonds in the polymer as discussed in chapter 4.5.2., which is also 

reflected by an absorbance increase of the asymmetric and symmetric C-O stretching 

vibrations bands of the formed carboxylates which are marked with (D) in Figure 4.33.  

These results are in accordance with impedance measurements presented in Figure 

4.12 and discussed in chapter 4.3.1.1.  
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Figure 4.33: Infrared spectra taken at 40% r.h. before the sample was ever exposed to ammonia (solid 

line), in a background of 20 ppm ammonia (dashed line) and in a rerun without ammonia 

after ammonia exposure (point-dashed line). The wave number regions marked with 

letters are discussed in the text; the region between 2500 and 1800 cm
-1

 is omitted 

because no relevant information can be gained there. 
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5 Discussion and modelling 

Based on the measurement results presented in the previous chapter, a 

phenomenological model is developed that describes the interaction of PAA and its 

derivates with water vapour and ammonia gas. Beside the sorption process itself, the 

model explains the influence of the gaseous species on the physical properties of the 

polymers: Changes of glass transition temperature, resistance and capacitance are 

discussed and the origin of Kelvin-Probe signals due to ammonia exposure is clarified.  

The infrared spectra of the studied polymers (Figure 2.12 in 2.4.1) show that the 

chains of PAA and NH4PA are connected via hydrogen bonds and that such hydrogen 

bonds do not appear in the sodium derivate. The presence or absence of hydrogen 

bonds causes different structures of the materials, sketched in Figure 5.1. PAA and 

NH4PA form three-dimensional networks while the polymer chains of NaPA are 

connected to each other either by strong ionic interactions or much weaker Van-der-

Waals forces. The high glass transition temperature of NaPA (see chapter 3.1) suggests 

that ionic forces determine the properties of the sodium salt. 

This influences the structure of the polymer layers produced in a spray deposition 

process (Figure 4.1 in 4.1). If the material is able to form strong hydrogen bonds, it 

prefers to grow on the already deposited polymer instead of the gold surface of the 

substrate. This gives rise to the island-like structure and the high porosity and 

thickness of the PAA and NH4PA layers. The difference in the thicknesses of the two 

films made of the same amount of polymer is due to the much larger size of the 

ammonium ion compared to the proton and by that the increased distance between the 

chains. The developed polymer structure also explains why the carboxylate group in 

the ammonium salt of PAA causes a weak band in the infrared spectra only: In 

contrast to the interpretation published by Lee et al. (see 2.4.1.2) the data obtained in 

this work suggest that this band is weak even if the most COO¯ groups bond to 

ammonium ions. Due to the formation of hydrogen bonds between ammonium and 

C=O groups the delocalisation of the carboxylate negative charge is hindered and the 

characteristic mesomerism stabilisation of the structure does not occur. Therefore, the 

formed carboxylate anions appear in the infrared spectra at wave numbers at which 
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usually the carboxyl groups are observed. The weak carboxylate band is caused by few 

COO¯ groups that are not hydrogen bonded to other groups. 
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Figure 5.1: Steric structure of the hydrogen bonded polymers PAA and NH4PA and in contrast to 

these materials NaPA which is not able to form hydrogen bonds. 

 

On NaPA almost the same attraction forces are exerted by the already deposited 

polymer and the gold substrate; therefore, no deposition location is preferred and the 

sodium salt grows in a thin and compact layer on the gold substrate, similar to an ionic 

crystal. 
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5.1 Processes in the polymer bulk 

The ability to form hydrogen bonds does not only influence the structure of the 

polymers but also the sorption properties of the materials. While the pure acid and the 

ammonium salt sorb the same mass percentage of water vapour (Figure 4.8 a) in 4.2.3) 

and ammonia gas in dry air (Figure 4.5 c) in 4.2.2) respectively, NaPA sorbs much 

more water (Figure 4.8 b) in 4.2.3) and shows a complicated response to an ammonia 

pulse in dry air (Figure 4.5 c) in 4.2.2). For the water sorption process, the difference 

between the two types of material structures is confirmed by the estimation of the 

water volume percentage in the polymer from the bulk capacitance data (Figure 4.14 in 

4.3.1). 

 

5.1.1 Water sorption 

In this chapter the water sorption processes into PAA and its ammonium and sodium 

salts are discussed. Beside the already mentioned dependence on the presence or 

absence of hydrogen bonds, the sorption process and the properties of the water in the 

polymers depend on the level of ambient humidity resulting in a BET isotherm. A 

model describing the water uptake and the electrochemical properties of the water 

containing polymers is developed in the following sections. 

 

5.1.1.1 Mass changes due to water sorption 

At low humidities, the hydrogen bonds forming a three-dimensional network of PAA 

and NH4PA are strong enough to resist water-induced breaking. Hence, water can only 

be sorbed in the limited free volume between the interconnected polymer chains 

(marked A in Figure 5.2)[173]. Beside unspecific interaction processes due to weak 

Van-der-Waals forces, the water molecules form hydrogen bonds with free polymer 

sides (marked B in Figure 5.2) or become incorporated into cyclic dimers (marked C 

in Figure 5.2) or into three-dimensional structures, open dimers or oligomers (see 

Figure 4.31 and interpretation in 4.5.2). Additionally (see Figure 4.32 and 

interpretation in 4.5.3), some of the water molecules destroy interchain hydrogen 

bonds and react with acid sides of the polymer forming hydroxonium cations and 

carboxylate anions (marked D in Figure 5.2). With increasing water content more and 
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more interchain hydrogen bonds are destroyed and the polymer matrix becomes more 

flexible until the glass transition temperature is lowered to room temperature and the 

ability of the chains to move is hardly restricted by hydrogen bonds any more. Due to 

this process, the free volume in the polymer increases and allows more water being 

sorbed into the bulk of the polymer. This happens for both materials at about 78% r.h. 

(Figure 4.4 in 4.2.1) and explains the significant increase of water uptake at higher 

humidity levels (Figure 4.8 a) in 4.2.3).  

In NaPA, a hygroscopic material without hydrogen bonds, water penetrates more 

easily into the polymer, the chains can move and the material swells even at low 

humidities (Figure 4.8 b) in 4.2.3), sorbing much more water than the other polymers, 

as sketched in Figure 5.2.  
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Figure 5.2: Interaction of the polymers with sorbed water molecules: a) PAA and NH4PA: At low 

humidity levels the hydrogen bonds are strong enough to resist breakage by water and 

therefore water is sorbed into the limited free volume of the polymer (A) or hydrogen 

bonds to free C=O groups not engaged in the interchain hydrogen bonding (B). To a 

much smaller extent water will react with interchain hydrogen bonds and incorporate into 

cyclic dimers (C) or form hydroxonium and carboxylate ions (D). b) NaPA: Water 

sorption is not restricted by hydrogen bonds and therefore water penetrates more easily 

into the polymer. 

 

5.1.1.2 Electrochemical property changes due to water sorption 

As discussed in 2.2.2.1 sorbed water influences the electrochemical properties of the 

sorbing material. The capacitance change is mainly caused by the water uptake into the 
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polymer because added water molecules increase the permittivity of the coating 

material due to the high relative dielectric constant of water. While the capacitance 

increases with the water content, the resistance is reduced due to conduction processes 

involving either water molecules or liquid water. In the semi-logarithmic scale the 

resistance of PAA decreases linearly with increasing ambient humidity showing a kink 

at about 40% r.h. between two regions of different slope (open squares in Figure 4.12 

in 4.3.1.1). The two regions indicate two distinct conduction processes which are 

governed by the Grotthuss type and the vehicle type mechanism, respectively (see 

Figure 2.6 in 2.2.2.1): 

At low humidities most of the carboxylate groups of the polymer are engaged in 

interchain hydrogen bonds forming a stiff three-dimensional network. Water 

molecules which are sorbed into the network are able to, as well, accept and donate 

hydrogen bonds to free the acid groups of the polymer and, therefore, two sorption 

processes are possible. H2O either hydrogen bond to a free carboxyl group (marked A 

in Figure 5.3 a), not involved in the interchain bonding, or accept a hydrogen bond 

from a free acid OH-group (marked B in Figure 5.3 a). In the infrared spectra a band 

allocated to hydrogen bonded water molecules appears at about 3500 cm
-1

 (solid lines 

in Figure 4.28 a). Additional water molecules diffusing into the polymer will form 

hydrogen bonds with the already sorbed molecules (marked C in Figure 5.3 a) until a 

chain of water molecules grows throughout the polymer allowing a Grotthuss type 

conduction process (Figure 5.3). While this type of polymer / water interaction is 

responsible for the conductivity at low levels of humidity and probably most important 

for the mass uptake due to water sorption into PAA (see 4.5.1), another type of water 

species governs the electrochemical properties at high humidities.  

In 40% r.h. a shoulder appears in the infrared absorbance spectra (Figure 4.30 a) in 

4.5.1) of PAA in humid air indicating the formation of a new species. According to the 

discussion in 4.5.1 this band is probably caused by the formation of water clusters and 

liquid water in the polymer layer, which acts as a plasticizing agent decreasing the 

polymer network stiffness. The combination between the presence of liquid water and 

a more flexible polymer matrix, favours the vehicle type conduction mechanism 

against the Grotthuss type: The charge is carried by an ion drift through the polymer 
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that can be described as a concentrated solution with very big poly-anions and smaller 

cations; the latter are able to move throughout the solution (Figure 5.3 b).  
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Figure 5.3: a) At low humidity levels water sorbed into the polymer can act as hydrogen bond donor 

(A) or acceptor (B). Additional water molecules sorbed into the polymer will hydrogen 

bond to the ones already present until a chain of water molecules grows throughout the 

polymer (C) allowing a Grotthuss like conduction process. b) At high humidities liquid 

water is present in the polymer allowing the conduction due to ion drift according to a 

vehicle type mechanism. 

 

The humidity dependent resistance of NH4PA shows a similar run in the semi 

logarithmic representation as the resistance of the acid but the resistance values are 

significantly lowered (Figure 4.13 in 4.3.1.1). Similarly to PAA, the shape of the plot 

suggests that the conduction mechanism is a Grotthuss type at low humidities and a 

vehicle type at high humidities, respectively, which is confirmed by the two different 

water species appearing in the infrared spectra (see Figure 4.30 in 4.5.1). As discussed 

above, the water uptake of both materials is identical, as proved by the QMB 

measurements (Figure 4.8 b) in 4.2.3) but an agreement between the PAA and NH4PA 

capacitance data is not observed (Figure 4.13 b) in 4.3.1.1). This can be explained by 

two different effects: 1) different swelling processes may occur even though the same 

amount of water is sorbed into the polymer and 2) some water traces from the 

production process may be left in the polymer: Due to interactions between water 
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molecules and the ammonium ions in the polymer, water may be kept in the NH4PA 

while, in contrast, PAA is not able to retain water molecules if it is exposed to dry air 

for several days. This suggestion cannot be proved with gravimetric measurements 

because the mass uptake relative to the mass in dry air is measured and so it is not 

possible to determine water that also remains in the polymer in dry air.  

At low humidities, the lower resistance, when compared to the data obtained for PAA, 

may be caused by water traces from the production process, because already a small 

amount of water strongly influences the resistance. Additionally, ammonium ions can 

donate and possibly accept hydrogen bonds to and from water molecules. If this 

happens, ammonium ions can take part in the Grotthuss mechanism allowing the 

formation of an uninterrupted path throughout the polymer at lower water 

concentrations than required in PAA. Probably, both effects contribute to the reduced 

resistance of NH4PA.  

The materials differ also in the humidity at which the switch from one conduction 

process to the other one and, with it, the kink in the resistance plot is observed: In the 

ammonium salt this kink obviously appears at higher humidities than for the acid 

because, due to the large ammonium ions, the volume of the polymer is increased 

(Figure 4.1 b) in 4.1) and water molecules sorbed at the oxygen atoms of the polymer 

are far away from each other. Therefore, the water molecules poorly interact with each 

other and the formation of water clusters and, subsequently, liquid water is hindered. 

This explanation of the kink shift is confirmed by the infrared measurements showing 

that the band associated with water clusters does not appear until humidities as high as 

60% r.h. (Figure 4.29 in 4.5.1).  

In the presence of liquid water much more charge carriers are available, compared to 

PAA, because the polyacrylic acid is a weak acid and, therefore, only very few acid 

sides dissociate in water; on the opposite, the cations of the ammonium salt easily 

solve in water. The higher amount of charge carriers in NH4PA and, on the other hand, 

the higher conductivity of solved protons from the carboxylic groups of the polymer as 

available in PAA, almost balances each other, so, that the resistance of the ammonium 

salt is just a little lower than the one of the acid. 
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The resistance of NaPA is small if compared to the other polymers at all humidity 

levels and over the whole measured humidity range a vehicle type mechanism occurs. 

This results from the impedance data (Figure 4.13 a) in 4.3.1.1) and infrared 

measurements (Figure 4.29 in 4.5.1): The resistance curve resulting from the 

impedance measurements shows no kink and a slope similar to the one of the other 

materials above their kink humidity; in the infrared spectra, the band allocated to water 

clusters appears already at humidities as low as 10% r.h. The sodium salt easily 

dissociates in poly-anions and sodium cations forming many charge carriers in the 

concentrated solution, which are responsible for the high conductance of this material 

in humid air. While the slope of the resistance plot is humidity independent, the 

capacitance dependence strongly increases above 30% r.h. In contrast to the other 

materials, where the kink in the resistance plot is in agreement with the onset of the 

strong capacitance increase, the slope of the NaPA resistance does not change. This is 

due to the fact that water clusters are already present in the polymer and that the 

increased water uptake is not associated with the onset of a new conduction process. 

The dried polymers are not expected to conduct electricity because the glass transition 

temperature of the studied polymers is much higher than room temperature and, 

therefore, the polymer chains cannot move (see 2.2.2.1). Contrary to these 

expectations, the salts of PAA show some electrical conductance even if the sample 

was kept for several days under dry air (Figure 4.5 in 4.2.2). This conductance is 

caused by some water traces that cannot be removed from the polymer by just keeping 

the sample under a stream of dry air, as shown in the infrared spectrum of NaPA 

where a weak and broad band allocated to water species above 3250 cm
-1

 is present. In 

the spectrum of NH4PA, water traces cannot be observed because the vibrations of 

polymer interchain hydrogen bonds overlap any water bands that would appear in the 

same wave number region; still, it is likely that also in this material water traces are 

responsible for the conductance in the “dried” polymer.  

 

5.1.2 Ammonia sorption 

If the polymers in dry ambient are exposed to ammonia the three-dimensional network 

of polymer chains and hydrogen bonds in PAA and NH4PA hinder the gaseous species 
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to penetrate into the polymers giving rise to a very slow sorption process as shown in 

Figure 4.5 a) in 4.2.2). Ammonia molecules, which enter the polymer matrix, are 

possibly hydrogen bonded to free carboxylic or carboxylate sides via hydrogen bonds 

and a condensation of the gaseous species does not occur; this is indicated by the 

sorption behaviour that can be fitted with a Langmuir sorption isotherm (Figure 4.5 b) 

in 4.2.2) describing processes where the monolayer coverage is not exceeded. If the 

gaseous ammonia is removed from the ambient, the desorption process is even slower 

and partially irreversible (Figure 4.5 c) in 4.2.2).  

In the material without interchain hydrogen bonds, the sorption behaviour is quite 

different. The ammonia gas rapidly enters the polymer resulting in a strong mass 

increase upon ammonia exposure (Figure 4.5 a) in 4.2.2). As discussed above even in 

the dried NaPA some water is present (marked A in Figure 5.4) occupying carboxylate 

sorption sites. Ammonia interacts with such water molecules forming ammonia-water 

complexes (marked B in Figure 5.4). The formed species diffuse out of the polymer 

(marked C in Figure 5.4) while ammonia enters, resulting in a mass lowering of the 

sample due to the water evacuation from the polymer; this is reflected in the mass 

decrease during the ammonia exposure, which starts about 20 min after the beginning 

of exposure time. After a sufficient amount of water molecules is removed from the 

sorption sites of the polymer, the ammonia prefers the interaction with the polymer 

(marked D in Figure 5.4) and an equilibrium is reached. Over several runs the water 

content of the polymer is lowered and a mass decrease is observed (Figure 4.5 c) in 

4.2.2). Water evacuation does not occur in PAA and NH4PA because, if water is 

present in these polymers, it is incorporated into the three-dimensional network and 

cannot easily be removed. 

For all materials in dry air these changes are very small and with impedance 

measurements no systematic dependencies on the ammonia concentration are obtained. 

In dry air and at low humidity levels, the influence of ammonia on the infrared spectra 

is negligible (see for example the spectra for 10% r.h. in Figure 4.28 in 4.5.1) but this 

dramatically changes at higher humidities because the presence of ammonia induces 

an increased water uptake (see the spectra at 40 and 50% r.h. in the same figure). This 

phenomenon is discussed in the following chapter.  
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Figure 5.4: Ammonia sorption of NaPA kept in dry air. It is not possible to completely remove water 

from the sodium salt of polyacrylic acid (A) and therefore sorbed ammonia molecules 

react with preadsorbed water molecules (B). The water ammonia interaction leads to the 

formation of ammonia water complexes which may diffuse out of the polymer (C). 

Further ammonia molecules can interact with the sorption site of the polymer (D) being 

not longer occupied by water molecules.  

 

5.1.3 Water sorption in a background of ammonia 

In a background of ammonia water sorption leads to an increased mass gain for PAA 

(Figure 4.6 a) in 4.2.3) and NH4PA (Figure 4.8 a) in 4.2.3) while the mass gain of 

NaPA is unaffected (Figure 4.8 b) in 4.2.3); the glassy to rubbery transition of PAA 

occurs at lower humidities (Figure 4.6 b) in 4.2.3); the bulk resistance of PAA 

decreases and the switch between the conduction mechanisms is shifted to lower 

humidities (Figure 4.12 a) in 4.3.1.1), the bulk capacitance is varied accordingly 

(Figure 4.12 b) in 4.3.1.1) and new bands appear in the infrared spectra (see 4.5). A 

model considering these observations is presented in the following sections. 

In the presence of water, ammonia, as a strong hydrogen bond acceptor [174], interacts 

with the acid groups of PAA and NH4PA not only occupying the free carboxylate 

groups but also destroying hydrogen bonds of chain structures and cyclic dimers (A) in 

Figure 5.5 much more distinctively than without ammonia (see 4.5.2); these 

interactions lead to the formation of ammonium cations and polyacrylate anions in the 

layer (see 4.5.3). Due to the break up of the hydrogen bonds, the polymer chains 

become more flexible and this lowers the glass transition temperature: the higher the 
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ammonia concentration is the lower is the required humidity to observe glass transition 

at room temperature (Figure 4.6 b) in 4.2.3).  
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Figure 5.5: Interaction of ammonia in the presence of water with interchain hydrogen bonded PAA: 

Ammonia strongly interacts with the acid sites of the polymer destroying the hydrogen 

bonds (A). Therefore the polymer matrix becomes more flexible and much more water 

can be sorbed into the polymer (B). 

 

In the glassy state the interaction of ammonia with interchain hydrogen bonds modifies 

the polymer matrix so that the free volume of the polymer increases and more water 

can be sorbed (marked B in Figure 5.5). In this humidity range, the relative additional 

mass uptake is independent on the humidity and only determined by the ammonia 

background concentration (Figure 4.7 in 4.2.3). This behaviour is observed for PAA as 

well as for NH4PA, because the water sorption properties of both materials depend on 

the chain-linking via hydrogen bonds. In contrast, if the polymer chains do not form a 

three dimensional network via hydrogen bonds, gaseous ammonia cannot modify the 

polymer matrix and, therefore, the presence of ammonia does not influence the water 

sorption properties. This is observed in the gravimetric studies of NaPA layers 

exposed to different levels of humidity with and without ammonia in the ambient 

(Figure 4.8 b) in 4.2.3). The decreased resistance and the increased capacitance of the 

hydrogen bonded polymers are mainly caused by the increased polymer water content. 

The latter promotes the formation of water clusters and liquid water, as confirmed by 
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IR measurements (Figure 4.28 in 4.5.1) and as a result of this process the vehicle type 

conduction mechanism replaces the Grotthuss one already at lower humidities (Figure 

4.12 in 4.3.1.1).  

In the presence of ammonia, the formation of water clusters is favoured if compared to 

the sorption of water molecules to the polymer, probably, because ammonia itself 

occupies the sorption sites at the polymer chains. The liquid water, in turn, influences 

the ammonia uptake because ammonia likes to dissolve in water due to its very high 

solubility (89.9 g per 100 cm
3
 water [175]) and, thus, the weight of the sample 

additionally increases. This process does not only depend on the inter-chain hydrogen 

bonds and, therefore, even the NaPA layer response to ammonia at higher humidity 

levels (Figure 4.8 b) in 4.2.3). Above the glass transition in the rubbery state, these 

complex interdependent sorption processes of water and ammonia causes the linear 

rise of the relative mass increase. 

After removing ammonia from the ambient atmosphere, the IR spectra does not 

recover completely because the ionic bond between the ammonium cation and the 

polyacrylate anion is very strong, so that the ammonium ion remains in the polymer. 

And, even if the polymer is after a drying procedure exposed to the same humidity 

without ammonia (point-dashed line in Figure 4.33 in 4.5.4), several changes of the 

infrared spectra, if compared to the spectra of a newly prepared PAA layer, can be 

observed, confirming that, once in contact with humid ammonia gas, PAA irreversibly 

forms the ammonium polyacrylate at some acid sites of the polymer; this is a reaction 

well known in literature [176] as a typical interaction of solid organic acids with 

gaseous ammonia. This explains the irreversible change of the electrical properties due 

to ammonia exposure (Figure 4.12 in 4.3.1.1) and the fact that the equivalent 

resistance and the capacitance of the ammonia exposed PAA approach the values 

obtained for ammonium polyacrylate (Figure 4.12 and Figure 4.13 in 4.3.1.1). It also 

explains the difference between the gravimetric and the electrochemical experiment 

results: While PAA and NH4PA show the same dependence on humidity in 

gravimetric measurements (both materials have inter-chain hydrogen bonds which 

govern the mass uptake from the ambient), the electrochemical properties of the two 

materials strongly differ. Accordingly, if PAA partly reacts with NH3 toward NH4PA 
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this has no effect on the gravimetric response but strongly influences the 

electrochemical properties of the material. 

 

5.2 Processes at the electrode 

After the bulk processes induced by water and ammonia sorption are discussed in the 

previous chapter, the following sections deal with the processes at the polymer / 

electrode interface. In the first chapter, the electrochemical properties are discussed 

and, in the second one, a model is deduced describing the influence of the sorption 

processes on the gold electrode work function. 

 

5.2.1 Electrochemical processes at the electrode 

The electrochemical processes at the electrode, mirrored by the low frequency part of 

the impedance spectra, probably depend on the water content of the polymer only (see 

Figure 4.18 in 4.3.1.2). Differences between PAA and its derivates are caused by the 

different water contents of these materials at the same ambient humidities possibly 

varied by the presence of ammonia. Therefore, the charge transfer reaction, diffusion 

processes and the double layer charging are basically the same for all studied polymers 

and described for all materials at once. 

Under the usual conditions applied in this work, at humidities between 0 and 90% and 

ammonia concentrations in the range of 0 to 100 ppm almost no charge transfer 

reactions are observed at the electrodes. This is proven by the absence of a full 

semicircle in the low frequency part of the Nyquist impedance plot and by the absence 

of peaks in the CV diagram in all measurement conditions (Figure 4.22 in 4.3.2). It 

changes only if a voltage of several volts is applied to the electrode comb structure of 

the sample: Peaks in the CV diagram and the appearance of a full semicircle in the low 

frequency part of the impedance spectra (Figure 4.17 a) in 4.3.1.2) indicate the 

presence of an electrochemical reaction at the electrodes. As discussed in 2.2.2.2 the 

electrochemical process is probably the decomposition of water into gaseous hydrogen 

and oxygen (equations (2.19) and (2.20)). This suggestion is confirmed by the 

observation that, even if high voltages are applied, no electrochemical reactions are 
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observed in the dry polymer and if the sample is exposed to dry ammonia (Figure 

4.18 b) in 4.3.1.2 and Figure 4.22 b) in 4.3.2).  

Without an additionally applied voltage, the onset of this charge transfer reaction 

happens at high water contents in the polymer when a very large charge transfer 

resistance can be estimated from the impedance measurements (Figure 4.16 b) in 

4.3.1.2). At lower humidities, other processes, such as the diffusion of the electroactive 

species to the electrodes and the charging of the double layer at the electrode surface, 

determine the electrochemical properties as discussed in the following section. 

At low water contents, electrode processes do not occur because the concentration of 

the electroactive species at the electrode is too small. With increasing water in the 

polymer, some electrode processes may happen but the rate determining process is still 

the water diffusion to the electrodes. Therefore, in the Nyquist plot, a straight line 

inclining with an angle to the x-axis close to 45° caused by Warburg impedance 

appears in the spectra. The diffusion depends on the availability of water in the 

polymer, as reflected by the linear relationship between the diffusion current and the 

humidity in the semi-logarithmic representation (Figure 4.21 b) in 4.3.2). Additionally, 

the state of the polymer matrix determines the diffusion properties of the system: In 

the glassy state the water molecules cannot easily move through the polymer because 

they are hindered by interchain hydrogen bonds. If these hydrogen bonds are broken 

up and the polymer becomes glassy, the water diffusion is less restricted resulting in a 

larger slope of the diffusion current dependence of the humidity (Figure 4.21 b) in 

4.3.2). In the rubbery state, the diffusion is usually fast and the charging of the double 

layer at the electrode surface becomes rate determining. CV measurements indicate 

that the double layer charging, even in the absence of ammonia, is not a simple process 

but is caused by at least two different processes depending on the frequency of the 

applied AC voltage (Figure 4.23 in 4.3.2). For a full understanding of the double layer 

charging further experiments will have to be performed. 

 

5.2.2 Kelvin Probe signal of polymer coated gold electrodes 

Kelvin Probe signals observed for polymer coated electrodes are not caused by the 

interaction of PAA or its derivates with ammonia at the polymer surface exposed to 
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the gases. Even if this is the standard explanation for work function changes of 

sensitive layers (see 2.3.2.3), it cannot be applied for the samples prepared with PAA 

and its salts, because the conductance of the polymers, especially in dry air, is to low 

to allow the reaching the equilibrium between the polymer surface and the electrodes. 

Furthermore, sorption processes into the bulk and charge transfer reactions at the 

polymer / gold interface are not responsible for the observed signals. The first one can 

be excluded because the time constants of the bulk processes determined with 

gravimetric measurements are completely different from the time constants observed 

from Kelvin Probe measurements (Figure 4.26 in 4.4.2). Charge transfer reactions 

would lead to peaks in CV diagrams that are not observed, as discussed in the previous 

chapter.  

Therefore, as no charge is transferred at the electrodes, the Kelvin Probe signals must 

be caused by sorption or desorption processes at the electrode surface. In the following 

chapters, a model describing these mechanisms is developed. 

 

5.2.2.1 Kelvin Probe signals in dry air 

As described in 2.3.2.1 the sorption of ammonia onto the gold surface leads to a 

decrease of the work function. With PAA or NH4PA covering the metal the effect is 

intensified and the negative Kelvin signal increases (squares and circles in Figure 4.27 

in 4.4.2). This can be explained by two different mechanisms: The first one is a simple 

concentration of the ammonia in the polymer if compared to the ammonia 

concentration in the ambient. Due to the resultant higher amount of ammonia at the 

polymer / electrode interface, the Kelvin Probe signal is increased. The mechanism 

inducing the Kelvin Probe signal is the same as the one for the uncovered gold 

substrate, discussed in 2.3.2.1 and illustrated in Figure 5.6 a). The second mechanism 

considers the interaction between ammonia molecules at the gold surface and the 

carboxyl or carboxylic groups of the polymer. In the gas phase, ammonia vigorously 

accepts hydrogen bonds but does not act as a hydrogen bond acceptor [174]. This may 

change in the presence of a metal surface because, due to dispersion effects between 

ammonia and the gold, the free electron pair of ammonia is attracted. The gold / 

ammonia complex is not such a strong Lewis base as gaseous ammonia and, therefore, 
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it is able to donate hydrogen bonds to an oxygen atom in the polymer. As shown in 

Figure 5.6 b), such interactions increase the charge density at the nitrogen atom 

aligned to the gold surface. The intensified negative partial charge of the nitrogen atom 

causes an increased downward charge flow on the gold surface. This causes an 

enhanced dipole moment in the metal and, with it, the negative Kelvin Probe signal 

increases.  

Probably both mechanisms contribute to the Kelvin Probe signal changes observed for 

polyacrylic acid or ammonium polyacrylate coated gold samples. The response of the 

sodium polyacrylate (see the triangles in Figure 4.27 in 4.4.2) cannot satisfactorily be 

described with this model. For understanding of work function changes at the sodium 

polyacrylate / gold interface it is necessary to clarify the processes at a gold surface 

exposed to ammonia in humid ambient. This is discussed in the following chapter.  
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Figure 5.6: Interaction of ammonia with an uncoated gold surface (a) and the interaction change if 

the ammonia additionally forms hydrogen bonds to a polymer as PAA and NH4PA 

coating the gold surface (b). 

 

5.2.2.2 Kelvin Probe signals in humid air 

Depending on the humidity level, water molecules will partly or completely cover the 

surface of the gold layer. If such a modified surface is exposed to ammonia, the 

ammonia molecules interact with water molecules present at the surface (marked A in 

Figure 5.7), forming hydrogen bonds with each other (marked B in Figure 5.7) and, 

eventually, leave the gold surface as a ammonia-water complex (marked C in Figure 



5.2 Processes at the electrode 

 

  115 

5.7). This process leads to an increase of the gold work function: As shown in 2.3.2.2 

bonding of water molecules to the metal surface causes a negative work function 

change. If the water molecules are removed from the surface through interaction with 

ammonia, the initial work function change is reversed and a positive response of the 

Kelvin Probe set-up is recorded.  

The direct interaction of ammonia with the metal (marked D in Figure 5.7) takes place 

in parallel if the gold surface is not completely covered with water molecules. This is 

observed at intermediate humidities (for example at 50% r.h. as shown in Figure 4.25 

in 4.4.1): The negative work function change due to ammonia / gold interaction is 

almost balanced by the positive work function changes caused by the displacement of 

water molecules. Therefore, the observed Kelvin Probe signals are remarkably small 

but still negative.  

If the water content in the ambient is increased, the displacement of water molecules 

outweighs by far the other effect and, therefore, a positive Kelvin Probe signal is 

observed (for example in 90% r.h. presented in Figure 4.25 in 4.4.1). 
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Figure 5.7: In humid air the gold surface is covered with adsorbed water molecules (A). Ammonia 

interacts with these water molecules forming ammonia water complexes via hydrogen 

bonds (B) which may desorb from the gold surface (C). Afterwards, the free sorption sites 

can be occupied by ammonia molecules (D). 

 

In NaPA, water from the preparation process cannot completely be removed from the 

sample by just keeping it under a stream of dry air as described above (see 5.1.1.2). 

These water molecules are also sorbed onto the gold substrate so that, even in a dry 

ambient, the metal surface under a sodium polyacrylate layer is wetted. If such a 

sample is exposed to ammonia, the Kelvin Probe response is a positive signal as in the 

case of uncovered gold exposed to ammonia in a background of high humidity. Due to 
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the permanent presence of water molecules, the signal is almost unchanged by 

variations of the ambient humidity (see the triangles in Figure 4.27 in 4.4.2). 

Water sorbed into PAA or NH4PA layers does not wet the surface of the gold substrate 

because the water molecules prefer to remain in the polymer bulk, where they are able 

to form hydrogen bonds with PAA or its ammonium salt. Therefore, gold substrates 

covered with these materials show negative Kelvin Probe signals even if they are 

exposed to humidity. However, some water molecules will also be sorbed by the gold 

and therefore the signal slightly decreases compared to the measurements in dry air 

(see the squares and circles in Figure 4.27 in 4.4.2). 

After discussion of the observed phenomenon in detail the important results are 

summed up in the following chapter and an outlook for possible applications of the 

knowledge gained in this work is given. 



  117 

6 Summary and outlook 

The main achievement of this work is the setting up of a phenomenological model 

describing water vapour and ammonia gas sorption into PAA and the associated 

changes of the latter’s chemical and electrochemical properties. Based on gravimetric, 

electrochemical, Kelvin Probe and infrared measurement the developed model 

supports the improvement of PAA as base sensing material for applications and allows 

a deeper understanding of the sensing mechanism, of the measurements performed and 

of already published results. 

From experiments with PAA and its ammonium and sodium salts, the importance of 

the presence or absence of hydrogen bonds connecting the polymer chains was 

uncovered. The interaction of water vapour and gaseous ammonia with hydrogen 

bonds, explains the sensitivity to those analytes and their cross sensitivity. In contrast 

to previous published suggestions [38, 47], the presence of water does not increase the 

number of sorption sites for ammonia molecules but, due to few ammonia molecules, 

the hydrogen bonds get destroyed and much more water can be sorbed into the 

polymer. Due to these interactions, gravimetric measurements for ammonia detection 

are unambiguous only if the measurements are performed in dry air or at a constant 

humidity. For sensor applications, a constant humidity should be preferred because the 

additionally sorbed water molecules cause a stronger increase of the measurement 

device response and, with it, the signal to noise ratio decreases. However, as soon as 

humidity variations occur, gravimetric measurements are not suitable to determine the 

ammonia content in the ambient.  

If humidity is the target analyte, chemical modifications of PAA can prevent the cross 

sensitivity to ammonia: In the absence of hydrogen bonds, as for example in NaPA, 

the gravimetric response is independent on the ammonia concentration but the 

disadvantage of this material is the poor reproducibility of the sensor response. To 

combine the ammonia independence of NaPA with the good reproducibility of the 

PAA response, the hydrogen bonds in the acid should be partly transferred to the 

sodium salt and partly replaced by chemical bonds which can be obtained due to cross 

linking reactions; such chemical bonds cannot be destroyed by ammonia molecules. 

Further studies are required to determine the optimal ratio of sodium carboxylate sites 
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to cross linked sites resulting in a humidity sensing material with low cross sensitivity 

and high stability and, with it, good reproducibility of the sensor signals. 

As published in literature, cross linked polyacrylic acid was already used for humidity 

sensing with electrochemical devices [20]. The observed resistance switch can be 

explained by using the phenomenological model obtained in this work: Depending on 

the water content of the polymer films, the conduction proceeds according to two 

distinctive mechanisms. At low humidities non condensing water molecules build up 

networks over hydrogen bonds in the free space between the PAA chains providing a 

path for proton transfer. Under the action of an externally applied field, a hopping 

process along an uninterrupted “route”, in average oriented in the field direction, 

occurs; the charge is carried through the polymer film according to a Grotthuss 

mechanism. With increasing water content, more and more water clusters and liquid 

water are formed, which enable the free migration of ammonium and hydroxonium 

ions via a vehicle type mechanism; that is the onset of a convection drift current. Both 

mechanisms occur in the cross linked PAA as well as in the pure PAA and the 

ammonium salt. In strongly hygroscopic materials, as for example the sodium salt of 

PAA, the vehicle type conduction mechanism determines the conductance over the 

whole humidity range.  

While ammonia in dry air does not influence the electrochemical properties of 

polyacrylic acid, in humid air a strong resistance decrease and capacitance increase are 

induced by the presence of ammonia. The observation is in agreement with the 

gravimetric measurements and is caused by the increased water uptake in the presence 

of ammonia. To avoid that, further development of the sensing material is required, 

similar to the one described for gravimetric measurements. Directly, the ammonia 

molecules seem to have a limited influence on the conduction process only and, 

therefore, a sensor principle which is based on electrochemical methods is not useful 

for the detection of gaseous ammonia in the ambient.  

For ammonia detection with PAA sensitive layers, it is more suitable to use Kelvin 

Probe or field effect transducer measurements. It is known in literature that these 

devices allow the determination of ammonia with a small cross sensitivity to humidity 

[21, 46] and it was suggested that the sensing process occurs at the polymer electrode 
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interface [47]. Kelvin Probe and impedance measurements combined with voltage step 

and cyclic voltammetry experiments were performed in this work leading to a deeper 

understanding of the processes at the electrode. The gained knowledge can be used to 

develop an improved polymer layer: The optimal material allows ammonia to diffuse 

to the electrodes but hinders the contact between water and the electrodes.  

This is an example of the usefulness of the phenomenological model for the purposeful 

preparation of sensing materials. Future work is required to transfer the information 

gained for the model system, the water vapour and ammonia gas sorption process into 

PAA, to a more general level. With the study of NaPA, a polar material without the 

ability to form hydrogen bonds, first steps in this direction were done but to get a full 

picture of the potentials of chemically modified sensitive layers further studies have to 

be performed for other polymer types for example non-polar or basic materials and 

other modifications, especially cross linked polymers.  

When such studies are available, selective and sensitive materials can purposefully be 

prepared for the desired application and the measurement technique applied. 
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List of abbreviations 

 

symbol description 

 

 change of thermal expansivity of Tg 

 dielectric constant 

W dielectric constant of water 

f QMB frequency shift due to added mass [Hz] 

f PAA layer frequency shift due to the polymer compared with the 

uncovered QMB 

f water further frequency shift due to the sorption of water 

m/A surface mass loading (g/cm2) 

 phase shift 

 work function 

V volume fraction 

 adsorbate loading 

 half of the acoustic wave length 

m adsorbate loading at monolayer coverage 

 density 

 conductivity 

 radial frequency 

0 frequency wherein the imaginary part of the impedance is 

a maximum 

  

  

AC IS alternating current impedance spectroscopy 

A area 

AC, ac alternating current 

APM Acoustic Plate Mode  

aq aqueous 
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symbol description 

 

AW Acoustic Wave 

b constant 

b (as index) bulk properties 

BET Brunauer-Emmett-Teller 

C capacitor, capacitance 

c´ stiffness 

C0 initial capacitance in dry air 

Cb capacitance of the electrode structure covered with 

polymer as a dielectric material 

CBET BET-constant 

Cdl double layer capacitance 

CPD contact potential difference 

CPE constant phase element 

Ct capacitance at time t 

ct (as index) charge transfer 

CV Cyclic Voltammetry 

d separation distance of the capacitor plates 

dl (as index) double layer 

d0 amplitude of the separation distance 

DC direct current 

DFG Deutsche Forschungsgemeinschaft 

DSC differential scanning calorimetry 

e elementary charge 

E0 amplitude of the potential signal 

EF Fermi energy 

Et potential at time t 

EU-SCOEL European Scientific Commitee on Occupational Exposure 

Limits 

EVAC vacuum level 
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symbol description 

 

f0 fundamental frequency of the quartz crystal [Hz] 

FET field effect transducer 

FPW Flexural Plate Wave 

hq thickness of the quartz resonator 

hf thickness of the polymer film 

i imaginary number 

I current 

I0 amplitude of the current signal 

IC integrated circuit 

IR infrared 

IS impedance spectroscopy 

It current at time t 

IUPAC International Union of Pure and Applied Chemistry 

k constant 

K constant 

L inductor 

LOD limit of detection 

m mass 

n number of multilayers 

n parameter of the constant phase element 

NaPA sodium polyacrylate 

NH4PA ammonium polyacrylate 

p pressure 

P adsorptive partial pressure 

P* saturation pressure of the adsorptive 

PAA polyacrylic acid 

ppb parts per billion 

ppm parts per million 

q charge 
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symbol description 

 

Q charge of the condensator plates 

QMB Quarz microbalances 

r modulus of impedance 

R resistor 

r.h. relative humidity 

Rb resistance of the polymer bulk 

Rct charge transfer resistance 

S/N signal to noise ratio 

SAW Surface Acoustic Wave 

T temperature 

t time 

Tg static glass transitin temperature 

TRGS Technische Regeln für Gefahrstoffe 

Tgm static glass transitin temperature of a mixed amorphous 

system 

Tgp glass transition temperature of the dry polymer 

Tgw glass transition temperature of water 

TSM thickness shear mode 

V voltage 

w weight fraction 

W Warburg impedance 

wp weight fraction of polymer 

wt % weight percent 

ww weight fraction of water in the polymer layer 

x  P / P* 

Y0 parameter of the constant phase element 

Z impedance 

Z0  amplitude of the impedance 

ZW* complex Warburg impedance 
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symbol description 

 

Z' real part of the impedance 

Z'' imaginary part of the impedance 
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