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Abstract 

Plasma deposited polymer films from simple organic molecules with a polymerizeable 

C=C bond (vinyl, acrylic, diene…, also with limitations allyl), such as acrylic acid, allyl alco-

hol and styrene with a thickness of about 150 nm were deposited by pulse plasma polymeriza-

tion onto different substrates (inorganic and organic). 

The structure-property relationships of these samples were studied with respect to the 

duty cycle [DC=ton/(ton+toff)] of the pulsed plasma by a broad combination of different tech-

niques and probes. For the first time volume-sensitive methods such as Fourier Transmittance 

Infrared (FTIR) and Dielectric Relaxation Spectroscopy (DRS) are combined with surface 

analytics by employing X-ray Photoelectron Spectroscopy (XPS). For an unambiguous identi-

fication of COOH and OH groups by XPS, derivatizations with trifluoroethanol (TFE) and 

trifluoroacetic anhydride (TFAA) were accomplished. FTIR gives in principal the same de-

pendence of the concentration of COOH and OH groups on DC like XPS. The observed dif-

ferences are discussed considering the different sampling depths of both methods.  

The dielectric measurements reveal that the structure of the plasma deposited films is different 

from that of chemically produced reference polymers. In particular a lower glass transition 

temperature is observed. 

The structure of plasma polymer films varies in dependence on the DC. This result re-

fers to a highly branched structure of the plasma deposited (co)polymer with a high number of 

dangling chains. Moreover, the dielectric measurements show that the plasma deposited 

polymer films are not thermally stable but undergo a post-plasma chemical reaction during 

heating, where the reaction kinetics depends on the DC. 

The retention of the monomer structure or its relevant units in the deposited film, e.g. 

aromatic rings in the case of styrene, COOH and OH groups in the case of acrylic acid and 

allyl alcohol plasma deposited polymers, decreases when the duty cycle becomes higher. 



 

Plasma polymers with high functional group retention (FGretention=FGpolymer/FGmonomer) 

and a minimum degree of branching and cross-linking were obtained at low duty cycle ap-

plied in this study, i.e. with minimal duration of plasma pulses.  

The idea was to minimize the plasma exposure as much as possible for suppressing the 

monomer fragmentation in the plasma and to improve the chance of chemical chain propaga-

tion in the plasma-off periods. Thus, it was expected that the number of defects and irregulari-

ties could be minimized and therefore the structure and composition of plasma polymers is 

nearer to that of classic (reference) polymers. Chemical polymerization was expected to pro-

duce regular structured und composed polymers, in contrast to plasma polymerization that 

was responsible for irregular structures produced by monomer fragmentation and random re-

combination of all fragments and atoms. The (short) plasma pulse should adopt the role of an 

initiator of the chemical (radical) chain growth in the monomer adsorption layer. General 

problem of chemical gas phase polymerization under low-pressure conditions is the deficien-

cy in monomer molecules present at the chain propagation centers. Thus, chain terminations 

occur (recombination, chain transfer, disproportonation, rearrangement etc.) very rapidly and 

hinder the formation of linear polymer molecules of higher molar mass. The next plasma 

pulse creates a new radical center followed by very short chain propagation. Thus, branched 

and crosslinked polymers were produced.  

Polystyrene (PS) spin coated thin films were modified by O2 and Ar plasma and UV 

irradiation treatments for each one second. The modified PS samples were compared with 

plasma (pPS) and commercial (cPS) polystyrene. The effects of O2 and Ar plasma and UV 

irradiation treatments on a surface and bulk of polymer layers were discussed. An important 

result was that one second exposure to the plasma or its radiation was sufficient to modify the 

surface significantly. However, this study was also dedicated to understand the effects of 

plasma particle shower and plasma irradiation on the already deposited layers of plasma po-

lymers within the layer growing process. 



 

 The surface properties were evaluated by XPS and Contact Angle Measurements 

(CAM) and the bulk properties were investigated by FTIR and DRS. It was found that oxygen 

incorporation seems to proceed more rapidly with O2 than with Ar plasma as well as with 

plasma polymerization and plasma UV irradiation, respectively.  

Spin-coated PS thin films exposed to plasma UV irradiation and plasma deposited PS 

films did not show many differences in the XPS spectrum and CAM in comparison to com-

mercial reference polystyrene. The dielectric measurements showed that the plasma deposited 

films were not thermally stable and underwent an undesired post-plasma chemical oxidation. 

However, the chemical structure of plasma deposited films is different from that of the refer-

ence PS. 

Copolymers of acrylic acid and styrene (AA/S) were prepared by pulsed plasma depo-

sition and their structures were studied with respect to the DC and feed gas ratio (comonomer 

ratio). It is known that low energy doses enhance the structural retention of comonomer and 

high energy doses prefer fragmentation and loss in regular structure. Additionally, it was 

found that through a proper selection of the feed gas composition the concentration of the sur-

face functional groups in plasma deposited films can be controlled. The FTIR spectra of the 

plasma-deposited copolymer films were found to be partially different from a superposition of 

the spectra of the respective plasma homopolymers. This suggests that interactions and frag-

mentation followed by recombination reactions are taking place between the monomer mole-

cules in the plasma or during their respective plasma deposition process.  

Plasma deposited acrylic acid-styrene copolymer films were prepared and characte-

rized using XPS, FTIR, differential scanning calorimetry (DSC) and DRS. The relative partial 

flow rates of the comonomer are used for adjustment of the copolymer composition. Process 

parameters were fixed to conditions optimized for retention of functional groups. By doing 

this it is possible to control undesired chemical properties of the copolymer films such as con-

centration of unsaturations or oxygen-containing functional groups. 



 

The results obtained by dielectric spectroscopy are discussed in detail together with the data 

from FTIR and XPS measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Zusammenfassung 

In dieser Arbeit wurden im Plasma abgeschiedene Polymerfilme von einfachen orga-

nischen Molekülen mit polymerisierbaren C=C-Bindungen (Vinyl, Acryl, Dien, …, mit Ein-

schränkungen auch Allyl), wie in Acrylsäure, Allylalkohol und Styrol vorhanden, mit einer 

Dicke von etwa 150 nm durch Pulsplasmapolymerisation auf verschiedenen anorganischen 

und organischen Substraten erzeugt. 

Die Struktur-Eigenschaftsbeziehungen dieser Proben wurden in Abhängigkeit vom 

Tastverhältnis [DC=ton/(ton+toff)] des Hochfrequenzplasmas mittels einer weit gefächerten 

Kombination von verschiedenen Techniken und Prüfmethoden untersucht. Es wurden zum 

einen volumensensitive Methoden wie die Fourier-Transform-Infrarotspektroskopie (FTIR) 

und die dielektrische Relaxationsspektroskopie (DRS) eingesetzt, die mit Oberflächenanalyse-

techniken wie die Röntgenphotoelektronenspektroskopie (XPS) kombiniert werden. Um eine 

eindeutige Identifizierung der COOH- und OH-Gruppen in den abgeschiedenen Schichten 

ermöglichen zu können, wurden diese mit 2,2,2-Trifluorethanol (TFE) bzw. 

Trifluoressigsäureanhydrid (TFAA) derivatisiert. Die FTIR-Analytik zeigt prinzipiell dieselbe 

Abhängigkeit der COOH-bzw. OH-Gruppenkonzentration vom Tastverhältnis DC wie die 

XPS. Die beobachteten Unterschiede werden im Hinblick auf die verschiedenen Eindringtie-

fen der beiden Analysemethoden diskutiert. 

Die DRS-Messungen offenbaren, daß sich die im Plasma abgeschiedenen 

Polymerfilme von den chemisch erzeugten Referenzpolymeren strukturell unterscheiden. Zum 

Beispiel wird eine niedrigere Glasübergangstemperatur beobachtet. 

Die Struktur der im Plasma abgeschiedenen Polymerfilme variiert in Abhängigkeit 

von DC. Dieses Ergebnis kann mit der hochverzweigten Struktur der plasmaabgeschiedenen 

(Co)-Polymere erklärt werden, die eine große Anzahl an Seitenketten besitzen. Überdies zei-

gen die DRS-Messungen, daß die plasmaerzeugten Polymerfilme thermisch instabil sind; 



 

nach der Plasmabehandlung gehen sie chemische Reaktionen während ihrer Erwär-

mung ein, wobei die Reaktionskinetik von gewählten DC abhängt. 

Die Monomerstruktur bzw. die relevanten funktionellen Einheiten wie aromatische 

Ringe im Fall von Styrol, COOH- und OH-Gruppen im Fall von Acrylsäure und Allylalkohol 

werden in immer geringerem Maße als stabile Einheiten in die Polymerstruktur der Filme 

übernommen, je höher das Tastverhältnis DC wird. Im Plasma erzeugte Polymere mit hoher 

Retention der funktionellen Gruppen (FGretention=FGpolymer/FGmonomer) und einem minimalen 

Verzweigungsgrad bzw. minimaler Anzahl an Querverzweigungen können dann erhalten 

werden, wenn ein niedriges Tastverhältnis angewendet wird, also kurze Plasmapulsdauer und 

lange plasmalose Pausen. 

Die Absicht war, die Plasmaexposition der Monomermoleküle so gering wie möglich 

zu halten, um die Monomerfragmentierung im Plasma zu unterdrücken und die Wahrschein-

lichkeit der chemischen Kettenfortpflanzungen besonders nach Ende jeden Plasmapulses zu 

erhöhen. Dadurch sollte die Defektdichte und die Strukturirregularitäten minimiert werden, 

um plasmaabgeschiedene Polymere zu erhalten, die sich strukturell und von der Zusammen-

setzung her kaum oder gar nicht mehr von den klassischen Referenzpolymeren unterscheiden. 

Die chemische Polymerisation sollte regelmäßig strukturierte und einheitliche Polymere bil-

den, ganz im Gegensatz zur fragmentierenden Plasmapolymerisation, welche die unregelmä-

ßigen Strukturen durch Monomerzerfall und zufällige Rekombinationen aller Fragmente und 

Atome verursacht. 

Ein (kurzer) Plasmapuls sollte dabei die Rolle des Initiators bei der chemischen Radi-

kalkettenwachstumsreaktion in der obersten Monomeradsorptionsschicht übernehmen. Jedoch 

liegt das generelle Problem der chemischen Gasphasenniederdruckpolymerisation in der ge-

ringen Monomerkonzentration direkt an den radikalischen Kettenfortpflanzungszentren. 

Dementsprechend kommt es sehr schnell zu Kettenabbrüchen (Rekombinationen, Kettenüber-

tragungen, Disproportionierungen, Umlagerungen etc.), die die Bildung linearer Polymere 



 

hoher Molmasse verhindern. Der nächste Plasmapuls erzeugt ein neues Radikalzentrum ge-

folgt von einem sehr kurzen Kettenwachstum. Daher werden verzweigte und kreuzverknüpfte 

Polymere erzeugt. 

Diese Studie war ebenso dazu gedacht, die Einwirkungen des Plasmapartikelstromes 

und der Strahlung auf bereits gebildete Polymerfilme während der 

Polymerfilmwachstumsphase zu verstehen. 

Dazu wurden dünne Polystyrolfilme (PS, spin-coated) einem Sauerstoff- oder 

Argonplasma als auch UV-Strahlung ausgesetzt. Die so veränderten PS-Filme wurden mit 

plasmpolymerisiertenn PS und kommerziellen (cPS) Polystyrol verglichen. Die Effekte der 

Sauerstoff- und Argonplasma als auch UV-Strahlungsbehandlung auf die Polymeroberfläche 

und das Polymer als Ganzem wurden diskutiert. Ein wichtiges Ergebnis war, daß die 

Polymeroberfläche nach nur eine Sekunde Plasma- oder Strahlungsexposition signifikant mo-

difiziert ist. 

Die Oberflächeneigenschaften wurden mittels XPS und durch Kontaktwinkelmessun-

gen (CAM) analysiert und die Eigenschaften des Polymers als Ganzem wurden mittels FTIR 

und DRS bestimmt. Es wurde gefunden, daß der Sauerstoffeinbau schneller unter Benutzung 

eines Sauerstoff- anstelle eines Argonplasmas geschieht; ebenso gut funktionieren die Plas-

mapolymerisation und die Plasma-UV-Bestrahlung. 

Dünne PS spin-coated Filme, die der Plasma-UV-Strahlung ausgesetzt waren und die 

rein plasmachemisch erzeugten Filme sind nicht sehr verschieden von den käuflichen Refe-

renzpolystyrolen, wenn man die XPS-Spektren und die Kontaktwinkelmessergebnisse ver-

gleicht. Die DRS-Messungen zeigten, daß plasmaerzeugte Filme nicht besonders temperatur-

stabil sind und störende chemische Oxidationen nach der Plasmabehandlung eingehen. Damit 

ist auch die chemische Struktur der plasmaerzeugten Polymerfilme von der der Referenzpoly-

styrole verschieden. 



 

Plasmaerzeugte Acrylsäure/Styrol Copolymere (AA/S) wurden abgeschieden und die 

Strukturen untersucht in Abhängigkeit von DC und vom Comonomerverhältnis. 

Bekannterweise erhöht ein geringer Energieeintrag die strukturelle Stabilität des 

Comonomers, während hohe Energeieinträge zu bevorzugter Fragmentierung und zum Ver-

lust der strukturellen Integrität und Regularität führen. Zudem wurde gefunden, daß die 

Oberfächenkonzentrationen der funktionellen Gruppen auf plasmaerzeugten Polymerfilmen 

über das Comonomerverhältnis gesteuert werden kann. Die FTIR Spektren der plasmaerzeug-

ten Homopolymere unterschieden sich teilweise von denen der Copolymere. Dies deutet da-

rauf hin, daß zwischen den Monomermolekülen im Plasma bzw. während des Abscheidungs-

prozesses gewisse Wechselwirkungen, auftreten, die zu Fragmentierungen und Rekombina-

tionen auftreten. 

Die relativen partiellen Flußraten der Comonomere wurden zur Beeinflußung der 

Copolymerzusammensetzung benutzt. Die Prozeßparameter wurden dabei auf einen optima-

len Wert konstant gehalten, um die Stabilität der funktionellen Gruppen zu gewährleisten. 

Somit ist es möglich, unerwünschte chemische Eigenschaften der Copolymerfilme unter Kon-

trolle zu halten wie die Anzahl von ungesättigten Funktionalitäten und sauerstoffhaltigen 

funktionellen Gruppen. 

Im Plasma abgeschiedene Acrylsäure-Styrol-Copolymerfilme wurden hergestellt und 

mittels XPS, FTIR, Differential Scanning Calorimetry (DSC) und DRS untersucht. Die Er-

gebnisse der dielektrischen Spektroskopie werden im Detail behandelt zusammen mit den Da-

ten der FTIR und XPS Messungen. 
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Chapter 1 

Introduction 

1. Background and basics 

1.1. Plasma state 

            Broadly speaking the plasma state [1-3] can be considered to be a gaseous mixture of 

oppositely-charged particles with a roughly zero net electrical charge.  

Plasma is an ionized gas comprising a dynamic mix of electrons, ions, neutrons pho-

tons, free radicals, meta-stable excited species, neutral atoms and molecules, also called as 

fourth state of matter. [4] More than 90% of all matter in the universe exists in this plasma 

state. [5] Under the action of an electromagnetic field high energy species were produced by 

collisions (or radiative processes). They were accelerated under the influence of the electro-

magnetic field, collide with other species and loose its energy and transfer it to the other parti-

cle or to the wall. Elastic collisions of equiponderate particles equilibrate the energy within 

the plasma system and inelastic collisions of light electrons with heavy particle produce exci-

tation, ionization, dissociation, recharging, charge transfer, recombination radiation etc.[6] The 

energy from the electromagnetic field is mainly acquired by plasma electrons because of its 

swift spur within the electrical field.  

             Their inelastic collisions of electrons with gas atoms or molecules leading to ioniza-

tion and the appearance of the ion avalanche as the basic process of ignition and sustaining 

the plasma. Recombination and quenching at the walls limit the ion avalanche and produce a 

steady state of the plasma. Electrons and ions generate the plasma conductivity. The broad 

distribution of energy over all species in the plasma is reflected in the electron energy distri-

bution function. In ordinary gas plasmas (glow discharges) under low-pressure the range of 
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energetic species also involves components with energies much higher than those of chemical 

bonds in polymers. It must be considered, that the supply of (electrical) energy is continuous. 

The transfer of energy leads to a variety of new species which are chemically active and thus 

can serve as precursor for the new stable compounds. Thus, by an elaborated choice of the 

precursor the resulting functional group can be roughly predetermined but restrained by decay 

or rearrangement in the plasma. However, numerous by-products and side-products are also 

formed. The plasma produced energy-rich species and their collision with the other neutrals 

initiates a new chemical processes giving rise to a phenomenon known as plasma chemistry. 

Using the oxygen (O2) plasma gas typically of O+, O-, O2 
+ and O3 

+ ions for example. The 

plasma particles are extremely unstable and their energetic states cause them to be highly 

reactive with particles or the surfaces that they contact. Chemists have always been fascinated 

by the various electric discharges, which they have observed in nature and into experimental 

studies. Their expectation was to possess a new convenient, clean, waste-free, one step, pow-

erful universal chemical tool. As and when these techniques were available for producing dis-

charges in the laboratory, they attempted to use them for chemical synthesis. One of the basic 

plasma experiments was this of Miller and Urey, who simulate the genesis of basic amino ac-

ids in the primitive Earth atmosphere by the action of spark discharges.[7,8] There are several 

reported attempts to manoeuvre the organic chemical reaction for the synthetic purpose using 

the plasma as a tool. [9-13]  Chemist’s perspective provides that plasma is a new way of trans-

ferring energy to molecules. 

This phenomenon is very successfully manoeuvred into atmosphere, vacuum as well as into 

the water phases depending upon the utility and the feasibility of the techniques. [14] 
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1.2. Classification of plasmas 

Plasma states can be divided in two main categories: Hot plasmas and cold plasmas. 

Hot plasmas are characterized by very high temperatures of electrons and heavy particles, 

both charged and neutral, and they are close to maximal degrees of ionization (100%). Cold 

plasmas are composed of low temperature particles (charged and neutral molecular and atom-

ic species) and relatively high temperature electrons and they are associated with low degrees 

of ionization (10-4–10%). Cold plasmas include low-pressure and atmospheric pressure. 

 

1.2.1. Cold plasmas 

1.2.1.1. Low-pressure 

Low-pressure cold plasmas [15] are initiated and sustained by dc, RF, or microwave 

(MW) power transferred to a low-pressure gas environment, with or without an additional 

electric or magnetic field. Ultimately, all these discharges are initiated and sustained through 

electron collision processes under the action of the specific electric or electromagnetic fields. 

Their special character as “cold” plasma is caused by the strong differences in (high) electron 

and (low) ion and gas temperature (Tel»Tion≈Tneutr). As described before very light electrons 

cannot transfer their kinetic energy to heavy ions or neutrals efficiently by elastic collision 

because of the momentum and energy conservation law. Accelerated electrons (energetic 

electrons) induce ionization, excitation and molecular fragmentation processes leading to a 

complex mixture of active species, which will undergo, depending on the specific plasma 

mode (e.g. direct or remote plasma environments). The poly-recombination mechanisms are 

very different from reaction mechanisms known from conventional chemical processes. If 

electrons with broadly distributed kinetic energy, described by specific energy distribution 

functions initiate and control all the processes in glow discharges it might appear obvious that 

similar electron energy distribution environments created using different power sources (dc, 
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RF, MW, etc.) should initiate similar chemistries; and consequently, the type of the plasma 

would be of less importance for the generation of specific processes. Therefore, proper selec-

tion and control of plasma parameters are necessary for production of high quality layers. 

RF discharges have advantages in comparison to dc discharges: (a) they can operate at 

lower pressures (the impedance of the discharge decreases with the increase of the frequency), 

(b) their ionization mechanism is more efficient (the electrons can gain energy during the 

whole cycle), (c) they can also be sustained in depositing (e.g. dielectric layers) discharge en-

vironments, (d) they are more uniform spatially. These characteristics make RF-plasmas the 

most common choice for the microelectronic industry. A schematic diagram of a capacitively 

coupled RF-plasma reactor, and the interaction of plasma species with the substrate are pre-

sented in Fig. 1. Adapted from ref. [16]. 

 

 

 

 

 

 

 

 

Plasma temperature is defined as the mean translational energy of particles in the dis-

charge. As a result of the substantial mass difference existent between the electrons and heavy 

species, these particle populations can often be considered as two systems in their own ‘ther-

mal equilibrium’. A plasma would be in thermodynamic equilibrium if temperatures of the 

electrons and neutral species, including the ionization, excitation, dissociation and radiation 

temperatures, were all equal. The “cold” plasma in contrary shows as before mentioned un-

balance between electron and ion/gas temperature. Therefore, it is also called non-isothermal 

Figure 1: Interactions of plasma-

generated species with the substrate 
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plasma. The presence of a constant energy loss at the plasma boundaries (mainly by convec-

tion or radiation), complete thermodynamic equilibrium cannot be achieved. 

The electron energy distribution of a low-pressure plasmas can be often described by 

the Druyvesteyn approximation (Fig. 2), where the temperature of electrons is considered 

much higher than that of ions, and when it is assumed that the only ‘energy losses’ are by 

elastic collisions (the electric field strength in the plasma is sufficiently low to neglect inelas-

tic collisions). However, at higher degrees of ionization the influence of electron density on 

the energy distribution can be significant. [17,18] It can be observed that a small number of elec-

trons have relatively high energies (5–15 eV) while the bulk of electrons belongs to the low-

energy electron range (0.5–5 eV). Since, the ionization potentials of atoms of common organ-

ic structures (e.g. C+ = 11.26 eV; H+ = 13.6 eV; O+ = 13.6 eV; N+ = 14.53 eV, etc.) belong to 

the tail region of the electron energy distribution, low degrees of ionization of cold plasmas 

appear obvious. However, this argument is somewhat circular since the inelastic process of 

ionization is in large part what determines the electron temperature needed to sustain the dis-

charge. 

 

 

 

 

 

 

 

 

 

It is extremely important to note that the energy range of most of electrons (2–5 eV) is 

intense enough to dissociate almost all chemical bonds involved in organic structures (Table 

Figure 2: Druvesteyn electron 

energy distribution of the cold 

plasma (average electron ener-

gy: 3 eV) adapted from Ref. [16] 
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1), and organic structures containing main group elements, and to create free radical species 

capable of reorganizing into macromolecular structures. As a consequence, the structures of 

all volatile compounds can be altered and/ or converted into high molecular weight com-

pounds, even if they do not have the functionalities which are present in common monomer 

structures. Higher energies are usually required for the dissociation of unsaturated linkages 

and the formation of multiple free radicals. Accordingly, initial or plasma-generated unsatu-

rated bonds will have a better ‘survival rate’ under plasma conditions, in comparison to the σ 

linkages. Thus, it can be understood why plasma generated macromolecular structures are 

usually characterized by unsaturated, branched and crosslinked architecture. 

Table 1: Bond energies of formation of the free radicals 

Bond energies 

Species Energy (eV) 

Diatomic molecules 

C–H 

C–N 

C–F 

C=O 

C–C 

                     3.7 

3.1 

5.7 

7.7 

3.5 

Polyatomic molecules 

C=C 

CH3-H 

C2H5-H 

CH2CH-H 

                     6.4 

4.5 

4.3 

4.8 

                          Source: reference [16]   

The plasma-synthesized macromolecular networks generated by plasma-state 

processes, directly from the recombination of plasma species on the surfaces, do not retain the 

structural characteristics of the starting materials. They are not based on repeating units and 

consequently, the term ‘plasma-polymers’, which is often used, is inappropriate for describing 

these structures. 
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In contrast, plasma-induced reactions involve plasma generated active sites (e.g. free radicals 

and charged functionalities) located on plasma-exposed substrate surfaces, which initiate con-

ventional polymerization processes from conversion of monomers in the absence of a plasma 

(e.g. remote plasma zones and pulsed plasma environments). Besides the recombination me-

chanisms developed on surfaces, which confine a plasma, the active species of the discharge 

interact and continuously tailor the artificially exposed (reactor walls, various substrates, etc.) 

and self-generated (e.g. plasma synthesized macromolecular structures) surface layers. The 

competition between the recombination deposition processes and the ‘destructive’ interaction 

of plasma species with the nascent macromolecular structures will control the intensities and 

the predominance of ablation, surface functionalization and macromolecular-film-formation 

reactions. 

 

 

 

 

 

 

 

 

Modulated discharges (pulsed plasma) are created by using an RF carrier, switched on 

and off at a low frequency (longer period time). Pulsing is a repeating variation of a radio-

frequency voltage or current from zero potential to ignition and then maintaining voltage and 

zero potential. Normally, radio-frequency discharge is continuously burning (continuous-

wave=cw) with 13.56 MHz. The main parameters that characterize modulated discharges are: 

the pulse period (the time it takes to complete a pulse cycle) and the duty cycle (measures on 

period, as a percentage of total period-on and off) are given by:  

Figure 3: Evolution of main pa-

rameters of pulsed plasma 
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Period = ton + toff   and Duty cycle = ton*100 [ton + toff] 

 

1.2.1.2. Atmospheric pressure 

Most previous research related to the plasma enhanced synthesis and surface modifica-

tion of materials (deposition, surface functionalization, and etching) has been performed un-

der low-pressure RF plasma environments, owing to the high efficiency of RF- discharges. [16] 

Dielectric-barrier discharges (DBD) and corona discharge are examples for atmospheric pres-

sure and come more in the fore because of more industrial relevance. [16] 

 

1.2.1.3. Low-pressure high-density plasmas 

These plasmas [15] are usually operated at much lower pressures [(7.5–150) x 10-5 Pa)], 

and generate higher power densities and ionization degrees (>10%) in comparison to conven-

tional RF discharges. Electron cyclotron resonance (ECR) plasmas and microwave plasmas 

are examples for low-pressure high-density plasmas. However, such plasma was not consi-

dered here. 

 

1.3. Applications of plasma low-pressure  

1.3.1. Functionalization of organic and inorganic polymeric surfaces 

Plasma contains activated species able to initiate reactions at the solid surface of sam-

ples. It can be used in two ways depending on the gas employed. One use of it is the surface 

modification of polymers. This process is the alteration of the surface properties and surface 

morphology of the polymers through etching reactions, implantation of atoms and radical 
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generation. These reactions are achieved by the use of non-polymer forming plasma com-

posed of inorganic gases such as N
2
 and O

2
. This process of the surface modification by plas-

ma is called as plasma treatment.  

Another use of plasma is the deposition of thin polymeric films on solid substrates. 

When plasma is generated and organic vapors are introduced, plasma polymers are formed 

and all surfaces of substrates in the plasma zone are coated with these plasma polymers. This 

process of polymer-like layer formation by plasma is called as plasma polymerization. 

Plasma processes provide a cost effective and environmentally friendly alternative to many 

important industrial processes, because the method produces no undesired waste products.  

Plasma promotes adhesion for metals, inorganic and polymers for example by increas-

ing the effective surface area of polymers by etching. This roughening in turn promotes more 

intimate molecular contact between the metal and the adhesive allowing stronger bonds be-

tween them. [19] The highly reactive ions found in plasma make the processing a valuable tool 

in surface cleaning. Additionally plasma etching is a tool used in the semiconductor industry 

to create tunnels on surfaces. Goal of all surface functionalization is to form functional groups 

at substrate surface, which are able to link chemically with the coating. It is generally believed 

that covalent bonds across the composite interface produce maximal and long-lasting adhe-

sion. 

 

1.3.2. Plasma deposition of biocompatible layers 

Deposition of macromolecular structures on biomaterial surfaces under cold-plasma 

conditions is another approach to obtain control of biological performance including, cell ad-

hesion and growth characteristics, hemo-compatibility, anti-fouling behavior (prevention of 

protein adsorption), etc. of surfaces exposed to in vivo environments. Proteins naturally ad-
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sorb at foreign surfaces and significantly alter the biocompatibility characteristics of medical 

implants and devices, biosensors, industrial bioprocesses, etc.  

 

1.3.3. Etching of polymer surfaces 

Most polymers are carbon- or carbon and heteroatom- based structures, which undergo 

intensive structural modifications in the presence of charged or neutral plasma-species by ge-

nerating of volatile compounds at the surface. This includes mono- and multiple-free radical 

structures, ions of either polarity or molecular fragments bearing charged functionalities. De-

pending on the intensity of the production of low molecular weight, volatile structures, a more 

or less significant ablation process will accompany the surface-functionalization and deposi-

tion mechanisms. 

 

1.3. Surface functionalization  

             Functionalization means the introduction of functional groups onto the polymer sur-

face of substrates. The process which introduces chemically different types of functional 

groups a term of unspecific functionalization is used. Specific functionalization stands for 

monosort functional groups, e.g. only one type of functional groups exists. Usual functional 

groups are OH, COOH, NH2 etc. 

 

1.3.1. Plasma treatment 

Until recently, the plasma treatment of polymers was considered to be a process re-

lated only to variation in their surface properties. Structural and chemical transformations oc-

curred on the surface and in a thin near-surface layer and did not affect the bulk properties of 
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polymeric materials. However, it is known that plasma UV radiation can penetrate into the 

depth of a polymer. The penetration depth and absorption of the radiation depend to a signifi-

cant extent on the structure and properties of the modified material. In the late 1990s, it was 

found that the plasma treatment of polypropylene (PP) leads to substantial changes in its 

structure as well, involving the whole of the polymer volume simultaneously with its surface 

modification. [20-22]  

Plasma treatment is the most often used and very viable method for polymer surface 

activation. [23] A method with a maximum power and versatility, which can be used for clean-

ing or etching of polymer surfaces by removing some of its topmost surface layers, introduc-

ing functional groups as well as depositing a thin polymer coatings on the polymer substrate. 

However, modification is a generic term used for all chemical and physical changes that are 

introduced to the surfaces of organic and inorganic materials. It can be roughening, coating, 

oxidizing etc.  

Using the low-pressure oxygen plasma treatment the surface was functionalized within 

ca. 2 s followed by oxidation of carbon atoms below the top most carbon layer but within the 

information depth of the photoelectron spectroscopy method (XPS). After about 20 s a steady 

state of formation, further oxidation and splitting off the functional groups and forming ga-

seous degradation products (CO2, CO, H2O) occurs. [24] Most often unspecific functionaliza-

tion dominates, i.e. different types of functional groups are formed simultaneously as singly, 

doubly and triply bonded oxygen to carbon. The monotype functionalization is achieved by 

polymerization or copolymerization of monomers bearing functional groups. Thus, the result-

ing polymer also carries the same functional group as the monomer and forms a top-coating at 

the surface of the substrate. 
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1.3.2. Plasma polymerization 

1.3.2.1. Basics of plasma polymerization  

Plasma polymerization is a thin film forming process, where thin films were deposited 

directly onto the surfaces of substrates. In this process, low-molecular weight molecules, e.g. 

monomers are converted into high molecular weight molecules, called as plasma polymers, 

with the assistance of energetic plasma particles, which are electrons, ions and radicals. In a 

chemical sense, plasma polymerization is different from conventional polymerization such as 

radical or ionic polymerization mechanisms.[25] In any case, polymers formed by plasma po-

lymerization show a distinguished chemical composition, as well as chemical and physical 

properties from those formed by conventional polymerization, even if the same monomer is 

used. Plasma derived polymers are irregularly composed and structured, are generally unsatu-

rated, and branched and/or cross-linked due to high electron temperatures (T
e
) of impinging 

particles and plasma-emitted UV radiation. This is illustrated by the structure of a styrene 

plasma polymer shown in Fig. 4. The high degree of crosslinking causes plasma polymers to 

be insoluble in most organic solvents. Also functional groups that are not present in styrene 

monomer and low molecular weight products often exist in plasma polymer structures acting 

there as lubricants and adulterate thermal properties. In addition, they may contain a large 

number of radicals available for post plasma reactions. [26, 27]  

Plasma polymerization has been studied intensively since the 1950ies [28, 29] and espe-

cially in the 60ies. [30, 31] 

So-called carbonaceous films were prepared by König and co-workers [28,32] in a glow dis-

charge in benzene vapour using a parallel-plate electrode arrangement powered by singly rec-

tified 50 Hz.  
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Figure 4: Model of a plasma deposited styrene film, as proposed by Friedrich et al. [27]  

The deposition rate of a plasma polymer is determined by the following parameters: 

the geometry of the system, the reactivity of the starting monomer and its flow rate, the work-

ing gas pressure, the power and frequency of the excitation signal, the position of the substrate 

and, finally, the temperature of the substrate. [33] 

However, surface modification of polymers has been widely studied due to its interest for in-

dustry regarding several applications involving adhesion, packaging and metallization, among 

others.  

Plasma polymerization of volatile organic compounds is an industrially utilized way to 

produce thin pinhole-free and uniform films. While in the past the interest was focused pri-

marily on inert films exhibiting protective properties against environmental influences as well 

as on coatings with anti-scratch properties or barrier properties for separation of gases and 

liquids now the need for production of thin films with monotype functional groups at the sur-

face comes to the fore. [34] 
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Plasma polymerization technique became a popular approach for synthesis of functional po-

lymers. Plasma polymers with desired structures and controlled density of a specific chemical 

group found many applications in different fields like adhesion and biomaterial science. [35] 

However, control of the chemical composition of plasma polymers is not straightforward. 

 

1.3.2.2. External plasma parameters  

Activation and fragmentation of the monomer molecules in the plasma are the first 

steps of the plasma polymerization process. Recombination of these fragments and subse-

quently re-activation and re-fragmentation of the recombined molecules by the plasma are the 

film-forming step. All these reactions, which affect the structure of the deposited films, de-

pend on the internal plasma parameters, e.g., plasma (charge carrier) density n, temperature of 

electrons (≈kinetic energy) T
e
 and ions (near gas temperature) T

i
. Therefore, it is possible to 

alter and control some chemical aspects of the plasma polymerized films by an appropriate 

choice of the external plasma parameters. These are the magnitude of the plasma input power, 

the flow rate of the monomers introduced into the plasma, temperature and positioning of the 

substrates and the pressure in the reaction chamber. [36] Additionally, hydrodynamic factors 

e.g., reactor type [37], reactor geometry [38],electrode-less or with internal electrodes, type and 

geometry of electrodes, electrode gap, bias voltage, sample position (floating potential, elec-

trode and mass), the inlet and the outlet of the monomer flow and its distribution in the reactor 

[26] have a great influence on the product of plasma polymerization. However, all the hydro-

dynamic factors were kept constant in this work; their effect will not be further discussed.  

Plasma power is a parameter which directly affects the important internal plasma pa-

rameters. When the plasma power is increased primarily the density of charge carriers is in-

creased but most often associated with increasing of the electrons (E
e
) is increased. This result 
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in an increase in the plasma density (n), and temperature of electrons (T
e
) and ions (T

i
). Addi-

tionally, the mean free path of the plasma particles decreases and their collision cross-section 

increases. All these variations cause more energetic plasma, where the fragmentation and re-

arrangement of the monomer molecules is pronounced. This generally ends in a more irregu-

lar, unsaturated, and branched and/or cross-linked plasma polymers.  

When the monomer flow rate is decreased, the retention time of the monomer molecules in 

the plasma chamber increased. Thus monomer molecules are subjected to more collisions, 

which results in more fragmentation and re-arrangement in the plasma. 

Yasuda combined these two parameters and proposed a controlling parameter, W/FM, 

where W is the plasma power [J/s], F is the monomer flow rate [mol/s], and M is the molecu-

lar weight of the monomer [kg/mol]. [26] The W/FM parameter is an apparent input energy per 

monomer molecule [J/kg]. Magnitude of the W/FM parameter is considered to be proportional 

to the concentration of activated species in plasma. These variations in the polymer deposition 

rate with the W/FM parameter show that plasma initiates polymer forming and polymer de-

grading processes.   

The polymer deposition rate increases with increasing W/FM parameter. The power 

supplied to monomer molecules is relatively low, so that the monomer molecules are sub-

jected to less fragmentation. Plasma polymers with less rearrangement and loss of the func-

tional groups i.e., with a certain level of the structural retention, are formed. 

On the other hand, in the monomer-deficient region, the ablation process dominates 

and the polymer deposition rate decreases with increasing W/FM parameter due to low con-

centration of the monomer molecules. The power transferred to monomer molecules is rather 

high and the monomer molecules are subjected to extensive fragmentation. Irregularly struc-

tured plasma polymers with high re-arrangement of the monomer structure and low structural 

retention are formed.  
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Usually plasma polymerization is operated in the monomer-sufficient region. [26] It should be 

recognized that the chemical composition of the formed plasma polymers is strongly influ-

enced by the magnitude of the plasma power and the monomer flow rate.  

Additionally, continuous wave (CW) plasma polymerization is the traditional tech-

nique for the deposition of thin films. The power is supplied to the system continuously. 

Plasma polymers produced by CW plasmas are characterized by a considerable loss of func-

tional groups preformed in the monomer, as well as irregular and cross-linked structures. [39] 

This is due to continuous fragmentation of monomers in the plasma and a random poly-

recombination of fragments and atoms.  

The main parameters that characterize pulsed plasmas are the pulse period and the 

duty cycle. The duty cycle (DC) values are calculated from the following equation:  

offpulseonpulse

onpulse

tt

t
DC

−−

−

+
=  (1) 

tpulse-on and tpulse-off are the time intervals where the plasma power is on and off, respectively. 

Additionally, the duty cycle is an effective external plasma parameter to control the power 

given to the plasma. 

The effective energy Weff provided by pulsed plasma can be estimated from the duty cycle 

values by using the following formula.  

offpulseonpulse

onpulse
eff tt

t
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−−

−

+
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Where W is the power in wattage. 

It has been often reported that pulsed plasma polymerization offers a good compromise to ef-

ficiently produce polymer structures with a minimum of irregularities and maximum retention 

of the functional groups preformed in the monomer. [40-44] The differences between the CW 

and the pulsed plasma deposited films were attributed to partially different reaction mechan-

isms when one or the other regime is used. During a CW plasma deposition, the competing 
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deposition and etching reactions of the excited species in the plasma lead to a different poly-

mer structure when pulsed plasma is used. It appears that the “plasma off” periods in the 

pulsed experiments play a very important role in the deposition process, allowing polymeriza-

tion reactions to take place, which could not normally occur under CW conditions. During the 

“plasma off” phase it is believed that some of the longer living radicals will continuously ena-

ble polymerization reactions, leading finally to a more conventional polymer structure.  

The classic radical chain propagation is called chain growth polymerization. It forms 

normally regularly structured polymers most often with linear structure and high molar mass. 

However, under low-pressure conditions the chain propagation at radical sites is strongly hin-

dered by the seldom transport of monomer molecules to the radical sites. Therefore, low chain 

growth and many terminations occur. Chain transfer, recombination and disproportionation 

hinder the formation of linear chains. Only the repeating pulses re-initiate continuously the 

chain growth mechanism. 

 

1.3.2.3. Radicals generation and polymerization  

The freshly deposited plasma polymers typically contain radicals. This is because the 

radicals are the most relevant species in growth mechanism of plasma polymerization, which 

is productive for the formation of deposits. Additionally, ultraviolet light generated by the 

plasma (recombination radiation, line radiation) and ion as well as electron bombardment are 

also sources for formation of radicals in the deposits.  

The quantity of these radicals in the deposited layer depends on the chemical nature of the 

monomer as well as on the external plasma parameters. [26] 

The most obvious effect of radicals is that the freshly deposited plasma polymers ra-

pidly react with in-diffusing oxygen when they are exposed to ambient air. The addition of 

oxygen to radicals produces peroxy radicals that are converted to peroxides and hydroperox-
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ides. These peroxides and hydroperoxides are metastable and may decay into various reactive 

products and secondary radicals. This process is well-known as “auto-oxidation” process. [45, 

46]  

Plasma modified organics can be divided into two steps. [46] The primary ageing reac-

tion is that molecular oxygen reacts with C-radical sites. This results in the formation of pe-

roxy radicals (C-O-O·). Decay of these peroxy radicals and formation of different oxygen 

functionalities are the secondary reaction step in the ageing process. In the case of plasma de-

posited films made from hydrocarbon monomers, e.g., ethylene and styrene, these peroxy rad-

icals are mainly converted into hydroperoxides (C-O-OH) by the abstraction of hydrogen 

from adjacent C-H bonds.[45] The auto-oxidation process leads to the formation of different 

oxygen functionalities like C-O, C=O and COO as it was observed by XPS studies. 

 

2. Review of literatures related to plasma (co)polymerization  

Plasma polymerized layers are important for many different industrial applications and 

technologies. [47] This includes also high tech applications in sensor technologies and life sci-

ence [48] where functionalized surfaces are required. The introduction of functional groups 

onto substrate surfaces for different applications by plasma treatment has a long tradition. 

Oxygen plasma and/or corona treatment in an air atmosphere produces a broad variety of dif-

ferent oxygen-containing functional groups. This versatile distribution of oxygen-containing 

units is sufficient for promoting printing or adhering processes. One method to produce func-

tionalized surfaces is the plasma deposition of functional-group carrying monomers like 

acrylic acid, allyl alcohol, allyl amine or others on substrates. This includes also the copoly-

merization with other monomers like ethylene, butadiene, acetylene etc. Moreover, plasma 

polymerization has unique practical advantages which include (i) good adhesion to the sub-

strate material, and (ii) chemically stable and physically durable nature of polymers. [49] 
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2.1. Homopolymerization  

As found in literature the characterisation of physicochemical properties for the thin 

organic plasma polymerized layers focuses on films, which are used as scratch protection fin-

ishing or on polymers which can replace brittle metallic or ceramic components in electronic 

circuits. [50-52] For instance Cech et al. [51, 53, 54] measured the mechanical (elastic modulus and 

hardness) and optical properties of plasma polymerized silane layers (tetravinylsilane and vi-

nyltriethoxysilane) in dependence on the effective power of the plasma. Besides the mechani-

cal properties of plasma polymerized films its electrical and dielectric properties are of greater 

importance. Investigations on electrical characterization of plasma polymerized materials 

were pioneered by Bradley and Hammes. [55] They polymerized approximately 40 potential 

monomers by plasma techniques and studied their dielectric and semiconducting properties. 

In general conventional plasma polymerization results in highly cross-linked and insulating 

coatings which can be applied as dielectric layers. [56] Nowadays there is also a considerable 

interest to enhance the conductivity of plasma polymerized films by thermal treatment or dop-

ing. [57] Chowdhury and Bhuiyan [58] employed dielectric relaxation spectroscopy to investi-

gate virgin and thermal treated plasma-polymerized diphenyl thin films sandwiched between 

aluminium electrodes over a wide range of frequency and temperatures. Plasma polymerized 

decahydronaphthalene thin layers were investigated by Yang et al. [59] with the objective to 

replace the chemical vapour deposited SiO2 as interlayer dielectric material. With increasing 

plasma power, the dielectric permittivity increases from 2.65 to 3.12. The films with the 

higher dielectric permittivity show smaller thickness reduction during annealing at 400 °C. 

Zhao et al. [60] reported the influence of the plasma deposition conditions on the dielectric 

properties of 1-cyanoisoquinoline films. Also in that case, the dielectric permittivity increases 

with increasing power of the plasma. Recently, an analogous study was carried out for plasma 

polymerized films using benzene and octafluorocyclobutane as monomers. [61] 
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As well as mono-type functionalized plasma polymers have been used for sensors or were 

produced in view of their interaction with biological materials such as peptides, proteins, or 

living cells, enzymes, antibodies, DNA and so on. In this context, the plasma polymerization 

of functional groups carrying monomers as well as copolymerization with ‘neutral’ monomers 

becomes interesting in terms of tailoring the surface functionality and its density as the basis 

for chemical coupling of sensor molecules. In this connection the introduction of COOH 

groups into the polymer surface opens an interesting field for creation of specific interactions. 

It is known from own works that carboxylic groups exhibit strong interactions to aluminium 

which gives rise to excellent adhesion in PP-Al composites. [34] 

The simplest way to the surface modification of the substrate with COOH groups is presented 

by Badyal and Poncin-Epaillard. [62, 63]  They postulate that carbon dioxide can form carbox-

ylic groups by the following sum process: C-H + CO2 → C-OOH. 

Allyl alcohol (AAl) is often favoured to create (more or less complete retention of all 

OH groups) monosort hydroxyl functionalized surfaces by the plasma deposition. It has a 

suited boiling point, has sufficient high deposition rates and it is deposition leads to well ad-

herent layers with a high concentration of functional groups. This is especially true, when it is 

deposited by a pulsed plasma technique. The structure of allyl alcohol radicals is stabilized by 

a mesomerism effect which is responsible for the fact that AAl cannot be polymerized to high 

molecular weight by a conventional radical mechanism. [64] 

First experiments to plasma polymerize AAl were carried out by Denaro et al. [65]. 

They investigated the glow discharge polymerization of different organic vapours. There is 

evidence that the propagation step involves the reaction of radicals with monomer adsorbed 

on the electrodes. Fally et al. [66] studied plasma deposited AAl films by XPS and high resolu-

tion electron energy loss spectroscopy. They concluded that oxygen-rich polymers can be ob-

tained from the unsaturated monomers at a low power. In the reactor at high power, fragmen-

tation of the monomer leads to the elimination of oxygen fragments and to ablation reactions 
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during the polymerization processes. Allyl alcohol leads to the formation of polymers with a 

relatively low degree of crosslinking and high retention of hydroxyl content (53-72%) under 

soft conditions; however, Friedrich et al. found it with high retention content (95%). [67] 

Yoshimura et al. [68] investigated nine oxygen-containing monomers by plasma po-

lymerization processes. Highly hydrophilic films can be obtained by propargyl alcohol and 

AAl, the former was emphasized for hydrophilic finishing of surfaces with OH groups under 

low power so that oxygen atoms could be preserved in the resultant polymers in the forms of 

oxygen-containing functional groups. O'Toole and Short [69] polymerized allyl alcohol at a 

low electrical power. They found an inverse relationship between the concentration of OH 

groups of the deposited film and the power supplied by the plasma. Rinsch et al. [41] applied 

variable duty cycles (DC) for pulsed plasma deposition and obtained the highest OH-

functionalization for the lowest value of DC. The application of a gradient layering technique 

was suited for both enhancing the adhesion and tailoring the functionality. Gombotz and 

Hoffman [70] developed a derivatization technique with trifluoroacetic anhydride (TFAA) and 

subsequent XPS analysis for the characterization of the functionality of hydroxyl-containing 

layers. The cross linking of AAl plasma deposited polymers and the mobility of the functional 

groups were studied by Ameen et al. [71] by applying washing tests with water and heating in 

an argon atmosphere, respectively.  

The characterization of the AAl plasma homo- and copolymers by Fourier Transform 

Infrared FTIR, X-ray Photoelectron Spectroscopy (XPS) and Size Exclusion Chromatography 

(SEC) was reported by Mix et al. [34] In the soluble fractions of the AAl polymers, molecular 

masses in the range from 800 to 4000 Da were found depending on DC. The lowest masses 

were measured for the highest values of DC compared to the lowest one. Extensive studies of 

the ageing of plasma AAl polymers by Static Secondary Ion Mass Spectrometry were pub-

lished by Unger et al. [72] Both, the crosslinking density and the unsaturated character of the 

allyl alcohol films increases with the ratio of the plasma power to the flow of the monomer 
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(P/F). The known highest concentration of OH groups in the deposited polymers where found 

for the lowest values of DC or the ratio P/F [73] estimated by Time-of-Flight Static Secondary 

Ion Mass Spectrometry measurements. 

Plasma treatments include cleaning of the substrate by chemical and/or physical etch-

ing, polymerization of a thin layer at the surface and functionalization of the surface by the 

formation of new chemical species. [74] By introducing polar functionalities, the surface ener-

gy of the topmost layer of the surface is increased; therefore this process can be used for very 

specific applications, such as introducing of wettability, printability, adhesion and biocompa-

tibility. [75-77]
 

Moreover, plasma treatment is a rapid, clean and non-solvent process that can be used 

to introduce a specific element or functional group onto the surface of a polymer by selecting 

a suitable gas. [78] Nitrogen-containing plasmas can introduce nitrogen functions such as 

amine,[79]
 mostly primary amine (NH2), imine (>C=NH), azomethine (>C=N-R), cyano or ni-

trile (–C≡N).[80]
 On the other hand, oxygen-containing plasmas are generally employed to de-

grade the surface of polymers. [81] They can also cause surface functionalization due to the in-

corporation of oxygen-containing components such as C–O, C=O, O–C=O and O=C–O–O 

onto the surface of the substrate. [82,83] For plasma treatments applied on polystyrene, various 

types of gases have been found in the literature: oxygen, [84] nitrogen [85]
 or argon. [86]

  

However, polymers have been widely used as biomaterials due to durability and low 

production cost. Among them polystyrene (PS) has commonly been used as a disposable cul-

ture dish because, besides these properties, it is optically transparent in visible range, and is 

non-toxic. 

To produce polymer layers with the highest degree of retained functional groups as 

well as chemically well-defined composition and structure of the polymer backbone plasma 

polymerization is used. In general, this is impossible using the glow discharge plasma because 

of the excess of energy in comparison to energies necessary to start and propagate the pure 
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chemical formation of polymers. However, this comparison shows that the plasmas, in gener-

al, and the cw plasma, in particular, are not suited for producing well-defined polymer struc-

tures. Using styrene as the prototype for a vinyl monomer, since styrene is best suited for rad-

ical chain propagation, only ≈1 eV is needed to activate the vinyl bond. Using a radical initia-

tor such as N, N`-azobisisobutyronitrile (AIBN) 1.4 eV are necessary to initiate the free radi-

cal polymerization. The rate of such a polymerization is directly proportional to the monomer 

concentration and to the square root of the initiator concentration. [87] 

Moreover, the radical chain propagation is exothermic and, therefore, needs no addi-

tional energy except for initiation. For a pure chemical polymerization of styrene leading to 

polystyrene of a molecular mass of 100 kDa energy of 0.0015 eV is consumed per styrene 

molecule for initiation. The activation energy needed to initiate chain growth polymerization 

of vinyl monomers is ∆G ≈ +120 kJ /mol (ca. 1 eV). [86,87] Since 5000-20000 additions/s occur 

at atmospheric pressure, each with ca. ∆G ≈ -20 kJ /mol, this reaction is strongly exothermic. 

Comparing this energy with the average electron energy in the CW plasma (ε = 1–10 eV) a 

considerable difference is obvious. However, all energy transferred to the monomer molecule 

by inelastic collisions with electrons during residence in the plasma zone ranges from 10 to 

1000 eV. [88, 89] The excess energy leads to a large number of side reactions, because all chem-

ical bonds in the monomer molecule can be broken. As a result, irregular structures are 

formed with an extremely broad molecular mass distribution, with high concentrations of 

trapped radicals and other defects. Thus, the mechanical and chemical properties are inade-

quate for many applications. Especially the long-term stability of such polymers is strongly 

limited by post-plasma oxidation. Therefore, it is obvious that the direct plasma exposure 

should be minimized as much as possible in order to produce highly chemically defined po-

lymers. In contrast, the CW plasma is the worst case for plasma polymerization, much worse 

than the high energetic radiation chemical polymerization as reported by Westwood. [89] 
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Oran et al. [90] studied pulsed plasma deposited styrene and ethylene films by Time of 

Flight Static Secondary Ion Mass Spectrometry before and after exposure to ambient air. As 

well as the influence of the external plasma parameters on the secondary ion mass spectra of 

plasma deposited films was investigated. Concluded that, when the plasma polymers are ex-

posed to air oxygen incorporation occurs. The oxygen uptake is high at the beginning and 

then it levels off. However, harder plasma conditions, which could be obtained by applying 

higher plasma power or lower monomer flow rate, result in higher oxygen uptake and vice 

versa. All plasma deposited films are unsaturated, branched and/or cross-linked to some ex-

tent. These properties of the films are found to depend on fragmentation and re-arrangement 

of the monomer molecules in plasma, which could be controlled by external plasma parame-

ters.  

 

2.2. Copolymerization 

Plasma copolymerized organic films are of growing interest and have been studied by 

a number of groups. The interest in plasma copolymers is driven by relevant technological 

applications in different fields starting from a conversion of harmful chlorofluoro carbons [91] 

to the improvement in cell immobilization on substrates. [92, 93]One overall objective of plasma 

copolymerization studies is to tailor technologically requested film properties. [94-97] 

Plasma copolymerization has been often studied in terms of: 

(1) Determination of the density of functional groups at the surface of deposited films vs. var-

iation of feed gas composition [67, 98] and, 

(2) Interaction, e.g. recombination reactions, between different monomers in the plasma envi-

ronment. [99-101]
 

Copolymerization is a method used for creating (co)polymers with variable properties 

depending on type and ratio of copolymers. Many chemical copolymerizations are based on 
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free radical processes. One difference to plasma-assisted polymerization, however, is their 

retention of the regular structure. If monomers A and B are copolymerized, the resulting co-

polymers can show random (-AA-B-AB-AAA-B-…), alternating (-A-B-A-B-…), or block (-

AAA-BB-AAAA-BBB-…) or graft (-AAAA (BBB)-AAAA (BBB) -) structure. [102]   

Different models were developed for mathematical characterization of radical copolymeriza-

tion process.  

Friedrich et al. [103] reported on the tuning of the density of functional groups at surface 

of plasma polymers by copolymerization of functional-groups bearing monomers with neutral 

chain-extending comonomer. They investigated plasma copolymerized films of ethylene or 

styrene with allyl amine or allyl alcohol by FTIR and XPS and reported that the density of 

functional groups varies non-linear with respect to the feed gas composition. Dawson et al. 

[104] found an almost linear correlation between functional group concentration and the feed 

gas compositions for acrylic acid - 1,7-octadiene mixed plasma copolymerization as analyzed 

by XPS. However, the deviation from linearity might be due to the fragmentation and poly-

recombination. Swaraj et al. investigated pulsed-plasma deposited styrene-allyl alcohol and 

ethylene-allyl alcohol copolymer films produced under conditions optimized for monomer 

structure retention and analyzed (“in situ” ) by XPS, NEXAFS (Near Edge X-ray Absorption 

Fine Structure) and ToF-SSIMS (Time-of-Flight Static Secondary Ion Mass Spectrometry). 

[105] They confirmed the non-linear variations of O total and –OH concentration vs. variation of 

the feed gas composition for both monomer combinations.  

               Mix et al. [34] studied pulsed plasma deposited allyl alcohol-styrene copolymers in 

dependence on DC, energy and precursor composition. SEC characterization of soluble co-

polymer fractions showed molecular masses of a few hundred up to five thousands g/mol. 

This concerns also a more regular structure of the copolymers.  

Numerous applications of plasma deposition processes require an optimization to pro-

vide a high degree of retention of the monomer’s chemical functionality. It has been reported 



-------------------------------------------------------------------------------------------------------------------------Introduction  

26 
 

in the literature [39-41] that a pulse plasma polymerization offers a better option to produce 

plasma polymers with minimized irregularities and a high degree of functionality retention. 

The effective power can be lowered in the case of pulse plasma polymerization to get a plas-

ma environment that prevents excessive monomer fragmentation and reduces the plasma-

induced damage of the deposited polymer layer. The percentage of chemically produced 

products can be also increased by plasma-less chain propagation within plasma off period. 

Such chemically produced polymers have less defects and irregularities. The next plasma 

pulse re-starts the chain growth process again. Such so called ‘‘mild’’ plasma conditions are 

obtained by using low duty cycles or low plasma power, resulting in sufficient surface con-

centrations of selected functionalities. Any increase in a duty cycle or plasma power will re-

duce the retention of the respective monomer functionalities by monomer fragmentation, re-

sulting in wider and, of course, objectionable chemical variability of functionalities in the 

plasma deposited films. Duty cycle and plasma power additionally affect branching and cros-

slinking of the plasma polymers. [106,107] Consequently, the process parameters ‘plasma power’ 

and ‘duty cycle’ the only way variables to control the functional group concentrations at 

plasma deposited polymer films. One interesting way to adjust the concentration of the func-

tional groups is the plasma-assisted copolymerization of functional groups bearing monomers 

with neutral monomers as reported by Friedrich et al. [108,109] who applied plasma copolymers 

to investigate the dependence of adhesion of Al-PP composites on type and concentration of 

different functional groups.  

For a plasma copolymerization processes an additional variable process parameter is 

available to control functional group retention: the respective concentrations of the monomers 

in the feed gas mixture. These can be adjusted, e.g., by partial flow rates. When all other 

plasma parameters are constrained to plasma conditions providing high structure retention of 

monomers a variation of the concentration of monomers in the feed gas will enable film depo-

sition with a controlled concentration of a selected functionality. 
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Many of details of the plasma polymerization with one or more precursors remain un-

clear, so defining relationships among process parameters, structure, and properties remains a 

key objective in studies of plasma polymerization films. Hirotsu et al. [95] found that plasma 

power is the key parameter in controlling chemical composition and morphology of copoly-

mer films from acrylic acid and hexamethyldisilazane. Copolymer films produced at lower 

plasma power were hydrophilic, while those produced at higher plasma power were hydro-

phobic. Beck et al. [97] used plasma copolymerization of allyl amine with 1,7-octadiene and 

acrylic acid with hexane to generate new surfaces with controlled properties by varying plas-

ma power and monomer flow rate. Other studies in the area of plasma copolymerization [91, 

92,110-113] have focused on the incorporation of different chemical functionalities into the final 

film and the impact of this incorporation on surface characteristics. However, little work has 

been done on the physical characteristics of the interfaces in these systems. In this contribu-

tion, the details of the structure with depth of copolymer films were reported. Recently, the 

effect of the duty cycle on thin plasma poly(acrylic acid) films was studied by Fahmy et al. 

[106,107] using a combination of dielectric relaxation spectroscopy, XPS and FTIR. 

              Only limited reports on the mechanism of plasma copolymerization have been pub-

lished due to the complicated plasma environment. [114] Enclosed the different possibilities of 

polymerization, copolymerization or homopolymerization are listed. 
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3. Motivation 

3.1. Plasma polymerization 

The literature survey indicates that till date the mechanism of plasma polymerization 

is poorly understood. Fragmentation and poly-recombination reactions take place within the 

plasma, where the contribution of these reactions to polymer formation is not clear. The most 

important problem of plasma exposure to polymers is the excess of energy delivered by the 

plasma. The energy is consumed by the particle bombardment and the UV-irradiation. 

These two processes provoke random chain scissions, H abstraction, C-radical forma-

tion, unsaturations, auto oxidation, degradation, crosslinking etc. in polymers.[ 45,115,116] For 

attaching plasma atoms or fragments as (plasma gas-specific) functional groups onto polymer 

surfaces only a small amount of energy is useful for replacing hydrogen atoms by plasma 

fragments (functional groups). The replacement of hydrogen from the C atom may be possible 

either by nucleophilic substitution or by radical-radical recombination. Substitution reactions 

are more selective, however, implausible. Recombination reactions are probable because of 

the high rate of radical formation but this process is not selective and proceeds more or less 

randomly. The very high chemical activity of such plasmas (continuous flow of energy and 

enthalpy) alter the surface energy and the chemistry on polymer materials surface. It is be-

lieved that the substrate surface firstly arriving monomer fragments and atoms are attached by 

radical recombination to the polymer surface, thus forming covalent bonds between substrate 

and growing plasma polymer layer. Generally measured high peel strength of such plasma 

polymer layers confirms this assumption. 

Acrylic acid, allyl alcohol and styrene are used as monomers to prepare plasma po-

lymerized films on different substrates (organic and inorganic) using a pulsed and continuous 

plasma technique. Acrylic acid and allyl alcohol were chosen for this study because it is 

known that these plasma polymers can form adhesion-promoting interlayer for instance in fi-

ber/epoxy composites and can also serve as a biocompatible interface. [117-119] Moreover, from 
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a more scientific point of view acrylic acid can be easily polymerized by conventional polym-

erization processes. For that reason the properties of plasma deposited poly(acrylic acid) can 

be compared with that of poly(acrylic acid) polymerized by radical polymerization. The po-

lystyrene (PS) has commonly been used as a disposable culture dish because, besides these 

properties, it is optically transparent in visible range, and non-toxic. 

Therefore, as an experimental parameter the duty cycle of the pulsed plasma is varied 

over a broad range of values. The properties of the obtained materials are investigated by a 

combination of surface and volume sensitive techniques. Concerning the latter point, in addi-

tion to FTIR, dielectric spectroscopy is employed in a broad range of frequencies and tem-

peratures using molecular mobility as a probe for the structure. 

While the chemical characterization of functionalized plasma polymer films is well developed 

using various spectroscopic techniques, the investigation of other properties like mechanical, 

electrical or thermal (physicochemical properties) is scarce in the literature. Therefore, the 

study of the surface and bulk properties in relation to both the chemical structure of the films 

and the plasma conditions is required for the preparation of tailor-made plasma polymerized 

layers. 

Volatile organic compounds may be used to deposit ultra-thin, pinhole-free films. 

These films are commonly referred to as plasma polymers or plasma deposits. The approach 

is attractive as it affords control over film chemistry and thickness, and film deposition is uni-

form and takes place within a clean environment, i.e., without any use of solvents. Plasma 

treatment provides an important and powerful technique for altering the surface chemistry of 

materials without changing their bulk properties. Therefore they have been used for a wide 

variety of applications ranging from electrical devices to medical implants.  

In many cases, polymers formed by plasma polymerization are different in chemical 

composition, and structure as well as physical properties e.g., conductivity, from those formed 

by classic polymerization, even if the same monomer is used. The structure of plasma poly-
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mers are rather complex. They are to some extent unsaturated, branched and crosslinked. In a 

plasma polymerization process the chemical structure of the plasma polymer can be altered by 

a selection of external plasma parameters, e.g. duty cycle and plasma power or W/FM (Yasu-

da) factor respectively. The characterization of plasma polymers and the investigation of their 

structural dependence on the external plasma parameters require a multi-method approach. 

An improved understanding of the composition/structure-property relationships is required to 

optimize the design and film fabrication for various applications. 

Organic thin films with defined chemistry and properties are required for various ap-

plications in fields concerning, e.g. electronics, biology, medicine and optics. The thin poly-

meric layers have to be well defined with surfaces and bulk properties such as topography, 

surface tension, glass transition, density and distribution of chemical groups and surface 

charges. So the advanced characterization methods are applied on thin films. 

Here, investigation of the surface functionalization and bulk properties of the plasma 

deposited thin films are in the focus. Films were studied with respect to DC.  

For the first time the dielectric dynamics of spin-coated polystyrene exposed to O2 and Ar 

plasma and plasma-emitted UV irradiation as well as to pulsed plasma polystyrene over a 

broad range of frequency and temperature was investigated. Sense of plasma or UV exposure 

of commercial polystyrene was to identify secondary changes of plasma polymers during de-

position by irradiation and particle bombardment.  

  

3.2. Plasma copolymerization 

  Copolymerized products are of special interest because it is obvious that technologi-

cally requested film properties may be “tailored”. Monomers to be used are simple organic 

molecules with a polymerizeable C=C bond, such as acrylic, vinyl or with limitations allyl. 
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Chemical properties of interest are the unsaturated, branched and crosslinked character of the 

films, as well as the retention of the respective monomer functionality.  

Copolymerization consists coupling two or more comonomer units by covalent linking 

in different arrangements as shown before. For adhesion promotion or biocompatible or bio-

active surface the tuning of the density of functional groups is of importance. Thus, hyphenat-

ing of monomer forming an inert polymer segment and a monomer carrying functional groups 

by attachment of monomer molecule may used for adjusting the number of functional groups 

by varying the comonomer ratio. Several types of copolymers of inert and reactive units can 

be formed as graft, block, random or alternating copolymer as shown before.  

Here, the production and characterization of acrylic acid (AA)/styrene (S) deposited 

copolymers is reported in comparison to pure plasma poly (acrylic acid) (PAA) and poly (sty-

rene) (PS) (homo-) polymers deposited under the same experimental conditions. The aim was 

to find the percentage of comonomer in the precursor mixture, which allowed depositing of 

copolymer layers with chemically defined and adjustable structures and physical properties 

without or at least with only a small number of defects using the pulsed plasma technique to 

know more information about plasma copolymers (alternative or branching or random). 

 

3.3. Organic and inorganic substrates 

Polyethylene and polypropylene have very good recycling abilities within the existing 

commercial engineering plastics remained a prominent object of intense studies for improve-

ment of their interactions to other solids and liquids. [120] The majority of its technical applica-

tions are connected with a highly adherent bonding to other materials. Diverse new applica-

tions for engineering polymers have therefore made polymer surface modification methods to 

a subject of intense research.  
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However, polypropylene and polyethylene are widely used in many technological fields due 

to their suitable bulk properties, easy workability and low manufacturing costs. While main-

taining the bulk properties of polymers, the plasma modification of their surface properties 

can tailor polymers for specific use. Thus, for many applications it is necessary to modify 

their surface chemically, in order to enhance, e.g. paint adhesion or metal–polymer bonding 

[121] polymer–polymer bonding or to generate bio functional surfaces. [118] Vascular grafts, 

heart valves, catheters, intraocular lenses and contact lenses are only a few examples of vari-

ous applications in the biomedical field. As a first step, for example a reproducible function-

alization with carboxylic groups is required. [122]  

Plasma copolymer layers may coated onto different target materials. Interesting appli-

cations are known in the fields of metal-polymer or glass-polymer composites such as dry Al-

polymer condensers or coated plane glass in buildings. Aluminum is a suitable substrate elec-

trode for the deposition of a variety of electro-active films including conducting polymers. 

[123]  

However, the glass substrate is the most common commercial glass with low cost. It 

possesses a large variety of applications in optic devices and optical communications when 

doped with other elements or compounds. For example, rare-earth doped soda-lime glass can 

be used in medical diagnostics, laser glasses, undersea optical communication, integrated-

optical devices and optical data storage [124, 125] where periodical nano-structures on glass sub-

strate are necessary to obtain required optical properties. It is, however, a high challenge for 

glass processing to get nano-structures due to its hard, brittle, non-conductive and other inert 

properties. Recently, there is a growing interest in developing nano-processing to fabricate 

nano scale structures on glass substrate. [126] It leads to many investigations on the sophisti-

cated fabrication methods, such as nano imprinting, [127] electron beam lithography [128] and 

chemical etching. 
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4.  Enrichment of functional groups at substrate surfaces 

For specific applications such as medical engineering, biotechnology, optimized adhe-

sion and for any post-plasma chemical processing (grafting) homo-functionalized polymer 

surfaces are required as discussed in the introduction.  

The first goal was to initiate a plasma polymerization of unsaturated organic compounds con-

taining polymerizable double bonds such as acrylic acid (COOH), allyl alcohol (OH), al-

lylamin (NH2) and styrene (aryl). Thus, plasma copolymerization of the acrylic acid-styrene 

was performed. 

The nature of the polymers should be analyzed for retention of functional groups in the corre-

sponding polymer, branching, crosslinking or other deviations from the classic structure of 

unsaturated polymers. Nevertheless, the partial crosslinking, characteristic for each plasma 

process, should help to deposit a coating.  

For this coating process the most important questions were: what are the most impor-

tant functional groups, how much of the functional groups has retained the polymerization 

process, what is the resulting of the functional group density and its effect on the wettability 

of the surface and how are the bulk properties such as thermal stability, dynamic mobility and 

conductivity of the deposited thin films. These can be checked roughly by C1s peak fitting for 

identification of basic structural elements occurring in XPS (X-ray Photoelectron Spectros-

copy) spectra, in combination with FTIR, CAM (contact angle measurements), DSC (differ-

ential scanning calorimetry) and DRS (Dielectric Relaxation Spectroscopy). It was not in the 

focus of this work to identify the exact structure of copolymers and the sequence of monomer 

units and therefore of functional groups. Working hypothesis was the formation of an alter-

nate copolymer consisting of [AB]n comonomer units. Block, graft or random structure as 

well as (partial) co-existence of two homopolymers as “blend” may also occur. The identifica-

tion of structure needs further investigations by chromatography if dissoluble or NMR. 
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5.  Approach and perspective of the work 

The functionalization of the outermost surface with O containing groups involves OH, 

C-O-C, epoxy, C-O-OH, CHO, R1R2C=O, COOH, COOR, CO-O-OH, CO3, C=C etc. These 

functional groups are capable of improving strongly the adhesion properties of polymers to 

metals, other polymers, fibers or adhesives because of acid-base interactions, hydrogen bonds 

or even chemical bonds etc. at the interface of composite materials. For advanced future ap-

plications and basic research on the polymerization mechanism it is desirable to know the 

structure of the thin films and properties of it for better tuning the properties by optimizing 

plasma conditions. A future way is also combining the plasma-chemical with chemical 

processing, thus producing maximal activation of inert surface of solids and modifying them 

by selective chemical graft or coating processes.   

With regard to biomedical applications OH, COOH, CHO, epoxy, SH and NH2 groups 

are of special interest. These polar groups are reactive and can be used as the starting and 

anchoring-point for subsequent highly selective chemical graft reactions. Biochemically mod-

ified polymer surfaces are important in new fields like nucleotide synthesis, DNA chips, and 

tissue engineering. 

 

5.1. Brief overview of proposed work 

This work will focus on: 

1. Surface coating of inorganic materials and polymers, in particular polyolefins and polyole-

fine-like polymers, with plasma polymers. 

2. The influence of the plasma parameter variation on the introduction of functional groups to 

substrate surfaces was experimentally verified. 
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3. Variation of deposition parameters and characterization of produced plasma polymer films 

in comparison to conventional polymers. 

4. Measuring the dielectric properties of the plasma (co)polymer films as fairly new and com-

prehensive characterization method of ultra-thin polymer-like films and referring them to the 

surface composition in dependence of: 

4.1. Influence of the plasma parameter (duty cycle) 

4.2. Agency of the comonomer ratio 

5. Effect of O2, Ar, and UV-C plasma exposure resp. irradiation on spin coated films in com-

parison to analogous plasma deposited polymer films and virgin conventional spin coated po-

lymer film. 

6. Tests of thermal stability for different plasma thin polymer films with respect to plasma 

conditions and materials were performed.  
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Chapter 2 

Experimental 

1. Chemical structures  

(a) 
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Figure 5: (a) Chemical structure of styrene (S), acrylic acid (AA) and allyl alcohol (AAl), (b) It is in 3D, (c) ho-

mopolymers of it and (d) acrylic acid styrene tentative copolymer (AA/S) 
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2. Materials 

Aluminium (Al) deposited onto glass by thermal evaporation (ca. 100 nm), uncoated 

glass, polyethylene (PE) and polypropylene (PP) were used as substrates.  

With purity of 99.95% and diameter 0.5 mm Al wires were obtained from Goodfellow. As 

glass substrate carefully cleaned (see below) microscope slides were used. The polyethylene 

(thickness 40 µm) and polypropylene (thickness 0.1 mm) foils were supplied by Alkor Folien 

GmbH, Germany.  

The monomers acrylic acid and styrene (purity>>99% grade) were obtained from 

Fluka. They were distilled before use also to remove stabilizers. To compare the plasma po-

lymerized materials with conventionally synthesised polymers two samples of poly(acrylic 

acid) with two different molecular weights (1800 g/mol and 450 000 g/mol) were purchased 

from Sigma-Aldrich. These samples are denoted as cPAA18 and cPAA45 and their corre-

sponding glass transition temperatures Tg (DSC, 10 K/min, second heating run) are 370 K and 

403.4 K, respectively.  

To compare the plasma polymerized materials with conventionally synthesised poly-

mers one sample of polystyrene with molecular weights (50,000 g/mol) were purchased from 

Polysciences Inc. Warrington, PA. 

Trifluoroethanol (TFE), pyridine (with purity >99% MERCK, Germany) and N, N`-di-

tertbutylcarbodiimide (Fluka) were used as received for derivatizing the COOH groups. 

Propionic acid (CH3CH2COOH) was obtained from MERCK, (Germany) with 99 % purity.  

Allyl alcohol, trifluoroacetic anhydride (TFAA; needed for derivatization of OH groups) were 

used as well as n-propanol (CH3CH2CH2OH) from MERCK (Germany) with 99.5 % purity. 

Fig. 5 gives the chemical structure of the monomers, polymers and regular copolymer as it 

can be obtained by conventional polymerization. 
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Table 2 shows physical and chemical properties of acrylic acid, styrene and allyl alcohol 

monomers. 

Table 2: Physical properties of acrylic acid, styrene, and allyl alcohol [129,130,131] 

Property 

Acrylic acid 

(CH2=CHCOOH)  

MW=72.07 

Styrene 

(C6H5CH=CH2)  

MW=104.2 

Allyl alcohol 

(CH2=CHCH2OH)  

MW= 58.1 

Colour  Colourless  Colourless to yellow  Colourless  

B. p. 141 ºC 145 ºC 97 ºC 

M. p. 14 ºC -30.6 ºC -12.9 ºC 

R. Density (water=1) 1.05 0.91 0.9 

Solubility in water at 20 ºC miscible 0.03 g/100 ml miscible 

Vapour pressure, kPa at 20 ºC 413 0.67 2.5 

R. vapour density (air=1) 2.5 3.6 2.0 

Auto-ignition temperature 360 ºC 490 ºC 378 ºC 

Viscosity (20 ºC) 1.3  cSt 0.8 cSt 1.3  cSt 

Tg 134°C 100 °C 75°C 

  

3. Sample preparation 

3.1. Plasma deposited thin films 

3.1.1. Plasma deposited thin polymer films 

The deposition experiments were accomplished in a stainless steel reactor made by 

Ilmvac, Germany with a volume of 50 dm³. The reactor was equipped with a pulsable radio-

frequency (r.f. 13.56 MHz) generator with an automatic matching unit and a flat r.f. electrode 

(5 cm x 35 cm). A cylinder with a diameter of 10 cm served as a rotating ground electrode (12 

revs/min). It was mounted at a distance of 2.5 cm with respect to the hot (r.f. powered) elec-

trode. The substrate was fixed on the ground electrode (see Fig. 6). The monomer was dosed
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by a mass flow controller for liquids (Liquid-Flow®, Bronkhorst) adjusted to the desired the 

flow rate.  

The media was introduced by a heatable gas/liquid distributor consisting of perforated metal-

lic tubes kept at 75 °C. The pressure was kept constant at 10 Pa by varying the speed of the 

turbomolecular pump and/or the orifice of an automatic butterfly valve (V.A.T.). A quartz 

microbalance was used for monitoring the deposition rate. As the densities of ultra thin layers 

are difficult to measure, a density of 1 g/cm3 was assumed to calculate the film thickness. This 

means that the absolute values of the thicknesses can have some deviations, but this potential 

error was the same for all the discussed cases. Knickmeyer et al. and Friedrich et al. have pub-

lished recently density values also for polyolefin-like plasma polymers. [88] Therefore, relative 

changes can be discussed. Moreover, one can argue that the density of the deposited layers 

can depend on the plasma conditions like the duty cycle. This might be the case but the ex-

pected differences in the density values are argued to be small (< 5%) and negligible as com-

pared to other effects. Additionally, each sample was scratched and the thickness was meas-

ured by Atomic Force Microscopy AFM. It was about 135 nm for all samples with an error of 

10 %. There was no significant dependence of DC. 

 

Figure 6: Plasma reactor 
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Continuous wave as well as pulsed r.f. plasma modes (pulse frequency 1000 Hz) were ap-

plied. The duty cycle (DC) characterizes the pulse period as was showed in Equation (1). 

DC was varied between 0.1 and 1. The effective power Weff depends on DC according to 

Equation (2). The maximal power W was adjusted to 100 W which corresponds to DC=1. 

The nomenclature of the plasma polymerised products used in the following:  

PSxx, PAAxx, PAAlxx and AA/S(x:y) are for polystyrene, poly(acrylic acid), poly(allyl alco-

hol) and acrylic acid-styrene copolymer plasma where xx is the duty cycle and (x:y) molar 

ratio.  

Before use the PE foils were ultrasonically cleaned in diethylether for 15 min. After 

that a polymer layer with a thickness of 150 nm was deposited in the most cases. For the di-

electric investigations the samples must be electrically contacted. Therefore the polymer was 

sandwiched between two aluminium electrodes as described in ref. [132]. Glass substrates 

were cleaned during a first step in an ultrasonic alkaline bath at 333 K for 15 min followed by 

a second ultrasonic bath with ultra-high purified water (Millipore, resistivity > 18 MΩ/cm). 

Then the glass plates were first rinsed in acetone and then in chloroform, which were distilled 

before used. After this cleaning procedure the substrates were dried by a nitrogen flow and an 

aluminium electrode was deposited onto the glass substrate by thermal evaporation in vacuum 

of 1.3x 10-4 Pa. After the evaporation of this first electrode the plates were rinsed again in ace-

tone. Subsequently a film with a thickness of 150 nm was plasma deposited. The sample 

preparation was finished by the evaporation of the counter electrode on the top of the polymer 

film, which was oriented perpendicular to the first one. To minimize the diffusion of metal 

atoms into the film and to avoid damages of the polymer a so-called flash evaporation was 

applied. This means the evaporation time was kept as short as possible (<2 s). It is known that 

under these conditions a sharp and smooth metal/polymer interface is obtained. [133]  
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The crossing area of the perpendicularly oriented metal stripes defines the capacitor 

for the measurement (see Fig. 7).  

 

 

 

 

 

 

For FTIR spectroscopy the sample was prepared on a thin Al layer on a glass target as 

described for dielectric spectroscopy. Additionally, the plasma polymerized layers were de-

posited on a glass cylinder (thickness 500 nm) and scratched off to investigate thermal proper-

ties by differential scanning calorimetry using scratched flakes. 

 

3.1.2. Plasma deposited thin copolymer films 

Two monomers were introduced via a heated stainless steel gas-pipes kept at 75 °C as 

described before. The total flow rate was kept constant but the partial flow rates of the mono-

mer were varied to prepare plasma copolymers at different feed gas compositions. All other 

external plasma parameters were kept constant in the experiments. 

 

3.2. Spin coated thin films 

Commercial polystyrene particles were dissolved in toluene to 25 wt % and then spin-

coated (spin speed = 5000 rev min-1 for 50 s) onto glass and aluminum substrates to obtain 

thin films with ca. 150 nm thickness as measured by AFM. The samples were kept in a va-

cuum oven at 130°C for 16 h to evaporate the solvent (annealing process).  

Figure 7: Shows the dielectric relaxa-

tion´s sample  
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Then the samples placed on the ground electrode in the plasma chamber. One of the samples 

was masked by quartz glass to study the effect of plasma UV irradiation with a cut-off wave-

length of about 180 nm on the sample only and the second one was exposed directly to the 

plasma without any window. 

Oxygen and argon were then introduced into the chamber with gas flow rate 25 sccm. 

Plasma parameters kept constant like in plasma polymerization (power =100 W, duty cycle 

(DC) =0.5, pressure 10 Pa and the exposure time is 1 sec. see Fig. 8). 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

4. Characterization methods 

4.1. Surface functionality 

The surface composition of the deposited film were analyzed by XPS by monitoring 

the C1s, O1s, N1s and F1s peaks using a SAGE 150 (Specs, Berlin, Germany) spectrometer 

equipped with a hemispherical analyzer Phoibos 100 MCD-5. Non-monochromatic Mg Kα 

radiation with 11 kV and a power 220 W was employed at a pressure ca.10-7 Pa in the analysis 

chamber. The angle between the axis of X-ray source and the analyzer lenses was 54.9°.  

Figure 8: Presentation of the different samples for O2, Ar plasmas and UV irradiation treated spin coated PS 

in comparison to plasma PS and commercial PS as a blank 
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The analyzer was mounted at 18° to the surface normal. XPS spectra were acquired in the 

constant analyser energy (CAE) mode. The analyzed surface area was about 3 x 4 mm. The 

measured elemental concentrations were referenced to 100 C atoms. The information depth of 

XPS measurements is between 5 and 7 nm. 

 

4.1.1. Derivatization of functional groups for improved XPS analysis 

4.1.1.1. Carboxylic group derivatization 

COOH CF3 CH2 OH
(CH3)3C-N=C=N-C(CH3)3

COO CH2 CF3
+

       pyridine  
Scheme 1: Derivatization reaction of COOH-groups with trifluoroethanol (TFE) in presence of di-tertbutyl-

carbodiimide  

             To distinguish between carboxylic acid and ester group formation on substrates sur-

face in context with the scheme of gas phase derivatization presented in Scheme 1, the chemi-

cal derivatization of COOH groups with trifluoroethanol (TFE) was applied. [134] Derivatiza-

tion proves chemically the presence of –COOH functionalities contributing to the C1s sub-

peak at 289.1 eV binding energy). The reaction is carried out at room temperature in the gas 

phase. However, this region of binding energy region is also attributed to the ester group-

COOR bonded carbon. Unambiguous specific identification of -COOH groups needs the deri-

vatization of COOH group by 2, 2, 2-trifluoroethanol (TFE) in presence of a carbodiimide 

(used as scavenger for produced water) and measuring thus the introduced fluorine concentra-

tion by means of XPS. [135] 

From these data the concentration of the carboxylic groups per 100 carbon atoms 

c(COOH) can be calculated based on the following reaction scheme: 

Cx(COOH)y + y* CF3CH2OH  →  C(x+2y)O(2y)F(3y)  +  yH2O (3) 
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where y denotes the fraction of the carbonyl bonds and x the fraction of carbon in other func-

tional groups, which cannot be converted by TFE. x and y can be estimated from the concen-

tration of carbon [C] and fluorine [F] of the derivatized sample measured by XPS elemental 

analysis by 

                           3

]F[
y =   and  

3

]F[2
]C[x −=

                                                      
(4a) 

The concentration of carbonyl groups per 100 carbon c(COOH) atoms is calculated as:         

]F[2]C[3

]F[
100

x

y
100)COOH(c

−
==

                                                
(4b) 

This calculation implies the homogeneous distribution of COOH groups within the sampling 

depth of the XPS method (5-7 nm).  

Simultaneously, the deposited crosslinked polymer layer may be further modified by 

the plasma exposure. The thus produced functionalities or those which are rearranged during 

the deposition process maybe hydroxyl, ether, epoxy, ketone, aldehyde, acids, esters, peroxy 

acids and carbonates. The XPS measurement was used to identify such functional groups as 

hydroxyl, ether, epoxy (286.3 eV), ketone, aldehyde (287.5 eV), acid and ester (289.1 eV). 

The data obtained after X-ray photoelectron spectroscopic analysis was processed using the 

software CASA-XPS. It was expected that –COOH groups may not completely survive the 

polymerization process because of decarbonylation and decarboxylation reactions.  

Nevertheless, a large fraction of the survived –COOH groups were esterified and then 

detected. The total oxygen percentage (all oxygen containing groups) may also reflect the 

process of –COOH group destruction because the decarboxylation as well as the decarbonyla-

tion decreases the total bonded oxygen percentage. On the other hand the simultaneous sur-

face oxidation increases the oxygen content. 
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4.1.1.2. Hydroxyl group derivatization 

The derivatization of OH groups was selective in high yield by using trifluoroacetic 

anhydride TFAA in the vapor phase. [136] The TFAA derivatization of hydroxyl functional 

group for improved XPS analysis was highly selective in the absence of any amino groups, 

and showed a high yield by using it in the vapor phase. Scheme 2 represents this gas phase 

reaction. 

 

 

Scheme 2: The derivatization reaction of OH groups for plasma deposited PAAl by TFAA 

The principle of this method is the reaction of a functional group at the surface with a sub-

stance containing one or better more hetero atoms which are not present in the deposited 

layer. The requirements of such substances and reactions are summarized in ref. [137]. 

TFAA was used as a reagent to estimate the concentration of the hydroxyl groups at 

the polymer surfaces. The reaction converts the OH groups into trifluoroacetates (see Scheme 

2). Using the fluorine signal in the XPS spectra a quantification of the OH groups is possible. 

Precondition is that the functional groups are homogeneously distributed within the XPS 

sampling depth. TFAA reacts rapidly with the hydroxyl groups but it does not react or only 

very slowly with alkenes, ethers, ketone and esters. [138]  

The plasma polymerized samples were exposed to a saturated TFAA vapour for 15 

min, rinsed after that treatment extensively with isopropyl ether, and dried under vacuum 

prior to the XPS measurement because one mole trifluoroacetic acid is also formed simulta-

neously. 

The F1s peaks were used for quantifying the presence of –OH groups among all other singly 

oxygen to carbon bonded (C-O) species (C-OH-alcohols, C-O-C-ethers, COC epoxides and 

hydroperoxides-CO-OH), by derivatizing them with TFAA.  

OH O

OCF3

OCF3

O CF3

O

+
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From these data the concentration of hydroxyl groups per 100 carbon atoms c(OH) can be cal-

culated using the following reaction scheme (see also Scheme 2): 

Here y denotes the fraction of the hydroxyl groups and x the fraction of carbon in other func-

tional units which cannot be converted by TFAA. Both, x and y can be estimated from the 

concentration of carbon [C] and fluorine [F] obtained from the XPS spectra of the derivatized 

sample according to Equation (4a).  

 

4.2. Contact angle measurements (CAM) 

To estimate the surface energy of samples, contact angle measurements were carried 

out. Diiodomethane, ethylene glycol, formamide and water have been used as test liquids. The 

measurements were carried out using the automated contact angle system G2 (Krüss, Ger-

many) by the sessile drop method. For analysis, the method after Owens-Wendt-Rabel and 

Kaelble was selected as given by the Krüss software. All chemicals were purchased from Al-

drich and used as received, unless stated otherwise. Solvents were at least analytical-grade 

quality. 

 

4.3. Chemical composition estimated by FTIR  

FTIR spectra were recorded from 4000 to 550 cm-1 accumulating 64 scans at a resolu-

tion of 4 cm-1using a Nicolet Nexus 8700 FTIR spectrometer (Nicolet, USA) in the ATR 

mode (Diamond Golden Gate, Nicolet, USA). All spectra were subjected to diamond ATR 

and baseline corrections. Peak areas were estimated by applying the OMNIC software.  

C x (OH) y  + y (CF3CO) 2 O� C x+2y O 2y  F 3y+ y CF3COOH (5) 
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Additional the spectra were analysed by deconvoluation (fitting Gaussians to special bands). 

In difference to XPS, a sample thickness up to 2.500 nm is analyzed by FTIR-ATR. 

 

Figure 9: Diamond golden gate apparatus (FTIR) 

 

4.4. Thermal measurements 

The thermal analysis was carried out by differential scanning calorimetry (DSC, 

Seiko® instruments). N2 is used as inert gas. The samples were measured in the temperature 

range from 173 K to 460 K with a heating rate of 10 K/min for 1st heating, cooling and 2nd 

heating run. The glass transition temperature Tg was taken as the inflection point of the heat 

flow of the second heating run. 

 
 
 

4.5. Dynamic mobility and dielectric properties 

Broadband Dielectric Relaxation Spectroscopy (B-DRS) is very sensitive towards 

structural changes in the polymer bulk and in this work also in that of ultra-thin layers. It de-

tects the molecular mobility in the plasma polymerised layers, such as molecular fluctuations 

of dipoles (including radicals). For polymers these fluctuations are related to the molecular 

mobility of groups, segments or the whole polymer chain as well. For details see ref. [139].  
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A high resolution alpha analyzer (Novocontrol®) is used to measure the complex di-

electric function ( ) ( ) ( )fiff "'* εεε −=  (f- frequency, 'ε  and ''ε -real and imaginary part of 

the complex dielectric function, 1−=i ) in the frequency range from 10-1 to 107 Hz and tem-

perature (T) from 173 to 453 K. The temperature was controlled by a Quatro Novocontrol® 

cryo-system with temperature stability better than 0.1 K. For more details see ref. [140].  
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Chapter 3 

Results and discussion 

1. Acrylic acid plasma deposited thin polymer films  

1.1. Kinetics of polymer deposition  

Inset of Fig. 10 displays the thickness of the layer versus the deposition time for the 

various duty cycles. For each value of DC, the data can be well described by a straight line. 

From its slope the deposition rate R can be deduced (Fig. 10) for acrylic acid. The deposition 

rate increases with increasing DC. It is worth mentioning that the found dependence is non-

linear as might be expected. To understand this non-linear behaviour one has to consider 

which processes can take place during the plasma deposition. There are two main processes. 

Both of them are due to the high energy density of the plasma. Firstly, the double bond of the 

acrylic acid can be activated leading to radicals, which can undergo a normal chain growth 

polymerization process under low pressure conditions. This process takes place with a rate 

RChain and will lead to regular structures similar to that obtained by a conventional polymeri-

zation process. Secondly, due to the high energy density of the plasma a fragmentation of the 

monomer takes place followed by a poly-recombination which leads in general to irregular, 

unsaturated or branched structures. The rate of the latter process is denoted as RFrag where the 

overall deposition rate is given by R= RChain + RFrag. In addition to these processes, the possi-

bility of depolymerisation and a partial removal of the deposited layer cannot be neglected. 

To differentiate between these two main processes, the plasma deposition of acrylic 

acid can be compared with that of a molecule having a similar chemical structure without any 

double bonds. An appropriate candidate is propionic acid (CH3-CH2-COOH). Fig. 10 shows 

that the deposition rate of propionic acid is low in comparison to acrylic acid and independent 

of DC. The comparison of the deposition rates of acrylic acid and propionic acid shows that in 
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the former case in addition to fragmentation preferred chain growth polymerization occurs 

due to the presence of the double bond. 

 Chain growth polymerization due to the double bond takes place during both the 

time intervals of deposition, i.e. tpulse-on and tpulse-off. In order to compare the deposition rates 

and the contribution of chain growth polymerization during the plasma tpulse-off time for the 

different DC directly, the deposition rates are normalized to the time where the plasma was on 

(tpulse-on). Equivalently the deposition rate can be divided by DC (see Fig. 11). In such a pres-

entation, the value of the normalized deposition rate at the highest duty cycle (DC=1) is an 

estimate for the contribution of chain growth polymerization to R during the plasma tpulse-on 

time, because the rate of fragmentation is constant for all values of DC (see results obtained 

for propionic acid, Fig. 10).  

 

 

 

 

 

 

 

 

 

 

Fig 11 shows that the normalized deposition rate is maximal for the lowest duty cycle. This 

means that the rate of the chain growth process during the plasma tpulse-off time is essentially 

higher for low values of DC. This might also imply that for low values of DC a more regular 

structure is formed. 
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1.2. Estimation of the surface functionality by derivatization and XPS 

XPS is used to estimate the overall composition of the deposited layer. According to 

the Equation 2 the effective power of the plasma increases with growing of DC and therefore 

influences the fragmentation of the monomers per time unit.  

Table 3: Analysis of the C1s peak for the non-derivatized and derivatized surface of plasma deposited PAA 

DC 
As synthesized Derivatized 

O/C CF3 [Atom-%]  

Theoretically 

0.1 

0.2 

0.3 

0.5 

0.7 

1.0 

           0.670 

0.430 

0.479 

0.418 

0.407 

0.401 

0.362 

33.3 

18.3 

14.7 

11.0 

10.1 

11.5 

08.5 
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 In Table 3 the concentrations of carbon and oxygen are summarized for the different DC val-

ues. The concentration of C atoms grows with increasing DC slightly and that of oxygen de-

creases correspondingly. 

More information about the concentration of functional groups gives the inspection of 

the C1s peak and especially the analysis of the derivatized surface. Fig. 12 gives the high 

resolution XPS spectra in the energy range of the C1s peak for acrylic acid plasma polymer-

ized at a DC=0.5 and derivatized with TFE. All XPS spectra were normalized to C-C/C-H at 

285 eV. Further on the following carbon-containing functionalities in the C1s peak were as-

signed to the following bonding energies: C-O at 286.3 eV, C=O at 287.5 eV; COOH or 

COOR at 289.1 eV and CF3 at 293 eV.  

The concentration of carboxylic groups per 100 carbon c(COOH) atoms is calculated 

and plotted versus DC in Fig. 13 according to Equation (4b). 

Firstly, the concentration of the carboxylic groups is much smaller than expected from the 

chemical structure of poly(acrylic acid). Secondly, c(COOH) decreases with increasing DC. 

Both effects are due to the fragmentation of the monomer in the plasma. The effective power 

increases with increasing DC and, therefore, the degree of fragmentation and rearrangement 

of the monomer, resulting in a lower concentration of carboxylic groups and a higher concen-

tration of radicals. [141] 

 

 

 

 

 

 

 

 
300 295 290 285 280 275 270

C-O

C-H / C-C

 

 

In
te

ns
ity

 [c
ps

.]

Binding Energy [eV]

CF
3

O-CO

C=O

Figure 12: High resolution XPS spec-

tra of the sample PAA01 after deri-

vatization with TEF. The solid line 

represents the experimental data. The 

dashed line is a fit of a sum of five 

Lorentz/Gauss functions (Lorentz 

fraction 72 %) to the data. The dotted 

lines represent the individual contri-

butions 



------------------------------------------------------------------------------------------------------------Results and discussion 

54 
 

 

 

 

 

 

 

 

 

 

1.3. Investigation of the chemical composition by FTIR   

In difference to XPS, FTIR spectroscopy can be employed to investigate the chemical 

structure across the whole film. Fig. 14 compares the FTIR spectra of cPAA18 with that of 

plasma polymerised acrylic acid deposited on a thin aluminium layer. Both spectra are quite 

similar. The broad band in the wavenumber range from 3000 cm-1 to 2500 cm-1 is related to 

stretching vibrations of the OH group of the COOH unit and to vibrations of the CH2 unit. [122] 

The absorptions at wavenumber below 1450 cm-1 are due to bending vibration of the CH 

(1451 cm-1 -1412 cm-1) and the C-O-H group (1234 cm-1 -1167 cm-1). Most important for the 

following discussion is the stretching vibration of the carbonyl group (C=O). The inset of Fig. 

14 shows the enlarged view in the wavenumber range of the C=O vibration from 1850 cm-1 to 

1550 cm-1 for cPAA18. A detailed examination reveals that this band is quite complex and 

consists at least of two different contributions. The main component at 1703 cm-1 is attributed 

to the carbonyl stretching vibration (C=O) of carboxylic groups. The second contribution with 

a shoulder at 1651 cm-1 is related to the vibration of another structural unit. According to the 

literature this band is due to dimers formed by the C=O group [142] or C=C double bonds. 

[102]For quantitative analysis two Gaussians are fitted to the data (see inset Fig. 14). 
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Fig. 15 gives the FTIR spectra for plasma PAA deposited with a duty cycle of 0.2. 

Compared to cPAA the main peak of the C=O stretch is shifted from 1703 cm-1 to 1735 cm-1. 

This indicates the formation of other bonds in addition to those expected for PAA (COOH) 

like ketones or ester groups. [143] The following procedure is employed to analyse the spectra 

quantitatively where three Gaussians were fitted to the data. One Gaussian is located at 1735 

cm-1 to describe the main part of the peak. From the XPS measurements it is known that O-

C=O groups are formed. To model this in the FTIR spectra a Gaussian is placed at 1703 cm-1. 

Finally, to describe the contribution of dimers formed by the C=O group a third Gaussian is 

located at 1651 cm-1 similar to conventional PAA. To reduce the number of the free fitting 

parameters and to stabilize the fit, the maximum positions of the Gaussians are kept constant 

during this analysis. Fig. 15 gives an example for this procedure. For all the cases, the regres-

sion coefficient is better than 0.99. 
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From these fits the areas of the Gaussians at 1703 cm-1 (A1703) and 1735 cm-1 (A1735) 

are taken and their ratio
1735

1703

A

A  is calculated as a measure for the concentration of COOH 

groups estimated from FTIR. In Fig. 16, 
1735

1703

A

A
is plotted versus DC. This figure resembles a 

close similarity to the concentration dependence of the COOH groups estimated from XPS 

measurements (see Fig. 13). In principle XPS and FTIR should provide the same information 

about the concentration of the COOH groups. Therefore, in inset of Fig. 16 
1735

1703

A

A
is displayed 

versus the concentration of COOH groups estimated from XPS measurements which should 

be a constant. However, this graph shows an approximately linear dependence between both 

concentrations. To discuss this fact the different analytical depths of the two methods has to 

be considered. XPS is sensitive to a layer of 5 to 7 nm where as FTIR provides information 

across the whole sample thickness. The amount of energy increases with increasing DC in the 

form of electrons, ions radiation etc. is introduced into the system. In addition to that UV ra-

diation which can penetrate deeply into the sample volume is of great importance. This en-

ergy input in its different forms will damage PAA at larger distance from the surface which is 
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already polymerized. That is not the case at the surface where polymerization takes place at a 

higher rate in addition to defragmentation and depolymerisation. For that reason the ratio of 

the COOH groups estimated by FTIR (whole sample) and XPS (only surface) decreases with 

increasing DC (see inset of Fig. 16). 

 

 

 

 

 

 

 

 

 

1.4. Thermal properties 

The inset of Fig. 17 compares the DSC curves for cPAA45 and plasma PAA deposited 

with a DC of 0.1 and 0.7. For each material a step-like change in the heat flow is observed 

which indicates the glass transition. The glass transition temperature Tg is estimated from the 

inflection point of the heat flow and plotted versus DC in Fig. 17. 

For all plasma deposited PAA samples the values of the glass transition temperatures 

are lower than those for cPAA and decreases with increasing DC. From this dependence two 

can conclude. All of them depend on the mechanism of polymerization process. Firstly, dur-

ing the plasma polymerization a highly branched structure with many dangling ends is pro-

duced which may act as an internal plasticizer yielding. The number of these dangling ends 

increases with increasing values of DC which lead to a decreased Tg. The extrapolation of this 

6 8 10 12 14 16 18 20
0.0

0.1

0.2

0.3

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.1

0.2

0.3

 

 

 A
1

7
0

3 / 
A

1
7

3
5

COOH from XPS

DC

A
17

03
 / 

A
1

7
35

DC

Figure 16: Measure concentra-

tion of COOH groups of PAA 

from FTIR 
1735

1703

A

A
 versus DC. 

The inset gives 
1735

1703

A

A
 versus the 

concentration of COOH esti-

mated from the XPS measure-

ments  



------------------------------------------------------------------------------------------------------------Results and discussion 

58 
 

dependence to DC=0 meets the value of Tg of cPAA18. If this is observed just by change or 

bears fundamental information requires additional investigations. Secondly, a fragmentation 

of the monomer followed by poly-recombination increases with increasing DC. A product 

with low MW probably was formed with growing DC.  

So, Tg decreases from high MW to lower one in cPAA and the lowest one is the plasma depo-

sited PAA. 

 

 

 

 

 

 

 

 

 

 

1.5. Dynamic mobility and thermal stability 

Dielectric relaxation spectroscopy (DRS) was used for measuring the molecular dy-

namics of thin plasma-polymerized polymer films. Molecular dynamics means the possibili-

ties of macromolecules to make movements, oscillations or rotations by absorbing energy 

from an applied high-frequency field. These movements are strongly related to the structure 

of polymers. Polar groups (dipoles), radicals, crosslinking etc. change strongly the energy ab-

sorption.  
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Moreover, the temperature influences the thawing or freezing of many fluctuations of 

macromolecules. The existence and if possible the estimation of glass transition temperature 

(Tg) should be checked as well as oxidative and thermal stability by means of the DRS 

method.  

A general overview about the dielectric relaxation behaviour of polymers can be found 

in textbooks. [144] Before the dielectric behaviour of the plasma deposited PAA is discussed in 

detail, the dielectric properties of the conventional products are considered.  

In the frame of the linear response theory the real and loss part of the complex dielectric func-

tion is related to each other by the Kramers-Kronig relationships. Therefore both quantities 

contain the same information and here only the ε´´is discussed.  

 

 

 

 

 

 

 

 

 

 

Fig. 18 gives the dielectric loss for cPAA with the molecular weight of 450,000 g/mol 

versus frequency and temperature in a 3D representation. One relaxation process, indicated by 

a peak in the dielectric loss is observed at low temperatures which are called as β-relaxation. 

As expected it shifts to higher frequencies with increasing temperature. For higher tempera-

tures the dielectric loss increases with frequency and temperature without clear indication of a 

further relaxation process. That increase of the dielectric loss is related to conduction phe-
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nomena corresponding to the drift motion of charge carriers. The carboxylic group is able to 

separate a proton, for instance in the presence of water, so poly(acrylic acid) is a polyelectro-

lyte.  

In the inset of Fig. 18 the dielectric loss is plotted versus temperature at a fixed frequency. 

Again at low temperatures the β-relaxation is observed. At higher temperatures, in the range 

of the glass transition measured by DSC an ill-defined shoulder is visible which might corre-

spond to the dynamic glass transition (α-relaxation) overlaid by the strong conductivity con-

tribution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The model-function of Havriliak-Negami (HN-function) [145] was employed to analyze 

the β-relaxation. The HN-function reads  
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γβ ))(if/f(

∆ε
εε*(f)

01+
=− ∞  (6) 

f0 is a characteristic frequency related to the frequency of maximal loss fp (relaxation rate,)[146] 

β and γ are fractional parameters (0<β≤1 and 0<βγ≤1) characterizing the shape of the relaxa-

tion time spectra. ∆ε denotes the dielectric strength of each process. ε∞ gives ε´ for f→∞. The 

relevant details can be found in ref. [146]. Examples of this procedure are given in the inset 

(a) of Fig. 19. From the fit, the relaxation rate fp and the dielectric strength ∆ε are deduced in 

their temperature dependences (see Fig. 19). 

The temperature dependence of the relaxation rate fp,β of the β-relaxation is linear ver-

sus inverse temperature and can be described by the Arrhenius equation 

)exp( ,
, Tk

E
ff

B

a
p

β
β −= ∞  (7) 

where Ea is the activation energy and f∞ the pre-exponential factor and kB the Boltzmann con-

stant. The estimated values of the activation energy are 65.8 kJ/mol (log (f∞ [Hz]) =15.8) and 

50.9 kJ/mol (log (f∞ [Hz]) =13.7) for cPAA18 and cPAA45 respectively. The values are in the 

order of magnitude of localized processes where the activation energy for cPAA18 is essen-

tially higher than that of cPAA45. The reason for the different behaviour is not clear up to 

now and requires additional investigations. 

The Debye theory of dielectric relaxation generalized by Kirkwood and Fröhlich [147] 

predicts for the temperature dependence of the dielectric relaxation strength 
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where µ is the mean dipole moment of the process under consideration and N/V is the number 

density of dipoles involved. g is the so-called Kirkwood/Fröhlich correlation factor, which 

describes static correlation between the dipoles. The Onsager factor is omitted for the sake of 
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simplicity. The inset (b) of Fig. 19 gives the relaxation strength ∆εβ for the β-relaxation of 

cPAA18 versus inverse temperature. It is well known for localized fluctuations ∆εβ increases 

with increasing temperature. This increase of ∆εβ is probably due to an increase of the fraction 

of fluctuation dipoles which contribute to the β-process. 

Fig. 20 gives the dielectric loss of a plasma PAA (DC=0.5, sample PAA05) versus 

frequency and temperature in a 3D representation during cooling. The plasma polymerized 

samples are measured as thin films sandwiched between aluminium electrodes as described in 

detail before. For the thin film capacitors the resistance r of the Al electrodes cannot be ne-

glected. This resistance leads to an artificial loss contributions (electrode peak) on the high-

frequency side of the spectra with a time constant τRes=r*C´ (C´ - sample capacity). At least 

two further processes are detected which will be discussed latter.  

 

 

 

 

 

 

 

 

 

To draw a first conclusion one has to state that the dielectric behaviour of the plasma depos-

ited PAA is different from that of cPAA (compare Fig. 18 and Fig. 20).  

To analyze the relaxation process found in plasma deposited PAA the HN-function is 

used again to analyze the data. The electrode peak is taken into consideration by a Debye 

function as described in ref. [132]. Here, the frequency position of the electrode peak is out-
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side the experimental used frequency window (see Fig. 20) and it can be approximated by its 

low frequency tail. Therefore the whole fit function reads as 

fA
))(if/f(

∆ε
(f)ε

γβ
*}

1
Im{''

0

+
+

=  (9) 

where A is a fitting parameter. An illustration for that procedure is given in the inset of Fig. 

21. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 21 displays the relaxation rates for the β-process versus inverse temperature in the 

Arrhenius diagram for different DC for the first heating process. Like for cPAA for each val-

ue of DC the data can be described by the Arrhenius equation (Equation 7) and the activation 

energy Ea can be extracted. Even from the raw data given in Fig. 21 one can conclude that for 

the first heating run the activation energy of the β-process depends on the duty cycle. 

Therefore, in Fig. 22 the activation energy for the β-process is plotted versus DC on heating. 

Ea decreases with increasing DC. Generally the β-relaxation in polymers is due to localized 
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Figure 21: Relaxation rate of the β-process for plasma deposited PAA versus inverse temperature for different 

DC. The lines are fits of the Arrhenius equation to the data. The inset gives the dielectric loss versus frequency 

for the plasma deposited sample PAA01 at T=229.1 K during cooling. The solid line corresponds to the whole 

fit-function consisting of a HN-function and a high frequency tail. The dashed and the dashed dotted lines are 

the contributions of the relaxation process and the low frequency wing of the electrode peak 
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fluctuations of more or less polar groups. For poly(acrylic acid) this process should be related 

to the carboxylic groups. [148] The activation energy of the β-relaxation depends on the local 

structure of the polymer including the interaction of these different groups. As discussed 

above with increasing DC the amount of energy introduced to the system increases. For that 

reason with increasing DC the irregularity of the plasma polymerized structures increases 

which can have an increasing amount of dangling ends. These dangling ends will increase the 

local free volume which will lead to a decrease of the activation energy. Moreover, the 

COOH-groups can form intermolecular hydrogen bonds. The concentration of carboxylic 

groups decreases with increasing duty cycle and therefore its intermolecular interaction de-

creases. This effect will also lead to a decreased value of the activation energy as observed. 

 

 

 

 

 

 

 

 

 

 

 
 

To discuss the dielectric behaviour in more detail Fig. 23 gives the dielectric loss ver-

sus temperature at a fixed frequency (isochronal plot) for different thermal histories for the 

sample PAA05. The first run is a heating measurement of the as prepared sample from low to 

high temperatures. The second run is the subsequent cooling from high to low temperatures. 

A pronounced hysteresis is observed between these two runs. The third heating run is more or 

less similar to the cooling cycle. For all runs at low temperatures the β-relaxation is observed 
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as a well defined peak in the spectra. For the first heating run a shoulder is observed at higher 

temperatures than that of the β-relaxation. At the first glance it seems similar to the behaviour 

observed for conventional PAA (see insets of Fig. 18 and Fig. 20).  However, a closer inspec-

tion shows that this shoulder is probably due to the glass transition and is shifted to lower 

temperatures for the plasma deposited PAA (see inset of Fig. 23).  

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The hysteresis between the first heating and the cooling run can be explained by the 

following consideration. As discussed above during the plasma deposition of acrylic acid a 

highly branched product with many free radicals is formed. These free radicals were able to 

react with each other to form a more crosslinked network during heating. After this heat 

treatment a thermally stable product is formed. The thermal stability is evidenced by the fact 

that there is no difference in the dielectric spectra between the first cooling and the second 

heating run. This will be discussed in more detail later on. 
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Figure 23: Dielectric loss vs. temperature at a fixed frequency of 1 kHz of the plasma deposited sample 

PAA05on different thermal histories. The inset compares the dielectric loss of the plasma deposited sample 

PAA05 (first heating) with that for cPAA45 vs. temperature at a fixed frequency of 1 kHz 
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Fig. 24 gives the relaxation rates for the β-process versus inverse temperature in the 

Arrhenius diagram for different thermal histories for the plasma deposited PAA sample at 

DC=0.5 in comparison to cPAA. The data can be described by the Arrhenius equation (Equa-

tion 7) and the activation energy Ea can be calculated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The activation energy is decreased from ca. 79 kJ/mol (first heating) to ca. 47 kJ/mol 

(cooling). After the first heating run thermal stability is evidenced by the fact that there is no 

difference in the activation energy between cooling and the second heating run (Fig. 24 and 

Table 4). Homogenised samples were obtained after first heating run and are much closed to 

cPAA. The plasma deposition of poly(acrylic acid) forms a highly branched product with 

many free radicals. These free radicals were able to hinder the localized fluctuation of func-

Table 4: Activation energy for plasma deposited PAA05 sample for different thermal histories compared to cPAA 
 

Process Ea 

1st heating 78.6 

cooling 46.8 

2nd heating 49.6 

cPAA 51.4 
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lines are fits of the Arrhenius 

equation to the data 
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tional groups, because it can be form some kinds of linkage with COOH.  These free radicals 

or charges were able to react with each other to form a more crosslinked network during heat-

ing and COOH will become free. So, the activation energy is decreased after heat treatment 

and a thermally stable product is formed.  

The process observed at higher temperatures than that of the β-relaxation has a quite 

high intensity. There seems to be no dipole moments in the sample which can cause a dielec-

tric relaxation process such a high dielectric strength. For that reason and considering the fact 

that also the plasma deposited PAA has a high conductivity, this process is assigned to elec-

trode polarization. Electrode polarization is due to the blocking of charge carriers at elec-

trodes. In the considered experiments, aluminium is evaporated as electrodes. It is well known 

that the blocking of the charge carriers at electrodes can be described by an electrical double 

layer with an effective spacing characterized by its Debye length LD. This double layer repre-

sents an additional capacitance CDL in the system. The time constant (τEP) for electrode po-

larization is related to the conductivity σ of the system. Although an interfacial polarization is 

not a relaxation process it can be also analyzed by fitting the HN-function to the data and the 

rate for electrode polarization fEP ~ 1/τEP ~1/σ can be estimated in its temperature depend-

ence. 
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Fig. 25 gives the temperature of the rate of electrode polarization fEP in the Arrhenius 

diagram for the sample PAA05 for 1st heating, cooling and 2nd heating run. Firstly, as ex-

pected from Fig. 23 there is a strong hysteresis between heating and cooling which is due to 

chemical reaction processes within the sample. 

Secondly, a detailed inspection of the temperature dependence of fEP obtained for heating re-

veals that this dependence is non-monotonous and carries some structure. This structure is 

related to the kinetics of the chemical reaction that takes place during the heating process. 

Thirdly, the temperatures dependence measured for fEP during cooling is shifted to higher 

temperatures compared to the dependence measured for the 1st heating. The temperature of fEP 

is related to the mobility of the charge carriers which is connected to segmental mobility. The 

shift to higher temperatures for the cooling run therefore indicates a lower segmental mobility 

and higher glass transition temperature of plasma deposited PAA layer obtained during heat-

ing. These results points to a crosslinked structure.  

 

 

 

 

 

 

 

 

                                       *[129] 

The dependence fEP on temperature are curved when plotted versus 1/T and might be analyzed 

by the Vogel/Fulcher/Tammann (VFT-) formula [144] which reads: 

Polymer Process Tg [K]  

cPAA* 407 

Plasma PAA 

1st heating 343 

cooling 415 

2nd heating 415 

 

Table 5: Dynamic glass transition for plasma PAA on 1st heating, cooling and 2nd heating compared to Tg of 
cPAA 
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( )
0

, exp,
TT

A
ff p −

= ∞ αα  (10) 

( ∞flog , A are constants). T0 is the so-called Vogel or ideal glass transition temperature. Fig. 

25 shows that the data sets seem to be described by the VFT formula. For conventional poly-

meric systems T0 is found to be 50 K to 70 K below the glass transition temperature Tg.  
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2. Allyl alcohol plasma deposited thin polymer films 

2.1. Kinetics of polymer deposition  

Fig. 26a displays the thickness of the deposited layer versus the deposition time for the 

different values of DC. For each value of DC, the data can be described by a straight line. 

From its slope the deposition rate R is obtained. The deposition rate increases with increasing 

DC for low values of DC. For higher values of DC, R is approximately constant or even de-

creases (see Fig. 26b). This means that the dependence of R versus DC is non-linear as might 

be expected. To understand this non-linear behaviour one has to consider the different proc-

esses which can take place during the plasma deposition as discussed in plasma deposited 

PAA. There are two main processes. Both of them are due to the high energy density of the 

plasma. Firstly, the double bond of the allyl alcohol can be activated leading to radicals which 

can undergo a normal chain grow polymerization process and will lead to regular structures. 

Secondly, fragmentation of monomers takes place followed by a poly-recombination reaction 

which will lead in general to irregular structures. Otherwise, the possibility of depolymerisa-

tion and a partial removal of the deposited layer cannot be neglected as mentioned before. 

To differentiate between these two processes, the deposition rate of AAl can be com-

pared with that of a molecule having a similar chemical structure but without any (polymeriz-

able) double bond. An appropriate candidate is n-propanol (CH3-CH2-CH2OH). Fig. 26b 

shows that the deposition rate of n-propanol is low in comparison to that of allyl alcohol and 

is more or less independent of the DC. The comparison of the deposition rates of allyl alcohol 

and n-propanol shows that in the former case in addition to fragmentation chain growths po-

lymerization occurs due to the presence of the double bond in the monomer. 

Chain growth polymerization due to the double bond takes place during both the time 

intervals of deposition, i.e. tpulse-on and tpulse-off. In order to compare the deposition rates and the 

contribution of chain growth polymerization during the plasma tpulse-off time for the different 
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duty cycles directly, the deposition rates are normalized by the time where the plasma was on 

(tpulse-on). Equivalently the deposition rate can be divided by DC (see Fig. 27). 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

In such a representation, the value of the normalized deposition rate at the highest value of the 

duty cycle (DC=1), is a hint to the contribution of chain growth polymerization to R during 

the plasma tpulse-on time. The rate of fragmentation is constant for all values of DC (see results 

obtained for propionic acid and n-propanol, Figs. 10 and 26b). Fig. 27 shows further that the 

normalized deposition rate of PAAl is maximal for the lowest value of DC. This means that 
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Figure 26: Thickness of plasma deposited PAAl layers versus deposition time for the different values of DC (a). 
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the rate of the chain growth process during the plasma tpulse-off time is essentially higher for 

low values of DC. This might also imply that for low values of DC a more regular structure is 

formed. 

 

2.2. Estimation of the surface functionality by derivatization and XPS 

The estimation of functional groups on the surfaces can be done by derivatization and 

subsequent XPS measurements.  

The inset Fig. 28 shows the binding energy in the range of the C1s peak of the XPS spectra 

for pure PE (without a deposited film). C-C/C-H and C-O bonds are observed, the C-O bond 

might be due to oxygen adsorption processes.  

   

 

 

 

 

 

 

 

 

 

 

Figs. 28 and 29 show the C1s spectra of a deposited plasma PAAl films before and af-

ter derivatization with TFAA of a sample prepared at a DC value of 0.5. The deconvolution of 

the C1s peak of plasma deposited PAAl (Fig. 28) was done assuming four components as-

signed to the following bonds: C-C/C-H: 285.0 eV, C–O: 286.3 eV, C=O: 287.5 eV and 
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Figure 28: High resolution XPS 

spectra of the sample PAAl05. 

The solid line represents the 

experimental data. The dotted 

line is a fit of a sum of four com-

ponents to the data. The dashed 

lines represent the individual 

contributions. The inset gives the 

high resolution XPS spectra of 

pure PE 
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COO: 289.1 eV. The corresponding fractions of the components were estimated by fitting 

Gauss-Lorenz to the data.  

 

 

 

 

 

 

 

 

 

Table 6: Gives the inspection of the C1s peak analysis of the non-derivatized and derivatized surface for plasma 

deposited PAAl 

 
 C-C/C-H % 

285.0 eV 

C–O % 

286.3 eV 

C=O % 

287.5 eV 

COO % 

289.1 eV 

CF3 % 

293 eV 

non-derivatized 56.43 36.13 05.84 01.60 - 

derivatized 35.49 14.17 17.70 16.60 16.03 

 

C=O and COO groups were also observed (see Table 6). The fragmentation of the monomer 

and poly-recombination followed by post-plasma oxidation as well is the reason for these 

groups formed. In addition to radical polymerization (regular structure) of poly(allyl alcohol), 

hydrogen abstraction might be occur and allylic radicals were formed.  

In the presence of allylic radicals and enol resonance structures, this can tautomerize 

to produce aldehyde. The allylic radicals formed in the abstraction reaction are relatively un-

reactive to other allyl monomers because of its resonance stabilization. [149] 
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Figure 29: High resolution XPS spec-

tra of the sample PAAl05 after deriva-

tization with TFAA. The solid line 

represents the experimental data. The 

dotted line is a fit of a sum of five 

components to the data. The dashed 

lines represent the individual contribu-

tions 
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  The C1s spectrum of the derivatized PAAl05 layer was deconvoluted into five peaks, includ-

ing an additional component at 293.0 eV for the CF3 bond. The values are obtained for the 

concentration showed in Table 6.  

The comparison of Figs. 28 and 29 reveals that the contribution of the C-O bond to the 

spectra is reduced but not completely eliminated by the TFAA derivatization. This means that 

some C-O bonds have to be assigned to ether-type linkages rather than to hydroxyl groups, 

which do not participate in the derivatization reaction and remain therefore unchanged.   

Equation (4b) can be used to calculate the concentration of hydroxyl groups per 100 carbon 

atoms c (OH) and plotted versus DC in Fig. 30. 

Firstly, the concentration of hydroxyl groups is much smaller than the value expected from 

the regular chemical structure of PAAl. Secondly, c(OH) decreases with increasing DC. Both 

effects are due to the fragmentation of the monomer in the plasma. The energy input increases 

with increasing DC according to Equation (2) and therefore, also the degree of fragmentation 

and rearrangement of the monomer resulting in a lower concentration of hydroxyl groups and 

a higher concentration of radicals. [141] 
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2.3. Investigation of the functionality of films on different substrates by FTIR 

   ATR-FTIR gives information about the structure of a sample across the whole thick-

ness of the film while XPS is sensitive to a layer of 5 to 7 nm as pointed out sometimes be-

fore. In this section, PE and PP as organic and aluminium and glass as inorganic substrates are 

used. Fig. 31 shows the FTIR spectra of plasma PAAl deposited on an Al substrate for differ-

ent values of DC. 

   

 

 

 

 

 

 

 

 

 

Firstly, all spectra exhibit the stretching vibrations which are characteristic for poly(allyl al-

cohol): the ν OH stretching vibration at ~3400 cm−1 associated with CH2(as) at ~2940 cm-1 

and the CH2(sym) vibrations at ~2880 cm-1 are observed together with the corresponding ν C–

O vibration at ~1047 cm−1. After the abstraction of the allylic hydrogen by radicals, chain 

ends with vinyl groups and aldehyde groups can be obtained. [150] Therefore, the C=O stretch-

ing vibration characteristic for carbonyl bonds near 1700 cm-1 is also found associated with ν 

C=C at ~1660 cm-1. However, the most important for the following discussion is the stretch-

ing vibration of the hydroxyl group (OH).  

The following procedure is employed to analyse the spectra quantitatively where three Gaus-

sians were fitted to the data. One Gaussian is located at ~3400 cm-1 to describe the ν OH 
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Figure 31: FTIR spectra of PAAl depos-

ited on Al substrate for different values of 
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stretching vibration. The contribution of CH2(as) vibrations at ~2940 cm-1 and CH2(sym) vi-

brations at ~2880 cm-1 due to the -CH2- groups were described by two further Gaussians. To 

reduce the number of the free fitting parameters and to stabilize the fit, the maximum posi-

tions of the Gaussians are kept constant during this analysis. The inset Fig. 31 gives an exam-

ple for this procedure. 

From these fits the areas of the Gaussians at 3400 cm-1 (AOH) and 2940 cm-1 (ACH2 (as)) 

are taken and their ratio
2CH

OH

A

A
is calculated as a measure for the concentration of the OH 

groups estimated from FTIR. The reference to the CH2 vibration is an approximation which is 

only exactly valid if the concentration of the CH2 groups does not dependent on DC due to 

fragmentation. The discussion of the dependence of the deposition rate on DC shows that the 

deposition of n-propanol due to fragmentation is quite low and does not dependent on the DC. 

The same can be assumed for allyl alcohol. Moreover other side reactions (C=O) are mar-

ginal. This means that mainly CH2 main chain structures are formed in the plasma polymeri-

zation process and therefore the choice of CH2 (as) reference is an acceptable approximation.  

 

 

 

 

 

 

 

 

 

The concentration of OH groups estimated by XPS and FTIR-ATR of plasma PAAl decreases 

with increasing DC (see Figs. 30, 32 and 33). Based on the assumption that the deposition rate 
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(R= RChain + RFrag) is much higher than the depolymerisation and a partial removal of the de-

posited layer the ratio of the concentration of OH groups estimated by XPS versus that ob-

tained by FTIR should be constant value independent on DC.   

  

 

 

 

 

 

 

 

 

 

Therefore, in inset of Figures 32 and 33 
2CH

OH

A

A
 is displayed versus the concentration of OH 

groups estimated from XPS measurements. As a result with increasing DC the concentration 

of OH-groups estimated from FTIR is smaller than expected from XPS measurements. 

To discuss this result the different analytical depth of both methods has to be consid-

ered again. XPS is sensitive to a layer with a thickness of 5 to 7 nm whereas FTIR provides 

information across the whole sample thickness as discussed before in plasma PAA. The 

amount of energy increases in form of electrons, ions radiation etc. with increasing DC is in-

troduced into the system. In addition to that UV radiation which can penetrate deeply into the 

sample volume is of great importance. This energy input in its different forms will damage 

PAAl at larger distance from the surface which is already polymerized. That is not the case at 

the surface where polymerization takes place at a higher rate in addition to defragmentation 

and depolymerisation. For that reason the ratio of the OH groups estimated by FTIR (whole 
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sample thickness) and XPS (only surface) decreases in different manner with increasing DC 

(see inset of Fig. 32). 

In case of PE and PP substrates like for Al and glass substrates, the ν OH stretching 

vibration at ~3370 cm−1 and the corresponding ν C–O vibration at ~1042 cm−1 were observed. 

The characteristic CH2(as) and CH2(sym) vibrations at ~2915 cm-1 and ~2850 cm-1 are related 

to both plasma deposited PAAl films and to the substrate, which is detected through the 150 

nm thick plasma polymer layer. This means the sum ( ) ( )PECHPAAlCHCH AAA
222

+=  is measured. 

The thickness of substrates is constant for all the duty cycles. Therefore, the same procedure 

to determine the concentration of the OH groups like for the Al and glass substrates can be 

applied. 

   The concentrations of OH groups of plasma PAAl deposited on PE and PP substrates 

have the same dependence on DC like for the Al or glass substrates (see Fig. 33). The abso-

lute values of the ratio 
2CH

OH

A

A
 are reduced in comparison to the data estimated for Al and glass 

substrates because of the contribution of the substrate to ACH2. From these results it is to con-

clude that the different substrates do not influence the concentration of OH groups for the de-

posited layers. 

 

 

 

 

 

 

 

 

   

Figure 34: FTIR spectra of plasma 

deposited PAAl in the wavenumber 
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deposited on different substrates 

with DC=0.5 compared to the allyl 

alcohol monomer  
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An intense inspection of the stretching vibration of OH groups shows that the maximum peak 

position is shifted to higher wavenumbers by ca. 30 cm-1 in case of PE and PP substrates in 

comparison to the allyl alcohol monomer. The reason is the plasma energy attacks the sur-

faces of substrates in the very early stage of the deposition and might generate some radicals 

and oxygen groups (hydroxyl, carbonyl, ether and epoxy groups) on the substrate. Hydrogen 

bonds can be formed between the hydroxyl groups of plasma deposited PAAl and the hy-

droxyl groups which are created on the substrate surface. This will shift the OH vibration to 

higher wavenumbers. 

The maximum position of the OH stretching vibration of plasma PAAl deposited on a 

glass substrate is more or less shifted to the same wavenumbers as observed for PE or PP. The 

glass surface carries hydroxyl group which can form also hydrogen bonds to the hydroxyl 

groups of the plasma deposited PAAl in a similar way as found for polymeric substrates. 

The peak position of hydroxyl groups are shifted to essential higher wavenumbers (60 

cm-1) compared to the monomer in case of the Al substrate. This large shift is probably due to 

the lone pair of electrons of oxygen for the OH group. It can react with Al and form a coordi-

nation bond (see Fig. 34 and Table 7).  

 

 

 

 

 

 

 

 

A similar behaviour is observed for all other values of DC. 

Substrates 
Wavenumber (cm-1) 

at maximum band of νννν OH vibration 

Aluminium (Al) 3398 

Glass 3378 

Polyethylene (PE) 3373 

Polypropylene (PP) 3373 

Allyl alcohol monomer as blank 3341 
 

Table 7: Position of the maximum of the ν OH stretching vibration for PAAl deposited on different substrates 

with DC=0.5 as example 
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2.4. Dynamic mobility and thermal stability  

For investigating the molecular dynamics of the thin polymer films, dielectric spec-

troscopy as probe for its structure is employed. It is proven that, DRS is a powerful tool to 

investigate the molecular mobility and the structure of polymers. [151] This is especially true 

for the investigation of thin and ultra thin polymeric films or layers because the sensitivity of 

DRS increases with decreasing thickness of the capacitor. [152]  

Fig. 35 gives the dielectric loss for plasma deposited PAAl05 versus frequency and 

temperature in a 3D representation during cooling. At least one relaxation process indicated 

by a peak in the dielectric loss is observed at low temperatures which is called β-relaxation. 

This relaxation process corresponds to localized fluctuations. As expected the peak shifts to 

higher frequency with increasing temperature. For higher temperature than those of the β-

relaxation a further process is observed which is assigned to electrode polarization. As argued 

before the electrode polarization is related to the drift motion of charge carriers, which are 

blocked at electrodes which do not behave completely Ohmic. This causes an additional ca-

pacitance in the system which is charged /discharged in the electric AC-field.  
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Figure 35: Dielectric loss ε´´ 
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The HN-function (9) is used to analyze the data. The electrode peak is taken into considera-

tion as Debye function as described in ref. [139]. An illustration for that procedure is given in 

Fig. 36. 

Conduction effects were treated in the usual way by adding a conductivity contribu-

tion 
x

00 )f2(/ πεσ  to the dielectric loss. σ0 is a fitting parameter related to the dc conductivi-

ty of the sample and ε0 is the dielectric permittivity of vacuum. The parameter x (0<x≤1) de-

scribes for x<1 non-Ohmic effects in the conductivity. An illustration for that procedure is 

given in the Fig. 36. 

 

 

 

 

 

 

 

 

 

Fig. 37 displays the relaxation rates for the β-process versus inverse temperature in the 

Arrhenius diagram for different DC for the first heating run. For each value of DC the data 

can be described by the Arrhenius Equation (7).  

Even from the raw data given in Fig. 37 one can conclude that for the first heating run the ac-

tivation energy of the β-process depends on DC. Therefore, as shown in Fig. 38 the activation 

energy for the β-process is plotted versus DC.  
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Figure 36: Dielectric loss versus fre-

quency of the sample PAAl02 at T=261.1 
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Ea decreases with increasing DC. Generally, as discussed before the β-relaxation in 

polymers is due to localized fluctuations. For poly(ally alcohol) this process should be related 

to the hydroxyl groups. [148]The activation energy of the β-relaxation depends on the local 

structure of the polymer including the interaction of these different groups. As discussed 

above with increasing DC the amount of energy introduced to the system increases. For that 

reason with increasing DC the irregularity of the plasma polymerized structures increases 

which can have an increasing amount of dangling ends. These dangling ends will increase the 

local free volume which will lead to a decrease of the activation energy. Moreover the OH-

groups can form intermolecular hydrogen bonds. The concentration of hydroxyl groups de-

creases with increasing duty cycle and therefore, its intermolecular interaction. This effect 

will also lead to a decreased value of the activation energy as observed. 

It is interesting to note that the activation energy for the β-relaxation of conventional PAAl 

obtained by mechanical measurements is 73 kJ/mol. This value is close to the data obtained 

for low duty cycles. The addition of only 6 wt-% of a polar solvent decreases the activation 

energy to 68 kJ /mol. This result is in the line of the argumentation given above. 
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β-process for plasma deposited PAAl 

versus inverse temperature for the 
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Arrhenius equation to the corre-
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To discuss the dielectric behaviour for the 1st heating, cooling and 2nd heating run in 

more detail Fig. 39 must be considered. It gives the dielectric loss versus temperature at a 

fixed frequency (isochronal plot) for the different thermal histories for the sample PAAl05 as 

an example.  

In all cases at low temperatures the β-relaxation is observed as a well defined peak in the 

spectra. For the cooling run, the intensity of this relaxation process is decreased. The activa-

tion energy is decreased from ca. 84 kJ/mol (fist heating) to ca. 72 kJ/mol (cooling). After the 

first heating run, the thermal stability is evidenced by the fact that there is no difference in the 
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Figure 38: Activation energy for 

the β-process vs. DC for plasma 

deposited PAAl on the first heating 

run  
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dielectric spectra and the activation energy between the first cooling and the second heating 

run. This will be discussed in more detail later on. 

Fig. 40 presents the dielectric strength ∆εβ for the β-relaxation of PAAl the different 

DC versus inverse temperature. It is well known for localized fluctuations that, ∆εβ increases 

with increasing temperature. This increase of ∆εβ is probably due to an increase of the faction 

of fluctuating dipoles which contribute to the β-process. Generally ∆εβ decreases with in-

creasing DC (see also the inset Fig. 40).  

 

 

 

 

 

 

 

 

 

 

 

Conforming to Equation (8), this implies that the number density of dipoles decreases with 

increasing DC. This is in agreement with the FTIR experiments. These experiments show that 

the number of hydroxyl groups which are involved in dielectric β-relaxation decreases with 

increasing DC. Note that also the temperature dependence of dielectric strength changes with 

DC. At low values of DC the temperature dependence of ∆εβ are more pronounced than for 

higher values of it. 
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Assuming that, the hydroxyl groups are mainly responsible for the β-relaxation ac-

cording to Equation (8). Dielectric spectroscopy and FTIR should provide similar information 

about the concentration of OH groups. Therefore, Fig. 41 displays 
2CH

OH

A

A
 of plasma PAAl de-

posited on Al substrates versus the dielectric strength estimated from DRS measurements at 

265 K. For the case that the dielectric β-relaxation is only due to hydroxyl groups a constant 

value should be observed. This graph shows that an approximately linear dependence between 

both quantities is observed. To discuss this result the different sensitivity of both methods has 

to be considered.  

   

 

 

 

 

 

 

 

 

 

The analysis of FTIR measurements as discussed above provides information only about the 

concentration of OH groups. Dielectric spectroscopy measures an effective dipole moment 

which can include other functional groups like C=O, C-O-C, etc. which can be created during 

the plasma polymerization process. The results show that 
2CH

OH

A

A
 decreases with decreasing 

∆εβ (this means with increasing DC) is an expression of the fact that with increasing DC more 
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and more irregular structures are formed which can contain other functional groups like car-

bonyl, ester or ketone groups (see section FTIR measurements). 

The process observed at higher temperature than that is characteristic for the β-

relaxation has a quite high intensity. There seems to be no molecular dipole moment in the 

sample which can cause a dielectric relaxation process with such a high dielectric strength. 

For that reason and considering the fact that plasma deposited PAAl has a given conductivity, 

this process is assigned to the electrode polarization. Although an interfacial polarization is 

not a relaxation process it can be also analyzed by fitting the HN-function to the data and the 

rate for electrode polarization fEP ~ 1/τEP ~1/σ can be estimated in its temperature dependence 

as discussed before. 

Fig. 42 compares the temperature dependence of the rate of electrode polarization for 

different values of DC for the first heating. Firstly, with increasing DC the rate of the elec-

trode polarization shifts to higher values of the temperature. The conductivity which domi-

nates fEP is directly related to the segmental mobility which is responsible for glassy dynamic 

in polymeric systems. A crude estimation of a dielectric glass transition temperature can be 

estimated by Tg
Diel =T (fEP =1 Hz). 

 

 

 

 

 

 

 

 

 

 

Figure 42: Relaxation rate 

of the electrode polariza-

tion fEP for plasma depos-

ited PAAl vs. inverse tem-

perature for different val-

ues of DC for the 1st heat-

ing process. The inset Fig. 
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Tg
Diel is plotted versus DC in the inset of Fig. 42. As already seen from the raw data shift of 

the rate of electrode polarization to higher temperatures with increasing DC indicates an in-

crease of the glass transition with increasing DC. 

Moreover, it is worth to note that the glass transition temperature of conventional polymerized 

poly(ally alcohol) (Tg=348 K) [130] is quite close to Tg
Diel estimated for low duty cycles. This is 

a further indication that plasma PAAl deposited at low duty cycles has a similar structure than 

conventional PAAl. 

Secondly, for segmental dynamics the temperature dependence of the corresponding rate 

should follow the Vogel-Fulcher-Tammann (VFT-) formula. [153-155] The fact that the segmen-

tal mobility is related to the temperature dependence of fEP should also follow the VFT-

Equation (10) as discussed above.  

Fig. 42 shows that the functional form of fEP(T) depends on DC.  

 

 

 

 

 

 

 

 

 
 
 
 
 
 Fig. 43 gives the temperature dependence of the rate of electrode polarization for the 

different thermal histories for the sample PAAl05 as an example. The rate of the electrode 

polarization shifts to higher values of the temperature for the cooling and the second heating 

Figure 43: Relaxation rate of the 

electrode polarization fEP vs. in-

verse temperature of the sample 

PAAl05 on different thermal histo-

ries  
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process. The dynamic glass transition is increased from ca. 345 K (fist heating) to ca. 370 K 

(cooling and 2nd  heating). If this shift is due to physical or chemical changes in the sample it 

needs further investigations. After the first heating run thermal stability is evidenced by the 

fact that there is no difference in the rate of electrode polarization and the dynamic glass tran-

sition between the first cooling and the second heating run. The increase of the estimated 

glass transition temperature points to crosslinking reactions. 

 

 

 

 

 

 

 

 

 

 

 



------------------------------------------------------------------------------------------------------------Results and discussion 

89 
 

3. Plasma deposited and spin coated thin polystyrene films 
 

The obtained results are grouped and discussed in two parts: The first one focuses on 

the surface properties of the film, on their chemical modifications and wettability occurring 

on the first tens of nanometer below the surface. The second one focuses on the dynamic mo-

bility of the whole films (bulk properties). 

Plasma treatment of polymers could be expressed as first cleaning and secondly func-

tionalization followed by thirdly etching. However, the processes on the surface correspond to 

different types of reactions (i.e. radical formation, crosslinking, degradation and functionali-

zation). The degradation, crosslinking, radicals and functionalization are the most important 

ones for any adhesion or printing application and are examined in detail for O2, Ar plasma 

treated and UV-irradiated PS spin coated films in comparison to the plasma-deposited PS and 

commercial (reference) PS.  

 

3.1. Functionalization 

Surface functionalization was characterized firstly by XPS analysis for the surface 

chemical identification then by Attenuated Total Reflectance-Fourier Transmission Infrared 

(ATR-FTIR) for quantification and finally, by contact angle and surface energy measurements 

for the upper most monolayer.  

A XPS survey scan of the conventional polystyrene film (Figs. 44 and 46) shows that, 

it is really free of oxygen, i.e., the O surface concentration is below the detection limit of XPS 

(<0.5 %). [156,157] Also, the overall XPS spectra of the UV irradiated samples present a few (2 

%) oxygen atoms. 
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Styrene is a vinyl monomer and therefore it is easily to polymerize by a radical 

mechanism using plasma as a source of radicals. The predominant chemical polymerization 

during plasma exposure may be the reason for the low concentration of radicals and therefore 

oxygen introduction. The post-plasma oxygen introduction by the reaction of C-radical sites 

with molecular oxygen from air did not exceed ~ 4 oxygen atoms per 100 C atoms (Figs. 45 

and 46). 

 

 

 

 

 

 

 

 

 

The high-resolution C1s peak of the spectrum for the polystyrene control (reference) 

sample shows the typical composition of polystyrene, which can be represented by carbon–

carbon single and double bonds (aliphatic and aromatic) with respective proportions 1: 3 and 
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the characteristic π ─ π∗ shake-up satellite binding appears at 291.5 eV due to resonance of the 

aromatic rings of polystyrene. [158]
 The overall spectrum of plasma deposited polystyrene 

shows that the oxygen content is ca. 4% (see Fig. 45). Plasma polymerized styrene does not 

show much differences to the commercial reference polystyrene in the XPS spectrum (Fig. 

46). [159] 

 

 

 

 

 

 

 

 

 

 

When decomposing the high-resolution C1s peak of the spectrum of O2, Ar plasma-treated 

and UV-irradiated (<180 nm) polystyrene and pulsed plasma deposited polymer films. The 

results show that the newly formed functions are C-C or C-H (284.6 eV), C-O bond (286.3 

eV) in addition, the π ─ π∗ shake-up satellite binding shows appears at (291.5 eV). [158]  

Figure 46 shows that the oxygen concentration was ca. 4% in plasma deposited polys-

tyrene, in spin coated commercial polystyrene treated with O2, Ar and UV irradiation (λ>180 

nm), the oxygen concentration were 15, 10 and 2% respectively after only 1 s of treatment. 

Oxygen incorporation seems to be more rapid with O2 plasma than with Ar plasma exposure 

or plasma polymerization and UV irradiation, respectively.  

 

Figure 46: Concentration of the oxygen 

atoms per 100 carbon atoms for O2 and 
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3.2. Chemical composition of the films  

Plasma surface modifications due to interactions with plasma particles are confined 

only to a few nanometers below the surface. [160] 

FTIR and XPS spectra obtained from O2, Ar plasma treated and UV irradiated PS, plasma po-

lymerized and reference PS film are presented in Figs. 44 and 47. Fig. 48 verifies that all 

these PS films show very similar IR spectra. The main finger-printing IR bands of plasma de-

posited PS are unequivocally found: Both bands of the mono-substituted aromatic ring at 700 

cm-1 and 758 cm-1, which are assigned to out-of-plane deformation bending, the ‘five aromat-

ic finger’ bands between 1665 and 2000 cm-1 and the two bands at 1449 cm-1 and 1493 cm-1 

due to δ CH and ν C=C aromatic vibrations. Furthermore, the bands related to aromatic and 

aliphatic (asymmetric and symmetric) CH2 stretching take place in the region from 3000 to 

3100 and 2927 and 2872 cm-1, respectively. Another band appears exclusively in the spectra 

of plasma polymers at 2962 cm-1 that is due to asymmetric νCH3 stretching vibrations. Plasma 

polymer samples were exposed to the atmosphere after deposition and readily adsorb oxygen. 

Also the moisture that is present in the environment indicated by the broad band range from 

3600 cm-1
 

to 3100 cm-1. [161-163] 
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The most intense band in the region of aliphatic ν CH2 vibrations in the spectrum of the refer-

ence polymer sample occurs at 2918 and 2848 cm-1. These bands originate from asymmetric 

and symmetric CH2 stretching vibrations of the backbone. They are substantially reduced in 

the spectra of plasma polymers. It can be concluded that a non-linear backbone was formed 

but a cross-linked and branched structure evidenced by the strong appearance of methyl end-

groups. Considering the XPS results, C1s core level (including its π ─ π* shake-up feature) 

and valence band spectra (Fig. 47), a rather good agreement between the data of the pulsed-

plasma deposited film and the spin coated reference was found as also detected by Retzko et 

al. [159] 

The surface of the spin-coated virgin commercial (reference) PS films is treated with 

Ar plasma and is exposed to the atmosphere. The plasma-activated surface readily adsorbs or 

bonds oxygen and moisture those are present in the environment which is indicated by two 

components, νOH stretching vibration and oxygen as νC=O at the broad band range from 

3600 cm-1
 

to 3100 cm-1. The explanation is that the very short exposure (1 s) of the PS film to 

the Ar plasma is sufficient to abstract hydrogen and make C-C scissions. Thus, free radicals at 

or near the surface are formed, which then interact to form the crosslinking, unsaturated 

groups, peroxides and crosslinking. The plasma also removes the low molecular-weight mate-

rials produced by plasma or at commercial PS or converts them to a high-molecular weight by 

crosslinking reactions. [164] The irradiation of PS films with 1 s of the plasma-UV (λcutoff<180 

nm≈ 8 eV) produces only a few changes. Therefore, it is close to the commercial PS in com-

parison to the argon-plasma treated sample. This means the effects of the UV-C radiation on 

PS is minimal. It can be assumed that the radiation flux is low. Moreover, the quantum yield 

for PS and λ=253 nm radiation is also low (5 • 10-4). [165] 

On the other hand, the 1s-exposure of PS to the O2 plasma has a comparatively strong-

er effect, also in comparison to argon-plasma treated sample. In addition to the activation of 

the polymer surface, functionalization of polymer occurs due to the chemically active nature 
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of the O2 plasma (Fig. 47). The broad OH-stretching band ranges from 3600 cm-1
 

to 3100 cm-1 

was observed. It indicates that, the surface is not simply activated but it is also modified with 

O-containing groups among them are also OH groups. This effect is responsible for the de-

crease in the contact angle than the argon treated PS surface. It must be noted that, OH-groups 

can only be formed by an indirect way because oxygen plasma has no hydrogen. Hydrogen 

may be released from the PS molecule or it is adsorbed at the walls of the plasma reactor.  

 

3.3. Contact angle measurement (CAM) 

Many polymer films and fibers have a low surface energy, are poorly wettable by sol-

vents, show low tack, and exhibit low adhesion to deposited metal layers. One of the most 

promising and advanced polymer modification techniques is the low-temperature plasma 

treatment. This technique allows modifying the surface properties over a wide range and the 

field of application of polymeric materials can be considerably extended. [166] 

Water contact angles of PS exposed to the plasma UV (<180 nm) and those of plasma-

polymerized PS are close to that of commercial reference PS. They contrast strongly to those 

of strongly lowered oxygen and argon-plasma treated samples, which are significantly. This 

means the effect of low-energy UV (<8 eV) on the structure of PS was limited. This weak an-

swer for irradiation is surprising because the σ→σ* transition of C-H, C-C and C-Carom bond 

scissions are in the range of 3.7 to 6.5 eV. [167] The surface of plasma deposited polymer films 

has more or less similar properties as the conventional (reference) PS. However, the water 

CAM of Ar and O2 plasma treated PS films were strongly reduced. O2 and Ar plasma change 

the PS surface from hydrophobic to hydrophilic character see Fig. 48.  
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The total surface energy (γ) of PS increases adequately within 1 s Ar and O2 plasma treatment 

caused by considerable increase in the polar contribution due to the newly incorporated O-

functional groups into the PS surface (Fig. 49). 

 

3.4. Dynamic mobility and thermal stability 

Fig. 50 shows the comparison of the dielectric loss versus temperature (T) and fre-

quency (f) for spin-coated PS treated by O2, Ar plasma and irradiated by UV (>180 nm) and 
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the comparison to pulsed-plasma produced PS as well as to conventional reference PS in 

terms of a 3D plot.  

Firstly, at higher temperatures, in the range of the glass transition temperature as measured by 

DSC (Differential Scanning Calorimetry) an ill-defined shoulder is visible, i.e. a peak, which 

might correspond to the dynamic glass transition (α-relaxation) was observed.  

Secondly, it should be remembered that the samples are measured as thin films sandwiched 

between aluminium electrodes. So, for the thin film capacitors, the resistance of the Al elec-

trodes leads to an artificial loss contributions (electrode peak) on the high-frequency side of 

the spectra.  

HN-function (9) is used to analyze the data. The electrode peak is taken into consid-

eration by a Debye function. An illustration for that procedure is given in Fig. 51. 

For higher temperature the dielectric loss increases with frequency and temperature by pre-

senting clear indication of another relaxation process after α-relaxation in case of plasma de-

posited PS, which is the several times before observed, electrode polarization. Electrode po-

larization is due to free radicals and post-plasma oxidation in the bulk of the polymer. 

The spectra reveal strong differences between the totally plasma-synthesized polymer and the 

only plasma-modified commercial polystyrene samples on the other hand. It is also known 

that the properties of polystyrene depend strongly on the microstructure of the chain. [168] For 

instance, a strong dependence of the glass transition temperature and the dielectric strength on 

the vinyl content of statistical polystyrene was observed.  

Results depicted in Fig. 50 indicate that the microstructure of reference PS and those 

treated by O2, Ar plasma and UV irradiation is quite different. However, the microstructure of 

the product obtained by the pulsed-plasma polymerization is very different in comparison to 

cPS. It is likely that, a highly cross-linked structure is obtained because the plasma process 
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can activate the double bonds present as vinyl group, the C-C σ-bonds and the much stronger 

bonded aromatic double bonds in the benzene ring.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The values of the Tg of plasma-polymerized PS films (Tg=322 K measured by DSC 

method) were significantly lower than the Tg=373 K [131] for conventional reference PS.  

Figure 50: The dielectric loss ε´´ of 

O2 and Ar plasma and UV irradiation 

treated spin coated PS, plasma depo-

sited PS  films and a reference PS 

film prepared by spin coating on 

glass substrate a, b, c, d and e respec-

tively on heating in 3D  
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Figure 51: The dielectric loss versus fre-

quency for the plasma deposited PS polymer 

with DC=0.5 at T=325.17 K during heating. 

The solid line corresponds to the whole fit-

function consisting of the conductivity, a 

HN-function and a high frequency tail. The 

dashed, dashed dotted and dotted lines are 

the contributions of the relaxation process, 

conductivity and the low frequency wing of 

the electrode peak respectively 
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It can be concluded that the molecular mobility is higher in plasma polymers than in the refer-

ence polymers as might be expecting. During the plasma polymerization a highly branched 

structure with many dangling ends is produced which may act as an internal plasticizer yield-

ing. These dangling ends lead to a decreased Tg as interpreted above. [106] 

The temperature dependence of the relaxation rate of the α-relaxation f (p, α) show a 

curved trace in the plot log f p,α versus T-1. This dependence can’t be well described by the 

Vogel-Fulcher-Tamman-Hesse (VFT) [153] Equation (10). 

This equation indicates that the α-relaxation is a not-activated process. Hence, the α-

relaxation is related to Tg, f p,α and it shows the same dependence on chain architecture as Tg 

(Fig. 52) 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 52 compares the temperature dependence of the rate of α-relaxation for different 

processes and for the first heating of plasma deposited PS. Firstly, for plasma-produced PS 

the rate of α-relaxation shifts more to lower temperature. On the other hand, the rate of α-

relaxation for O2 plasma exposure shifts to lower temperature compared to cPS. Ar plasma 

2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1
0

2

4

6

TDiel

gTDiel

g

lo
g 

(f
p,

α[H
z]

)

1000/ T [K-1]

cPS
pPS
O

2
 

Ar
UV

cPS

pPS

O2

Ar

UV

320 340 360 380

  

TDiel

g

Figure 52: Relaxation rate of the α-relaxation versus inverse temperature of PS thin films for: Ar, UV irradia-

tion, and O2 plasma, plasma deposited PS, cPS. Insert: dynamic glass transition for different processes  
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and UV irradiated samples show that the rate of α-relaxation has more or less similar tempera-

ture values as cPS. This means the plasma-produced PS  structure is different in compared to 

cPS.  

A crude estimation of a dielectric glass transition temperature can be estimated by Tg
Diel 

=T(fEP=1 Hz). Tg
Diel is plotted versus the different processes in the inset of Fig. 52. From the 

raw data, the rate of α-relaxation shifts to lower temperatures for plasma-produced PS then O2 

plasma. It has a small shift to lower temperature indicating a decrease of the glass transition 

temperature for both methods. The α-relaxation is related to the Tg of the system and for that 

reason this process is called dynamic glass transition. α-relaxation characterizes the segmental 

motion of the chain. It is likely that, a decreased Tg due to the dangling ends which is pro-

duced during the plasma polymerization or plasma treatments. Therefore, the segmental mo-

tion is increased and leads to decrease of dynamic glass transition.  

 

 

 

 

 

 

 

 

 

 
 
Moreover, it is worth noting that, the dynamic glass transition temperature Tg

Diel of spin-

coated PS treated by Ar plasma, UV-irradiation and cPS are quite close together. That means 

the effect of Ar plasma and Ar plasma UV irradiation on the surface and bulk of thin films is 

very limited within 1 s of exposure. 
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Figure 53: Relaxation strength of the 

α-relaxation versus inverse tempera-

ture of PS thin films for Ar and O2 

plasma UV irradiation, plasma depos-

ited PS, and cPS as blank   
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A according to the Kirkwood and Fröhlich Function (8), the dependence of the dielec-

tric strength (∆ε) on the temperature is plotted in the Fig. 53. ∆ε is proportional to the mean 

squared dipole moment µ2, number density of the dipoles and therefore, to the mobility of di-

poles. ∆ε of plasma deposited PS was a high value reference to cPS.  

At a first glance, this is expected because the dipole moment of plasma-polymerized PS 

should be higher than that of cPS. Therefore, it is concluded that the increasing concentration 

of oxygen groups like hydroxyl and carbonyl groups increases also the number density of di-

poles and therefore, also the dipole moment. On the other hand, ∆ε of PS treated by O2 plas-

ma shows an increase which was expected in comparison to PS treated by Ar plasma and UV 

irradiation as well as plasma-deposited PS and cPS, which is interpreted as an increase of the 

dipole moment µ at high concentrations of OH groups and so on. However, it is shown that ∆ε 

of the plasma deposited PS is very high compared to others. The dielectric spectroscopy is a 

‘bulk method’ and therefore this result points to a homogeneous composition of the layers. 

According to the above discussion, the plasma process produces a number of unsaturated free 

radicals but trapped radicals on the surface and in the bulk of plasma-generated PS.  

This line of argumentation leads to the hypothesis that the plasma-synthesized prod-

ucts are not thermally stable because the free radicals can recombine at elevated temperatures. 

This is demonstrated in Fig. 54 for discussing the dielectric loss behaviour for the 1st heating, 

cooling and 2nd heating run in more detail. Fig. 54 presents the dielectric loss versus tempera-

ture at a fixed frequency (1 kHz) (isochronal plot) for the different thermal histories for the 

sample. In all cases the α-relaxation is observed as a well defined peak in the three spectra. 

For the cooling run the intensity of this relaxation process is shifted to higher temperature be-

cause the (polar) radicals are converted into less polar groups indicating also a change in 

structure. After the first heating run thermal stability is evidenced by the fact that there is no 

difference in the dielectric spectra between cooling and 2nd heating run. 
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For segmental dynamics the functional form of the temperature dependence of the cor-

responding rate should follow the Vogel/Fulcher/Tammann (VFT-) formula.  

 

 

 

 

 

 

 

 

 

 

 
 
Therefore, Fig. 55 shows the temperature dependence of the rate of α-relaxation for the differ-

ent thermal histories of the plasma-polymerized PS sample. The rate of the α-relaxation shifts 
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Figure 54: Dielectric loss ε'' for 

plasma-produced PS versus tempera-

ture at frequency of 1 kHz for: 1st 

heating, cooling and 2nd heating 
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to higher values of the temperature for the cooling and second heating processes. The inset in 

Fig. 55 displays that the dynamic glass transition is increased from ca. 322 K (first heating) to 

ca. 352 K (cooling and second heating). It may be caused by C-C recombination. After the 

first heating run a thermal stabile products were obtained. It is evidenced by the fact that there 

is no difference in the rate of α-relaxation and the dynamic glass transition between the first 

cooling and the second heating run. Additionally, after first heating the dynamic glass transi-

tion is close to that of cPS. This behaviour is limited for Ar, O2 plasma and UV irradiation in 

compared to plasma PS films. 
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4. Acrylic acid-styrene plasma deposited thin copolymer films 

Assuming a random poly-recombination of small fragments and atoms formed from 

the comonomers in the plasma.  The resulting ‘‘copolymer’’ films should be preferentially 

characterized by a linear correlation between feed gas composition and film chemistry for the 

measured properties mentioned above. The fact that in this study definitely non-linear correla-

tions are obtained points to effective chemical copolymerization processes during film deposi-

tion. Therefore, an attempt can be made to understand the observed non-linear correlations in 

terms of approaches which have been developed for classic radical copolymerization 

processes (reviewed for instance in ref. [87]). The plasma polymerization mechanism is not 

expected to be a completely free radical mechanism.  

The final conclusion is that the structures of the plasma deposited copolymer films 

can’t be easily anticipated from the structure of the respective plasma homopolymers. This 

behavior is due to interactions and/or recombination reactions between monomer molecules 

during their respective plasma copolymerization process.  

Through a careful selection of the feed gas composition, plasma copolymerization can 

be used to control the concentration of surface functional groups in plasma deposited films. 

The chemical structure of the plasma deposited copolymer films are partially different from 

the structure of the respective plasma homopolymers, i.e., the nature of plasma copolymers 

might not be straightforwardly predicted by a detailed knowledge of the structure of these 

homopolymers. These results can be explained by the chemical interactions and recombina-

tion reactions taking place between monomer molecules in the plasma and/or during the de-

position process. 
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4.1. Influence of the Duty Cycle 

4.1.1. Kinetics of the copolymer deposition  

Monomers are difficult to plasma polymerize in the plasma under complete retention 

of the monomer structure in comparison to commercial polymerization. [106] Plasma polymers 

are characterized by an irregular polymer structure as demonstrated by FTIR and DRS and 

often large concentration of C-radical sites responsible for extensive post-plasma oxidation. 

Using pulsed plasma technique this situation could be considerably improved. [169]  

Styrene is a vinyl comonomer and acrylic acid belongs to the acrylic comonomers and 

they are easily to activate and therefore to polymerize by a radical mechanism. The copoly-

merization parameters determine reflects the reactivity and compatibility as well as the chance 

of forming homo or copolymers. More details of chemical copolymerization can be found in 

ref. [170]. Also under exposure to low-pressure plasma both acrylic acid and styrene have a 

high tendency of simultaneous homopolymerization or copolymerization as shown by high 

deposition rates in Fig. 56.  In detail the deposition rate of AA/S is close to that of pure acrylic 

acid (AA) (see Fig. 56). 

 

 

 

 

 

 

   

 

 

For styrene the deposition rate increases strongly for higher values of the DC. This can 

be interpreted as dominance of fragmentation followed by a poly-recombination mechanism. 
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As discussed in detail in ref [106] the deposition rate of acrylic acid shows a non-linear be-

haviour. This behaviour depends on the mechanism of the film formation corresponding to 

high energy density of the plasma.  

As discussed before, during the plasma deposition there are two main processes. 

Firstly, the double bond can be scission to a C-C single bond by only 1 eV energy input (R-

CH=CH2 + plasma → R-CH•-CH2•) and a normal chain-growths polymerization (chain 

propagation) process can be started under low-pressure conditions maybe as a biradical proc-

ess: R-CH•-CH2• + 2 R-CH=CH2 → •CHR-CH2—CHR-CH2-CHR-CH2•. Another variant is 

the attachment of a H atom or a radical to the double bond: R-CH=CH2 + H• → R-CH2-CH2•.  

This process takes place with a rate RChain and will lead to regular structures similar to that 

obtained by a conventional polymerization process. Secondly, due to high energy density of 

the plasma a fragmentation of the monomer takes place followed by a poly-recombination, 

maybe as only one example: R-CH=CH2 + plasma → uC• + vCH• + w•CH2• + xCH3• + zH•) 

→ randomly composed and structured polymer, with irregular, unsaturated radicals, branched 

or crosslinked structures. The rate of the latter process is denoted as RFrag where the overall 

deposition rate is approximately given by R= RChain + RFrag. In addition to these processes a 

depolymerisation and a partly removal of the deposited layer have to be consider. 

To compare the deposition rates for the different DC directly, the deposition rate has 

to be normalized by the time where the plasma was on (ton). Equivalently the deposition rate 

can be divided by the DC (Fig. 57).  

This Figure shows that the normalized deposition rate of plasma (co) polymer is maximal for 

the lowest DC. This means that the rate for the chain propagation process is essentially higher 

for low DC. This might also imply that for low DC a more regular structure is formed. The 

marked increase in deposition rate for AA/S compared to both monomers is not clearly addi-

tive, i.e. the sum of normalized deposition rates of the comonomers did not give exactly the 
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normalized deposition rate of the comonomer mixture. The plasma chamber consists of 

acrylic acid and styrene as monomers vapour before plasma inlet. Additionally, an interaction 

between acrylic acid, an electron accepting monomer and styrene, an electron donating 

monomer can takes place.[171] So, the deposition rate of AA/S copolymer contains deposition 

rate of three compounds.   

 

 

 

 

 

 

 

 

 

 

4.1.2. Retention of functional groups during copolymerization  

The estimation of the concentration of functional groups on the surface is based on the 

reaction of these groups with a substance containing at least one hetero element in its struc-

ture and followed by a XPS-measurement of the derivatized surface. The concentration of 

carboxylic groups at acrylic acid and acrylic acid-styrene copolymers with respect to DC was 

analyzed according to Scheme 1.  

Fahmy et al. [106] discussed the composition of the C1s peak of plasma deposited PAA at 

DC=0.5 and the one derivatized with TFE.  

Fig. 58a and b show the C1s spectra of a deposited AA/S copolymer films before and 

after derivatization with TFE of a sample prepared at a DC value of 0.5. The deconvolution of 
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the C1s peak of AA/S before derivatization (Fig. 58a) was done assuming five components 

assigned to: C-C/C-H: 285.0 eV, C–O: 286.3 eV, C=O: 287.5 eV, ΣCOOH + COOR: 289.1 

eV and the shake up satellite caused by π→π* interaction at (291.5 eV) was observed hinting 

to aromatic (or other unsaturated or conjugated) structures.  At derivatized samples an addi-

tional component at 293.0 eV for the CF3 bond was considered (Fig. 58b).   

Table 8: gives the inspection of the C1s peak analysis of the non derivatized and derivatized surface for AA/S 

copolymer 

 
C-C/C-H % 

285.0 eV 

C–O % 

286.3 eV 

C=O % 

287.5 eV 

COO % 

289.1 eV 

π-π∗∗∗∗ % 

291.5 eV 

CF3 % 

293 eV 

non-derivatized 83.0 7.9 1.9 3.8 3.5 - 

derivatized 78.4 9.3 4.5 4.2 1.9 1.6 

 

 

 

 

 

 

 

 

 

 

 

 

The comparison of Figs. 58a and b reveals that the contribution of the CF3 group, 

which is related to the TFE-derivatized COOH groups, is equal to 1.6 %. Therefore, the con-

centration of COOR defines as: CCOOR =CCOO-CCOOH = (3.79 -1.6) % =2.19 %. This means 
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Figure 58: High resolution XPS spectra of the sample with DC=0.5: (a)- before derivatization and (b)-after 

TFE-derivatization. The solid line represents the experimental data. The dashed lines represent the individual 

contributions 
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that some COO bonds have to be rather assigned to ester-type linkages than carboxylic 

groups, which do not participate in the derivatization reaction and remain, therefore, un-

changed. Table 8 shows the inspection of the C1s peak analysis of the non-derivatized and 

derivatized surface. 

Increasing DC produces a decrease in COOH functions. This behaviour is probably 

due to a fragmentation of monomers and decarboxylation of acrylic acid (see Fig. 59). [172-174]  

A strong difference in COOH-group retention between pure acrylic acid homopolymer and 

acrylic acid-styrene copolymers is obvious (Fig. 59).  

For conventional radical copolymerization of styrene and acrylic acid for a feed composition 

of 1:1 the corresponding copolymer has approximately also a 1:1: composition. [170] There-

fore, an acrylic acid/styrene copolymer (molecular ratio of both monomers = 1:1) contains 9 

COOH groups per 100C-atoms theoretically. The low number of COOH groups is a conse-

quence of a high carbon content introduced by the styrene monomer. For comparison: a 1:1 

copolymer of acrylic acid/ethylene theoretically contains 20 COOH groups per 100 C-atoms. 

For the plasma deposited 1:1 copolymer the number of detected COOH groups was found to 

be in the order of 1-2 COOH groups hinting to the fact that other processes are going on 

plasma polymerization.[174] Also by FTIR it was found that the plasma polymerization of pure 

acrylic acid leads in a decreased C=O-band with increasing DC. The same behavior was ob-

served for the thermal degradation of poly(acrylic acid) in argon atmosphere. [175] 

Figure 59 shows that the concentration of carboxylic groups decreases with increasing 

DC. This is similar to the plasma deposition of pure acrylic acid but the dependence on DC is 

different for both systems. To investigate this in more detail the concentration of COOH 

groups in the copolymer is plotted versus that of the homopolymers in Fig. 60. A constant 

trend in dependent on DC should be observed if the acrylic acid is deposited for the copoly-

mer in a similar manner for homopolymers. Figure 60 shows that for higher values of the duty 
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cycle a smaller amount of COOH groups is found than that expected from the structure of the 

plasma deposited homopolymer. This can be discussed in two directions: 

 

 

 

 

 

 

 

 

 
 

Figure 56 shows that the deposition rate of styrene increases strongly for the highest 

values of the duty cycle. This might indicate that for high values of DC the introduction of 

styrene is favored and lower concentrations of acrylic acid units are obtained than expected 

from the corresponding homopolymers.  

The second direction of the discussion is related to the monomer fragmentation. The energy 

input increases with increasing DC, and therefore, the degree of fragmentation of the mono-

mer. For higher values of DC a higher concentration of styrene radicals (or styrene-like) is 

formed than for lower DC. The styrene radicals can interfere with the acrylic acid and modify 

its structure before deposition. This may result in the formation of other oxygen-containing 

groups than the COOH group. Unfortunately, one cannot discriminate between both explana-

tions in the moment. 
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4.1.3. Investigation of the chemical composition by FTIR  

FTIR spectra of plasma-polymerized S, AA/S and AA are shown in Fig. 61. All spec-

tra exhibit stretching vibrations of the polymer backbone consisting of the ν CH2 (as/sym) in 

the wavenumber range from 2916 to 2844 cm−1 and associated with the C=O stretching near 

1700 cm-1. With regard to the PS segments at 700/760 cm−1 the aromatic C–C stretching, at 

1494/1601 cm−1 the aromatic C=C stretching is observed and the aromatic δ C–H takes place 

at 3080/3060/3020 cm−1. [161-163] 
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Figure 60: Concentration of COOH 

groups for plasma deposited AA/S 
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Figure 61: FTIR spectra of 

plasma deposited PAA, PS ho-

mopolymers and AA/S 1:1 co-

polymer (with DC=0.5) compared 

to conventional cPAA  
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The most important fact for the following discussion is the C=O stretching vibration 

which is described by three components (Gaussians) at: 1737, 1712 and 1680 cm-1. As exam-

ple for that analysis see Fig. 62 for plasma deposited PAA05 sample. Wang et al. [176] dis-

cussed three components with maxima positioned at 1749, 1715 and 1685 cm-1 measured for 

conventional polymerized poly(acrylic acid) and copolymers of acrylic acid with styrene.  

The band at 1680 cm-1 is assigned to the C=O stretching of dimers show also this structure 

also dangling bonds etc. as well as intermolecular hydrogen bonding or C=C double bonds. 

[161]The main component at 1712 cm-1 is attributed to the stretching vibration (C=O) of car-

boxylic groups. To describe the contribution of ester [143] formed by COOR groups a third 

Gaussian is located at 1737 cm-1. The ester groups may be formed by self condensation of 

nCH2=CH-COOH → ∼CH2-CH2-CO-O∼ [102] or due to a fragmentation of the monomer fol-

lowed by poly-recombination. 

   

 

 

 

 

 

 

 

 

 

Fig. 63 gives the FTIR spectra for plasma polymerized AA/S copolymer deposited 

with a duty cycle of 0.5 compared to plasma deposited PAA homopolymers the main peak of 

the C=O stretch is shifted from 1712 cm-1 to 1706 cm-1. The peak located at 1737 shifted to 

1732 cm-1 which describes the contribution of ester units formed by the COO group. A third 

Figure 62: Gaussian fits of C=O band 

of a plasma-polymerized PAA film 

(DC=0.5).  The solid line represents 

the experimental data. The dashed line 

is a fit of a sum of three Gaussians to 

the data. The dotted lines represent the 

individual contributions 
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Gaussian is located at 1680 cm-1 similar to that observed for plasma deposited PAA ho-

mopolymers. This indicates a change of the structure compared to those expected from 

plasma deposited PAA (COOH). From the XPS measurements it is known that C=O, COOH 

and COOR groups are formed. 

From the fits the areas of the peaks at 1706 cm-1 A1706 and 1732 cm-1 A1732 are taken 

and its ratio is calculated as a measure for the concentrations of the COOH to COOR groups 

estimated by FTIR: 
1732

1706

A

A
 is plotted versus DC (Fig. 64) to discuss regularity of the carbox-

ylic group for AA/S copolymers compared to PAA plasma deposited homopolymers. 
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Figure 63: Gaussian fits of C=O band 

of plasma-polymerized from 1:1 molar 

ratio of AA/S copolymers (DC=0.5). 

The solid line represents the experi-

mental data. The dashed line is a fit of 

a sum of three Gaussians to the data. 

The dotted lines represent the individ-

ual contributions 
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This graph shows firstly that the concentrations of COOH groups decrease with increasing 

DC for both PAA and copolymer and secondly that there is a strong difference between the 

homopolymers and copolymers. Additionally decarbonylation and dehydrogenation may pro-

duce α, β-unsaturated ketone as found by the FTIR analysis.  

This dependence affirms that for low values of DC more COOH groups are present in 

AA/S copolymers. Moreover, for copolymers the dependence of the concentration of carbox-

ylic groups obtained by FTIR on DC is much stronger than that for the plasma deposited ho-

mopolymers. This behaviour is similar to the results obtained by XPS. 

XPS and FTIR should provide the same information about the concentration of the 

COOH groups. Therefore, Fig. 65 displays 
1732

1706

A

A
versus the concentration of COOH groups 

per 100 C atoms estimated from the XPS measurements. This Figure shows that the concen-

tration of COOH groups per 100 C atoms decrease with increasing DC. 

 

 

 

 

 

 

 

 

 

 From the theoretical point of view a constant value should be obtained. As discussed above 

for plasma deposited PAA and PAAl this result, the different analytical depth of both methods 

has to be considered.  However, for pulse plasma the values of the concentration of carboxylic 

Figure 65: Correlation between 

XPS-measured COOH groups 

(TFE-derivatization) and FTIR-

measured 
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groups on the surface is proportional to that calculated in the whole thickness sample was ob-

served. For the continuous wave the concentration of it on the surface was very low compared 

to that estimated by FTIR. This behaviour is corresponding to the high energy of the plasma. 

 

4.1.4. Thermal analysis  

Fig. 66a gives the DSC curves for AA/S copolymers deposited for different values of 

DC. For each material a step-like change is observed in the heat flow which indicates the 

glass transition. The glass transition temperature Tg is estimated from the inflection point of 

the heat flow of the second heating run and plotted versus duty cycle in Fig. 66b. These data 

are compared to the values obtained for plasma deposited PAA homopolymers. 

Firstly, for all plasma deposited PAA, PS homopolymers and the AA/S copolymers samples 

the Tg values are lower than those measured for conventional PAA (379) [177] and polystyrene 

(373 K) [131]. It can be concluded that plasma polymerization technique results in products 

with a lower molecular weight and probably with a highly branched structure compared to the 

conventional polymerized materials. [178,179] In the latter case the dangling ends of the 

branched structures act as internal plasticizer like for conventional poly(n-alkyl methacry-

lates). 

Secondly, the glass transition temperatures for the plasma deposited copolymers are also 

lower than those of plasma deposited PAA (see Fig. 66a). Probably, the introduction of the 

bulky styrene units increases the free volume and also avoids the formation of hydrogen 

bonds. Both effects will lead to a reduction of the glass transition temperature. 

For the copolymers Tg decreases for low values of DC up to DC=0.5. A similar de-

pendence was observed for the plasma deposited PAA homopolymers (see Fig. 66b). Then 

the Tg increases with increasing DC in difference to the PAA homopolymers. This behaviour 

confirms the results obtained by monitoring the deposition rate, XPS and FTIR measure-
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ments. As argued for the deposition rate, the rate for the chain propagation process is essen-

tially higher for low DC. However, the energy input increases with increasing DC, and there-

fore the degree of fragmentation of the monomers. The latter leads to decrease of the concen-

tration of COOH groups as well as in an increase of crosslinking.  Especially the crosslinking 

increases with increasing values of DC which lead to an increased Tg.  

 

 

 

 

 

 

 

 

 

4.1.5. Dynamic mobility and thermal stability 

In detail, glassy dynamics is investigated as well as oxidative and thermal stability. 

Therefore, the sample is cooled down to 173K and after the dielectric properties are measured 

during heating. This means the appropriate temperature is selected, the samples equilibrated at 

this temperature and the dielectric loss is measured in a frequency scan isothermally. Then the 

next higher temperature is selected till 453 K (heating cycle). Then, the same procedure is ap-

plied by subsequently lowering the temperature down to 173K (cooling cycle). 

Before the dielectric properties of the plasma AA/S copolymer are discussed, the di-

electric loss versus frequency (f) and temperature (T) for plasma-polymerized PAA and PS 

homopolymers should be considered (Fig. 67).  

Figure 66: Heat flow of plasma-polymerized AA/S copolymers in dependence on temperature for the labeled 

DC values (2nd heating run) (a): Tg versus DC for plasma deposited: AA/S copolymer, PAA and PS homopoly-

mers (b)  
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The dielectric relaxation behavior of plasma deposited poly(acrylic) acid is discussed in detail 

above [106]. A relaxation process indicated by a peak in the dielectric loss is observed at low 

temperature for this material (Fig. 67a), which is assigned to the β-relaxation. The β-

relaxation corresponds to localized fluctuation of the dipoles related to the carboxylic groups. 

At even higher temperatures a clear indication of a further process is visible called electrode 

polarization.  

In case of plasma deposited PS, it is argued in details above in section [Plasma depo-

sited and spin coated thin polystyrene films]. The electrode peak and the electrode polariza-

tion were also observed like for plasma-polymerized PAA. In the range of glass transition 

measured by DSC, a relaxation process takes place, which corresponds to the dynamic glass 

transition temperature due to segmental dynamics (α-relaxation). A more detailed discussion 

of plasma deposited polystyrene including a comparison with conventional synthesized poly-

styrene was discussed above. 

For the AA/S copolymer, similar to PAA and PS plasma deposited homopolymers an 

electrode peak (higher frequencies) and the electrode polarization (higher temperatures) are 

observed. In difference to plasma deposited PAA homopolymers no unambiguous β-

relaxation is observed for the copolymer deposited with DC=0.5 (see Fig. 67c) because the 
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Figure 67: Dependence of dielectric loss ε´´ versus frequency and temperature for plasma deposited (a)- 

PAA, (b)- PS homopolymers and (c)- AA/S copolymer at DC=0.1 for the first heating cycle  
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dielectric loss covers a wide range. Therefore, the dielectric loss in the temperature range of 

the β-process is plotted versus temperature at a frequency of 1 kHz for different values of the 

DC in Figure 68 for the heating cycle. For DC=0.1 a well defined β-relaxation is observed 

which decreases in its intensity with increasing DC. For DC=0.5 this relaxation process dis-

appears completely. In reference [106] the β-relaxation is assigned to the localized fluctua-

tions of the carboxylic groups. Therefore, the decrease of the intensity of the β-process with 

increasing value of DC has to be attributed to a decrease of the number density of carboxylic 

groups. This line of argumentation is in complete agreement with the results of XPS and FTIR 

investigations. 

 

 
 

 

 

 

 

 

 

 

 

In the temperature range, where the α-relaxation is observed for plasma deposited polysty-

rene, this process is detected also for the copolymer. 

The dielectric spectra are analyzed fitting the model function of Havriliak and Negami 

(HN-function) to the data, which serves for calculating the relaxation rate fp at maximal di-

electric loss and the dielectric relaxation strength ∆ε.  

The electrode peak is taken into consideration by a Debye function as described in plasma 

deposited PAA, PAAl and PS homopolymers thin films. For cases where the frequency posi-
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tion of the electrode peak is outside of the experimental accessible frequency window the De-

bye function is approximated by its low frequency tail. An illustration for that procedure is 

given in Fig. 69. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 70 compares the temperature dependence of the relaxation rate of the α-relaxation 

f (p, α) versus T-1for the plasma deposited polystyrene and the corresponding copolymer for 

DC=0.5. Considering the fact that the rate for the electrode polarisation fEP is related to f p,α 

(see [106,107]) fEP for plasma-polymerized PAA is added as well.  At the first glance the 
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Figure 69: The dielectric loss versus fre-

quency for the plasma deposited sample 

AA/S copolymer with DC=0.1 at T=353.15 

K during heating. The solid line corresponds 

to the whole fit-function consisting of the 

conductivity, a HN-function and a high fre-

quency tail. The dashed, dashed dotted and 

dotted lines are the contributions of the re-
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Figure 70: Relaxation rate of the α-

process versus inverse temperature for 

plasma deposited PAA, PS homopolymers 

and AA/S copolymer (DC=0.5) 
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temperature dependence of the relaxation rate of the plasma deposited copolymer is similar to 

that of polystyrene. This might be due to the fact that for poly(acrylic acid) the segmental dy-

namics is strongly influenced by the formation of hydrogen bonds. The possibility of the for-

mation of hydrogen bonds is strongly reduced for the copolymer. For chemically stable poly-

mers the temperature dependencies of relaxation rates might be described by the Vogel-

Fulcher-Tamman-Hesse (VFT) Equation (10). 

Generally, it is believed that the dependence according to Eq. (10) is a signature of 

glassy dynamics. For DC=0.5 the temperature dependence of relaxation rates seems to follow 

the VFT-equation. A dielectric glass transition temperature can be estimated by Tg
Diel =T(fp=1 

Hz) (see Fig. 70). Tg
Diel for the AA/S copolymer is ca. 325 K and it is closed to Tg

Diel of PS 

(323 K) while Tg
Diel for PAA is ca. 338 K. 

 

 

  

 

 

 

 

 

 

 

 

 

 

Fig. 71 compares the temperature dependence of the relaxation rate of the α-relaxation 

for different values of DC on heating. Firstly, with increasing DC the rate of α-relaxation 

Figure 71: Relaxation rate of the α-process versus inverse temperature for plasma deposited AA/S copolymer 

for different values of DC. Insert: dynamic glass transition for different values of DC  
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more or less shifts to higher temperatures. Secondly it becomes clear from Fig. 71 that the 

temperature dependence of fp,α cannot be described in the whole temperature range by the 

VFT-equation. This dependence is non-monotonous and carries some structure (see for in-

stance data for DC=0.1 or DC=0.7). To discuss this behaviour one has to bear in mind that 

during the plasma polymerization a large number of radicals are formed which do not react 

completely during the deposition process. After deposition these radicals are quenched and 

the deposited layer is in a metastable but non-equilibrium state. By heating up the segments 

become mobile at the glass transition temperature, and these radical undergo a post-plasma 

reaction. Therefore this structure in the temperature dependence is related to the kinetics of 

the chemical reaction that takes place during the heating process. 

Nevertheless, a Tg
Diel can be estimated and plotted versus DC in the inset Fig. 71. 

Tg
Diel decreases firstly with the duty cycle up to a DC value of 0.5 then the Tg increases with 

growing DC. This behaviour is similar to that obtained by DSC. Firstly, the dielectric spec-

troscopy measures the glass transition temperature in these systems. Secondly, this behaviour 

can be discussed in the same way as the DSC measurements and the results that obtained by 

monitoring the deposition rate, XPS, FTIR and DSC measurements are consistent.  

 

 

 

 

 

 

 

 

 

Figure 72: Dielectric strength of the α-

process versus inverse temperature of 

the plasma deposited AA/S copolymer 

for different values of DC 
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Fig. 72 presents the dielectric strength ∆εα for the α-process of plasma deposited AA/S 

copolymer for the different values of DC versus inverses temperature according to the Kirk-

wood and Fröhlich function (8). With rising temperature, ∆εα increases slightly. This increase 

of ∆ε is probably due to an increase of the number density of dipoles, which contributes to α-

process and which might be related to the chemical reaction discussed above. 

∆ε decreases with increasing duty cycle. Therefore, in Fig. 73, ∆ε is taken at T=343 K 

and plotted versus DC. According to Equation (8) this implies that the number density of di-

poles decreases with increasing DC at 343 K (Fig. 73). This is in agreement with the FTIR 

and XPS experiments. These experiments show that the number of carboxylic groups which 

are involved in dielectric α-relaxation decreases with increasing DC.  It is noteworthy that al-

so the temperature dependence of the dielectric strength changes with the DC.  At low value 

of the DC the temperature dependence of ∆εα is more pronounced than for higher values of it. 

 

 

 

 

 

 

 

 

 

To discuss the dielectric behaviour for the heating and cooling run in more detail Fig. 

74 is presenting the dielectric loss versus temperature at a fixed frequency (isochronal plot) 

for heating and cooling run for the sample plasma AA/S deposited copolymer with DC =0.1 

as an example. For both cases at low temperatures the β-relaxation is observed as a well de-

Figure 73: Dielectric strength ∆εα of 

plasma deposited AA/S copolymer vs. 

DC at T=343 K  
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fined peak in the spectra. For the first heating run a shoulder is observed at higher tempera-

tures than that of the β-relaxation which corresponds to the α-relaxation.   

 

 

 

 

 
 
 
 
 
 
 
 

 

Fig. 74 reveals that the dielectric loss is dramatically reduced in the range of α-

relaxation and electrode polarization. The hysteresis between the first heating and the cooling 

run can be explained by the following consideration. As discussed above during the plasma 

deposition of polymer a highly branched product with many free radicals is formed. [106,107] 

These free radicals were able to react with each other to form a more crosslinked network dur-

ing heating. So, the α-relaxation process seems to disappear and maximum peak of the elec-

trode polarization shifted to high temperature indicating also a change in structure. Otherwise, 

the dielectric loss is dramatically increased in the range of β-relaxation. β-relaxation is as-

signed to the localized fluctuations of the carboxylic groups. The radicals which are generated 

during plasma polymerization process probably form some kind of bonds with COOH groups. 

So, it employs an important role to hinder localized fluctuation of COOH groups. Therefore 

the increase of the intensity of the β-process after heating run has to be attributed to increase 

the number density of free carboxylic groups.  
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4.2. Influence of the comonomer ratio 

4.2.1. Kinetics of the copolymer deposition   

To study the effect of the comonomer ratio on film deposition rate, duty cycle, pres-

sure, power, and temperature were held constant.  

The deposition rates were calculated from diagrams showing film thickness vs. deposition 

time, which lasted between 4 and 35 min, (see Fig. 75a). Acrylic acid deposited faster than 

styrene. As discussed above the double bond can be broken by only a 1 eV energy input (R-

CH=CH2 + plasma → R-CH•-CH2• or R-CH=CH2 + H• → R-CH2-CH2•) and a normal chain-

growth polymerization (chain propagation) process can be started maybe as a biradical proc-

ess: R-CH•-CH2• + 2 R-CH=CH2 → •CHR-CH2—CHR-CH2-CHR-CH2•. However, the reso-

nance of the benzene ring plays an important role for the stability of the vinyl group and 

therefore, it needs high energy to be activated.  So, the deposition rate of PS was lower than 

that of PAA. [106]The copolymer deposition rate was found in the order of pure acrylic acid 

(Fig. 75b). 

 

 

 

 

 

 

 

 

 

 

Figure 75: Thickness of the plasma (co)polymerized layer vs. deposition time for various comonomer ratios (a). 

The deposition rate of plasma deposited AA/S copolymers versus PMR [%] of acrylic acid (b)   
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The marked increase in the deposition rate for AA/S compared to the both monomers. The 

plasma chamber consists of acrylic acid and styrene as monomers vapour before plasma inlet. 

Additionally, an interaction between acrylic acid, an electron accepting monomer and styrene, 

an electron donating monomer can takes place.[180] So, the deposition rate of AA/S copolymer 

contains deposition rate for three compounds as discussed before. 

To compare the deposition rates for the different precursor mixture directly, the depo-

sition rate can be normalized by divided by the comonomer ratio of AA (Fig. 76).  

Figure 76 shows that the normalized deposition rate of plasma deposited AA/S copolymer is 

maximal for the lowest ratio of acrylic acid monomer. This means that the rate for the chain 

propagation process is essentially higher for low ratio of the acrylic acid monomer. This 

might also imply that for low ratio of the acrylic acid monomer a more regular structure is 

formed. [106,107]  

 

 

 

 

 

 

 

 

 

4.2.2. Retention of functional groups during copolymerization  

The estimation of functional groups on the surfaces is possible by derivatization and 

XPS-measurement of introduced labels.  According to Figs. 58a and b and Table 8 that is 

some COO band assigned to ester-type. 
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Fig. 77 shows that the COOH groups grow with increasing fraction of acrylic acid in the pre-

cursor as might be expected. More details were discussed in the section AA/S copolymer with 

influence of DC. However, it’s very low in comparison to plasma-polymerized PAA. 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

For the plasma deposited copolymer, the number of detected COOH groups and ben-

zene ring were found to be in the order of 1-2 COOH groups and 3-4 benzene rings (see Figs. 

77 and 78). This point indicates to the fact that other processes are going on during plasma 

polymerization. However, the energy input leads to a fragmentation of the monomers fol-

Figure 77: Concentration of the car-

boxylic groups per 100 C atoms after 

derivatization versus the comonomer 

ratio for plasma deposited AA/S co-

polymers (results from C1s peak de-

convolution) compared to plasma 

deposited PAA homopolymers  
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lowed by poly-recombination as well as the concentration of the COOH groups and benzene 

rings are lower than that expected for the conventional copolymers.   

However, the π→π* component increases due to growing parts of the aromatic rings on the 

surface as might be expected (Fig. 78). 

 

4.2.3. Investigation of the chemical composition by FTIR  

Fig. 79  images the stretching vibration of the carbonyl group (C=O) in the region be-

tween 1800 cm-1 – 1550 cm-1 for commercial poly(acrylic acid)  PAA18 (MW 1800 g/mol) 

(Fig. 79a), plasma deposited PAA (Fig. 79b) and an AA/S plasma copolymer with PMR [%] 

of 66.6 acrylic acid (Fig. 79c).  

A detailed examination reveals that this peak is quite complex and consists of two or 

more different contributions. Wang et al. [176] discussed three components with a maximum 

positioned at 1685, 1715 and 1749 cm-1 measured in common poly(acrylic acid) and copoly-

mers of acrylic acid with styrene as discussed above. The maximum position changed with 

respect to AA fraction in the copolymers. Dong et al. [181] inserted four components. The 

maxima observed at 1686, 1705, 1725 and 1742 cm-1 were assigned to inner hydrogen bonded 

COOH groups of oligomeric COOH (1686 cm-1), C=O stretching of cyclic hydrogen bonded 

COOH (dimers; 1742 cm-1), free COOH (1705 cm-1) and terminal groups  COOH in oli-

gomers (1725 cm-1). 

Zhang et al. [182] observed the polymerization of acrylic acid on silicon oxide surfaces. 

The peaks at 1636 cm-1 and 1620 cm-1 were assigned to the C=C stretching vibration (of (un-

reacted) acrylic acid monomer) while the absorptions at 1702 and 1730 cm-1 were assigned to 

the C=O stretching vibration of free and bonded COOH groups, respectively.  

In accordance to Wang [176] three components were fitted to the data for common 

PAA. Fig. 79a shows the enlarged view in the wavenumber range of the C=O vibration for 
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cPAA. A detailed examination reveals that this band is quite complex and consists of three 

different contributions. The main component at 1700 cm-1 is attributed to carbonyl stretching 

vibration (C=O) of carboxylic groups. The second one with a shoulder at 1664 cm-1 is related 

to the vibration of dimers formed by the C=O group. [142]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Finally, the band at 1734 cm-1 is assigned to C=O stretching vibration of ester groups formed 

by self-condensation. [102] Fig. 79b shows the C=O region for plasma PAA compared to cPAA 

the main peak of the ν (C=O) is shifted from 1700 cm-1 to 1712 cm-1. Furthermore, the band at 

~1740 cm-1 indicates the formation of other bonds in addition to those expected for 

poly(acrylic acid) (COOH) like ketone or ester groups.[143] The band at 1680 cm-1 is assigned 

to ν (C=O) from dimer, C=C as well as intermolecular hydrogen bonding.  
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Figure 79: Stretching vibration of the carbonyl 
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The following procedure was employed to analyze the spectra quantitatively with 

three components fitted to the data. The maximum were appeared at 1737 cm-1 (ester), 1706 

cm-1 (C=O) corresponding to COOH group and 1680 cm-1 (dimers) or C=C as well as inter-

molecular hydrogen bond. From the XPS measurements it is known that C=O, COOH and 

COOR groups are formed. In Fig. 79c the FTIR spectra of C=O for plasma-polymerized 

AA/S is displayed. Compared to plasma PAA the main peak of the C=O stretch is shifted 

from 1712 cm-1 to 1706 cm-1 and closed to cPAA. This indicates the change of the structure 

compared to those expected for plasma PAA (COOH).  

From the FTIR spectra the areas of C=O peaks at 1706 cm-1 A1706 and CH2(as) peaks 

at 2917 cm-1 A2917 were taken and the ratios were calculated as a measure for the concentra-

tion of the COOH groups estimated from FTIR. 

 

 

 

 

 

 

 

 

 

2917

1706

A

A
is plotted versus the ratio of the comonomers in Fig. 80. This Figure resembles a close 

similarity to the concentration dependence of COOH groups per 100 C atoms estimated from 

XPS measurements (Fig. 77). It shows that the concentration of COOH groups increases with 

increasing fraction of acrylic acid comonomer.  

Figure 80: Concentration of COOH 

groups estimated from FTIR areas 

ratio A1706 / A2917 for plasma deposited 

AA/S copolymer films in dependence 

on the PMR [%] of acrylic acid 
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  XPS und FTIR should provide analogue information about the concentration of 

COOH groups as contributed before. Therefore, Fig. 81 displays 
2917

1706

A

A
 as a concentration of 

COOH groups estimated from FTIR versus the concentration of COOH groups per 100 C at-

oms estimated from XPS measurements. It gives perfect a straight line.  

 

 

 

 

 

 

 

 

 

 

This means the concentration of COOH on the surface (XPS, 5-7 nm) and in the bulk (FTIR, 

~ 2.5 µm) is growing proportional with increasing fraction of acrylic acid in precursor.  

Fig. 82 displays fractions of different C=O components with respect to the ratio of 

comonomer in precursor. It shows a constant level for all components until ~50 % PMR of 

acrylic acid. The free COOH component (~1706 cm-1) decreases and the COOR (1737 cm-1) 

component increases with rising acrylic acid a fractions, while the third component presenting 

R-CO-R/R-CO-CH=R/R=CH-CO-CH=R vibrations (1680 cm-1) only slightly increases. This 

behaviour is possibly to explain with a lower concentration of styrene units in the copolymers 

approving stronger intermolecular hydrogen interactions (lower concentration of free COOH 

groups). Moreover, the styrene monomer maybe prevents fragmentation of the carboxylic 

groups of acrylic acid during the plasma polymerization process or vice versa. However, with 

Figure 81: 
2917

1706

A

A
 versus the concen-

tration of COOH per 100 C atoms es-

timated from the XPS measurements 

for plasma deposited AA/S copolymers  
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increasing ratio of styrene monomer the distance between the carboxylic groups isn’t enough 

to develop intermolecular hydrogen bonds.  

 

 

 

 

 

 

 

 

 

In Fig. 83
2917

1493

A

A
is plotted versus the ratio of the comonomer.  

This graph shows that the concentrations of C=Carom groups at 1493 cm-1 increase with in-

creasing the ratio of  styrene comonomer in relation to the concentration of CH2 (as) at 2917 

cm-1 , as expecting. 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 82: Area % for different compo-

nents of C=O bands (fit results) of AA/S 

plasma deposited copolymer films in 

dependence on PMR [%] of acrylic acid 

 

0 20 40 60 80 100
0

20

40

60

80

 PMR [%] of acrylic acid

C
=

O
 c

o
m

po
ne

n
ts

 %

free COOH

COOR

R-CO-R/
R-C-CH=R/
R=CH-CO-CH=R

Figure 83: Measure concentration 

of C=C groups estimated from 

FTIR areas ratio A1493/ A2917 of AA/S 

plasma deposited copolymer films 

in dependence on the PMR [%] of 

styrene. The inset gives A1493/ A2917 
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As discussed above XPS and FTIR should provide the same information about the 

concentration of the C=Carom groups. Therefore, the inset of Figure 83 displays 
2917

1493

A

A
versus 

the concentration of π-π* related to C=Carom groups estimated from the XPS measurements. 

From the theoretical point of view a constant value should be obtained. This graph shows that 

an approximately linear dependence between both concentrations is observed.  

To discuss this result the different analytical depth of both methods has to be consid-

ered. XPS is sensitive to a layer with a thickness of 5 to 7 nm whereas FTIR provides infor-

mation across the whole sample thickness. For a more extended discussion see refs. 

[106,107]. 

 

4.2.4. Thermal analysis  

Fig. 84a compares the DSC curves for plasma AA/S copolymer deposited with respect 

to the composition of the feed gas mixture. For each material a step-like change in the heat 

flow is observed which indicates the glass transition. The glass transition temperature Tg is 

estimated from the inflection point of the heat flow and plotted versus the PMR [%] of AA in 

Fig. 84b. 

Firstly, as argued above for all plasma deposited PAA, PS and AA/S (co) samples the Tg val-

ues are lower than those for conventional PAA and polystyrene. It is concluded that plasma 

polymerization technique results in products with a lower molecular weight as well as a 

highly branched structure with many dangling ends is formed. These dangling ends lead to a 

decreased Tg.   

Secondly the glass transition temperature of the plasma deposited copolymer is also lower 

than that of PAA (see Fig. 84b). It is likely that, the introduction of the bulky styrene units 

increases the free volume and also avoids the formation of hydrogen bonds. Both effects will 
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lead to a reduction of the glass transition temperature. So, Tg of AA/S copolymer increases 

with increasing PMR [%] of AA monomer. This behaviour confirms the results that obtained 

by XPS and FTIR measurements.  

 

 

 

 

 

 

 

 

 

 

As argued for the deposition rate, the rate for the chain propagation process is essen-

tially higher for low acrylic acid comonomer in precursor mixture. However, the increase of 

the COOH groups leads to increase of hydrogen bonds. The latter leads to decrease in the 

concentration of the free COOH groups as well as in an increase of crosslinking. Especially, 

the increase of the crosslinking leads to an increased Tg.  

 

4.2.5. Dynamic mobility and thermal stability 

In previous sections XPS and FTIR the measured and the theoretically expected com-

positions, especially the number of functional groups of copolymers were found to be very 

similar. However, first the stability of copolymers was measured again using dielectric relaxa-

tion spectroscopy for measuring the molecular dynamics of thin polymer films and investigat-

Figure 84: Heat flow of plasma deposited AA/S copolymers in dependence on the temperature for the labeled 

PMR [%] of acrylic acid values (2nd heating run) (a). Tg values versus PMR [%] of acrylic acid on 2nd heating 

process (b)  
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ing of the polymer bulk to characterize the regular and irregular structures, estimation of the 

Tg and thermal stability. 

The dielectric loss in the temperature range of the β-process is plotted versus tempera-

ture at a fixed frequency (1 kHz) for different values of the comonomer ratio in Fig. 85. In 

plasma deposited PAA homopolymers a well defined β-relaxation is observed which de-

creases an intensity with decreasing PMR [%] of AA monomer. For 50 % this relaxation 

process disappears practically completely. In plasma deposited PAA [106] the β-relaxation is 

assigned to the localized fluctuations of the carboxylic groups as argued before. Therefore, the 

decrease of the intensity of the β-process with decreasing value of PMR [%] of AA monomer 

has to be attributed to decrease the number density of carboxylic groups. This line of argu-

mentation is in complete agreement with the XPS and FTIR investigations. 

At higher temperatures, in the range of the glass transition measured by DSC an ill-defined 

shoulder is visible which corresponds to the dynamic glass transition (α-relaxation) in poly-

mers and copolymers on heating up. 

 

 

 

 

 

 

 

 

 

The temperature dependence of the relaxation rate fp, α of the α-relaxation is non-linear 

versus inverse temperature and can’t be described by (VFT) Equations (10). 

Figure 85: Dielectric loss vs. tempera-

ture at a fixed frequency of 1 kHz of 

the plasma deposited sample AA/S 

copolymer in dependence on the PMR 

[%] of acrylic on heating 
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Fig. 86a shows the fit of relaxation rate fp,α is deduced in there temperature dependencies. 

To discuss this behaviour one has to bear in mind that during the plasma polymeriza-

tion a large number of radicals are formed which do not react completely during the deposi-

tion process. After deposition these radicals are quenched and the deposited layer is in a me-

tastable but non-equilibrium state. By heating up the segments become mobile at the glass 

transition these radical undergo a post-plasma reaction. Therefore, this structure in the tem-

perature dependence is related to the kinetics of the chemical reaction that takes place during 

the heating process. Fig. 86b displays the dynamic Tg decreases with increasing the ratio of 

styrene monomer. 

 

 

 

 

 

 

 

 

 

 

 

This behaviour is similar to that obtained by DSC. Firstly, the dielectric spectroscopy meas-

ures the glass transition for these systems. Secondly, this behaviour can be discussed in the 

same way like for the DSC measurements and the results that obtained by monitoring the 

deposition rate, XPS, FTIR and DSC measurements are consistent. The possibility of the for-

mation of hydrogen bonds is strongly reduced for the AA/S plasma deposited copolymers. 

Figure 86: Relaxation rate of the α-process versus inverse temperature for plasma deposited AA/S copolymers 

for different PMR [%] of acrylic acid for 1st heating process (a). Dynamic glass transition temperature Tg
Diel 

versus PMR [%] of acrylic acid (b)  
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However, the distance between the chains increases due to the presence of the styrene repeat 

units. Therefore, the crosslinking decreases which leads to a decrease of the Tg
Diel.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 87a gives the dielectric strength ∆ε for the α-process versus of the PMR [%] of 

AA at 344 K. As it is well known for mobility of ions which related to the dielectric strength 

(∆ε), ∆ε increases with increasing the ratio of AA monomer. According to equation (8), ∆ε is 

related to the number density of the dipoles corresponding to COOH groups. 

Dielectric spectroscopy and FTIR should provide similar information about the con-

centration of the functional groups. Therefore, Figs. 87b and c display 
2917

1493

A

A
and 

2917

1706

A

A
for the 

AA/S copolymer deposited on Al substrates calculated from FTIR versus the dielectric 

strength estimated from DRS measurements at 344 K. The dielectric strength of α-relaxation 

is due to the segmental motion of chain. Carbonyl groups and phenyl groups employ an im-

portant role for this behaviour.  

Figure 87 Dielectric strength of the α-process versus 

relative PMR [%] of acrylic acid at T=344 K (a). 

A1493/A2917 and A1706/A2917 calculated from FTIR versus 

the dielectric strength estimated from the DRS meas-

urements for the AA/S copolymer deposited on Al sub-

strate at 344 K (b) and (c) respectively  
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Fig. 87b shows that an approximately curve dependence between both quantities is 

observed. The analysis of the FTIR measurements provides information only about the con-

centration of C=Carom groups related to the benzene ring. The 
2917

1493

A

A
 decreases with increasing 

∆ε (this means with decreasing the PMR [%] of styrene) are an expression of the fact that 

with increasing the PMR [%] of styrene, the number of dipoles corresponding to COOH 

groups is decreased.  

On the other hand Fig. 87c shows that an approximately linear dependence between 

both quantities is observed. To discuss this result the different sensitivities of both methods 

have to be considered. The analysis of the FTIR measurements as discussed above provides 

information only about the concentration of COOH groups. Dielectric spectroscopy measures 

an effective dipole moment which can include other functional groups like C=O, C-O-C, 

COOR, COOH, phenyl etc. which can be created during the plasma polymerization process. 

2917

1706

A

A
 increases with increasing ∆ε proportionally for plasma deposited AA/S copolymer.  

To discuss the dielectric behaviour for AA/S plasma deposited copolymers in more 

details, different thermal histories were studied. Fig. 88 gives the behaviour of AA/S (50 % 

PMR of acrylic acid as an example) in case of heating up, cooling down then followed by 2nd 

heating up. For all cases at low temperatures the β-relaxation isn’t observed as a well defined 

peak in the spectra. For the first heating run a shoulder is observed at higher temperatures 

than that of the expecting for β-relaxation which corresponds to the α-relaxation.  

However, the dielectric loss is dramatically reduced in the range of α-relaxation for the 

cooling run compared to the 1st heating run. Moreover, the electrode polarization is shifted to 

higher temperatures. This hysteresis between the first heating and the cooling run can be ex-

plained by the following consideration. As discussed above during the plasma deposition of 

polymer a highly branched product with many free radicals is formed. [106,107] These free radi-
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cals were able to react with each other to form a more cross-linked network during heating. 

So, the α-relaxation process seems to disappear and maximum peak of the electrode polariza-

tion shifted to high temperature indicating also a change in the structure. Otherwise, the di-

electric loss is increased in the range of β-relaxation. As discussed above the β-relaxation is 

assigned to the localized fluctuations of carboxylic groups. Therefore, the increase of the in-

tensity of the β-process after heating run has to be attributed to increase the number density of 

free carboxylic groups. 

 

 

 

 

 

 

 

 

 

 

This line of argumentation leads to the hypothesis that the plasma-synthesized prod-

ucts are not thermally stable because the unsaturated radicals can react at high temperatures. 

[106]After the first heating run thermal stability is evidenced by the fact that there is no differ-

ence in the dielectric spectra.  

The dielectric spectra are analyzed fitting the model function of Havriliak and Negami 

(HN-function (9)) to the data also in this case.  

The process observed at higher temperatures than that of the α-relaxation has a quite high in-

tensity. There seems to be no dipole moments in the sample which can cause a dielectric re-

Figure 88: Dielectric loss ε'' versus 

temperature at a frequency of 1 kHz 

for pulsed plasma copolymer with 50 

% PMR of acrylic acid on different 

thermal histories 
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laxation process such a high dielectric strength. For that reason and considering the fact that 

also the plasma deposited AA/S copolymer has a high conductivity this process is assigned to 

electrode polarization. 

 

 

 

 

 

 

 

 

 

 

Fig. 89 gives the temperature of the rate of electrode polarization fEP in the Arrhenius 

diagram for the sample 50 % PMR of acrylic acid for 1st heating, cooling and 2nd heating. 

Firstly, as expected from Fig. 88 there is a strong hysteresis between heating and cooling 

which is due to chemical reaction processes within the sample. Secondly, a closer inspection 

of the temperature dependence of fEP obtained for heating reveals that this dependence is mo-

notonous and carries some structure. This structure is related to the kinetics of the chemical 

reaction that takes place during the heating process. Thirdly, the temperatures dependence 

measured for fEP during cooling is shifted to higher temperatures compared to the dependence 

measured for heating. The temperature of fEP is related to the mobility of the charge carriers 

which is connected to segmental mobility. The shift to higher temperatures for the cooling run 

therefore indicates a lower segmental mobility and higher glass transition temperature of the 

AA/S copolymer layer obtained during heating. These points related to a cross-linked struc-

ture. 

Figure 89: Relaxation rate of the elec-

trode polarization fEP vs. inverse tem-

perature dependence on the comonomer 

ratio for the heating process. The inset 

gives fEP vs. 1/T for the sample 50 % 

PMR of acrylic acid for 1st heating, cool-

ing and 2nd heating  
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Chapter 4 

Conclusions 

Poly(acrylic acid) were deposited by pulsed plasma polymerization as a thin films. 

The structure-property relationships of these samples were studied with respect to the duty 

cycle of the plasma by a broad combination of different techniques and probes.  

The dependence of the deposition rate versus DC is non-linear. The deposition of the 

plasma polymer due to the activation of the double bond of acrylic acid as regular structures 

(radical polymerization under low pressure conditions). Additionally, a fragmentation of the 

monomer takes place followed by a poly-recombination which leads in general to irregular, 

unsaturated radicals or branched structures depending on duty cycle. Especially at low DC 

values, the chain growth polymerization (classic propagation) is the dominating step. In addi-

tion to these processes a depolymerisation and a partial detachment of the deposited layer can 

take place. 

XPS measurements in combination with a derivatization technique are employed to 

estimate the concentration of carboxylic groups in dependence on the surface of films. These 

investigations show that only a part of the maximal possible number of COOH is detected. 

Moreover, the concentration of carboxylic groups decreases with increasing of DC. This re-

sult is discussed in the framework of an increasing fragmentation of the acrylic acid with in-

creasing DC. To compare the concentration with that in the bulk, FTIR spectroscopy is em-

ployed by applying detailed band analysis. In general, FTIR spectroscopy gives the same de-

pendence of the concentration of COOH groups on DC like XPS. The concentration of 

COOH groups in the volume decreases with increasing DC in comparison with that of the sur-

face carboxylic groups. These observed differences are discussed considering the different 

analytical depths of both methods.  
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The combination of dielectric relaxation spectroscopy (DRS) and differential scanning 

calorimetry (DSC) give information about the bulk behaviour and thermal stability of the film 

with respect to DC. The dielectric measurements reveal that the structure of the plasma depos-

ited polymers is different from that of the bulk material. These investigations indicate that, 

plasma deposited PAA has a highly branched structure with many dangling ends which may 

act as internal plasticizer. Poly(acrylic acid), which is already polymerized, might be more 

and more damaged with increasing DC at a farther distance from the surface. The number of 

these dangling ends increases, which leads to a decreased glass transition temperature. There-

fore, the molecular mobility of PAA films deposited at low duty cycles is more related to 

conventional poly(acrylic acid) than for higher values of DC. 

Moreover, the dielectric measurements show that the plasma deposited films are not 

thermally stable but undergo a post-plasma chemical reaction during heating where the reac-

tion kinetics depends on DC. The chemical reaction is evidenced by the fact that there is a 

strong hysteresis in the dielectric spectra between the first heating and the subsequent cooling 

run. For the 2nd heating the data agree with the first cooling run which indicates a thermal sta-

bility after the chemical reaction. 

Dielectric spectra show at high temperature a process with a quite high intensity con-

sidering the fact that also, the plasma deposited PAA has a high conductivity. This process is 

assigned to electrode polarization (EP). The temperature dependence measured for its charac-

teristic rate fEP is quantitatively analyzed. As fEP is related to the mobility of charge carriers 

this analysis provides information about the reaction kinetics. 

Thin PAAl films were deposited by pulsed plasma polymerization on different sub-

strates (organic and inorganic). The structure-property relationships of allyl alcohol polymers 

were studied in dependence on DC by various techniques and probes. The dependence of the 

deposition rate on the DC was found to be non-linear.  
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XPS measurements were accomplished to analyse the chemical surface composition of the 

deposited films. A derivatization technique in combination with XPS measurements were 

used to get information about the hydroxyl group concentration of the plasma deposited 

PAAl. FTIR-ATR measurements were carried out to compare the OH concentrations at the 

surface and the bulk.  

It was found that the concentration of hydroxyl groups on the surface decreases with 

increasing DC. A similar trend was found for the volume bulk. The depiction of the OH con-

centration measured by XPS and FTIR analysis of the area ratio of OH band/CH2 band 

showed a negative slope with growing DC. The differences observed are discussed consider-

ing the different analytical depths of both methods. The results suggest a possible allyl alco-

hol polymerization in comparison to depolymerization of the deposited plasma polymer layer 

during the deposition process. The effective energy increases with increasing DC. PAAl 

might be damaged at a farther distance from the surface which is already polymerized due to 

this energy. 

PAAl deposited on different substrates revealed a shift of the OH band maximum up 

to 60 cm-1 to higher wavenumbers in the order AAl- monomer >PP>PE>glass>aluminium. 

The shift hints to a possible interaction between PAAl deposits and substrate. 

The dielectric measurements reveal that the structure of the plasma deposited polymer 

is dependent on the DC. With increasing DC, the fragmentation and poly-recombination (free 

radicals cross-linking) was increased and leads to an increased Tg.  

Moreover, the dielectric measurements show that the plasma deposited PAAl films are also 

not thermally stable but undergo a post-plasma chemical reaction during heating where the 

reaction kinetics depends on the DC. The chemical reaction is evidenced by the fact that there 

is a strong hysteresis in the dielectric spectra between first heating subsequent cooling run. 

For 2nd heating the data agrees with cooling run which is indicated by thermal stability after 

the chemical reaction like that observed for PAA. 



------------------------------------------------------------------------------------------------------------------------Conclusions 

142 
 

Dielectric investigations also show at higher temperature a process with a quite high intensity. 

By considering the fact PAAl has conductivity, this process is assigned to electrode polariza-

tion (EP). The temperature dependence measured for the characteristic rate fEP related to the 

mobility of charge carriers is quantitatively analyzed and it provides information about the 

reaction kinetics.  

O2, Ar plasma treatment and UV irradiation from Ar plasma filtered by a quartz win-

dow (λ<180 nm) are chosen to study the effects of short-time exposure (1 s) to plasma or UV 

on spin-coated and untreated commercial PS surfaces and bulk compared to plasma-produced 

thin films of PS and cPS. The effects of O2, Ar plasma and UV irradiation on polystyrene 

within 1 s were sufficient to modify surface and also surface-near layers. Thus, this study 

could be important to understand the effect of plasma on the different phases of plasma poly-

merization. Interactions between the surface and these reactive species (such as radicals, ions 

and metastable species) can modify the physicochemical properties of the surface. The effects 

of plasma treatments on the functionalization were compared. 

In terms of the variation of the surface energy, the oxygen containing and Ar plasmas 

show identical effects evidencing the dominance of an oxidation process using oxygen plasma 

which is the same as for auto-oxidation after Ar plasma exposure. Both plasmas indicate that 

the upper monolayer of the polystyrene film can be functionalized rapidly. The surface energy 

and the surface functionalization of the spin-coated PS treated with the plasma Ar and UV as 

well as the plasma-synthesized PS are close to the commercial PS when they were compared 

in terms of oxygen introduction. The effect of the UV of a long wavelength was limited while 

the sufficient energy for any bond scission (8 eV in maximum) on structural modifications of 

PS. The surface of plasma PS films has more or less similar properties like that obtained by 

conventional PS. However, the water CAM of the treatment of PS with Ar and O2 plasma 

were reduced significantly. O2 and Ar plasma leads to the transformation of PS surface from 

hydrophobic to hydrophilic. 
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The dielectric strength ∆ε of plasma deposited PS was a high value reference to cPS. 

This is expected because the dipole moment of plasma-deposited PS should be higher than 

that of cPS. It is concluded that the increasing concentration of free radicals and oxygen-

containing groups post-plasma introduced by auto-oxidation, leads to a decrease of the mole-

cular mobility. It was speculated that hydrogen bonds and dipole-dipole interactions fix 

neighbored chains, which is often called “semi-crystallization”. On the other hand, for PS ex-

posed to the O2 plasma an increase in ∆ε was expected in comparison to PS treated by Ar 

plasma and UV irradiation, plasma-generated PS and cPS(from XPS and FTIR results), which 

is interpreted as an increase of the dipole moment µ at high concentrations of OH groups and 

so on. But it showed that ∆ε of plasma PS is very high compared to others. The dielectric 

spectroscopy is a ‘bulk method’ and this result points to a homogeneous composition of the 

layers. 

The plasma deposited PS film prepared at desired plasma conditions, except being 

branched and/or crosslinked, is chemically similar to the PS reference sample in terms of XPS 

and FTIR results. However, the dielectric measurements reveal that the structure of thin 

plasma polymer PS films is different in comparison to cPS. Moreover, the dielectric meas-

urements show also that the plasma deposited films are not thermally stable and undergo a 

post-plasma chemical reaction during heating. The chemical reaction is evidenced by the fact 

that there is a strong hysteresis in the dielectric spectra between the first heating and the sub-

sequent cooling run. For the 2nd heating the data agrees with the first cooling run which is in-

dicated by thermal stability after the chemical reaction during first heating similar to that ob-

served for PAA and PAAl plasma deposited. The conclusion may be drawn that annealing 

may be a proper method to improve the thermal stability of plasma polymers. 

In general, the observations may be summarized as follows: The chemical structures 

of the plasma deposited films are different from the structure of the classic reference poly-

mers. This is because all plasma deposited films are irregular, possessing unsaturated radicals, 
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double bonds, branched and/or cross-linked structure to some extent. These common trends 

are attributed to a higher degree of fragmentation and re-arrangement of the monomer mole-

cules in the plasma. 

AA/S (co)polymers were deposited by pulsed-plasma polymerization. The structure of 

these polymers was studied with respect to DC of the plasma.  

In addition to the normal chain-growth polymerization (chain propagation) process also a 

fragmentation of comonomers takes place followed by a poly-recombination process, which 

leads to irregular, unsaturated radicals, formation of C=C double bonds, branched and/or 

crosslinked structures due to the plasma-initiated. It was shown that for low DC the chain 

growths polymerization is the dominating process. The deposition rate of AA/S copolymer 

contains deposition rates for three compounds. These compounds are acrylic acid and styrene 

as monomers vapour before plasma inlet. Additionally, an interaction between acrylic acid, an 

electron accepting monomer and styrene, an electron donating monomer can takes place. 

Therefore, the deposition rate for AA/S copolymer is high compared to both monomers. 

XPS in combination with derivatization technique was employed to estimate the con-

centration of carboxylic groups in plasma-polymerized AA/S copolymer. These investigations 

show that only a part of COOH groups present in the introduced acrylic acid is detected. As 

expected, the concentration of survived carboxylic groups decreases with DC. For acrylic acid 

and its polymer decarboxylation may be possible in plasma (R-COOH + plasma → R-H + 

CO2), also decarbonylation (Norrish) and total fragmentation in case of high specific plasma 

energy. Styrene may react by cleavage of phenyl rings under plasma exposure. [183,184] To 

compare the COOH-concentration at the surface and in the surface-near layer XPS and FTIR 

results were compared. The concentration of COOH groups decreases as well on surface as in 

bulk with increasing DC.  
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It was found that, the concentration of carboxylic groups on the surface decreases with 

increasing DC. A similar trend was found for the volume. The depiction of the COOH con-

centration measured by XPS and FTIR analysis of the area ratio of COOH band/COOR band 

showed a negative slope with growing DC. The results suggest a possible AA/S copolymeri-

zation in comparison to depolymerization of the deposited plasma polymer layer during the 

deposition process. The effective energy increases with increasing DC. AA/S copolymers 

might be damaged at a farther distance from the surface which is already polymerized due to 

this energy. Therefore, the concentration of COOH groups for DC=1 is very low at the sur-

face in comparison to that in the bulk. 

The concentration of COOH groups in relation to that of COOR groups is higher in 

plasma deposited AA/S copolymer than in the plasma deposited PAA homopolymers. It is 

likely that, due to the longer distance between two neighboured COOH groups and therefore, 

a hampered self-condensation leads to the higher concentration of COOH groups in the co-

polymer. 

DRS and DSC give information about the bulk behaviour and thermal stability of the 

film in dependence on DC. It was found that the crosslinking is lower for plasma AA/S co-

polymer in comparison to that of plasma PAA homopolymers. Furthermore, α-relaxation in 

DRS results was observed which is related to the segmental fluctuations of the styrene repeat 

unit.  

Moreover, the dielectric measurements show that the plasma deposited AA/S- copolymer 

films are not thermally stable but undergo a post-plasma chemical reaction during heating. 

Radical-radical recombination (R1• + •R2 → R1-R2 +∆) may occur or auto-oxidation (R• + •O-

O• → R-O-O•→ hydroperoxides → oxidized products). The occurrence of chemical reactions 

is evidenced by a strong hysteresis in the dielectric spectra between heating and the subse-

quent cooling run.  
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Through a careful selection of the feed gas composition, plasma copolymerization can 

be used to control the concentration of surface functional groups in plasma deposited films. 

The chemical structure of the plasma deposited copolymer films are partially different from 

the structure of the respective plasma homopolymers, i.e., the nature of plasma copolymers 

might not be straightforwardly predicted by a detailed knowledge of the structure of these 

homopolymers. These results can be explained by the chemical interactions and recombina-

tion reactions taking place between monomer molecules in the plasma and/or during the de-

position process. 

The structure of acrylic acid-styrene (AA/S) plasma copolymers as thin films fortifies 

the continuing interest in achieving controlled surface functionalization. As well as volume 

sensitive methods (FTIR, dielectric spectroscopy, and differential scanning calorimetry) were 

combined with surface analytics by employing XPS. 

The concentration of carboxylic groups increases (measured by the XPS) with increas-

ing fraction of acrylic acid in the comonomer precursor mixture. This result is discussed in 

context with defragmentation of the acrylic acid. To compare the surface and bulk concentra-

tion of COOH groups detailed band analysis of the FTIR spectra was applied. 
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Fields of Application  

1. Thin films (micro...) 

Protective coatings: Against mechanical stress (scratch and wear resistance, hardness) 

Against chemical attack (corrosion and solvent resistance) 

Coatings with specified transport properties:  

-Optical transport (lenses, mirrors, waveguides, etc…) 

-Electrical transport (conductive and dielectric layers, etc…) 

-Material transport  

-Material specific permeation (separation membranes) 

Material transport out of layer- systems: Defined release (in medicament as antibacterial 

agent) dosage systems. 

2. Ultra-thin films (nano...) 

-Tailored surface energy (wettability water repellency) (solid-liquid-gaseous) 

-Tailored contact between polymers and other phases: 

Static: solid-solid, (Adhesion)  

Dynamic: solid-(liquid)-solid (tribology) 

-Interaction with biological systems (binding and adsorption of biomolecules, biocompatible 

or bioactive surfaces) 

-Separation membranes and ion-exchange materials 

-Basic research and analytical methods 

-Thin plasma films deposited for diagnostics and therapy. It was replacement of glass in med-

icine and pharmacy. 
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