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Abstract

Plasma deposited polymer films from simple organaiecules with a polymerizeable
C=C bond (vinyl, acrylic, diene..., also with limiiams allyl), such as acrylic acid, allyl alco-
hol and styrene with a thickness of about 150 nmewleposited by pulse plasma polymeriza-
tion onto different substrates (inorganic and orgjan

The structure-property relationships of these semplere studied with respect to the
duty cycle [DC=§y/(tonttorr)] Of the pulsed plasma by a broad combinationitiéint tech-
niques and probes. For the first time volume-semsihethods such as Fourier Transmittance
Infrared (FTIR) and Dielectric Relaxation Spectmsg (DRS) are combined with surface
analytics by employing X-ray Photoelectron Spedopy (XPS). For an unambiguous identi-
fication of COOH and OH groups by XPS, derivatiaati with trifluoroethanol (TFE) and
trifluoroacetic anhydride (TFAA) were accomplishéd IR gives in principal the same de-
pendence of the concentration of COOH and OH grampBC like XPS. The observed dif-
ferences are discussed considering the differenplag depths of both methods.

The dielectric measurements reveal that the streicithe plasma deposited films is different
from that of chemically produced reference polymdmsparticular a lower glass transition
temperature is observed.

The structure of plasma polymer films varies inefggence on the DC. This result re-
fers to a highly branched structure of the plasey@odited (co)polymer with a high number of
dangling chains. Moreover, the dielectric measurégmehow that the plasma deposited
polymer films are not thermally stable but undeggpost-plasma chemical reaction during
heating, where the reaction kinetics depends o®e

The retention of the monomer structure or its ragwnits in the deposited film, e.g.
aromatic rings in the case of styrene, COOH anddddips in the case of acrylic acid and

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



Plasma polymers with high functional group retemt{BGetentio™F Goolyme/FGmonome)
and a minimum degree of branching and cross-linkwege obtained at low duty cycle ap-
plied in this study, i.e. with minimal duration piasma pulses.

The idea was to minimize the plasma exposure ahmasipossible for suppressing the
monomer fragmentation in the plasma and to imptbeechance of chemical chain propaga-
tion in the plasma-off periods. Thus, it was expddhat the number of defects and irregulari-
ties could be minimized and therefore the strucamd composition of plasma polymers is
nearer to that of classic (reference) polymers.niib@ polymerization was expected to pro-
duce regular structured und composed polymerspmirast to plasma polymerization that
was responsible for irregular structures producgdhbnomer fragmentation and random re-
combination of all fragments and atoms. The (shae¥ma pulse should adopt the role of an
initiator of the chemical (radical) chain growth he monomer adsorption layer. General
problem of chemical gas phase polymerization utalerpressure conditions is the deficien-
cy in monomer molecules present at the chain patpay centers. Thus, chain terminations
occur (recombination, chain transfer, disproportimma rearrangement etc.) very rapidly and
hinder the formation of linear polymer moleculeshafher molar mass. The next plasma
pulse creates a new radical center followed by sbirt chain propagation. Thus, branched
and crosslinked polymers were produced.

Polystyrene (PS) spin coated thin films were medifby Q and Ar plasma and UV
irradiation treatments for each one second. TheifieddPS samples were compared with
plasma (pPS) and commercial (cPS) polystyrene. effeets of Q and Ar plasma and UV
irradiation treatments on a surface and bulk ofper layers were discussed. An important
result was that one second exposure to the plasmmradiation was sufficient to modify the
surface significantly. However, this study was atlmicated to understand the effects of
plasma particle shower and plasma irradiation enalneady deposited layers of plasma po-

lymers within the layer growing process.



The surface properties were evaluated by XPS amutaCt Angle Measurements
(CAM) and the bulk properties were investigateddiyR and DRS. It was found that oxygen
incorporation seems to proceed more rapidly withtl@n with Ar plasma as well as with
plasma polymerization and plasma UV irradiatiospeztively.

Spin-coated PS thin films exposed to plasma U\Wiat@on and plasma deposited PS
films did not show many differences in the XPS $pan and CAM in comparison to com-
mercial reference polystyrene. The dielectric meswents showed that the plasma deposited
films were not thermally stable and underwent adesired post-plasma chemical oxidation.
However, the chemical structure of plasma depodibex$ is different from that of the refer-
ence PS.

Copolymers of acrylic acid and styrene (AA/S) wprepared by pulsed plasma depo-
sition and their structures were studied with respe the DC and feed gas ratio (comonomer
ratio). It is known that low energy doses enhareedtructural retention of comonomer and
high energy doses prefer fragmentation and losgegular structure. Additionally, it was
found that through a proper selection of the fe@sl @mposition the concentration of the sur-
face functional groups in plasma deposited films lba controlled. The FTIR spectra of the
plasma-deposited copolymer films were found to &ially different from a superposition of
the spectra of the respective plasma homopolyniérs. suggests that interactions and frag-
mentation followed by recombination reactions alartg place between the monomer mole-

cules in the plasma or during their respectiverpasgeposition process.

Plasma deposited acrylic acid-styrene copolymensfilwere prepared and characte-
rized using XPS, FTIR, differential scanning caloeiry (DSC) and DRS. The relative partial
flow rates of the comonomer are used for adjustroéthe copolymer composition. Process
parameters were fixed to conditions optimized ftention of functional groups. By doing
this it is possible to control undesired chemiaalperties of the copolymer films such as con-

centration of unsaturations or oxygen-containingcfional groups.



The results obtained by dielectric spectroscopydaseussed in detail together with the data

from FTIR and XPS measurements.



Zusammenfassung

In dieser Arbeit wurden im Plasma abgeschiedengnirafilme von einfachen orga-
nischen Molekulen mit polymerisierbaren C=C-BindendVinyl, Acryl, Dien, ..., mit Ein-
schrankungen auch Allyl), wie in Acrylsaure, Allijgahol und Styrol vorhanden, mit einer
Dicke von etwa 150 nm durch Pulsplasmapolymerigatiof verschiedenen anorganischen
und organischen Substraten erzeugt.

Die Struktur-Eigenschaftsbeziehungen dieser Prokerden in Abhéngigkeit vom
Tastverhaltnis [DC=l/(tonttorr)] des Hochfrequenzplasmas mittels einer weit deféen
Kombination von verschiedenen Techniken und Pritioegn untersucht. Es wurden zum
einen volumensensitive Methoden wie die Fouriem$farm-Infrarotspektroskopie (FTIR)
und die dielektrische Relaxationsspektroskopie (P&igesetzt, die mit Oberflachenanalyse-
techniken wie die Rontgenphotoelektronenspektrask@pPS) kombiniert werden. Um eine
eindeutige Identifizierung der COOH- und OH-Gruppenden abgeschiedenen Schichten
ermdglichen zu kdnnen, wurden diese mit 2,2,2{doifkthanol (TFE) bzw.
Trifluoressigsaureanhydrid (TFAA) derivatisiert.eDF TIR-Analytik zeigt prinzipiell dieselbe
Abhangigkeit der COOH-bzw. OH-Gruppenkonzentratitmm Tastverhaltnis DC wie die
XPS. Die beobachteten Unterschiede werden im Hikladuf die verschiedenen Eindringtie-
fen der beiden Analysemethoden diskutiert.

Die DRS-Messungen offenbaren, dal? sich die im Riasabgeschiedenen
Polymerfilme von den chemisch erzeugten Refereynpaien strukturell unterscheiden. Zum
Beispiel wird eine niedrigere Glastbergangstempetaobachtet.

Die Struktur der im Plasma abgeschiedenen Polymmexfivariiert in Abhangigkeit
von DC. Dieses Ergebnis kann mit der hochverzwei@&uktur der plasmaabgeschiedenen
(Co)-Polymere erklart werden, die eine groRe AnzahBeitenketten besitzen. Uberdies zei-

gen die DRS-Messungen, dal3 die plasmaerzeugtermBidiyne thermisch instabil sind;



nach der Plasmabehandlung gehen sie chemischei®eakiwahrend ihrer Erwar-
mung ein, wobei die Reaktionskinetik von gewah&nabhangt.

Die Monomerstruktur bzw. die relevanten funktioaellEinheiten wie aromatische
Ringe im Fall von Styrol, COOH- und OH-Gruppen ialfvon Acrylsdure und Allylalkohol
werden in immer geringerem Malie als stabile Eieheih die Polymerstruktur der Filme
Ubernommen, je héher das Tastverhaltnis DC wirdPlasma erzeugte Polymere mit hoher
Retention der funktionellen Gruppen (&&iiorFGoolyme/FGmonome) UNd einem minimalen
Verzweigungsgrad bzw. minimaler Anzahl an Querveigengen konnen dann erhalten
werden, wenn ein niedriges Tastverhaltnis angewennld, also kurze Plasmapulsdauer und
lange plasmalose Pausen.

Die Absicht war, die Plasmaexposition der Monomdekigle so gering wie moglich
zu halten, um die Monomerfragmentierung im Plasmarterdriicken und die Wahrschein-
lichkeit der chemischen Kettenfortpflanzungen begos nach Ende jeden Plasmapulses zu
erhéhen. Dadurch sollte die Defektdichte und dil®urirregularitdten minimiert werden,
um plasmaabgeschiedene Polymere zu erhalten, aiessukturell und von der Zusammen-
setzung her kaum oder gar nicht mehr von den ldelssn Referenzpolymeren unterscheiden.
Die chemische Polymerisation sollte regelmaligkstmierte und einheitliche Polymere bil-
den, ganz im Gegensatz zur fragmentierenden Pladymagrisation, welche die unregelma-
RBigen Strukturen durch Monomerzerfall und zufallRgekombinationen aller Fragmente und
Atome verursacht.

Ein (kurzer) Plasmapuls sollte dabei die Rolle kiésators bei der chemischen Radi-
kalkettenwachstumsreaktion in der obersten Monodsergtionsschicht tbernehmen. Jedoch
liegt das generelle Problem der chemischen Gasph&skerdruckpolymerisation in der ge-
ringen Monomerkonzentration direkt an den radikdlen Kettenfortpflanzungszentren.
Dementsprechend kommt es sehr schnell zu Ketteaelidn (Rekombinationen, Kettentber-

tragungen, Disproportionierungen, Umlagerungen),etie die Bildung linearer Polymere



hoher Molmasse verhindern. Der nachste Plasmapzésigt ein neues Radikalzentrum ge-
folgt von einem sehr kurzen Kettenwachstum. Dahenden verzweigte und kreuzverknipfte
Polymere erzeugt.

Diese Studie war ebenso dazu gedacht, die Einwgdwrdes Plasmapartikelstromes
und der Strahlung auf bereits gebildete  Polymedilm wahrend  der
Polymerfilmwachstumsphase zu verstehen.

Dazu wurden dinne Polystyrolfilme (PS, spin-coatei)em Sauerstoff- oder
Argonplasma als auch UV-Strahlung ausgesetzt. Dieesdnderten PS-Filme wurden mit
plasmpolymerisiertenn PS und kommerziellen (cP3ys®ool verglichen. Die Effekte der
Sauerstoff- und Argonplasma als auch UV-Strahluabgahdlung auf die Polymeroberflache
und das Polymer als Ganzem wurden diskutiert. Eiohtiges Ergebnis war, daf3 die
Polymeroberflache nach nur eine Sekunde Plasma-SicEhlungsexposition signifikant mo-
difiziert ist.

Die Oberflacheneigenschaften wurden mittels XPS dum¢h Kontaktwinkelmessun-
gen (CAM) analysiert und die Eigenschaften des ielg als Ganzem wurden mittels FTIR
und DRS bestimmt. Es wurde gefunden, dal? der Saftfersbau schneller unter Benutzung
eines Sauerstoff- anstelle eines Argonplasmas gddclebenso gut funktionieren die Plas-
mapolymerisation und die Plasma-UV-Bestrahlung.

Dunne PS spin-coated Filme, die der Plasma-UV-&inghausgesetzt waren und die
rein plasmachemisch erzeugten Filme sind nicht selschieden von den kauflichen Refe-
renzpolystyrolen, wenn man die XPS-Spektren undKataktwinkelmessergebnisse ver-
gleicht. Die DRS-Messungen zeigten, dal} plasmagtedtiime nicht besonders temperatur-
stabil sind und stérende chemische Oxidationen dachPlasmabehandlung eingehen. Damit
ist auch die chemische Struktur der plasmaerzepgmerfilme von der der Referenzpoly-

styrole verschieden.



Plasmaerzeugte Acrylsédure/Styrol Copolymere (AAIB)Jden abgeschieden und die
Strukturen untersucht in Abh&ngigkeit von DC und mvoComonomerverhaltnis.
Bekannterweise erh6ht ein geringer Energieeintrag dtrukturelle Stabilitdt des
Comonomers, wahrend hohe Energeieintrdge zu beyterz&ragmentierung und zum Ver-
lust der strukturellen Integritat und Regularitéihfen. Zudem wurde gefunden, dal3 die
Oberfachenkonzentrationen der funktionellen Gruppeh plasmaerzeugten Polymerfilmen
Uber das Comonomerverhéltnis gesteuert werden KaerE-TIR Spektren der plasmaerzeug-
ten Homopolymere unterschieden sich teilweise vamed der Copolymere. Dies deutet da-
rauf hin, dal3 zwischen den Monomermolekilen imm&abzw. wahrend des Abscheidungs-
prozesses gewisse Wechselwirkungen, auftretenzuieragmentierungen und Rekombina-
tionen auftreten.

Die relativen partiellen FluRBraten der Comonomergden zur Beeinfluung der
Copolymerzusammensetzung benutzt. Die Prozel3paanvatden dabei auf einen optima-
len Wert konstant gehalten, um die Stabilitdt derkfionellen Gruppen zu gewahrleisten.
Somit ist es moglich, unerwtinschte chemische Eieften der Copolymerfilme unter Kon-
trolle zu halten wie die Anzahl von ungesattigtamliiionalitaten und sauerstoffhaltigen
funktionellen Gruppen.

Im Plasma abgeschiedene Acrylsaure-Styrol-Copolfiimer wurden hergestellt und
mittels XPS, FTIR, Differential Scanning Calorime{DSC) und DRS untersucht. Die Er-
gebnisse der dielektrischen Spektroskopie werdeDetail behandelt zusammen mit den Da-

ten der FTIR und XPS Messungen.
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Introduction

Chapter 1

Introduction

1. Background and basics

1.1. Plasma state

Broadly speaking the plasma stitkcan be considered to be a gaseous mixture of
oppositely-charged particles with a roughly zerbetectrical charge.

Plasma is an ionized gas comprising a dynamic rhedextrons, ions, neutrons pho-
tons, free radicals, meta-stable excited speciegtral atoms and molecules, also called as
fourth state of mattef? More than 90% of all matter in the universe existshis plasma
state.l” Under the action of an electromagnetic field higtergy species were produced by
collisions (or radiative processes). They were kgcated under the influence of the electro-
magnetic field, collide with other species and ®ds energy and transfer it to the other parti-
cle or to the wall. Elastic collisions of equiporate particles equilibrate the energy within
the plasma system and inelastic collisions of lgjettrons with heavy particle produce exci-
tation, ionization, dissociation, recharging, cleangnsfer, recombination radiation &lcrhe
energy from the electromagnetic field is mainly @oed by plasma electrons because of its
swift spur within the electrical field.

Their inelastic collisions of electsowith gas atoms or molecules leading to ioniza-
tion and the appearance of the ion avalanche abasie process of ignition and sustaining
the plasma. Recombination and quenching at theswalit the ion avalanche and produce a
steady state of the plasma. Electrons and ionsrgenthe plasma conductivity. The broad
distribution of energy over all species in the piass reflected in the electron energy distri-

bution function. In ordinary gas plasmas (glow Hages) under low-pressure the range of
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energetic species also involves components withgggemuch higher than those of chemical
bonds in polymers. It must be considered, thastipply of (electrical) energy is continuous.
The transfer of energy leads to a variety of neacsgs which are chemically active and thus
can serve as precursor for the new stable compoUis, by an elaborated choice of the
precursor the resulting functional group can bayhdyipredetermined but restrained by decay
or rearrangement in the plasma. However, numergysrdducts and side-products are also
formed. The plasma produced energy-rich speciedlaid collision with the other neutrals
initiates a new chemical processes giving rise ph@nomenon known as plasma chemistry.
Using the oxygen (€ plasma gas typically of DO, O, " and Q " ions for example. The
plasma particles are extremely unstable and thegrgetic states cause them to be highly
reactive with particles or the surfaces that theytact. Chemists have always been fascinated
by the various electric discharges, which they halygerved in nature and into experimental
studies. Their expectation was to possess a neweo@nt, clean, waste-free, one step, pow-
erful universal chemical tool. As and when theshmejues were available for producing dis-
charges in the laboratory, they attempted to usentfor chemical synthesis. One of the basic
plasma experiments was this of Miller and Urey, wimulate the genesis of basic amino ac-
ids in the primitive Earth atmosphere by the actiérspark discharges? There are several
reported attempts to manoeuvre the organic chemaeation for the synthetic purpose using
the plasma as a todf*¥ Chemist's perspective provides that plasma isvaway of trans-
ferring energy to molecules.

This phenomenon is very successfully manoeuvrea athosphere, vacuum as well as into

the water phases depending upon the utility andethsibility of the technique&:
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1.2. Classification of plasmas

Plasma states can be divided in two main categaddes plasmas and cold plasmas.
Hot plasmas are characterized by very high tempexatof electrons and heavy particles,
both charged and neutral, and they are close tamahxiegrees of ionization (100%). Cold
plasmas are composed of low temperature particlem@ed and neutral molecular and atom-
ic species) and relatively high temperature electrand they are associated with low degrees

of ionization (10*~10%). Cold plasmas include low-pressure and athrerppressure.

1.2.1. Cold plasmas

1.2.1.1. Low-pressure

Low-pressure cold plasm&S’ are initiated and sustained by dc, RF, or microwave
(MW) power transferred to a low-pressure gas emvirent, with or without an additional
electric or magnetic field. Ultimately, all thesischarges are initiated and sustained through
electron collision processes under the action efsipecific electric or electromagnetic fields.
Their special character as “cold” plasma is causethe strong differences in (high) electron
and (low) ion and gas temperatureXTion=Tneut). AS described before very light electrons
cannot transfer their kinetic energy to heavy ionseutrals efficiently by elastic collision
because of the momentum and energy conservation Aagelerated electrons (energetic
electrons) induce ionization, excitation and molacdragmentation processes leading to a
complex mixture of active species, which will ungier depending on the specific plasma
mode (e.g. direct or remote plasma environmentsg. goly-recombination mechanisms are
very different from reaction mechanisms known fregonventional chemical processes. If
electrons with broadly distributed kinetic energgscribed by specific energy distribution
functions initiate and control all the processeglow discharges it might appear obvious that

similar electron energy distribution environmentsated using different power sources (dc,
3
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RF, MW, etc.) should initiate similar chemistries)d consequently, the type of the plasma
would be of less importance for the generationpaicefic processes. Therefore, proper selec-
tion and control of plasma parameters are nece$sapyoduction of high quality layers.

RF discharges have advantages in comparison tesdeanlges: (a) they can operate at
lower pressures (the impedance of the dischargedses with the increase of the frequency),
(b) their ionization mechanism is more efficiertigitelectrons can gain energy during the
whole cycle), (c) they can also be sustained irodiéipg (e.g. dielectric layers) discharge en-
vironments, (d) they are more uniform spatiallye3é characteristics make RF-plasmas the
most common choice for the microelectronic indusfryschematic diagram of a capacitively
coupled RF-plasma reactor, and the interactionlagma species with the substrate are pre-

sented irFig. 1L Adapted from ref.16].

Gas in
Electrode . l
Electrons Recombmation: © SN Fons Figure 1: Interactions of plasma-
*® -~ ? generated species with the substrate
B o ceiics lonsatolecule
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B
Radicals
® °
T g\ N+ Plas T
Substrate | “ina i
Electrode |

Vacuuml

Plasma temperature is defined as the mean traovsdhtenergy of particles in the dis-
charge. As a result of the substantial mass diffe¥existent between the electrons and heavy
species, these particle populations can often hsidered as two systems in their own ‘ther-
mal equilibrium’. A plasma would be in thermodynan@quilibrium if temperatures of the
electrons and neutral species, including the idinaexcitation, dissociation and radiation
temperatures, were all equal. The “cold” plasmaantrary shows as before mentioned un-

balance between electron and ion/gas temperathexefore, it is also called non-isothermal
4
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plasma. The presence of a constant energy lo$® gildsma boundaries (mainly by convec-
tion or radiation), complete thermodynamic equilibr cannot be achieved.

The electron energy distribution of a low-presspigsmas can be often described by
the Druyvesteyn approximatiorri§. 2), where the temperature of electrons is considered
much higher than that of ions, and when it is asslithat the only ‘energy losses’ are by
elastic collisions (the electric field strengthtire plasma is sufficiently low to neglect inelas-
tic collisions). However, at higher degrees of maion the influence of electron density on
the energy distribution can be significdht:3 It can be observed that a small number of elec-
trons have relatively high energies (5-15 eV) witile bulk of electrons belongs to the low-
energy electron range (0.5-5 eV). Since, the idiozgotentials 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 distributitow degrees of ionization of cold plasmas
appear obvious. However, this argument is somewihatilar since the inelastic process of

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

charge.
0.25
(I I B
0.20]
_: Figure 2: Druvesteyn electron
0.15] energy distribution of the cold
] plasma (average electron ener-
0 10: gy: 3 eV) adapted from RefLq]
0.05]
0.00]
0

Energy (eV)
It is extremely important to note that the energiyge of most of electrons (2-5 eV) is

intense enough to dissociate almost all chemicatlbanvolved in organic structure$aple
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1), and organic structures containing main groumel&s, and to create free radical species
capable of reorganizing into macromolecular stm@gfuAs a consequence, the structures of
all volatile compounds can be altered and/ or cdedeinto high molecular weight com-
pounds, even if they do not have the functionalitinich are present in common monomer
structures. Higher energies are usually requiredte dissociation of unsaturated linkages
and the formation of multiple free radicals. Acdagly, initial or plasma-generated unsatu-
rated bonds will have a better ‘survival rate’ undlasma conditions, in comparison to the
linkages. Thus, it can be understood why plasmamg@ad macromolecular structures are

usually characterized by unsaturated, branchediasslinked architecture.

Table 1: Bond energies of formation of the freeicals

Bond energies

Species Energy (eV)
Diatomic molecules
C-H 3.7
C-N 3.1
C-F 57
C=0 7.7
C-C 3.5
Polyatomic molecules
C=C 6.4
CHs-H 4.5
C,Hs-H 4.3
CH,CH-H 4.8

Source: referendes]

The plasma-synthesized macromolecular networks rgwte by plasma-state
processes, directly from the recombination of plaspecies on the surfaces, do not retain the
structural characteristics of the starting materidlhey are not based on repeating units and
consequently, the term ‘plasma-polymers’, whicbften used, is inappropriate for describing

these structures.
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In contrast, plasma-induced reactions involve pkag@nerated active sites (e.g. free radicals
and charged functionalities) located on plasma-sggsubstrate surfaces, which initiate con-
ventional polymerization processes from convergibmonomers in the absence of a plasma
(e.g. remote plasma zones and pulsed plasma emars). Besides the recombination me-
chanisms developed on surfaces, which confine sm@athe active species of the discharge
interact and continuously tailor the artificiallyposed (reactor walls, various substrates, etc.)
and self-generated (e.g. plasma synthesized matgoutar structures) surface layers. The

competition between the recombination depositiat@sses and the ‘destructive’ interaction
of plasma species with the nascent macromolectriactares will control the intensities and

the predominance of ablation, surface functiontibmaand macromolecular-film-formation

reactions.
on off
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Figure 3: Evolution of main pa-
Densties rameters of pulsed plasma
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Modulated discharges (pulsed plasma) are createsing an RF carrier, switched on
and off at a low frequency (longer period time)ldihg is a repeating variation of a radio-
frequency voltage or current from zero potentiaigtaition and then maintaining voltage and
zero potential. Normally, radio-frequency dischaigecontinuously burning (continuous-
wave=cw) with 13.56 MHz. The main parameters tlmaracterize modulated discharges are:
the pulse period (the time it takes to completellagocycle) and the duty cycle (measures on

period, as a percentage of total period-on andavé)given by:



Introduction

Period=ton + tof  andDuty cycle = §,*100 [ton + tor]

1.2.1.2. Atmospheric pressure

Most previous research related to the plasma emldasynthesis and surface modifica-
tion of materials (deposition, surface functionafian, and etching) has been performed un-
der low-pressure RF plasma environments, owingeachtgh efficiency of RF- dischargé¥’
Dielectric-barrier discharges (DBD) and corona kie&sge are examples for atmospheric pres-

sureand come more in the fore because of more industtevance!®

1.2.1.3. Low-pressure high-density plasmas

These plasmd$® are usually operated at much lower pressures{{B®) x 1¢° Pa)],
and generate higher power densities and ionizatgmees (>10%) in comparison to conven-
tional RF discharges. Electron cyclotron resongd&€&R) plasmas and microwave plasmas
are examples for low-pressure high-density plasidasever, 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 initesetions at the solid surface of sam-
ples. It can be used in two ways depending on #seegnployed. One use of it is the surface
modification of polymers. This process is the aten of the surface properties and surface

morphology of the polymers through etching reacjoimplantation of atoms and radical
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generation. These reactions are achieved by theofusen-polymer forming plasma com-

posed of inorganic gases such gsaNd Q. This process of the surface modification by plas-

ma is called as plasma treatment.

Another use of plasma is the deposition of thinyparic films on solid substrates.
When plasma is generated and organic vapors aduded, plasma polymers are formed
and all surfaces of substrates in the plasma zaneaated with these plasma polymers. This
process of polymer-like layer formation by plasmaalled as plasma polymerization.
Plasma processes provide a cost effective and@magntally friendly alternative to many
important industrial processes, because the mgiratlices no undesired waste products.

Plasma promotes adhesion for metals, inorganigahemers for example by increas-
ing the effective surface area of polymers by etghirhis roughening in turn promotes more
intimate molecular contact between the metal ardaiifhesive allowing stronger bonds be-
tween them!* The highly reactive ions found in plasma makeptaeessing a valuable tool
in surface cleaning. Additionally plasma etchingitool used in the semiconductor industry
to create tunnels on surfac&woal of all surface functionalization is to forrmftiional groups
at substrate surface, which are able to link chaltyigvith the coating. It is generally believed
that covalent bonds across the composite inteffaoduce maximal and long-lasting adhe-

sion.

1.3.2. Plasma deposition of biocompatible layers

Deposition of macromolecular structures on biomaltesurfaces under cold-plasma
conditions is another approach to obtain contrdbiofogical performance including, cell ad-
hesion and growth characteristics, hemo-compdiibianti-fouling behavior (prevention of

protein adsorption), etc. of surfaces exposed tavo environments. Proteins naturally ad-
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sorb at foreign surfaces and significantly altex thocompatibility characteristics of medical

implants and devices, biosensors, industrial biogsses, etc.

1.3.3. Etching of polymer surfaces

Most polymers are carbon- or carbon and heteroab@sed structures, which undergo
intensive structural modifications in the preseateharged or neutral plasma-species by ge-
nerating of volatile compounds at the surface. Tintbudes mono- and multiple-free radical
structures, ions of either polarity or moleculaagiments bearing charged functionalities. De-
pending on the intensity of the production of lowletular weight, volatile structures, a more
or less significant ablation process will accompémg surface-functionalization and deposi-

tion mechanisms.

1.3. Surface functionalization

Functionalization means the introductof functional groups onto the polymer sur-
face of substrates. The process which introducesndally different types of functional
groups a term of unspecific functionalization idisSpecific functionalization stands for
monosort functional groups, e.g. only one typeurictional groups exists. Usual functional

groups are OH, COOH, Nt¢tc.

1.3.1. Plasma treatment

Until recently, the plasma treatment of polymersswansidered to be a process re-
lated only to variation in their surface properti8sructural and chemical transformations oc-

curred on the surface and in a thin near-surfager land did not affect the bulk properties of
10
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polymeric materials. However, it is known that pes UV radiation can penetrate into the
depth of a polymer. The penetration depth and alisor of the radiation depend to a signifi-
cant extent on the structure and properties ofbdified material. In the late 1990s, it was
found that the plasma treatment of polypropylenB)(RRads to substantial changes in its
structure as well, involving the whole of the pokmvolume simultaneously with its surface
modification.?%2

Plasma treatments the most often used and very viable method &dymer surface
activation.” A method with a maximum power and versatility, ethtan be used for clean-
ing or etching of polymer surfaces by removing sahés topmost surface layers, introduc-
ing functional groups as well as depositing a gfofymer coatings on the polymer substrate.
However, modification is a generic term used fdrchemical and physical changes that are
introduced to the surfaces of organic and inorgamaterials. It can be roughening, coating,
oxidizing etc.

Using the low-pressure oxygen plasma treatmensuhi@ce was functionalized within
ca. 2 s followed by oxidation of carbon atoms betbe/top most carbon layer but within the
information depth of the photoelectron spectroscmgghod (XPS). After about 20 s a steady
state of formation, further oxidation and splittio§f the functional groups and forming ga-
seous degradation products (C@O, HO) occurs!?? Most often unspecific functionaliza-
tion dominates, i.e. different types of functiogabups are formed simultaneously as singly,
doubly and triply bonded oxygen to carbon. The ntgp® functionalization is achieved by
polymerization or copolymerization of monomers loggafunctional groups. Thus, the result-
ing polymer also carries the same functional grasiphe monomer and forms a top-coating at

the surface of the substrate.

11
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1.3.2. Plasma polymerization

1.3.2.1. Basics of plasma polymerization

Plasma polymerization is a thin film forming prosewhere thin films were deposited
directly onto the surfaces of substrates. In thaxgss, low-molecular weight molecules, e.g.
monomers are converted into high molecular weigbtegules, called as plasma polymers,
with the assistance of energetic plasma partiglisch are electrons, ions and radicals. In a
chemical sense, plasma polymerization is diffefeorh conventional polymerization such as
radical or ionic polymerization mechanisHi.In any case, polymers formed by plasma po-
lymerization show a distinguished chemical compamsjtas well as chemical and physical
properties from those formed by conventional polyration, even if the same monomer is
used. Plasma derived polymers are irregularly camgp@nd structured, are generally unsatu-

rated, and branched and/or cross-linked due to &igttron temperatures {Tof impinging

particles and plasma-emitted UV radiation. Thisllisstrated by the structure of a styrene
plasma polymer shown iRig. 4 The high degree of crosslinking causes plasmgnperis to
be insoluble in most organic solvents. Also funaéilbbgroups that are not present in styrene
monomer and low molecular weight products ofterstexi plasma polymer structures acting
there as lubricants and adulterate thermal pragsertn addition, they may contain a large
number of radicals available for post plasma reast{*® !

Plasma polymerization has been studied intensaialye the 1950i€® *? and espe-
cially in the 60ies*® 3
So-called carbonaceous films were prepared by Kanid) co-worker$?®3? in a glow dis-

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

tified 50 Hz.

12
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Figure 4: Model of a plasma deposited styrene famproposed by Friedrich et &’

The deposition rate of a plasma polymer is deteenhiny the following parameters:
the geometry of the system, the reactivity of ttaetexg monomer and its flow rate, the work-
ing gas pressure, the power dretjuency of the excitation signal, the positiorttad substrate
and, finally, the temperature of the substréfe.

However, surface modification of polymers has beetely studied due to its interest for in-
dustry regarding several applications involving eglon, packaging and metallization, among
others.

Plasma polymerization of volatile organic compouisdan industrially utilized way to
produce thin pinhole-free and uniform films. Whitethe past the interest was focused pri-
marily on inert films exhibiting protective propies against environmental influences as well
as on coatings with anti-scratch properties orieaproperties for separation of gases and
liquids now the need for production of thin filmsthvmonotype functional groups at the sur-

face comes to the forg?

13
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Plasma polymerization technique became a populatoaph for synthesis of functional po-
lymers. Plasma polymers with desired structurescamdrolled density of a specific chemical
group found many applications in different fieldsel adhesion and biomaterial scientd.

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

1.3.2.2. External plasma parameters

Activation and fragmentation of the monomer molesuin the plasma are the first
steps of the plasma polymerization process. Reawatibn of these fragments and subse-
guently re-activation and re-fragmentation of teeambined molecules by the plasma are the
film-forming step. All these reactions, which afféhe structure of the deposited films, de-
pend on the internal plasma parameters, e.g., plésharge carrier) density n, temperature of

electrons £kinetic energy) T and ions (near gas temperature)Therefore, it is possible to

alter and control some chemical aspects of them@asolymerized films by an appropriate
choice of the external plasma parameters. Thesthamagnitude of the plasma input power,
the flow rate of the monomers introduced into thesma, temperature and positioning of the
substrates and the pressure in the reaction chafibekdditionally, hydrodynamic factors
e.g., reactor typE”, reactor geometr{i? electrode-less or with internal electrodes, type a
geometry of electrodes, electrode gap, bias voltsgeple position (floating potential, elec-
trode and mass), the inlet and the outlet of theonwer flow and its distribution in the reactor
28 have a great influence on the product of plasmgnperization. However, all the hydro-
dynamic factors were kept constant in this workjrtieffect will not be further discussed.
Plasma power is a parameter which directly affdotsimportant internal plasma pa-
rameters. When the plasma power is increased phntae density of charge carriers is in-

creased but most often associated with increaditigecelectrons (§ is increased. This result

14
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in an increase in the plasma density (n), and teatpe of electrons (J and ions (7). Addi-

tionally, the mean free path of the plasma pasdicecreases and their collision cross-section
increases. All these variations cause more energktsma, where the fragmentation and re-
arrangement of the monomer molecules is pronounidad.generally ends in a more irregu-
lar, unsaturated, and branched and/or cross-lipkegina polymers.

When the monomer flow rate is decreased, the ietetime of the monomer molecules in
the plasma chamber increased. Thus monomer moteame subjected to more collisions,
which results in more fragmentation and re-arrargggnn the plasma.

Yasuda combined these two parameters and proposaatralling parameter, W/FM,
where W is the plasma power [J/s], F is the mondioer rate [mol/s], and M is the molecu-
lar weight of the monomer [kg/moff® The W/FM parameter is an apparent input energy per
monomer molecule [J/kg]. Magnitude of the W/FM paeder is considered to be proportional
to the concentration of activated species in plagrhase variations in the polymer deposition
rate with the W/FM parameter show that plasmaates polymer forming and polymer de-
grading processes.

The polymer deposition rate increases with increp®V/FM parameter. The power
supplied to monomer molecules is relatively low,teat the monomer molecules are sub-
jected to less fragmentation. Plasma polymers leitls rearrangement and loss of the func-
tional groups i.e., with a certain level of theustural retention, are formed.

On the other hand, in the monomer-deficient regtbe, ablation process dominates
and the polymer deposition rate decreases witteasing W/FM parameter due to low con-
centration of the monomer molecules. The powersteared to monomer molecules is rather
high and the monomer molecules are subjected ensixte fragmentation. Irregularly struc-
tured plasma polymers with high re-arrangemenhefrhonomer structure and low structural

retention are formed.

15
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Usually plasma polymerization is operated in thenamer-sufficient regiont?® It should be
recognized that the chemical composition of thenfxt plasma polymers is strongly influ-
enced by the magnitude of the plasma power anthtm®mer flow rate.

Additionally, continuous wave (CW) plasma polymatian is the traditional tech-
nique for the deposition of thin films. The powser supplied to the system continuously.
Plasma polymers produced by CW plasmas are charattdy a considerable loss of func-
tional groups preformed in the monomer, as welt@gular and cross-linked structur&s!
This is due to continuous fragmentation of monomershe plasma and a random poly-
recombination of fragments and atoms.

The main parameters that characterize pulsed ptasmeathe pulse period and the
duty cycle. The duty cycle (DC) values are caladdtom the following equation:

DC _ tpulse—on
" toyceon @)

pulse-on ' “pulse-off

touise-on@Ndtpuise-offare the time intervals where the plasma poweniaral off, respectively.
Additionally, the duty cycle is an effective extalrplasma parameter to control the power
given to the plasma.

The effective energWVes provided by pulsed plasma can be estimated fromdtig cycle

values by using the following formula.

t ulse-on
Wer =W ’ Tt (2)

pulse-on pulse-off

WhereW s the power in wattage.

It has been often reported that pulsed plasma paigation offers a good compromise to ef-
ficiently produce polymer structures with a minimafirregularities and maximum retention
of the functional groups preformed in the mononf€¥*4 The differences between the CW
and the pulsed plasma deposited films were at&thtd partially different reaction mechan-
isms when one or the other regime is used. Duri@y\aplasma deposition, the competing

16
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deposition and etching reactions of the excitectigisein the plasma lead to a different poly-
mer structure when pulsed plasma is used. It appbat the “plasma off” periods in the

pulsed experiments play a very important role endkeposition process, allowing polymeriza-
tion reactions to take place, which could not ndlynaccur under CW conditions. During the

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

ble polymerization reactions, leading finally tonare conventional polymer structure.

The classic radical chain propagation is calledrclgagowth polymerization. It forms
normally regularly structured polymers most ofteithvinear structure and high molar mass.
However, under low-pressure conditions the chaop@agation at radical sites is strongly hin-
dered by the seldom transport of monomer moledolése radical sites. Therefore, low chain
growth and many terminations occur. Chain trangiecpmbination and disproportionation
hinder the formation of linear chains. Only theaafing pulses re-initiate continuously the

chain growth mechanism.

1.3.2.3. Radicals generation and polymerization

The freshly deposited plasma polymers typicallytaonradicals. This is because the
radicals are the most relevant species in growtthar@sm of plasma polymerization, which
is productive for the formation of deposits. Adalitally, ultraviolet light generated by the
plasma (recombination radiation, line radiationl @n as well as electron bombardment are
also sources for formation of radicals in the dépos
The quantity of these radicals in the deposite@ralepends on the chemical nature of the
monomer as well as on the external plasma parasn&ter

The most obvious effect of radicals is that thestitg deposited plasma polymers ra-
pidly react with in-diffusing oxygen when they agposed to ambient air. The addition of

oxygen to radicals produces peroxy radicals thatcanverted to peroxides and hydroperox-
17
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ides. These peroxides and hydroperoxides are rabtasind may decay into various reactive
products and secondary radicals. This process liskmewn as “auto-oxidation” proces™
46]

Plasma modified organics can be divided into tvepst*® The primary ageing reac-
tion is that molecular oxygen reacts with C-radsigés. This results in the formation of pe-
roxy radicals (C-O-@. Decay of these peroxy radicals and formatiordifferent oxygen
functionalities are the secondary reaction stegfhénageing process. In the case of plasma de-
posited films made from hydrocarbon monomers, ethylene and styrene, these peroxy rad-
icals are mainly converted into hydroperoxides (@©B) by the abstraction of hydrogen
from adjacent C-H bond$? The auto-oxidation process leads to the formatibdifferent

oxygen functionalities like C-O, C=0 and COO awats observed by XPS studies.

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

Plasma polymerized layers are important for maiffemint industrial applications and
technologies!*? This includes also high tech applications in semschnologies and life sci-
ence!*® where functionalized surfaces are required. Thduction of functional groups
onto substrate surfaces for different applicatibgsplasma treatment has a long tradition.
Oxygen plasma and/or corona treatment in an aioggimere produces a broad variety of dif-
ferent oxygen-containing functional groups. Thissatile distribution of oxygen-containing
units is sufficient for promoting printing or adiveg processes. One method to produce func-
tionalized surfaces is the plasma deposition ofctional-group carrying monomers like
acrylic acid, allyl alcohol, allyl amine or othens substrates. This includes also the copoly-
merization with other monomers like ethylene, bigad, acetylene etc. Moreover, plasma
polymerization has unique practical advantages lwimclude (i) good adhesion to the sub-

strate material, and (i) chemically stable andsitslly durable nature of polymefé’
18
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2.1. Homopolymerization

As found in literature the characterisation of pbgshemical properties for the thin
organic plasma polymerized layers focuses on filmtsch are used as scratch protection fin-
ishing or on polymers which can replace brittle ail&t or ceramic components in electronic
circuits.'®>°? For instance Cech et &% ** ** measured the mechanical (elastic modulus and
hardness) and optical properties of plasma polyradrsilane layers (tetravinylsilane and vi-
nyltriethoxysilane) in dependence on the effecpeaver of the plasma. Besides the mechani-
cal properties of plasma polymerized films its &ieal and dielectric properties are of greater
importance. Investigations on electrical charaz&tion of plasma polymerized materials
were pioneered by Bradley and Hammieéd. They polymerized approximately 40 potential
monomers by plasma techniques and studied thdeatliie and semiconducting properties.
In general conventional plasma polymerization ssinl highly cross-linked and insulating
coatings which can be applied as dielectric layé?sNowadays there is also a considerable
interest to enhance the conductivity of plasmampelyzed films by thermal treatment or dop-
ing. ®” Chowdhury and Bhuiyalh® employed dielectric relaxation spectroscopy to stive
gate virgin and thermal treated plasma-polymeriigthenyl thin films sandwiched between
aluminium electrodes over a wide range of frequesnoy temperatures. Plasma polymerized
decahydronaphthalene thin layers were investigayettang et al’®? with the objective to
replace the chemical vapour deposited,Sa® interlayer dielectric material. With increasing
plasma power, the dielectric permittivity increagesmn 2.65 to 3.12. The films with the
higher dielectric permittivity show smaller thiclssereduction during annealing at 400 °C.
Zhao et al!®? reported the influence of the plasma depositionditmns on the dielectric
properties of 1-cyanoisoquinoline films. Also iratltase, the dielectric permittivity increases
with increasing power of the plasma. Recently, mal@gous study was carried out for plasma

polymerized films using benzene and octafluorodyetane as monomeré”
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As well as mono-type functionalized plasma polymiease been used for sensors or were
produced in view of their interaction with biologlcmaterials such as peptides, proteins, or
living cells, enzymes, antibodies, DNA and so anthis context, the plasma polymerization
of functional groups carrying monomers as well gsotymerization with ‘neutral’ monomers
becomes interesting in terms of tailoring the stefunctionality and its density as the basis
for chemical coupling of sensor moleculds.this connection the introduction of COOH
groups into the polymer surface opens an intergd$ihd for creation of specific interactions.
It is known from own works that carboxylic groupghiit strong interactions to aluminium
which gives rise to excellent adhesion in PP-Al posites!*”
The simplest way to the surface modification of shbstrate with COOH groups is presented
by Badyal and Poncin-Epaillartf* ®3 They postulate that carbon dioxide can form carbo
ylic groups by the following sum process: C-H + O C-OOH.

Allyl alcohol (AAl) is often favoured to create (meor lesscomplete retention of all
OH groups) monosort hydroxyl functionalized surfad® the plasma deposition. It has a
suited boiling point, has sufficient high deposttiates and it is deposition leads to well ad-
herent layers with a high concentration of fundlilogroups. This is especially true, when it is
deposited by a pulsed plasma technique. The steuofuallyl alcohol radicals is stabilized by
a mesomerism effect which is responsible for tloe #aat AAI cannot be polymerized to high
molecular weight by a conventional radical mechani&’

First experiments to plasma polymerize AAl wereriear out by Denaro et al®?.
They investigated the glow discharge polymerizatdrdifferent organic vapours. There is
evidence that the propagation step involves thetisraof radicals with monomer adsorbed
on the electrodes. Fally et & studied plasma deposited AAl films by XPS and higgolu-
tion electron energy loss spectroscopy. They calediuhat oxygen-rich polymers can be ob-
tained from the unsaturated monomers at a low polwvehe reactor at high power, fragmen-

tation of the monomer leads to the elimination xygen fragments and to ablation reactions
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during the polymerization processes. Allyl alcole@ds to the formation of polymers with a
relatively low degree of crosslinking and high reten of hydroxyl content (53-72%) under
soft conditions; however, Friedrich et al. founavith high retention content (95%)”

Yoshimura et all®®

investigated nine oxygen-containing monomers asmpla po-
lymerization processes. Highly hydrophilic filmsnche obtained by propargyl alcohol and
AAl, the former was emphasized for hydrophilic §hing of surfaces with OH groups under
low power so that oxygen atoms could be presemdbta resultant polymers in the forms of
oxygen-containing functional groups. O'Toole anar&f? polymerized allyl alcohol at a
low electrical power. They found an inverse relasioip between the concentration of OH
groups of the deposited film and the power supptigdhe plasma. Rinsch et &" applied
variable duty cycles (DC) for pulsed plasma depmsitand obtained the highest OH-
functionalization for the lowest value of DC. Thapécation of a gradient layering technique
was suited for both enhancing the adhesion andritagi the functionality. Gombotz and
Hoffman!"® developed a derivatization technique with triflo@cetic anhydride (TFAA) and
subsequent XPS analysis for the characterizatiaheofunctionality of hydroxyl-containing
layers. The cross linking of AAl plasma depositetymers and the mobility of the functional
groups were studied by Ameen et!8].by applying washing tests with water and heating i
an argon atmosphere, respectively.

The characterization of the AAI plasma homo- anpotgmers by Fourier Transform
Infrared FTIR, X-ray Photoelectron Spectroscopy $XRnd Size Exclusion Chromatography
(SEC) was reported by Mix et &f? In the soluble fractions of the AAI polymers, mmiéar
masses in the range from 800 to 4000 Da were fol@peénding on DC. The lowest masses
were measured for the highest values of DC compar#lae lowest one. Extensive studies of
the ageing of plasma AAIl polymers by Static Secopdan Mass Spectrometry were pub-
lished by Unger et al’? Both, the crosslinking density and the unsaturateatacter of the

allyl alcohol films increases with the ratio of tpeasma power to the flow of the monomer
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(P/F). The known highest concentration of OH groumpthe deposited polymers where found
for the lowest values of DC or the ratio P/# estimated by Time-of-Flight Static Secondary
lon Mass Spectrometry measurements.

Plasma treatments include cleaning of the subdinatshemical and/or physical etch-
ing, polymerization of a thin layer at the surfag®l functionalization of the surface by the
formation of new chemical specié4’ By introducing polar functionalities, the surfaeeer-
gy of the topmost layer of the surface is increasieerefore this process can be used for very
specific applications, such as introducing of watity, printability, adhesion and biocompa-
tibility. 577

Moreover, plasma treatment is a rapid, clean amdsodvent process that can be used
to introduce a specific element or functional graupo the surface of a polymer by selecting
a suitable gas\’@ Nitrogen-containing plasmas can introduce nitrogenctions such as
aminel’™ mostly primary amine (NfJ, imine (>C=NH), azomethine (>C=N-R), cyano or ni-
trile (~C=N).2% On the other hand, oxygen-containing plasmas amergly employed to de-
grade the surface of polymel They can also cause surface functionalization dube in-
corporation of oxygen-containing components suclCa®, C=0, O-C=0 and O=C-0-0O
onto the surface of the substrdfé®? For plasma treatments applied on polystyrenepuari
types of gases have been found in the literatuggen ® nitrogen® or argon &

However, polymers have been widely used as biomatdestue to durability and low
production cost. Among them polystyrene (PS) hasnaonly been used as a disposable cul-
ture dish because, besides these propertiespjitisally transparent in visible range, and is
non-toxic.

To produce polymer layers with the highest degreeetained functional groups as
well as chemically well-defined composition andusture of the polymer backbone plasma
polymerization is used. In general, this is impblkesusing the glow discharge plasma because

of the excess of energy in comparison to energgegssary to start and propagate the pure
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chemical formation of polymers. However, this congzn shows that the plasmas, in gener-
al, and the cw plasma, in particular, are not duite producing well-defined polymer struc-
tures. Using styrene as the prototype for a vinghomer, since styrene is best suited for rad-
ical chain propagation, onlyl eV is needed to activate the vinyl bond. Usimgdical initia-

tor such as N, N -azobisisobutyronitrile (AIBN) le¥ are necessary to initiate the free radi-
cal polymerization. The rate of such a polymeratis directly proportional to the monomer
concentration and to the square root of the imitiabncentratior®”

Moreover, the radical chain propagation is exotheramd, therefore, needs no addi-
tional energyexcept for initiation. For a pure chemical polymaation of styrene leading to
polystyrene of a molecular mass of 100 kDa eneffg®.@015 eV is consumed per styrene
moleculefor initiation. The activation energy needed tdiate chain growth polymerization
of vinyl monomers i\G =~ +120 kJ /mol (ca. 1 eVi¥®? Since 5000-20000 additions/s occur
at atmospheric pressure, each with&@.~ -20 kJ /mol, this reaction is strongly exothermic.
Comparing this energy with the average electronggnm the CW plasmag= 1-10 eV) a
considerable difference is obvious. However, airgg transferred to the monomer molecule
by inelastic collisions with electrons during remide in the plasma zone ranges from 10 to
1000 eV.®889 The excess energy leads to a large number ofs#dtions, because all chem-
ical bonds in the monomer molecule can be brokem.aAresult, irregular structures are
formed with an extremely broad molecular mass iistion, with high concentrations of
trapped radicals and other defects. Thus, the nmézddaand chemical properties are inade-
guate for many applications. Especially the longatetability of such polymers is strongly
limited by post-plasma oxidation. Therefore, italvious that the direct plasma exposure
should be minimized as much as possible in ordgraduce highly chemically defined po-
lymers. In contrast, the CW plasma is the worse das plasma polymerization, much worse

than the high energetic radiation chemical polymation as reported by Westwodt!
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Oran et al'®® studied pulsed plasma deposited styrene and ethilens by Time of
Flight Static Secondary lon Mass Spectrometry leetord after exposure to ambient air. As
well as the influence of the external plasma patarseon the secondary ion mass spectra of
plasma deposited films was investigated. Conclutiati when the plasma polymers are ex-
posed to air oxygen incorporation occurs. The orygptake is high at the beginning and
then it levels off. However, harder plasma condsiowhich could be obtained by applying
higher plasma power or lower monomer flow rateultes higher oxygen uptake and vice
versa.All plasma deposited films are unsaturated, bratiched/or cross-linked to some ex-
tent. These properties of the films are found tpetel on fragmentation and re-arrangement
of the monomer molecules in plasma, which coulddarolled by external plasma parame-

ters.

2.2. Copolymerization

Plasma copolymerized organic films are of growinigiiest and have been studied by
a number of groups. The interest in plasma copalgnge driven by relevant technological
applications in different fields starting from ansrsion of harmful chlorofluoro carbofd
to the improvement in cell immobilization on sulbsts [°* *30One overall objective of plasma
copolymerization studies is to tailor technologigaéquested film propertie§*°?
Plasma copolymerization has been often studieering of:
(1) Determination of the density of functional gpsuat the surface of deposited films vs. var-
iation of feed gas compositidH' % and,
(2) Interaction, e.g. recombination reactions, leetvdifferent monomers in the plasma envi-
ronment %1%

Copolymerization is a method used for creatinggob)mers with variable properties

depending on type and ratio of copolymers. Manynthal copolymerizations are based on
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free radical processes. One difference to plasmiatad polymerization, however, is their
retention of the regular structure. If monomersrml 8 are copolymerized, the resulting co-
polymers can show random (-AA-B-AB-AAA-B-...), altaating (-A-B-A-B-...), or block (-
AAA-BB-AAAA-BBB-...) or graft (-AAAA (BBB)-AAAA (BBB) -) structure!*%?

Different models were developed for mathematicarabterization of radical copolymeriza-
tion process.

Friedrich et al™® reported on the tuning of the density of functiogiadups at surface
of plasma polymers by copolymerization of functibgeoups bearing monomers with neutral
chain-extending comonomer. They investigated plasomolymerized films of ethylene or
styrene with allyl amine or allyl alcohol by FTIRéG XPS and reported that the density of
functional groups varies non-linear with respecthe feed gas composition. Dawson et al.
[194 found an almost linear correlation between fumatlogroup concentration and the feed
gas compositions for acrylic acid - 1,7-octadieneet plasma copolymerization as analyzed
by XPS. However, the deviation from linearity midie due to the fragmentation and poly-
recombination. Swaraj et al. investigated pulsesipla deposited styrene-allyl alcohol and
ethylene-allyl alcohol copolymer films produced anatonditions optimized for monomer
structure retention and analyzét (situ” ) by XPS, NEXAFS (Near Edge X-ray Absorption
Fine Structure) and ToF-SSIMS (Time-of-Flight Stafecondary lon Mass Spectrometry).
[*%9 They confirmed the non-linear variations of,@ and —OH concentration vs. variation of
the feed gas composition for both monomer comlmnati

Mix et al’®¥ studied pulsed plasma deposited allyl alcoholestgrcopolymers in
dependence on DC, energy and precursor compos8ief. characterization of soluble co-
polymer fractions showed molecular masses of aHendred up to five thousands g/mol.
This concerns also a more regular structure ottip®lymers.

Numerous applications of plasma deposition processguire an optimization to pro-

vide a high degree of retention of the monomeranaical functionality. It has been reported
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in the literature®®*? that a pulse plasma polymerization offers a beifgtion to produce
plasma polymers with minimized irregularities antiigh degree of functionality retention.
The effective power can be lowered in the caseutdgoplasma polymerization to get a plas-
ma environment that prevents excessive monomemgatation and reduces the plasma-
induced damage of the deposited polymer layer. féreentage of chemically produced
products can be also increased by plasma-less gnapagation within plasma off period.
Such chemically produced polymers have less defaats irregularities. The next plasma
pulse re-starts the chain growth process adgaich so called “mild” plasma conditions are
obtained by using low duty cycles or low plasma egwesulting in sufficient surface con-
centrations of selected functionalities. Any ina®an a duty cycle or plasma power will re-
duce the retention of the respective monomer fonetities by monomer fragmentation, re-
sulting in wider and, of course, objectionable cloainvariability of functionalities in the
plasma deposited films. Duty cycle and plasma paudelitionally affect branching and cros-
slinking of the plasma polymers®%°? Consequently, the process parameters ‘plasma power’
and ‘duty cycle’ the only way variables to conttbe functional group concentrations at
plasma deposited polymer films. One interesting veagdjust the concentration of the func-
tional groups is the plasma-assisted copolymedrati functional groups bearing monomers
with neutral monomers as reported by Friedrichl.t%°? who applied plasma copolymers
to investigate the dependence of adhesion of At&Rposites on type and concentration of
different functional groups.

For a plasma copolymerization processes an addltiariable process parameter is
available to control functional group retentione tlespective concentrations of the monomers
in the feed gas mixture. These can be adjusted, leygpartial flow rates. When all other
plasma parameters are constrained to plasma comsliproviding high structure retention of
monomers a variation of the concentration of monsnrethe feed gas will enable film depo-

sition with a controlled concentration of a seléedienctionality.
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Many of details of the plasma polymerization witlear more precursors remain un-
clear, so defining relationships among processmpet@rs, structure, and properties remains a
key objective in studies of plasma polymerizatidms. Hirotsu et al'®® found that plasma
power is the key parameter in controlling chemmainposition and morphology of copoly-
mer films from acrylic acid and hexamethyldisilagalCopolymer films produced at lower
plasma power were hydrophilic, while those produaethigher plasma power were hydro-
phobic. Beck et al®” used plasma copolymerization of allyl amine witfi-tctadiene and
acrylic acid with hexane to generate new surfadés @ontrolled properties by varying plas-
ma power and monomer flow rate. Other studies énatea of plasma copolymerizatiGh
92110113 have focused on the incorporation of different cleafnfunctionalities into the final
film and the impact of this incorporation on sudazharacteristics. However, little work has
been done on the physical characteristics of ttexfaces in these systems. In this contribu-
tion, the details of the structure with depth opalymer films were reported®ecently, the
effect of the duty cycle on thin plasma poly(aarydicid) films was studied by Fahmy et al.
[106.107 sing a combination of dielectric relaxation spestopy, XPS and FTIR.

Only limited reports on the mechanishplasma copolymerization have been pub-

lished due to the complicated plasma environméttEnclosed the different possibilities of

polymerization, copolymerization or homopolymeriaatare listed.
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plasma polymerization (fragmentation-polyr ecombination)

fragmentation recombination

ABCDEFG —> A+B+C+D+EF+G—> AEFDGCB

plasma-initiated radical chain growth polymerization
I i
X® + A=B(GI_»  X-A-B(G)® + NA=B(G) > X-[A-B(G)] @

initiator monomer

plasma copolymerization (fragmentation-polyrecombition)

fragmentation
ABCDEFG —> A+B+C+D+EF+G
precursor 1 f | recombination AgEFacDbGfdCB
tat
abcdefg —>ragmen il a+b+c+d+ef+g plasma copolymer

precursor 2

plasma-initiated chemical copolymerization
initiation propagation
X® + A=B(G)—> X-A-B(G)® + nA=B(G) + ma=b(g)—> X-[A-B(G)], [a-b(g)]|,®
initiator comonomer 1 comonomer 1 comonomer 2 copolymer

homopolymerization instead of copolymerization to dblend"

initiation propagation

X® + A=B(Gy——> X-A-B(G)® + nA=B(G) — X-[A-B(G)] n®
initiator monomer 1

initiation propagation

X® + a=h(g)—> X-a-b(g)® + ma=b(g) —> X-[a-b(Q)], @

initiator monomer 2

alternating copolymer
nm enm e enm e emnn

block copolymer
PEORRRRRREE PRRreennee verennnm FOORRRRREE PRRRRn e

random copolymer

graft copolymer
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3. Motivation
3.1. Plasma polymerization

The literature survey indicates that till date thechanism of plasma polymerization
is poorly understood. Fragmentation and poly-redoation reactions take place within the
plasma, where the contribution of these reaction®tymer formation is not clear. The most
important problem of plasma exposure to polymerhésexcess of energy delivered by the
plasma. The energy is consumed by the particle bodntent and the UV-irradiation.

These two processes provoke random chain scisdtbabstraction, C-radical forma-
tion, unsaturations, auto oxidation, degradationsslinking etc. in polymers*>**>!1¥ For
attaching plasma atoms or fragments as (plasmapgasfic) functional groups onto polymer
surfaces only a small amount of energy is usefulréplacing hydrogen atoms by plasma
fragments (functional groups). The replacementyoirbigen from the C atom may be possible
either by nucleophilic substitution or by radicatiircal recombination. Substitution reactions
are more selective, however, implausible. Recontioinaeactions are probable because of
the high rate of radical formation but this processot selective and proceeds more or less
randomly. The very high chemical activity of sudagmas (continuous flow of energy and
enthalpy) alter the surface energy and the cheyngstrpolymer materials surface. It is be-
lieved that the substrate surface firstly arrivimgnomer fragments and atoms are attached by
radical recombination to the polymer surface, tftausing covalent bonds between substrate
and growing plasma polymer layer. Generally meakinigh peel strength of such plasma
polymer layers confirms this assumption.

Acrylic acid, allyl alcohol and styrene are usednasnomers to prepare plasma po-
lymerized films on different substrates (organid amorganic) using a pulsed and continuous
plasma technique. Acrylic acid and allyl alcoholrevehosen for this study because it is
known that these plasma polymers can form adhgsiomoting interlayer for instance in fi-

ber/epoxy composites and can also serve as a bjmatiie interface**’*'? Moreover, from
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a more scientific point of view acrylic acid canéesily polymerized by conventional polym-
erization processes. For that reason the propetiptasma deposited poly(acrylic acid) can
be compared with that of poly(acrylic acid) polymed by radical polymerization. The po-
lystyrene (PS) has commonly been used as a disposalture dish because, besides these
properties, it is optically transparent in visilbéage, and non-toxic.

Thereforeas an experimental parameter the duty cycle optheed plasma is varied

over a broad range of values. The properties ofotitained materials are investigated by a
combination of surface and volume sensitive tealesq Concerning the latter point, in addi-
tion to FTIR, dielectric spectroscopy is employadai broad range of frequencies and tem-
peratures using molecular mobility as a probetierdtructure.
While the chemical characterization of functionatizolasma polymer films is well developed
using various spectroscopic techniques, the inyastn of other properties like mechanical,
electrical or thermal (physicochemical propertisskcarce in the literature. Therefore, the
study of the surface and bulk properties in refatm both the chemical structure of the films
and the plasma conditions is required for the padmma of tailor-made plasma polymerized
layers.

Volatile organic compounds may be used to depdsia-thin, pinhole-free films.
These films are commonly referred to as plasmarpeig or plasma deposits. The approach
is attractive as it affords control over film chetny and thickness, and film deposition is uni-
form and takes place within a clean environmeast, without any use of solvents. Plasma
treatment provides an important and powerful teginaifor altering the surface chemistry of
materials without changing their bulk propertiebefiefore they have been used for a wide
variety of applications ranging from electrical ams to medical implants.

In many cases, polymers formed by plasma polym&oizaare different in chemical
composition, and structure as well as physical grigs e.g., conductivity, from those formed

by classic polymerization, even if the same monommersed. The structure of plasma poly-
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mers are rather complex. They are to some extesaturated, branched and crosslinked. In a
plasma polymerization process the chemical streafithe plasma polymer can be altered by
a selection of external plasma parameters, e.g.cude and plasma power W/FM (Yasu-
da) factor respectively. The characterization aspta polymers and the investigation of their
structural dependence on the external plasma p&eesirequire a multi-method approach.

An improved understanding of the composition/stitestproperty relationships is required to
optimize the design and film fabrication for varscapplications.

Organic thin films with defined chemistry and prdpes are required for various ap-
plications in fields concerning, e.g. electroniomlogy, medicine and optics. The thin poly-
meric layers have to be well defined with surfaaed bulk properties such &spography
surface tensignglass transitiondensity and distribution of chemical groups andfesie
chargesSo the advanced characterization methods are dppii¢hin films.

Here, investigation of the surface functionalizatend bulk properties of the plasma
deposited thin filmare in the focus. Filmaere studied with respect to DC.

For the first time the dielectric dynamics of spwated polystyrene exposed te &nd Ar

plasma and plasma-emitted UV irradiation as weltapulsed plasma polystyrene over a
broad range of frequency and temperature was iigatst. Sense of plasma or UV exposure
of commercial polystyrene was to identify secondargnges of plasma polymers during de-

position by irradiation and particle bombardment.

3.2. Plasma copolymerization

Copolymerized products are of special interesibse it is obvious that technologi-
cally requested film properties may be “tailoreonomers to be used are simple organic

molecules with a polymerizeable C=C bond, suchcaglia, vinyl or with limitations allyl.

31



Introduction

Chemical properties of interest are the unsaturdtechched and crosslinked character of the
films, as well as the retention of the respectiomer functionality.

Copolymerization consistoupling two or more comonomer units by covalemitihg
in different arrangements as shown before. For sidhgoromotion or biocompatible or bio-
active surface the tuning of the density of funesibgroups is of importance. Thus, hyphenat-
ing of monomer forming an inert polymer segment andoaemer carrying functional groups
by attachment of monomer molecutay used for adjusting the number of functionaug
by varying the comonomer ratio. Several types gfotymers of inert and reactive units can
be formed as graft, block, random or alternatingotgmeras shown before.

Here, the production and characterization of acrgtiid (AA)/styrene (S) deposited
copolymers is reported in comparison to pure plapatg (acrylic acid) (PAA) and poly (sty-
rene) (PS) (homo-) polymers deposited under theesarperimental conditions. The aim was
to find the percentage of comonomer in the precunsigture, which allowed depositing of
copolymer layers with chemically defined and adjbkt structures and physical properties
without or at least with only a small number ofeatgf using the pulsed plasma technique to

know more information about plasma copolymers (a#teve or branching or random).

3.3. Organic and inorganic substrates

Polyethylene and polypropylene have very good teny@bilities within the existing
commercial engineering plastics remained a proniobject of intense studies for improve-
ment of their interactions to other solids andiligu*?® The majority of its technical applica-
tions are connected with a highly adherent bondtlingther materials. Diverse new applica-
tions for engineering polymers have therefore nfaalgmer surface modification methods to

a subject of intense research.
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However, polypropylene and polyethylene are widedgd in many technological fields due
to their suitable bulk properties, easy workabibatyd low manufacturing costs. While main-
taining the bulk properties of polymers, the plasmeadification of their surface properties
can tailor polymers for specific use. Thus, for mapplications it is necessary to modify
their surface chemically, in order to enhance, pagnt adhesion or metal—polymer bonding
(224" holymer—polymer bonding or to generate bio funmiosurfaces!**® Vascular grafts,
heart valves, catheters, intraocular lenses anthcblenses are only a few examples of vari-
ous applications in the biomedical field. As atfstep, for example a reproducible function-
alization with carboxylic groups is requirétf?

Plasma copolymer layers may coated onto differ@gfet materials. Interesting appli-
cations are known in the fields of metal-polymeglass-polymer composites such as dry Al-
polymer condensers or coated plane glass in bgsd&Aluminum is a suitable substrate elec-
trode for the deposition of a variety of electrahae films including conducting polymers.
[123

However, the glass substrate is the most commommeoal glass with low cost. It
possesses a large variety of applications in ajgmices and optical communications when
doped with other elements or compounds. For exgmgie-earth doped soda-lime glass can
be used in medical diagnostics, laser glasses,rse@eptical communication, integrated-
optical devices and optical data stor&igé *** where periodical nano-structures on glass sub-
strate are necessary to obtain required opticagsties. It is, however, a high challenge for
glass processing to get nano-structures due tmars, brittle, non-conductive and other inert
properties. Recently, there is a growing interaestieéveloping nano-processing to fabricate
nano scale structures on glass substt.It leads to many investigations on the sophisti-
cated fabrication methods, such as nano imprintii§,electron beam lithograpty’? and

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

For specific applications such as medical engimgetiotechnology, optimized adhe-

sion and for any post-plasma chemical processingftigg) homo-functionalized polymer
surfaces are required as discussed in the intrimauct
The first goal was to initiate a plasma polymei@atof unsaturated organic compounds con-
taining polymerizable double bonds such as acgtid (COOH), allyl alcohol (OH), al-
lylamin (NHy) and styrene (aryl). Thus, plasma copolymerizatbbthe acrylic acid-styrene
was performed.
The nature of the polymers should be analyzeddtmmtion of functional groups in the corre-
sponding polymer, branching, crosslinking or otHewiations from the classic structure of
unsaturated polymers. Nevertheless, the parti@stinking, characteristic for each plasma
process, should help to deposit a coating.

For this coating process the most important questisere: what are the most impor-
tant functional groups, how much of the functiogabups has retained the polymerization
process, what is the resulting of the functionaugr density and its effect on the wettability
of the surface and how are the bulk properties siscthermal stability, dynamic mobility and
conductivity of the deposited thin films. These t@nchecked roughly by C1s peak fitting for
identification of basic structural elements ocaugrin XPS (X-ray Photoelectron Spectros-
copy) spectra, in combination with FTIR, CAM (catttangle measurements), DSC (differ-
ential scanning calorimetry) and DRS (DielectridéRation Spectroscopy). It was not in the
focus of this work to identify the exact structawfecopolymers and the sequence of monomer
units and therefore of functional groups. Workingdthesis was the formation of an alter-
nate copolymer consisting of [ABfomonomer units. Block, graft or random structase
well as (partial) co-existence of two homopolymass'blend” may also occur. The identifica-

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

The functionalization of the outermost surface v@itltontaining groups involves OH,
C-O-C, epoxy, C-O-OH, CHO, jR,C=0, COOH, COOR, CO-0O-OH, GOC=C etc. These
functional groups are capable of improving stroniflg adhesion properties of polymers to
metals, other polymers, fibers or adhesibvesause of acid-base interactions, hydrogen bonds
or even chemical bonds etc. at the interface ofpmmite materials. For advanced future ap-
plications and basic research on the polymerizatm@chanism it is desirable to know the
structure of the thin films and properties ofat better tuning the properties by optimizing
plasma conditions. A future way is also combinimg tplasma-chemical with chemical
processing, thus producing maximal activation eirtirsurface of solids and modifying them
by selective chemical graft or coating processes.

With regard to biomedical applications OH, COOH,@Hpoxy, SH and NHgroups
are of special interest. These polar groups aretiveaand can be used as the starting and
anchoring-point for subsequent highly selectiventical graft reactions. Biochemically mod-
ified polymer surfaces are important in new fielide 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 p@sgnin particular polyolefins and polyole-
fine-like polymers, with plasma polymers.
2. The influence of the plasma parameter variatiothe introduction of functional groups to

substrate surfaces was experimentally verified.
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3. Variation of deposition parameters and chareaton of produced plasma polymer films
in comparison to conventional polymers.
4. Measuring the dielectric properties of the plagoo)polymer films as fairly new and com-
prehensive characterization method of ultra-thityiper-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 Q, Ar, and UV-C plasma exposure resp. irradiatiorspm coated films in com-
parison to analogous plasma deposited polymer f@ngsvirgin conventional spin coated po-
lymer film.
6. Tests of thermal stability for different plasrian polymer films with respect to plasma

conditions and materials were performed.

36



Experimental
Chapter 2
Experimental

1. Chemical structures
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Figure 5: (a) Chemical structure of styrene (S)ydic acid (AA) and allyl alcohol (AAl), (b) It im 3D, (c) ho-
mopolymers of it and (d) acrylic acid styrene téintacopolymer (AA/S)
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2. Materials

Aluminium (Al) deposited onto glass by thermal emagtion (ca. 100 nm), uncoated
glass, polyethylene (PE) and polypropylene (PPeweed as substrates.

With purity of 99.95% and diameter 0.5 mm Al wineere obtained from Goodfellow. As
glass substrate carefully cleaned (see below) meome slides were used. The polyethylene
(thickness 40 pm) and polypropylene (thicknessn@) foils were supplied by Alkor Folien
GmbH, Germany.

The monomers acrylic acid and styrene (purity>>9§fade) were obtained from
Fluka. They were distilled before use also to reestabilizers. To compare the plasma po-
lymerized materials with conventionally synthesigedymers two samples of poly(acrylic
acid) with two different molecular weights (1800mgpl and 450 000 g/mol) were purchased
from Sigma-Aldrich. These samples are denoted #$AtB and cPAA45 and their corre-
sponding glass transition temperaturgg0SC, 10 K/min, second heating run) are 370 K and
403.4 K, respectively.

To compare the plasma polymerized materials wittveationally synthesised poly-
mers one sample of polystyrene with molecular wisi§&0,000 g/mol) were purchased from
Polysciences Inc. Warrington, PA.

Trifluoroethanol (TFE), pyridine (with purity >99%ERCK, Germany) and N, N'-di-
tertbutylcarbodiimide (Fluka) were used as receiVed derivatizing the COOH groups.
Propionic acid (CHCH,COOH) was obtained from MERCK, (Germany) with 99&sity.

Allyl alcohol, trifluoroacetic anhydride (TFAA; nded for derivatization of OH groups) were
used as well as n-propanol (§EH,CH,OH) from MERCK (Germany) with 99.5 % purity.
Fig. 5 gives the chemical structure of the monomers, mehg and regular copolymer as it

can be obtained by conventional polymerization.
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Table 2shows physical and chemical properties of acrgtiad, styrene and allyl alcohol

monomers.

Table 2: Physical properties of acrylic acid, styee and allyl alcohof*2°+%%:23

Acrylic acid Styrene Allyl alcohol
Property (CH,=CHCOOH) (CeHsCH=CH ) (CH,=CHCH,0H)
MW=72.07 MW=104.2 MW= 58.1
Colour Colourless Colourless to yellow Colousles
B. p. 141 °C 145 °C 97 °C
M. p. 14 °C -30.6 °C -12.9°C
R. Density (water=1) 1.05 0.91 0.9
Solubility in water at 20 °C miscible 0.03 g/100 ml miscible
Vapour pressure, kPa at 20 °C 413 0.67 2.5
R. vapour density (air=1) 2.5 3.6 2.0
Auto-ignition temperature 360 °C 490 °C 378°C
Viscosity (20 °C) 1.3 cSt 0.8 cSt 1.3 cSt
Ty 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 itamless steel reactor made by
llImvac, Germany with a volume of 50 dms3. The reagtas equipped with a pulsable radio-
frequency (r.f. 13.56 MHz) generator with an auttmmatching unit and a flat r.f. electrode
(5 cm x 35 cm). A cylinder with a diameter of 10 served as a rotating ground electrode (12
revs/min). It was mounted at a distance of 2.5 dth vespect to the hot (r.f. powered) elec-

trode. The substrate was fixed on the ground eldet(sed-ig. 6. The monomer was dosed

39



Experimental

by a mass flow controller for liquids (Liquid-Flow@ronkhorst) adjusted to the desired the
flow rate.

The media was introduced by a heatable gas/ligusidiiloutor consisting of perforated metal-
lic tubes kept at 75 °C. The pressure was kepttaohst 10 Pa by varying the speed of the
turbomolecular pump and/or the orifice of an autoenbutterfly valve (V.A.T.). A quartz
microbalance was used for monitoring the depostate. As the densities of ultra thin layers
are difficult to measure, a density of 1 gfowas assumed to calculate the film thickness. This
means that the absolute values of the thicknessesave some deviations, but this potential
error was the same for all the discussed caseskKr@yer et al. and Friedrich et al. have pub-
lished recently density values also for polyoldfi® plasma polymers®® Therefore, relative
changes can be discussed. Moreover, one can drguéhe density of the deposited layers
can depend on the plasma conditions like the dytyec This might be the case but the ex-
pected differences in the density values are argud@ small (< 5%) and negligible as com-
pared to other effects. Additionally, each sampées wcratched and the thickness was meas-

ured by Atomic Force Microscopy AFM. It was abo@6Inm for all samples with an error of

-

=

10 %. There was no significant dependence of DC.

\ N, balloons
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Figure 6: Plasma reactor
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Continuous wave as well as pulsed r.f. plasma m@pelse frequency 1000 Hz) were ap-

plied. The duty cycle (DC) characterizes the pplsgod as was showed kuation (1)

DC was varied between 0.1 and 1. The effective powg depends on DC according to
Equation (2) The maximal poweW was adjusted to 10/ which corresponds to DC=1.

The nomenclature of the plasma polymerised prodisxd in the following:
PSxx, PAAxx, PAAIxx and AA/S(x:y) are for polystyre, poly(acrylic acid), poly(allyl alco-
hol) and acrylic acid-styrene copolymer plasma wher is the duty cycle and (x:y) molar
ratio.

Before use the PE foils were ultrasonically cleamediethylether for 15 min. After
that a polymer layer with a thickness of 150 nm weposited in the most cases. For the di-
electric investigations the samples must be etmdtyi contacted. Therefore the polymer was
sandwiched between two aluminium electrodes asritbescin ref. L32. Glass substrates
were cleaned during a first step in an ultrasolkalme bath at 333 K for 15 min followed by
a second ultrasonic bath with ultra-high purifiedter (Millipore, resistivity > 18 Mb/cm).
Then the glass plates were first rinsed in acetakethen in chloroform, which were distilled
before used. After this cleaning procedure the tsates were dried by a nitrogen flow and an
aluminium electrode was deposited onto the glakstsate by thermal evaporation in vacuum
of 1.3x 10" Pa. After the evaporation of this first electrable plates were rinsed again in ace-
tone. Subsequently a film with a thickness of 150 was plasma deposited. The sample
preparation was finished by the evaporation ofcihenter electrode on the top of the polymer
film, which was oriented perpendicular to the fioste. To minimize the diffusion of metal
atoms into the film and to avoid damages of the/mper a so-called flash evaporation was
applied. This means the evaporation time was keghart as possible (<2 s). It is known that

under these conditions a sharp and smooth metgiolinterface is obtainet*?

41



Experimental

The crossing area of the perpendicularly orientedainstripesdefines the capacitor

for the measurement (sé&. 7).

e——-i(:omadwnres

THINRRI e Al-electrode Figure 7: Shows the dielectric relaxa-
= sl - -
m tion’s sample
T

b

Glass substrate Capacitor

For FTIR spectroscopy the sample was preparedtbm &l layer on a glass target as
described for dielectric spectroscopy. Additionatlye plasma polymerized layers were de-
posited on a glass cylinder (thickness 500 nm)samatched off to investigate thermal proper-

ties by differential scanning calorimetry usingagched flakes.

3.1.2. Plasma deposited thin copolymer films

Two monomers were introduced via a heated staishesd gas-pipes kept at 75 °C as
described before. The total flow rate was kept tartsbut the partial flow rates of the mono-
mer were varied to prepare plasma copolymers &rdiit feed gas compositions. All other

external plasma parameters were kept constaneiexperiments.

3.2. Spin coated thin films

Commercial polystyrene particles were dissolvetblnene to 25 wt % and then spin-
coated (spin speed = 5000 rev thifor 50 s) onto glass and aluminum substrates taimb
thin films with ca. 150 nm thickness as measureddbi¥l. The samples were kept in a va-

cuum oven at 130°C for 16 h to evaporate the sol{@mealing process).
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Then the samples placed on the ground electrotleeiplasma chamber. One of the samples
was masked by quartz glass to study the effectasinpa UV irradiation with a cut-off wave-
length of about 180 nm on the sample only and doersd one was exposed directly to the
plasma without any window.

Oxygen and argon were then introduced into the tlearwith gas flow rate 25 sccm.
Plasma parameters kept constant like in plasmanpaigation (power =100 W, duty cycle

(DC) =0.5, pressure 10 Pa and the exposure tiheses. se€ig. 8.

Ar-plasma Oy plasma UV radiation Flasma deposited

Styrene monomer
vapor

) ) Quartz glass
PS spin coated films

blank

I

~150tm

150nm

Glass substrates

Figure 8: Presentation of the different samples@gy Ar plasmas and UV irradiation treated spin coaf8
in comparison to plasma PS and commercial PS darskb

4. Characterization methods

4.1. Surface functionality

The surface composition of the deposited film wanalyzed by XPS by monitoring
the Cls, Ols, N1s and F1s peaks using a SAGE Ms#t¢SBerlin, Germany) spectrometer
equipped with a hemispherical analyzer Phoibos ID-5. Non-monochromatic Mg K
radiation with 11 kV and a power 220 W was emploged pressure ca.1®a in the analysis
chamber. The angle between the axis of X-ray scamdethe analyzer lenses was 54.9°.
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The analyzer was mounted at 18° to the surface alordPS spectra were acquired in the
constant analyser energy (CAE) mode. The analyaddce area was about 3 x 4 mm. The
measured elemental concentrations were referenckdd 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

(CH,),C-N=C=N-C(CH,),
—COOH + CR—CH, OH — = | —Ccoo—CH,—cF,
pyridine

Scheme 1: Derivatization reaction of COOH-groupshwrifluoroethanol (TFE) in presence of di-tertlit

carbodiimide

To distinguish between carboxylic aartl ester group formation on substrates sur-
face in context with the scheme of gas phase derateon presented iBcheme 1the chemi-
cal derivatization of COOH groups with trifluoroatiol (TFE) was applied*¥ Derivatiza-
tion proves chemically the presence of —-COOH fumetiities contributing to the C1s sub-
peak at 289.1 eV binding energy). The reactiorarsied out at room temperature in the gas
phase. However, this region of binding energy negs also attributed to the ester group-
COOR bonded carbon. Unambiguous specific identibosof -COOH groups needs the deri-
vatization of COOH group by 2, 2, 2-trifluoroeth&af®FE) in presence of a carbodiimide
(used as scavenger for produced wadag measuring thus the introduced fluorine coneentr
tion by means of XP$"*3

From these data the concentration of the carboxgiaups per 100 carbon atoms
c(COOH) can be calculated based on the followirgtien scheme:

Cx(COOH)y + y* CRCH,OH — C(x+2y)O(2y)F(3y) + yHO 3)
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where y denotes the fraction of the carbonyl bam$ x the fraction of carbon in other func-
tional groups, which cannot be converted by TFEnd y can be estimated from the concen-
tration of carbon [C] and fluorine [F] of the deatized sample measured by XPS elemental
analysis by

y =? and x:[C]—@ (4a)

The concentration of carbonyl groups per 100 cadf@®OH) atoms is calculated as:

c(COOH)=100Y. 1001 (4b)
x  3C]-2[F]

This calculation implies the homogeneous distritnutdf COOH groups within the sampling
depth of the XPS method (5-7 nm).

Simultaneously, the deposited crosslinked polyragel may be further modified by
the plasma exposure. The thus produced functieeglir those which are rearranged during
the deposition process maybe hydroxyl, ether, epkatone, aldehyde, acids, esters, peroxy
acids and carbonates. The XPS measurement wagaigdehtify such functional groups as
hydroxyl, ether, epoxy (286.3 eV), ketone, aldeh{2i&7.5 eV), acid and ester (289.1 eV).
The data obtained after X-ray photoelectron spsctpic analysis was processed using the
software CASA-XPS. It was expected that —-COOH gsoopay not completely survive the
polymerization process because of decarbonylatand@carboxylation reactions.

Nevertheless, a large fraction of the survived —EOgpoups were esterified and then
detected. The total oxygen percentage (all oxygertaining groups) may also reflect the
process of —-COOH group destruction because thelutecdation as well as the decarbonyla-
tion decreases the total bonded oxygen percen@ugehe 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 ighhyield by using trifluoroacetic
anhydride TFAA in the vapor phasé®® The TFAA derivatization of hydroxyl functional
group for improved XPS analysis was highly selexiiv the absence of any amino groups,

and showed a high yield by using it in the vapoagghScheme 2Zepresents this gas phase

reaction.
CF3<O O
—OH  + o — = |_04LCF3
CFS%O

Scheme 2: The derivatization reaction of OH groigpplasma deposited PAAl by TFAA

The principle of this method is the reaction ofuadtional group at the surface with a sub-
stance containing one or better more hetero atotishware not present in the deposited
layer. The requirements of such substances antlaea@re summarized in refL37).

TFAA was used as a reagent to estimate the comtiemtrof the hydroxyl groups at
the polymer surfaces. The reaction converts theg@idps into trifluoroacetates (s8eheme
2). Using the fluorine signal in the XPS spectrauargification of the OH groups is possible.
Precondition is that the functional groups are hgemeously distributed within the XPS
sampling depthTFAA reacts rapidly with the hydroxyl groups butdibes not react or only
very slowly with alkenes, ethers, ketone and estefs

The plasma polymerized samples were exposed téusated TFAA vapour for 15
min, rinsed after that treatment extensively wibpropyl ether, and dried under vacuum
prior to the XPS measuremdmtcause one mole trifluoroacetic acid is also farmsienulta-
neously.

The F1s peaks were used for quantifying the preseheOH groups among all other singly
oxygen to carbon bonded (C-O) species (C-OH-al&xmHO-C-ethers, COC epoxides and

hydroperoxides-CO-OH), by derivatizing them withAlA:
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From these data the concentration of hydroxyl gsqugr 100 carbon atomgg, can be cal-

culated using the following reaction scheme (see&theme P

C«(OH)y +y (CRCO)20-> Cyuz 02 Faty CRCOOH (5)
Here y denotes the fraction of the hydroxyl groapd x the fraction of carbon in other func-
tional units which cannot be converted by TFAA. IBat and y can be estimated from the
concentration of carbon [C] and fluorine [F] ob&infrom the XPS spectra of the derivatized

sample according tBquation (4a)

4.2. Contact angle measurements (CAM)

To estimate the surface energy of samples, coatagle measurements were carried
out. Diiodomethane, ethylene glycol, formamide aader have been used as test liquids. The
measurements were carried out using the automatethat angle system G2 (Kruss, Ger-
many) by the sessile drop method. For analysispntbthod after Owens-Wendt-Rabel and
Kaelble was selected as given by the Kriss softwdtehemicals were purchased from Al-
drich and used as received, unless stated other@®eents were at least analytical-grade

quality.

4.3. Chemical composition estimated by FTIR

FTIR spectra were recorded from 4000 to 550' @ocumulating 64 scans at a resolu-
tion of 4 cm'using a Nicolet Nexus 8700 FTIR spectrometer (NitoUSA) in the ATR
mode (Diamond Golden Gate, Nicolet, USA). All spacivere subjected to diamond ATR

and baseline corrections. Peak areas were estirbgtapplying the OMNIC software.
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Additional the spectra were analysed by deconvmodfitting Gaussians to special bands).

In difference to XPS, a sample thickness up to@r& is analyzed by FTIR-ATR.

Figure 9: Diamond golden gate apparatus (FTIR)

4.4. Thermal measurements

The thermal analysis was carried out by differénsieanning calorimetry (DSC,
Seikd® instruments). Nis used as inert gas. The samples were measurtée iemperature
range from 173 K to 460 K with a heating rate ofKiénin for 1% heating, cooling and"?
heating run. The glass transition temperatuyavas 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-DPRSvery sensitive towards
structural changes in the polymer bulk and in tngk also in that of ultra-thin layers. It de-
tects the molecular mobility in the plasma polymsed layers, such as molecular fluctuations
of dipoles (including radicals). For polymers thdsetuations are related to the molecular

mobility of groups, segments or the whole polymeain as well. For details see ref3f.
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A high resolution alpha analyzer (Novocontjols used to measure the complex di-
electric functione* (f)=£'(f)-ie"(f) (f- frequency,e' and € "“real and imaginary part of

the complex dielectric functionz \/—_1) in the frequency range from 1@ 10 Hz and tem-
perature T) from 173 to 453 K. The temperature was controbgda Quatro Novocontrdl

cryo-system with temperature stability better tBahK. For more details see ref4[.
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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. 10displays the thickness of the layer versus theosiépn time for the
various duty cycles. For each value of DC, the databe well described by a straight line.
From its slope the deposition rate R can be ded(fégd 10 for acrylic acid. The deposition
rate increases with increasing DC. It is worth namnhg that the found dependence is non-
linear as might be expected. To understand thislinear behaviour one has to consider
which processes can take place during the plasmpasd®n. There are two main processes.
Both of them are due to the high energy densitthefplasma. Firstly, the double bond of the
acrylic acid can be activated leading to radicalsich can undergo a normal chain growth
polymerization process under low pressure conditidrhis process takes place with a rate
Rchain @nd will lead to regular structures similar tottbatained by a conventional polymeri-
zation process. Secondly, due to the high energgiteof the plasma a fragmentation of the
monomer takes place followed by a poly-recombimatihich leads in general to irregular,
unsaturated or branched structures. The rate dattex process is denoted asdgwhere the
overall deposition rate is given by R=Rn+ Reag In addition to these processes, the possi-
bility of depolymerisation and a partial removaltbé deposited layer cannot be neglected.

To differentiate between these two main procestesplasma deposition of acrylic
acid can be compared with that of a molecule hasisgnilar chemical structure without any
double bonds. An appropriate candidate is propiacid (CH-CH,-COOH). Fig. 10 shows
that the deposition rate of propionic acid is lewcomparison to acrylic acid and independent

of DC. The comparison of the deposition rates oylacacid and propionic acid shows that in
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the former case in addition to fragmentation prefgrchain growth polymerization occurs
due to the presence of the double bond.

Chain growth polymerization due to the double béakks place during both the
time intervals of deposition, i.6uke-onand puse-oft IN Order to compare the deposition rates
and the contribution of chain growth polymerizatidaring the plasmayise-ot time for the
different DC directly, the deposition rates aremalized to the time where the plasma was on
(touse-on- Equivalently the deposition rate can be divitlgdDC (seeFig. 11). In such a pres-
entation, the value of the normalized depositice & the highest duty cycle (DC=1) is an
estimate for the contribution of chain growth pobnmation to R during the plasmgude-on
time, because the rate of fragmentation is congtardll values of DC (see results obtained

for propionic acidFig. 10.
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Fig 11 shows that the normalized deposition rate is makiior the lowest duty cycle. This

means that the rate of the chain growth processgltine plasmayfise-off time is essentially

higher for low values of DC. This might also imghat for low values of DC a more regular

structure is formed.
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= 1204 o
£ |
g 1004 Figure 11:. Deposition rate of
3 PAA normalised to the duty cycle
9 804 versus DC
x
0] °
= °
E 604
&
= d
8 404
o o
o)
(m)

20 T T T T T

0.0 0.2 0.4 0.6 0.8 1.0
DC

1.2. Estimation of the surface functionality by derivatization and XPS

XPS is used to estimate the overall compositiothefdeposited layer. According to
the Equation 2the effective power of the plasma increases witwgg of DC and therefore

influences the fragmentation of the monomers pee tinit.

Table 3: Analysis of the C1s peak for the non-d@gized and derivatized surface of plasma depos$ti&ed

As synthesized Derivatized
DC
ol/C CF;[Atom-%)]
Theoretically 0.670 33.3
0.1 0.430 18.3
0.2 0.479 14.7
0.3 0.418 11.0
0.5 0.407 10.1
0.7 0.401 11.5
1.0 0.362 08.5
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In Table 3the concentrations of carbon and oxygen are sumethfor the different DC val-
ues. The concentration of C atoms grows with irgirgpDC slightly and that of oxygen de-
creases correspondingly.

More information about the concentration of funotbgroups gives the inspection of
the Cls peak and especially the analysis of thivatemed surfaceFig. 12 gives the high
resolution XPS spectra in the energy range of the @ak for acrylic acid plasma polymer-
ized at a DC=0.5 and derivatized with TFE. All XB&ctra were normalized to C-C/C-H at
285 eV. Further on the following carbon-containfmgctionalities in the Cls peak were as-
signed to the following bonding energies: C-O a6.38eV, C=0 at 287.5 eV; COOH or
COOR at 289.1 eV and Gt 293 eV.

The concentration of carboxylic groups per 100 carb(COOH) atoms is calculated
and plotted versus DC g. 13according tdequation (4b)

Firstly, the concentration of the carboxylic groupsmuch smaller than expected from the
chemical structure of poly(acrylic acid). SecondifCOOH) decreases with increasing DC.
Both effects are due to the fragmentation of theoneer in the plasma. The effective power
increases with increasing DC and, therefore, thgradeof fragmentation and rearrangement
of the monomer, resulting in a lower concentratibrcarboxylic groups and a higher concen-

tration of radicalst**¥

Figure 12: High resolution XPS spec-
tra of the sample PAAO1 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-
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53



Results and discussion
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1.3. Investigation of the chemical composition by FTIR

In difference to XPS, FTIR spectroscopy can be eygl to investigate the chemical
structure across the whole filfig. 14 compares the FTIR spectra of cPAA18 with that of
plasma polymerised acrylic acid deposited on a #tuminium layer. Both spectra are quite
similar. The broad band in the wavenumber range 8900 crt to 2500 crit is related to
stretching vibrations of the OH group of the COOhit @nd to vibrations of the GHunit. [123
The absorptions at wavenumber below 1450"@re due to bending vibration of the CH
(1451 cm' -1412 cn) and the C-O-H group (1234 ¢m1167 cnt). Most important for the
following discussion is the stretching vibrationtbé carbonyl group (C=0). The insetrag.

14 shows the enlarged view in the wavenumber rangeeo€=0 vibration from 1850 cfrto
1550 cni for cPAA18. A detailed examination reveals thds thand is quite complex and
consists at least of two different contributionbeTmain component at 1703 ¢ris attributed
to the carbonyl stretching vibration (C=0) of caxiac groups. The second contribution with
a shoulder at 1651 chis related to the vibration of another structunait. According to the
literature this band is due to dimers formed by @&=O group!**? or C=C double bonds.

[193For quantitative analysis two Gaussians are fittetthe data (see insetg. 14.
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Figure 14: FTIR spectra for the
plasma PAA deposited with a duty
cycle of 0.5 in comparison to con-
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Fig. 15 gives the FTIR spectra for plasma PAA depositeth ai duty cycle of 0.2.
Compared to cPAA the main peak of the C=0 stregcthifted from 1703 cthto 1735 cri.
This indicates the formation of other bonds in &ddito those expected for PAA (COOH)
like ketones or ester grougs’? The following procedure is employed to analysespectra
quantitatively where three Gaussians were fittetheodata. One Gaussian is located at 1735
cm™ to describe the main part of the peak. From th& XfReasurements it is known that O-
C=0 groups are formed. To model this in the FTIBcs@ a Gaussian is placed at 1703'cm
Finally, to describe the contribution of dimersrfead by the C=0 group a third Gaussian is
located at 1651 cthsimilar to conventional PAA. To reduce the numbegthe free fitting
parameters and to stabilize the fit, the maximumitpms of the Gaussians are kept constant
during this analysis=ig. 15gives an example for this procedure. For all thees, the regres-

sion coefficient is better than 0.99.
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Figure 15: FTIR spectra for the
plasma PAA deposited with a duty cy-

E cle of 0.2 (sample PAAO2, solid line) in
§ the wavenumber region for the car-
_‘.5 bonyl stretching vibration. The dashed
§ line is a fit of three Gaussians to the
< N o HeR data where the dashed-dotted lines are

R=CH-CO-CH=R . .. . .
the individual contributions
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From these fits the areas of the Gaussians at &T03(A1709 and 1735 ci (A1739)

are taken and their ratig*™® im0 is calculated as a measure for the concentratio@ @OH
735

groups estimated from FTIR. Fig. 16 Ao is plotted versus DC. This figure resembles a

735
close similarity to the concentration dependencéhef COOH groups estimated from XPS

measurements (séeg. 13. In principle XPS and FTIR should provide the saimformation

about the concentration of the COOH groups. Theegia inset ofig. 16 Ao is displayed

735
versus the concentration of COOH groups estimat@ah XPS measurements which should
be a constant. However, this graph shows an appaigly linear dependence between both
concentrations. To discuss this fact the differamalytical depths of the two methods has to
be considered. XPS is sensitive to a layer of 3 ton where as FTIR provides information
across the whole sample thickness. The amountesfjgnncreases with increasing DC in the
form of electrons, ions radiation etc. is introddigeto the system. In addition to that UV ra-
diation which can penetrate deeply into the sampleme is of great importance. This en-

ergy input in its different forms will damage PAAlarger distance from the surface which is
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already polymerized. That is not the case at thiasel where polymerization takes place at a
higher rate in addition to defragmentation and digperisation. For that reason the ratio of
the COOH groups estimated by FTIR (whole samplé) @RS (only surface) decreases with

increasing DC (see inset big. 16.

0.3 Figure 16: Measure concentra-
g tion of COOH groups of PAA
0.3 <02
< 54l from FTIR A versus DC.
9 735
o
< 2 0 1o 12 14 16 18 20 A
o The inset gives—='% versus the
2 COOH from XPS
< 735
0.19 concentration of COOH esti-
mated from the XPS measure-
ments
00 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

1.4. Thermal properties

The inset ofig. 17compares the DSC curves for cPAA45 and plasma Béposited
with a DC of 0.1 and 0.7. For each material a $tepchange in the heat flow is observed
which indicates the glass transition. The glasssiteon temperaturelis estimated from the
inflection point of the heat flow and plotted vesdDC inFig. 17.

For all plasma deposited PAA samples the valugbeflass transition temperatures
are lower than those for cPAA and decreases witteasing DC. From this dependence two
can conclude. All of them depend on the mechanispolymerization process. Firstly, dur-
ing the plasma polymerization a highly brancheddtre with many dangling ends is pro-
duced which may act as an internal plasticizerdyig). The number of these dangling ends

increases with increasing values of DC which lead tlecreased,TThe extrapolation of this
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dependence to DC=0 meets the value p6TcPAALS. If this is observed just by change or
bears fundamental information requires additionakstigations. Secondly, a fragmentation
of the monomer followed by poly-recombination irases with increasing DC. A product
with low MW probably was formed with growing DC.

So, Ty decreases from high MW to lower one in cPAA arelltiwest one is the plasma depo-

sited PAA.
_ exothermic | migyre  17: Glass  transition
400 * 3
7 PAALS 5, temperature J versus DC for
2 .
o conventionally and plasma de-
2 . L
380 CPAALS o posited PAA. The dashed line is
n O DCo1 the extrapolation of the depend-
\ O DCo7 ! .
T 360 % CPAA4S T ence obtained for plasma depos-
o 250 300 350 400 450ited PAA to cPAA18. The inset
340 0O TIK] gives the heat flow versus tem-
perature for conventional and
O PAA .
a0] O cPAAls plasma deposited PAA for the
¥ cPAA45 second heating run at a rate of
T T T T T T T T T T T T .
0.0 0.2 0.4 0.6 0.8 1.0 10 K/min
DC

1.5. Dynamic mobility and thermal stability

Dielectric relaxation spectroscopy (DRS) was usadnieasuring the molecular dy-
namics of thin plasma-polymerized polymer films. Istmlar dynamics means the possibili-
ties of macromolecules to make movements, osaatior rotations by absorbing energy
from an applied high-frequency field. These movetseme strongly related to the structure
of polymers. Polar groups (dipoles), radicals, slioking etc. change strongly the energy ab-

sorption.
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Moreover, the temperature influences the thawinfremzing of many fluctuations of
macromolecules. The existence and if possible stienation of glass transition temperature
(Tg) should be checked as well as oxidative and thiestability by means of the DRS
method.

A general overview about the dielectric relaxati@maviour of polymers can be found
in textbooks!**? Before the dielectric behaviour of the plasma dépd PAA is discussed in
detail, the dielectric properties of the convergilgproducts are considered.

In the frame of the linear response theory the aadlloss part of the complex dielectric func-
tion is related to each other by the Kramers-Kromilgtionships. Therefore both quantities

contain the same information and here onlyethis discussed.

04 a-relaxation
B-relaxation

Figure 18: Dielectric loss
&’ for the sample cPAA45

vs. frequency and tempera-

450 ture in a 3D representation.
“““ The inset gives the dielec-
tric loss for cPAA45 vs.

temperature at a fixed fre-

______ quency of 1 kHz

Fig. 18gives the dielectric loss for cPAA with the molruwveight of 450,000 g/mol
versus frequency and temperature in a 3D represamt®©ne relaxation process, indicated by
a peak in the dielectric loss is observed at lawperatures which are called @selaxation.

As expected it shifts to higher frequencies witbr@asing temperature. For higher tempera-
tures the dielectric loss increases with frequeary temperature without clear indication of a

further relaxation process. That increase of thededtric loss is related to conduction phe-
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nomena corresponding to the drift motion of chargeiers. The carboxylic group is able to
separate a proton, for instance in the preseneetdr, so poly(acrylic acid) is a polyelectro-
lyte.

In the inset ofFig. 18the dielectric loss is plotted versus temperaaira fixed frequency.
Again at low temperatures tifierelaxation is observed. At higher temperaturegherange
of the glass transition measured by DSC an illraedi shoulder is visible which might corre-
spond to the dynamic glass transitienrglaxation) overlaid by the strong conductivityneo

tribution.
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Figure 19: Relaxation rate, for the Frelaxation versus inverse temperature for cPAAG8 ePAA45. The lines
are fits of the Arrhenius equation to the corresfiog data. The inset (a) gives the dielectric lgsSsvs. fre-
quency for thg3-relaxation of the sample cPAA18 at different terapge. The lines are fits of the HN-equation
to the corresponding data. Inset (b) gives theediglc strengthde; of the Frelaxation of the sample cPAALS

versus inverse temperature

The model-function of Havriliak-Negami (Hmction) *3 was employed to analyze

the3-relaxation. The HN-function reads

60



Results and discussion

_ Ae
(L+(ifff, )Y ©)

e*(f) - e,

fo Is a characteristic frequency related to the feemy of maximal loss,f(relaxation ratel)*@
B andy are fractional parameters (<l and 08y<1) characterizing the shape of the relaxa-
tion time spectraAe denotes the dielectric strength of each proaesgivese” for f— 0. The
relevant details can be found in ref4f. Examples of this procedure are given in thetinse
(a) of Fig. 19 From the fit, the relaxation ratgdnd the dielectric strengtke are deduced in
their temperature dependences (Biee 19.

The temperature dependence of the relaxation ggtef the3-relaxation is linear ver-

sus inverse temperature and can be described ®rthenius equation

Ea
f 5=t exp(- ” ’_I’f) (7)

B
where E is the activation energy and the pre-exponential factor ang the Boltzmann con-
stant. The estimated values of the activation gnarg 65.8 kJ/mol (log £f[Hz]) =15.8) and
50.9 kJ/mol (log ¢ [Hz]) =13.7) for cPAA18 and cPAA45 respectivehyhdvalues are in the
order of magnitude of localized processes whereatitiwation energy for cPAA18 is essen-
tially higher than that of cPAA45. The reason foe wifferent behaviour is not clear up to
now and requires additional investigations.

The Debye theory of dielectric relaxation geneeadiby Kirkwood and Frohlich*?

predicts for the temperature dependence of theai#t relaxation strength

1 N
36, kg TV

(8)

whereu is the mean dipole moment of the process undesideration andN/V is the number
density of dipoles involvedy is the so-called Kirkwood/Frohlich correlation @G which

describes static correlation between the dipolés. @nsager factor is omitted for the sake of
61



Results and discussion

simplicity. The insetlf) of Fig. 19 gives the relaxation strengtkeg for the 3-relaxation of
cPAA18 versus inverse temperature. It is well kndamlocalized fluctuationdeg increases
with increasing temperature. This increas@&gfis probably due to an increase of the fraction
of fluctuation dipoles which contribute to tBeprocess.

Fig. 20 gives the dielectric loss of a plasma PAA (DC=&Gample PAAOS) versus
frequency and temperature in a 3D representatiomglicooling. The plasma polymerized
samples are measured as thin films sandwiched bataleminium electrodess described in
detail before. For the thin film capacitors theistsce r of the Al electrodes cannot be ne-
glected. This resistance leads to an artificias losntributions (electrode peak) on the high-
frequency side of the spectra with a time constantr*C” (C° - sample capacity). At least

two further processes are detected which will Isewsed latter.

relaxation
process ?

electrode

Figure 20: Dielectric loss’” for the
sample PAAO5 vs. frequency and
temperature during cooling in a 3D

representation

To draw a first conclusion one has to state thatdielectric behaviour of the plasma depos-
ited PAA is different from that of cPAA (compalfég. 18andFig. 20.

To analyze the relaxation process found in plasaposited PAA the HN-function is
used again to analyze the data. The electrode igetaken into consideration by a Debye

function as described in refl32. Here, the frequency position of the electrodakpes out-
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side the experimental used frequency window {g§ge20 and it can be approximated by its
low frequency tail. Therefore the whole fit funaticeads as

Ag

e"(f) =Im{ —(1+(if/f Vy

p+ AT (9)

where A is a fitting parameter. An illustration fibrat procedure is given in the insetFod.
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Figure 21: Relaxation rate of th@&process for plasma deposited PAA versus inverspeeature for different
DC. The lines are fits of the Arrhenius equatioritte data. The inset gives the dielectric loss uefsequency
for the plasma deposited sample PAAOL1 at T=229dukng cooling. The solid line corresponds to thigole
fit-function consisting of a HN-function and a hiffequency tail. The dashed and the dashed doitted bre
the contributions of the relaxation process andltve frequency wing of the electrode peak

Fig. 21displays the relaxation rates for fgprocess versus inverse temperature in the
Arrhenius diagram for different DC for the firstdtng process. Like for cPAA for each val-
ue of DC the data can be described by the Arrhesgustion(Equation 7)and the activation
energy k& can be extracted. Even from the raw data giveafign21one can conclude that for
the first heating run the activation energy of fhprocess depends on the duty cycle.

Therefore, inFig. 22the activation energy for tHeprocess is plotted versus DC on heating.

E, decreases with increasing DC. Generally fhelaxation in polymers is due to localized
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fluctuations of more or less polar groups. For fadyylic acid) this process should be related
to the carboxylic groups™*® The activation energy of tHgrelaxation depends on the local
structure of the polymer including the interactiohthese different groups. As discussed
above with increasing DC the amount of energy thiced to the system increases. For that
reason with increasing DC the irregularity of thaspna polymerized structures increases
which can have an increasing amount of dangling enldese dangling ends will increase the
local free volume which will lead to a decreasetld activation energy. Moreover, the
COOH-groups can form intermolecular hydrogen bondse concentration of carboxylic
groups decreases with increasing duty cycle ancefibie its intermolecular interaction de-

creases. This effect will also lead to a decreaséutk of the activation energy as observed.
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To discuss the dielectric behaviour in more ddtajl 23 gives the dielectric loss ver-
sus temperature at a fixed frequency (isochronat) por different thermal histories for the
sample PAAOQS. The first run is a heating measureérokthe as prepared sample from low to
high temperatures. The second run is the subsegoefihg from high to low temperatures.
A pronounced hysteresis is observed between thaseuns. The third heating run is more or

less similar to the cooling cycle. For all rundaat temperatures thg-relaxation is observed
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as a well defined peak in the spectra. For the lieating run a shoulder is observed at higher
temperatures than that of tRerelaxation. At the first glance it seems similarthe behaviour
observed for conventional PAA (see inset§igf 18andFig. 20. However, a closer inspec-
tion shows that this shoulder is probably due ® ghass transition and is shifted to lower

temperatures for the plasma deposited PAA (se¢ afiseg. 23.

rr

loge

—— 1" heating
—O— cooling
—¥— 2" heating

T T T T T T T T T T T T T
150 200 250 300 350 400 450 500
TIK]

Figure 23: Dielectric loss vs. temperature at aefixfrequency of 1 kHz of the plasma deposited sampl
PAAO5on different thermal histories. The inset carep the dielectric loss of the plasma depositetipa
PAAOS (first heating) with that for cPAA45 vs. targiure at a fixed frequency of 1 kHz

The hysteresis between the first heating and tleirgprun can be explained by the
following consideration. As discussed above dutimg plasma deposition of acrylic acid a
highly branched product with many free radical$éoisned. These free radicals were able to
react with each other to form a more crosslinketivaek during heating. After this heat
treatment a thermally stable product is formed. Temal stability is evidenced by the fact
that there is no difference in the dielectric spedietween the first cooling and the second

heating run. This will be discussed in more dd&dér on.
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Fig. 24 gives the relaxation rates for tBeprocess versus inverse temperature in the
Arrhenius diagram for different thermal histories the plasma deposited PAA sample at
DC=0.5 in comparison to cPAA. The data can be desdrby the Arrhenius equatidiqua-

tion 7) and the activation energy, Ean be calculated.

m 1" heating
67 © cczollng Figure 24: Relaxation rate of the
A 2" heating .
% CcPAA [process versus inverse tem-
4 perature for £ heating, cooling
'§' and 29 heating for PAA at
= DC=0.5 compared to cPAA. The
24 . ) .
8 @@ lines are fits of the Arrhenius
| % equation to the data
JAN
Js}
04
T T T
3 4 5 6
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Table 4: Activation energy for plasma deposited PB&ample for different thermal histories compai@dPAA

Process Ea
1*'heating 78.6
cooling 46.8
2"%heating 49.6
cPAA 51.4

The activation energy is decreased from ca. 79 d&J(finst heating) to ca. 47 kJ/mol
(cooling). After the first heating ruthermal stability is evidenced by the fact thatr¢his no
difference in the activation energy between cookngl the second heating ruad. 24 and
Table 4. Homogenised samples were obtained after firatihg run and are much closed to
cPAA. The plasma deposition of poly(acrylic acidyrhs a highly branched product with

many free radicals. These free radicals were ablartder the localized fluctuation of func-
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tional groups, because it can be form some kindmk&ge with COOH. These free radicals

or charges were able to react with each otherrto Bomore crosslinked network during heat-

ing and COOH will become free. So, the activatioergy is decreased after heat treatment
and a thermally stable product is formed.

The process observed at higher temperatures tlrothhef-relaxation has a quite
high intensity. There seems to be no dipole momientise sample which can cause a dielec-
tric relaxation process such a high dielectricrgith. For that reason and considering the fact
that also the plasma deposited PAA has a high ativily, this process is assigned to elec-
trode polarization. Electrode polarization is doethie blocking of charge carriers at elec-
trodes. In the considered experiments, aluminiugvégporated as electrodes. It is well known
that the blocking of the charge carriers at eletdsocan be described by an electrical double
layer with an effective spacing characterized byOebye length . This double layer repre-
sents an additional capacitancg @n the system. The time constantd for electrode po-
larization is related to the conductivityof the system. Although an interfacial polarizatie
not a relaxation process it can be also analyzefitting the HN-function to the data and the

rate for electrode polarizatiogsf~ 1hegp ~1/0 can be estimated in its temperature depend-

ence.
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39 5 O cooling
AQQ A M heating Figure 25: gives relaxation rate of
&AQ electrode polarizationgb vs. 1/T
S Agb " for the sample PAAO5 for'lheat-
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Fig. 25gives the temperature of the rate of electrodarmation £p in the Arrhenius
diagram for the sample PAAO5 fof! heating, cooling and"? heating run. Firstly, as ex-
pected fromFig. 23there is a strong hysteresis between heating aolihg which is due to
chemical reaction processes within the sample.

Secondly, a detailed inspection of the temperatiefeendence otf obtained for heating re-
veals that this dependence is nhon-monotonous amg<aome structure. This structure is
related to the kinetics of the chemical reactioat ttakes place during the heating process.
Thirdly, the temperatures dependence measuredgfotduring cooling is shifted to higher
temperatures compared to the dependence measurbe f6' heating. The temperature gbf

is related to the mobility of the charge carrietsich is connected to segmental mobility. The
shift to higher temperatures for the cooling ruerétiore indicates a lower segmental mobility
and higher glass transition temperature of plaseposited PAA layer obtained during heat-

ing. These results points to a crosslinked strectur

Table 5: Dynamic glass transition for plasma PAAlSteating, cooling and"® heating compared toy Of

CPA2
Polymer Process Tg4[K]
CPAA’ 407
1°' heating 343
Plasma PAA cooling 415
2" heating 415

(¥29

The dependencedon temperature are curved when plotted versusaddimight be analyzed

by the Vogel/Fulcher/Tammann (VFT-) form{t4? which reads:
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fpa)= fura €XP

p.a) T _TO (10)

(logf,,, A are constants).olis the so-called Vogel or ideal glass transitiemperatureFig.

25 shows that the data sets seem to be describdteByRT formula. For conventional poly-

meric systems dlis found to be 50 K to 70 K below the glass traositemperature g
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2. Allyl alcohol plasma deposited thin polymer filns

2.1. Kinetics of polymer deposition

Fig. 26adisplays the thickness of the deposited layerugetise deposition time for the
different values of DC. For each value of DC, tledadcan be described by a straight line.
From its slope the deposition rate R is obtaindtk deposition rate increases with increasing
DC for low values of DC. For higher values of DCjsRapproximately constant or even de-
creases (seleig. 26h. This means that the dependence of R versus D@ndinear as might
be expected. To understand this non-linear behawina has to consider the different proc-
esses which can take place during the plasma deposis discussed in plasma deposited
PAA. There are two main processes. Both of themdareto the high energy density of the
plasma. Firstly, the double bond of the allyl alobtan be activated leading to radicals which
can undergo a normal chain grow polymerization @sscand will lead to regular structures.
Secondly, fragmentation of monomers takes pladevield by a poly-recombination reaction
which will lead in general to irregular structur€therwise, the possibility of depolymerisa-
tion and a partial removal of the deposited layamot be neglected as mentioned before.

To differentiate between these two processes, ¢pegition rate of AAl can be com-
pared with that of a molecule having a similar cleainstructure but without any (polymeriz-
able) double bond. An appropriate candidate is apg@nol (CH-CH,-CH,OH). Fig. 26b
shows that the deposition rate of n-propanol is ilmwomparison to that of allyl alcohol and
is more or less independent of the DC. The comparig the deposition rates of allyl alcohol
and n-propanol shows that in the former case intiaddto fragmentation chain growths po-
lymerization occurs due to the presence of the dolbnd in the monomer.

Chain growth polymerization due to the double btaies place during both the time
intervals of deposition, i.€sdise-on@Nd puise-ori IN Order to compare the deposition rates and the
contribution of chain growth polymerization durititge plasmaytise-of time for the different
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duty cycles directly, the deposition rates are radized by the time where the plasma was on

(touise-on- Equivalently the deposition rate can be dividgdDC (seerig. 27).
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Figure 26: Thickness of plasma deposited PAAI layersus deposition time for the different valued© (a).

Deposition rate R versus DC faAl and n-propanol (b)
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Figure 27: Deposition rate
normalized by the DC versus

DC for AAl and n-propanol

In such a representation, the value of the normdldeposition rate at the highest value of the

duty cycle (DC=1), is a hint to the contribution @fain growth polymerization to R during

the plasmagtise-ontime. The rate of fragmentation is constant fbvalues of DC (see results

obtained for propionic acid and n-proparféigs. 10 and 26b Fig. 27 shows further that the

normalized deposition rate of PAAI is maximal foetlowest value of DC. This means that
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the rate of the chain growth process during therpiajuse-of time is essentially higher for

low values of DC. This might also imply that fomlovalues 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 surfazas be done by derivatization and

subsequent XPS measurements.
The insetFig. 28 shows the binding energy in the range of the Glakf the XPS spectra

for pure PE (without a deposited film). C-C/C-H abeD bonds are observed, the C-O bond

might be due to oxygen adsorption processes.

CHC-C
g C-HIC-C

O, Figure 28: High resolution XPS
g spectra of the sample PAAIOS.
E pr The solid line represents the
R § experimental data. The dotted

_Binding energy [eV] 2 line is a fit of a sum of four com-
290 288 286 284 282 % ponents to the data. The dashed
E lines represent the individual

contributions. The inset gives the

high resolution XPS spectra of

___________________ pure PE
2&)2 I 2|90 I 2|88 I I286 I I284 I 282

Binding energy [eV]

Figs. 28and29 show the C1s spectra of a deposited plasma PAAs fbefore and af-
ter derivatization with TFAA of a sample prepareéd&C value of 0.5. The deconvolution of
the Cls peak of plasma deposited PARIQ( 28 was done assuming four components as-

signed to the following bonds: C-C/C-H: 285.0 e\,QC 286.3 eV, C=0: 287.5 eV and
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COO: 289.1 eV. The corresponding fractions of tbenpgonents were estimated by fitting

Gauss-Lorenz to the data.

Figure 29: High resolution XPS spec-
tra of the sample PAAIO5 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

Intensity [cps.]

lines represent the individual contribu-

tions

206 202 288 284
Binding energy [eV]

Table 6: Gives the inspection of the C1s peak aimbf the non-derivatized and derivatized surflacglasma

deposited PAAI

CCICH% C-O% C=0% COO% CF3%

285.0eV  286.3eV 287.5eV 289.1eV 293eV

non-derivatized 56.43 36.13 05.84 01.60 -

derivatized 35.49 14.17 17.70 16.60 16.03

C=0 and COO groups were also observed {sd#e §. The fragmentation of the monomer
and poly-recombination followed by post-plasma atioh as well is the reason for these
groups formed. In addition to radical polymerizatiegular structure) of poly(allyl alcohol),
hydrogen abstraction might be occur and allylideald were formed.

In the presence of allylic radicals and enol resgeastructures, this can tautomerize
to produce aldehyde. The allylic radicals formedhia abstraction reaction are relatively un-
reactive to other allyl monomers becauséofesonance stabilizatiot??
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The C1s spectrum of the derivatized PAAIO5 layas deconvoluted into five peaks, includ-
ing an additional component at 293.0 eV for the 66nd. The values are obtained for the
concentration showed ifable 6

The comparison dfigs. 28and29 reveals that the contribution of the C-O bondhie t
spectra is reduced but not completely eliminatethieyTFAA derivatization. This means that
some C-O bonds have to be assigned to ether-tgpades rather than to hydroxyl groups,
which do not participate in the derivatization té@t and remain therefore unchanged.
Equation (4b)can be used to calculate the concentration ofdxydrgroups per 100 carbon
atomsc (OH)and plotted versus DC ifig. 3Q
Firstly, the concentration of hydroxyl groups is chusmaller than the value expected from
the regular chemical structure of PAAI. Second({Dld) decreases with increasing DC. Both
effects are due to the fragmentation of the mondm#re plasma. The energy input increases
with increasing DC according tequation (2)and therefore, also the degree of fragmentation

and rearrangement of the monomer resulting in @&ta@ncentration of hydroxyl groups and

a higher concentration of radicals'”

e theoretical value: 33.3 OH groups/100 C
\ Figure 30: Concentration of hy-
30 !
\ droxyl groups per 100 carbon
\
" atoms versus DC. The dotted line
= \
"5 254 N indicates the maximal possible
o .\\ concentration of hydroxyl groups
20- ...
.
... m
15- B -
T T T T T T T T T T T
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2.3. Investigation of the functionality of films on different substratesby FTIR

ATR-FTIR gives information about the structufeacsample across the whole thick-
ness of the film while XPS is sensitive to a lagéb to 7 nmas pointed out sometimes be-
fore. In this section, PE and PP as organic angiiaium and glass as inorganic substrates are
used.Fig. 31shows the FTIR spectra of plasma PAAI depositedro@l substrate for differ-

ent values of DC.

o Figure 31: FTIR spectra of PAAI depos-
OH ited on Al substrate for different values of

I\ cHisym) DC in comparison to the allyl alcohol
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inset enlarges the wavenumber region for

\/W the hydroxyl and for both the asymmetric
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J\ DC1 N M of PAAI deposited on the aluminium sub-
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Firstly, all spectra exhibit the stretching vibaats which are characteristic for poly(allyl al-
cohol): thev OH stretching vibration at ~3400 chassociated with Cifas)at ~2940 crit
and the Ck{sym) vibrations at ~2880 chrare observed together with the corresponelif-

O vibration at ~1047 cm. After the abstraction of the allylic hydrogen tadicals, chain
ends with vinyl groups and aldehyde groups lsambtained** Therefore, the C=0 stretch-
ing vibration characteristic for carbonyl bonds m&@00 cn is also found associated with
C=C at ~1660 ci However, the most important for the followingdlission is the stretch-
ing vibration of the hydroxyl group (OH)

The following procedure is employed to analysedpectra quantitatively where three Gaus-

sians were fitted to the data. One Gaussian igddcat ~3400 cih to describe the OH
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stretching vibration. The contribution of Gfds)vibrations at ~2940 cthand CH(sym) vi-
brations at ~2880 cthdue to the -Cht groups were described by two further Gaussians. T
reduce the number of the free fitting parameters tanstabilize the fit, the maximum posi-
tions of the Gaussians are kept constant durirgathalysis. The ins&lig. 31gives an exam-
ple for this procedure.

From these fits the areas of the Gaussians at 8#3qAor) and 2940 ci (Ackz (as)

are taken and their ratié"b—'*is calculated as a measure for the concentratioth®fOH
H,

groups estimated from FTIR. The reference to the @btation is an approximation which is
only exactly valid if the concentration of the €groups does not dependent on DC due to
fragmentation. The discussion of the dependendkeofieposition rate on DC shows that the
deposition of n-propanol due to fragmentation igeglow and does not dependent on the DC.
The same can be assumed for allyl alcohol. Moreoteer side reactions (C=0) are mar-
ginal. This means that mainly Ghkhain chain structures are formed in the plasmgpeti-

zation process and therefore the choice of (Ad)reference is an acceptable approximation.
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The concentration of OH groups estimated by XPSRF&R-ATR of plasma PAAI decreases

with increasing DC (sekigs. 30, 32 and 33Based on the assumption that the deposition rate
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(R= Rchain + Rerag) is much higher than the depolymerisation andréiggaemoval of the de-
posited layer the ratio of the concentration of @idups estimated by XPS versus that ob-

tained by FTIR should be constant value independerC.

3 o 2 oc -~
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<5 - Tl OH-XPS Aon/Aci versus the concentra-
1 o s . ,
m AN tion of OH estimated from the
- ""'--.\‘o XPS measurements with PE
m PE Cem
o PP and PP substrates
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Therefore, in inset oFigures 32and 33 Hon is displayed versus the concentration of OH
H,

groups estimated from XPS measurements. As a negthltincreasing DC the concentration
of OH-groups estimated from FTIR is smaller thapexted from XPS measurements.

To discuss this result the different analytical ttiepf both methods has to be consid-
ered again. XPS is sensitive to a layer with akiiess of 5 to 7 nm whereas FTIR provides
information across the whole sample thickness asudsed before in plasma PAA. The
amount of energy increases in form of electronss i@diation etc. with increasing DC is in-
troduced into the system. In addition to that Udiaéion which can penetrate deeply into the
sample volume is of great importance. This enemgyyi in its different forms will damage
PAAI at larger distance from the surface whichligsady polymerized. That is not the case at
the surface where polymerization takes place agheh rate in addition to defragmentation

and depolymerisation. For that reason the ratithefOH groups estimated by FTIR (whole
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sample thickness) and XPS (only surface) decreasedferent manner with increasing DC
(see inset oFig. 3.

In case of PE and PP substrates like for Al andsgfaibstrates, theOH stretching
vibration at ~3370 citand the correspondingC—O vibration at ~1042 crhwere observed.
The characteristic Cifas)and CH(sym) vibrations at ~2915 chand ~2850 ci are related
to both plasma deposited PAAI films and to the salbs, which is detected through the 150

nm thick plasma polymer layer. This means the $Mm = Ay pan) + Acu, (pe) 1S Measured.

The thickness of substrates is constant for alldity cycles. Therefore, the same procedure
to determine the concentration of the OH groups file the Al and glass substrates can be
applied.

The concentrations of OH groups of plasma PAépakited on PE and PP substrates

have the same dependence on DC like for the Alassgsubstrates (s€&y. 33. The abso-

lute values of the ratiopb—H are reduced in comparison to the data estimateélifand glass
Ha

substrates because of the contribution of the gatiesto Ao From these results it is to con-
clude that the different substrates do not inflgetie concentration of OH groups for the de-

posited layers.

Figure 34: FTIR spectra of plasma
deposited PAAI in the wavenumber
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An intense inspection of the stretching vibratidrOd1 groups shows that the maximum peak
position is shifted to higher wavenumbers by cacB80 in case of PE and PP substrates in
comparison to the allyl alcohol monomer. The reasothe plasma energy attacks the sur-
faces of substrates in the very early stage ofi#position and might generate some radicals
and oxygen groups (hydroxyl, carbonyl, ether anoixgmroups) on the substrate. Hydrogen
bonds can be formed between the hydroxyl groupglagma deposited PAAI and the hy-
droxyl groups which are created on the substratiasel This will shift the OH vibration to
higher wavenumbers.

The maximum position of the OH stretching vibratafrplasma PAAI deposited on a
glass substrate is more or less shifted to the seamenumbers as observed for PE or PP. The
glass surface carries hydroxyl group which can faiso hydrogen bonds to the hydroxyl
groups of the plasma deposited PAAI in a simiay as found for polymeric substrates.

The peak position of hydroxyl groups are shifte@ssential higher wavenumbers (60
cm?) compared to the monomer in case of the Al sutestiihis large shift is probably due to
the lone pair of electrons of oxygen for the OHugrolt can react with Al and form a coordi-

nation bond (seEig. 34andTable 7.

Table 7: Position of the maximum of th®H stretching vibration for PAAI deposited on eliffint substrates

with DC=0.5 as example

Wavenumber (cmi’)

Substrates
at maximum band ofv OH vibration
Aluminium (Al) 3398
Glass 3378
Polyethylene (PE) 3373
Polypropylene (PP) 3373
Allyl alcohol monomer as blank 3341

A similar behaviour is observed for all other vawé DC.
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2.4. Dynamic mobility and thermal stability

For investigating the molecular dynamics of the gholymer films, dielectric spec-
troscopy as probe for its structure is employet fptroven that, DRS is a powerful tool to
investigate the molecular mobility and the struetaf polymers[.lf’ﬂ This is especially true
for the investigation of thin and ultra thin polynwefilms or layers because the sensitivity of
DRS increases with decreasing thickness of thecitapa>?

Fig. 35 gives the dielectric loss for plasma deposited RAA/ersus frequency and
temperature in a 3D representation during coolkigleast one relaxation process indicated
by a peak in the dielectric loss is observed at temperatures which is callgdrelaxation.
This relaxation process corresponds to localizaedtdlations. As expected the peak shifts to
higher frequency with increasing temperature. Hghér temperature than those of fe
relaxation a further process is observed whictssgmed to electrode polarization. As argued
before the electrode polarization is related to dh# motion of charge carriers, which are
blocked at electrodes which do not behave complédimic. This causes an additional ca-

pacitance in the system which is charged /disclobirgéhe electric AC-field.

electrode
polarization

Figure 35: Dielectric losss”
of the sample PAAIOS vs. fre-

guency and temperature dur-

log "

ing cooling in a 3D represen-

tation
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The HNfunction (9)is used to analyze the data. The electrode petkén into considera-
tion as Debye function as described in r&@Bg. An illustration for that procedure is given in
Fig. 36.

Conduction effects were treated in the usual wadhging a conductivity contribu-

tion dg / &(27f )* to the dielectric loss is a fitting parameter related to the dc conductiv

ty of the sample ang is the dielectric permittivity of vacuum. The paraterx (0<x<1) de-
scribes forx<1 non-Ohmic effects in the conductivity. An illustion for that procedure is

given in theFig. 36

0.2 electrode peak Figure 36: Dielectric loss versus fre-
guency of the sample PAAIO2 at T=261.1
0.01 K. The solid line corresponds to the
0.2 whole fit-function consisting of a HN-
function, a high frequency tail and a
:g -0.4- conductivity contribution at low frequen-
o cies. The dashed and the dotted lines are
-0.64 the contributions of the relaxation proc-
08l ess and the low frequency wing of the
electrode peak. The dotted line indicates
-1.0 — : : : the conductivity contribution
-2 0 2 4 6 8
log (f [Hz])

Fig. 37displays the relaxation rates for fgprocess versus inverse temperature in the
Arrhenius diagram for different DC for the firstdimg run. For each value of DC the data
can be described by the Arrhenkiguation (7)

Even from the raw data given ig. 37one can conclude that for the first heating ruenab-
tivation energy of th@-process depends on DC. Therefore, as showigin38the activation

energy for thgs-process is plotted versus DC.
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E. decreases with increasing DC. Generally, as dsstlidefore th@-relaxation in
polymers is due to localized fluctuations. For gally alcohol) this process should be related
to the hydroxyl groups*3The activation energy of th@-relaxation depends on the local
structure of the polymer including the interactiohthese different groups. As discussed
above with increasing DC the amount of energy thioced to the system increases. For that
reason with increasing DC the irregularity of thHaspa polymerized structures increases
which can have an increasing amount of dangling ehldese dangling ends will increase the
local free volume which will lead to a decreasahd activation energy. Moreover the OH-
groups can form intermolecular hydrogen bonds. ddwcentration of hydroxyl groups de-
creases with increasing duty cycle and therefdsejntermolecular interaction. This effect
will also lead to a decreased value of the activaéinergy as observed.

It is interesting to note that the activation eryefgr the 3-relaxation of conventional PAAI
obtained by mechanical measurements is 73 kJ/nii. Vialue is close to the data obtained
for low duty cycles. The addition of only 6 wt-% afpolar solvent decreases the activation

energy to 68 kJ /mol. This result is in the linetwé argumentation given above.
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To discuss the dielectric behaviour for tifeHeating, cooling and"2 heating run in
more detailFig. 39 must be considered. It gives the dielectric lossw® temperature at a
fixed frequency (isochronal plot) for the differahermal histories for the sample PAAIOS as
an example.
In all cases at low temperatures {heelaxation is observed as a well defined peakh t
spectra. For the cooling run, the intensity of ti@ksxation process is decreased. The activa-
tion energy is decreased from ca. 84 kJ/mol (&sittimg) to ca. 72 kJ/mol (cooling)fter the

first heating run, théhermal stability is evidenced by the fact that¢his no difference in the
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dielectric spectra and the activation energy betwtbe first cooling and the second heating
run. This will be discussed in more detail later on

Fig. 40 presents the dielectric strengilg for the -relaxation of PAAI the different
DC versus inverse temperature. It is well knownlémalized fluctuations thafyeg increases
with increasing temperature. This increas@&gfis probably due to an increase of the faction
of fluctuating dipoles which contribute to tifieprocess. Generallreg decreases with in-

creasing DC (see also the inké&j. 40.

Figure 40: Dielectric

u ‘\*‘
1040 DCO03 44 . strength Agz of PAAI vs.
A DCO5
1© DCo7y \b 3 " el inverse temperature fqf-
e .

relaxation with respect to
DC for the first heating.

The inset displays dielec-
08 1.0 tric strength Agz of PAAI
vs. DC at 265 K

A€

34 I 3.6 I 3.8 I 4.0 I 4.2I 4.4I 4.6
1000/T [K]

Conforming to Equation (8) this implies that the number density of dipolesr@ases with
increasing DC. This is in agreement with the FTiReximents. These experiments show that
the number of hydroxyl groups which are involveddielectric 3-relaxation decreases with
increasing DC. Note that also ttemperature dependence of dielectric strength asangth
DC. At low values of DC the temperature dependesfciteg are more pronounced than for

higher values of it.
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Assuming that, the hydroxyl groups are mainly respgle for theB-relaxation ac-

cording toEquation (8) Dielectric spectroscopy and FTIR should provioheilar information

about the concentration of OH groups. Therefbrg, 41disp|aysh of plasma PAAI de-

H2
posited on Al substrates versus the dielectrilmgtie estimated from DRS measurements at
265 K. For the case that the dielecsicelaxation is only due to hydroxyl groups a consta

value should be observed. This graph shows thapproximately linear dependence between

both quantities is observed. To discuss this rdkeldifferent sensitivity of both methods has

to be considered.

12
9 «© . Figure 41: Aw/Ac, calculated
' e from FTIR versus the dielectric
- |
5 . u -7 strength estimated from the DRS
<~ 64 _- -
< P measurements of the plasma PAAI
J Lo n deposited on Al substrate at 265 K
< - - - -
34 P
|
O T T T T
1 2 3 4 5 6
Ae

The analysis of FTIR measurements as discusseceghovides information only about the
concentration of OH groups. Dielectric spectroscapgasures an effective dipole moment

which can include other functional groups like C€30Q-C, etc. which can be created during

the plasma polymerization process. The results slihrauvh decreases with decreasing
H

Agg (this means with increasing DC) is an expressiah@fact that with increasing DC more
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and more irregular structures are formed which a@amtain other functional groups like car-
bonyl, ester or ketone groups (see section FTIRsareaents).

The process observed at higher temperature thanigheharacteristic fothe [3-
relaxation has a quite high intensity. There setonse no molecular dipole moment in the
sample which can cause a dielectric relaxation gg®avith such a high dielectric strength.
For that reason and considering the fact that pedeposited PAAI has a given conductivity,
this process is assigned to the electrode polarizaflthough an interfacial polarization is
not a relaxation process it can be also analyzefitting the HN-function to the data and the
rate for electrode polarizatiogsf~ 1Agp ~1/0 can be estimated in its temperature dependence
as discussed before.

Fig. 42 compares the temperature dependence of the raleafode polarization for
different values of DC for the first heating. Fiystwith increasing DC the rate of the elec-
trode polarization shifts to higher values of teenperature. The conductivity which domi-
nates §p is directly related to the segmental mobility whis responsible for glassy dynamic
in polymeric systems. A crude estimation of a digle glass transition temperature can be

estimated by P =T (fzp=1 Hz).

440

m DCO1 : ) .

{ 6 Dpoo2 Figure 42: Relaxation rate

4] & DCO5 of the electrode polariza-
<& DCo7 _

1 % DC1 tion fzp for plasma depos-

ited PAAI vs. inverse tem-

perature for different val-
ues of DC for the L heat-

log (f_, [Hz])
/

ing process. The inset Fig.
displays 77 of PAAI vs.
DC

1000/ T[K]

86



Results and discussion

TgDie' is plotted versus DC in the insetfeify. 42 As already seen from the raw data shift of
the rate of electrode polarization to higher terapges with increasing DC indicates an in-
crease of the glass transition with increasing DC.

Moreover, it is worth to note that the glass traositemperature of conventional polymerized
poly(ally alcohol)(T,=348 K)!**¥is quite close to £'* estimated for low duty cycles. This is
a further indication that plasma PAAI depositetbat duty cycles has a similar structure than
conventional PAAI.

Secondly, for segmental dynamics the temperatuperdéence of the corresponding rate
should follow the Vogel-Fulcher-Tammann (VFT-) farta. *°**%3 The fact that the segmen-
tal mobility is related to the temperature deperdenf £p should also follow the VFT-
Equation (10)ps discussed above.

Fig. 42shows that the functional form gfs{T) depends on DC.

O 1™ heating
O cooling
A 2 heating

Figure 43: Relaxation rate of the
electrode polarization gb vs. in-

verse temperature of the sample
PAAIOS on different thermal histo-

ries

log (f ., [HZz])

2.2 I 2.3I 2.4I |2.5I |2.6I 2.7I 2.8I 2.9
1000/ T [K]*

Fig. 43 gives the temperature dependence of the ratecofretle polarization for the
different thermal histories for the sample PAAIGS an example. The rate of the electrode

polarization shifts to higher values of the tempanafor the cooling and the second heating
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process. The dynamic glass transition is increfsed ca. 345 K (fist heating) to ca. 370 K
(cooling and 2 heating). If this shift is dut physical or chemical changes in the sample it
needs further investigationAfter the first heating runhermal stability is evidenced by the
fact that there is no difference in the rate otetede polarization and the dynamic glass tran-
sition between the first cooling and the secondtihgaun. The increase of the estimated

glass transition temperature points to crosslinkeagtions.
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3. Plasma deposited and spin coated thin polystyrerfiims

The obtained results are grouped and discussemdoimparts: The first one focuses on
the surface properties of the film, on their chexhimodifications and wettability occurring
on the first tens of nanometer below the surfate Jecond one focuses on the dynamic mo-
bility of the whole films (bulk properties).

Plasma treatment of polymers could be expresséidsasleaning and secondly func-
tionalization followed by thirdly etching. Howevehe processes on the surface correspond to
different types of reactions (i.e. radical formati@rosslinking, degradation and functionali-
zation). The degradation, crosslinking, radicald &mctionalization are the most important
ones for any adhesion or printing application arel examined in detail for HAr plasma
treated and UV-irradiated PS spin coated filmsamparison to the plasma-deposited PS and

commercial (reference) PS.

3.1. Functionalization

Surface functionalization was characterized firdily XPS analysis for the surface
chemical identification then by Attenuated TotalflBetance-Fourier Transmission Infrared
(ATR-FTIR) for quantification and finally, by cortaangle and surface energy measurements
for the upper most monolayer.

A XPS survey scan of the conventional polystyreime (Figs. 44 and 46shows that,
it is really free of oxygen, i.e., the O surfacecentration is below the detection limit of XPS
(<0.5 %).*°51%T Also, the overall XPS spectra of the UV irradiaseanples present a few (2

%) oxygen atoms.
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/L/wa Figure 44: Waterfall presentation of
XPS survey scans obQAr plasmas and
UV irradiation treated spin coated PS in
L plasma PS comparison to pulse plasma deposited
PS and commercial PS as blank
B BT
PR o
y CPS (reference)
800 600 a0 200 0
Binding energy [eV]

Intensity [cps.]
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Styrene is a vinyl monomer and therefore it is lgam polymerize by a radical
mechanism using plasma as a source of radicals pfiggominant chemical polymerization
during plasma exposure may be the reason for thedmcentration of radicals and therefore
oxygen introduction. The post-plasma oxygen intatidun by the reaction of C-radical sites
with molecular oxygen from air did not exceed ~xgen atoms per 100 C atonfsds. 45

and 46.

C-Hor C-C
90.2 %

Figure 45: High resolution XPS C1s spec-
tra of plasma-polymerized PS (plasma
power =100 W, DC =0.5, pressure=10 Pa

and flow rate of the monomer 10 g/h). The

solid line represents the experimental data.

Intensity [a.u.]

Shake up
5.8%

The dashed lines represent the individual

contributions

25|92 ' 288 ' 2|84 ' 280
Binding energy [eV]
The high-resolution C1s peak of the spectrum fergblystyrene control (reference)

sample shows the typical composition of polystyremeich can be represented by carbon—

carbon single and double bonds (aliphatic and aticinaith respective proportions 1: 3 and
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the characteristic — n-'shake-up satellite binding appears at 291.5 e\tauesonance of the
aromatic rings of polystyrené®® The overall spectrum of plasma deposited polysgren
shows that the oxygen content is ca. 4% (Sge 49. Plasma polymerized styrene does not

show much differences to the commercial refereralgspyrene in the XPS spectrurfig.

46). 19

=
Q
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P

Figure 46: Concentration of the oxygen

atoms per 100 carbon atoms fop @nd

fo)
?

Ar plasmas and UV irradiation treated

spin coated PS, plasma deposited PS

N
?

and commercial PS as blank

Oxygen/carbon concntration [%O/C]
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o

cPS pPS O
Treatment

When decomposing the high-resolution C1s peak efsiectrum of @ Ar plasma-treated
and UV-irradiated (<180 nm) polystyrene and pulptsma deposited polymer films. The
results show that the newly formed functions ar€ Gr C-H (284.6 eV), C-O bond (286.3
eV) in addition, thet — = shake-up satellite binding shows appears at (28\)5°3

Figure 46shows that the oxygen concentration was ca. 4pteisma deposited polys-
tyrene, in spin coated commercial polystyrene éeatith G, Ar and UV irradiation X>180
nm), the oxygen concentration were 15, 10 and 28pewtively after only 1 s of treatment.
Oxygen incorporation seems to be more rapid wiglpl@sma than with Ar plasma exposure

or plasma polymerization and UV irradiation, respety.
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3.2. Chemical composition of the films

Plasma surface modifications due to interactionth wlasma particles are confined
only to a few nanometers below the surfat®d.
FTIR and XPS spectra obtained from, @r plasma treated and UV irradiated PS, plasma po
lymerized and reference PS film are presente&igs. 44 and 4.7Fig. 48 verifies that all
these PS films show very similar IR spectra. Thénrfiager-printing IR bands of plasma de-
posited PS are unequivocally found: Both band$fhefrhono-substituted aromatic ring at 700
cm™ and 758 crit, which are assigned to out-of-plane deformatiomdivey, the ‘five aromat-
ic finger bands between 1665 and 2000'camd the two bands at 1449 ¢rand 1493 cm
due too CH andv C=C aromatic vibrations. Furthermore, the bandsted to aromatic and
aliphatic (asymmetric and symmetric) &Bkretching take place in the region from 3000 to
3100 and 2927 and 2872 ¢nrespectively. Another band appears exclusivelthespectra
of plasma polymers at 2962 &rthat is due to asymmetn€Hs stretchingvibrations. Plasma
polymer samples were exposed to the atmospherredafp@sition and readily adsorb oxygen.
Also the moisture that is present in the environimedicated by the broad band range from

3600 cnitto 3100 crit. [161-163

Figure 47: FTIR-ATR spectra of ,0
cPS

and Ar plasma and UV irradiation
\N%ma P treated spin coated PS, plasma depo-
_F/‘M\/\R sited PS films and a reference PS
AL oA fim

\/«JM@ — e
w M

/ L

T T T T T 7A T T T T T
4000 3500 3000 2000 1500 1000 500
Wavenumber [cj

Absorbance [a.u.]
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The most intense band in the region of aliphati€H, vibrations in the spectrum of the refer-
ence polymer sample occurs at 2918 and 2848 dese bands originate from asymmetric
and symmetric Chistretching vibrations of the backbone. They atesgantially reduced in
the spectra of plasma polymers. It can be concludatia non-linear backbone was formed
but a cross-linked and branched structure evidebgetie strong appearance of methyl end-
groups. Considering the XPS results, Cls core l@meluding itst — n* shake-up feature)
and valence band spectiad. 47), a rather good agreement between the data giutsed-
plasma deposited film and the spin coated refergrasefound as also detected by Retzko et
al. >4

The surface of the spin-coated virgin commerciefefrence) PS films is treated with
Ar plasma and is exposed to the atmosphere. Theenplactivated surface readily adsorbs or
bonds oxygen and moisture those are present ieriligonment which is indicated by two
componentsyOH stretching vibration and oxygen @§=0 at the broad band range from
3600 cn*to 3100 crit. The explanation is that the very short exposlirs) (of the PS film to
the Ar plasma is sufficient to abstract hydroged arake C-C scissions. Thus, free radicals at
or near the surface are formed, which then intetactorm the crosslinking, unsaturated
groups, peroxides and crosslinking. The plasmaraismves the low molecular-weight mate-
rials produced by plasma or at commercial PS oveds them to a high-molecular weight by
crosslinking reaction$'®? The irradiation of PS films with 1 s of the plast¥ (Acutor<180
nnmr 8 eV) produces only a few changes. Therefore, dase to the commercial PS in com-
parison to the argon-plasma treated sample. Thanmthe effects of the UV-C radiation on
PS is minimallt can be assumed that the radiation flux is lovarébver, the quantum vyield
for PS and\=253 nm radiation is also low (5 « $p*¢3

On the other hand, the 1s-exposure of PS to th@d@@ma has a comparatively strong-
er effect, also in comparison to argon-plasma ésaample. In addition to the activation of

the polymer surface, functionalization of polymecors due to the chemically active nature
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of the Q plasma Fig. 47). The broad OH-stretching band ranges from 3600ten3100 crit
was observed. It indicates that, the surface issmoply activated but it is also modified with
O-containing groups among them are also OH grotlips effect is responsible for the de-
crease in the contact angle than the argon tré&eslirface. It must be noted that, OH-groups
can only be formed by an indirect way because axygasma has no hydrogen. Hydrogen

may be released from the PS molecule or it is &dsbat the walls of the plasma reactor.

3.3. Contact angle measurement (CAM)

Many polymer films and fibers have a low surfacergy, are poorly wettable by sol-
vents, show low tack, and exhibit low adhesion épabited metal layers. One of the most
promising and advanced polymer modification techegyis the low-temperature plasma
treatment. This technique allows modifying the acef properties over a wide range and the
field of application of polymeric materials can é@nsiderably extendett®®
Water contact angles of PS exposed to the plasma(<180 nm) and those of plasma-
polymerized PS are close to that of commercialregfee PS. They contrast strongly to those
of strongly lowered oxygen and argon-plasma treatdples, which are significantly. This
means the effect of low-energy UV (<8 eV) on thecure of PS was limited. This weak an-
swer for irradiation is surprising because the o* transition of C-H, C-C and C-{m bond
scissions are in the range of 3.7 to 6.5 @%% The surface of plasma deposited polymer films
has more or less similar properties as the conweatti(reference) PS. However, the water
CAM of Ar and Q plasma treated PS films were strongly reducedar@ Ar plasma change

the PS surface from hydrophobic to hydrophilic eleter sed-ig. 48

94



Results and discussion

Figure 48: Water contact angle of,0O
Ar plasma and UV irradiation treated
spin coated PS, plasma deposited PS

films and a reference PS film

Water CAM [°]
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The total surface energy)(of PS increases adequately within 1 s Ar apgl@sma treatment
caused by considerable increase in the polar ¢anion due to the newly incorporated O-

functional groups into the PS surfaéeg 49.

3.4. Dynamic mobility and thermal stability

Fig. 50 shows the comparison of the dielectric loss vetsusperatureT) and fre-

quency f) for spin-coated PS treated by, @r plasma and irradiated by UV (>180 nm) and
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the comparison to pulsed-plasma produced PS asaselb conventional reference PS in
terms of a 3D plot.
Firstly, at higher temperatures, in the range efdlass transition temperature as measured by
DSC (Differential Scanning Calorimetry) an ill-dedéid shoulder is visible, i.e. a peak, which
might correspond to the dynamic glass transitomeglaxation) was observed.
Secondly, it should be remembered that the sangskesneasured as thin films sandwiched
between aluminium electrodes. So, for the thin fdapacitors, the resistance of the Al elec-
trodes leads to an artificial loss contributionle¢gode peak) on the high-frequency side of
the spectra.

HN-function (9)is used to analyze the data. The electrode petken into consid-
eration by a Debye function. An illustration foatlprocedure is given ifig. 51
For higher temperature the dielectric loss increasih frequency and temperature by pre-
senting clear indication of another relaxation pgxaften-relaxation in case of plasma de-
posited PS, which is the several times before oeserelectrode polarization. Electrode po-
larization is due to free radicals and post-plasxidation in the bulk of the polymer.
The spectra reveal strong differences betweenatiadyt plasma-synthesized polymer and the
only plasma-modified commercial polystyrene sammesthe other hand. It is also known
that the properties of polystyrene depend stronglghe microstructure of the chaltf® For
instance, a strong dependence of the glass tramsgémperature and the dielectric strength on
the vinyl content of statistical polystyrene wasetved.

Results depicted ifrig. 50indicate that the microstructure of reference R& those
treated by @ Ar plasma and UV irradiation is quite differertowever, the microstructure of
the product obtained by the pulsed-plasma polyratam is very different in comparison to

cPS. It is likely that, a highly cross-linked sture is obtained because the plasma process
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can activate the double bonds present as vinylpgyrine C-Co-bonds and the much stronger

bonded aromatic double bonds in the benzene ring.
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Figure 50: The dielectric loss~ of

O, 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, ¢, d and e respec-

tively on heating in 3D

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

The values of the glof plasma-polymerized PS films J3322 K measured by DSC

method) were significantly lower than thg=B73 K34 for conventional reference PS.
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It can be concluded that the molecular mobilithigher in plasma polymers than in the refer-

ence polymers as might be expecting. During thermpéapolymerization a highly branched

structure with many dangling ends is produced wihiety act as an internal plasticizer yield-

ing. These dangling ends lead to a decreagex Tnterpreted abovié%

The temperature dependence of the relaxation fateear-relaxationf , , show a

curved trace in the pldog f pq versusT . This dependence can't be well described by the

Vogel-Fulcher-Tamman-Hesse (VFT}? Equation (10).

This equation indicates that therelaxation is a not-activated process. Hence, dhe

relaxation is related tog]f ,,« and itshows the same dependence on chain architectrg as

(Fig. 52
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Figure 52: Relaxation rate of the-relaxation versus inverse temperature of PS tiinsffor: Ar, UV irradia-

tion, and Q plasma, plasma deposited PS, cPS. Insert: dynglass transition for different processes

Fig. 52compares the temperature dependence of the rateetdxation for different

processes and for the first heating of plasma degub®S. Firstly, for plasma-produced PS

the rate ofa-relaxation shiftsmore to lower temperature. On the other hand, #éte of a-

relaxation for Q plasma exposure shifte lower temperature compared to cPS. Ar plasma
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and UV irradiated samples show that the rate-rdlaxation has more or less similar tempera-
ture values as cPS. This means the plasma-prod@edtructure is different in compared to
cPS.

A crude estimation of a dielectric glass transitiemperature can be estimated bd?iei'
=T(fep=1 Hz). TgDie' is plotted versus the different processes in tiseti ofFig. 52 From the
raw data, the rate efrelaxation shifts to lower temperatures for plaggnaduced PS then O
plasma. It has a small shift to lower temperatadicating a decrease of the glass transition
temperature for both methods. Theelaxation is related to the, Bf the system and for that
reason this process is called dynamic glass tiansd-relaxation characterizes the segmental
motion of the chain. It is likely that, a decreadgddue to the dangling ends which is pro-
duced during the plasma polymerization or plasreattnents. Therefore, the segmental mo-

tion is increased and leads to decrease of dynglass transition.

16

% CPS
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A O2
141 o OPS Figure 53: Relaxation strength of the
o uwv a-relaxation versus inverse tempera-
ture of PS thin films for Ar and O
1.2
w 045$ = plasma UV irradiation, plasma depos-
< ited PS, and cPS as blank
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Moreover, it is worth noting that, the dynamic glasansition temperaturegE"I‘e' of spin-
coated PS treatdny Ar plasma, UV-irradiation and cPS are quite eltzgether. That means
the effect of Ar plasma and Ar plasma UV irradiation the surface and bulk of thin films is

very limited within 1 s of exposure.
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A according to the Kirkwood and Frohliégtunction (8, the dependence of the dielec-
tric strength Ag) on the temperature is plotted in thig. 53 Ae is proportional to the mean
squared dipole momenpt, number density of the dipoles and thereforeh&omobility of di-
poles.A¢ of plasma deposited PS was a high value referiencieS.

At a first glance, this is expected because theldipnoment of plasma-polymerized PS
should be higher than that of cPS. Therefore, ¢biscluded that the increasing concentration
of oxygen groups like hydroxyl and carbonyl groupsreases also the number density of di-
poles and therefore, also the dipole moment. Orother handAe of PS treated by £plas-
ma shows an increase which was expected in conopatasPS treated by Ar plasma and UV
irradiation as well as plasma-deposited PS and ef&h is interpreted as an increase of the
dipole moment at high concentrations of OH groups and so on. &@w it is shown thate

of the plasma deposited PS is very high comparexthers. The dielectric spectroscopy is a
‘bulk method’ and therefore this result points thanogeneous composition of the layers.
According to the above discussion, the plasma popeoduces a number of unsaturated free
radicals but trapped radicals on the surface anldrbulk of plasma-generated PS.

This line of argumentation leads to the hypothésid the plasma-synthesized prod-
ucts are not thermally stable because the freealdcan recombine at elevated temperatures.
This is demonstrated iRig. 54for discussing the dielectric loss behaviour far fff heating,
cooling and 2 heating run in more detalfig. 54 presents the dielectric loss versus tempera-
ture at a fixed frequency (1 kHz) (isochronal pltat) the different thermal histories for the
sample. In all cases tlerelaxation is observed as a well defined pealkhenthree spectra.
For the cooling run the intensity of this relaxatjprocess is shifted to higher temperature be-
cause the (polar) radicals are converted into pedar groups indicating also a change in
structure. After the first heating ruhermal stability is evidenced by the fact thatr¢his no

difference in the dielectric spectra between capéind 2% heating run.
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For segmental dynamics the functional form of #raperature dependence of the cor-

responding rate should follow the Vogel/Fulcher/Taamn (VFT-) formula.
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Figure 55: Relaxation rate af-process vs. inverse temperature for plasma degmb$§lS sample:*lheating,

cooling, 2¢ heating and cPS. The inset shows the dynamic trtassition for different processes

Therefore, Fig55 shows the temperature dependence of the rateelbxation for the differ-

ent thermal histories of the plasma-polymerizedsB@ple. The rate of therelaxation shifts

101



Results and discussion

to higher values of the temperature for the cooling second heating processes. The inset in
Fig. 55displays that the dynamic glass transition iseased from ca. 322 K (first heating) to
ca. 352 K (cooling and second heating). It may &esed by C-C recombination. After the
first heating run @hermal stabile products were obtained. It is evigel by the fact that there

is no difference in the rate afrelaxation and the dynamic glass transition bebtnbe first
cooling and the second heating run. Additionalf{erafirst heating the dynamic glass transi-
tion is close to that of cPS. This behaviour isiti for Ar, G plasma and UV irradiation in

compared to plasma PS films.
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4. Acrylic acid-styrene plasma deposited thin copghmer films

Assuming a random poly-recombination of small fregits and atoms formed from
the comonomers in the plasma. The resulting “typer” films should be preferentially
characterized by a linear correlation between fggesicomposition and film chemistry for the
measured properties mentioned above. The factrthhis study definitely non-linear correla-
tions are obtained points to effective chemicalatpmerization processes during film deposi-
tion. Therefore, an attempt can be made to undetdtee observed non-linear correlations in
terms of approaches which have been developed lssic radical copolymerization
processes (reviewed for instance in r8f/]]. The plasma polymerization mechanism is not
expected to be a completely free radical mechanism.

The final conclusion is that the structures of gh@sma deposited copolymer films
can’'t be easily anticipated from the structure ha# tespective plasma homopolymers. This
behavior is due to interactions and/or recombimateactions between monomer molecules
during their respective plasma copolymerizatiorcpss.

Through a careful selection of the feed gas contiposiplasma copolymerization can
be used to control the concentration of surfacetfanal groups in plasma deposited films.
The chemical structure of the plasma deposited lgopr films are partially different from
the structure of the respective plasma homopolymsaxs the nature of plasma copolymers
might not be straightforwardly predicted by a dethiknowledge of the structure of these
homopolymers. These results can be explained bghkeical interactions and recombina-
tion reactions taking place between monomer moéscin 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 flasma under complete retention

of the monomer structure in comparison to commbp:jiaymerization.[m Plasma polymers

are characterized by an irregular polymer strucagelemonstrated by FTIR and DRS and

often large concentration of C-radical sites resgaa for extensive post-plasma oxidation.

Using pulsed plasma technique this situation cbeldonsiderably improvett®?

Styrene is a vinyl comonomer and acrylic acid bgoto the acrylic comonomers and

they are easily to activate and therefore to pohzeeby a radical mechanism. The copoly-

merization parameters determine reflects the naacand compatibility as well as the chance

of forming homo or copolymers. More details of cheshcopolymerization can be found in

ref. [170. Also under exposure to low-pressure plasma lbotlylic acid and styrene have a

high tendency of simultaneous homopolymerizatiorc@polymerization as shown by high

deposition rates ifrig. 56 In detail the deposition rate of AA/S is closehattof pure acrylic

acid (AA) (seeFig. 56.
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Figure 56: Deposition rates of
plasma deposited PAA, PS ho-
mopolymers and AA/S copolymer

in dependence on DC

For styrene the deposition rate increases strdiogljigher values of the DC. This can

be interpreted as dominance of fragmentation fadidwy a poly-recombination mechanism.
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As discussed in detail in re1 (€ the deposition rate of acrylic acid shows a noedr be-
haviour. This behaviour depends on the mechanisthefilm formation corresponding to
high energy density of the plasma.

As discussed before, during the plasma deposit@net are two main processes.
Firstly, the double bond can be scission to a Grgle bond by only 1 eV energy input (R-
CH=CH, + plasma - R-CHs-CHs*) and a normal chain-growths polymerization (chain
propagation) process can be started under low4m@g®nditions maybe as a biradical proc-
ess: R-CHe-Ckk + 2 R-CH=CH - *CHR-CH—CHR-CH-CHR-CH,*. Another variant is
the attachment of a H atom or a radical to the ohbnd: R-CH=CH+ He » R-CH,-CHe.
This process takes place with a ratg 4R and will lead to regular structures similar tottha
obtained by a conventional polymerization proc&econdly, due to high energy density of
the plasma a fragmentation of the monomer takesepiallowed by a poly-recombination,
maybe as only one example: R-CH=CHplasma— uCe + vCHe + weCHe + XCHg* + zHe¢)

- randomlycomposed and structured polymeiith irregular, unsaturated radicals, branched
or crosslinked structures. The rate of the latteccess is denoted as;R where the overall
deposition rate is approximately given by Re& + Reag In addition to these processes a
depolymerisation and a partly removal of the dejeddayer have to be consider.

To compare the deposition rates for the differe@t directly, the deposition rate has
to be normalized by the time where the plasma waf,g). Equivalently the deposition rate
can be divided by the D&(g. 57).

This Figure shows that the normalized depositide cd plasma (co) polymer is maximal for
the lowest DC. This means that the rate for théncheopagation process is essentially higher
for low DC. This might also imply that for low DCraore regular structure is formethe
marked increase in deposition rate for AA/S comgdceboth monomers is not clearly addi-

tive, i.e. the sum of normalized deposition rateshe comonomers did not give exactly the
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normalized deposition rate of the comonomer mixturee plasma chamber consists of
acrylic acid and styrene as monomers vapour begfiasna inlet. Additionally, an interaction
between acrylic acid, an electron accepting monoarat styrene, an electron donating

monomer can takes platé” So, the deposition rate of AA/S copolymer contaleposition

rate of three compounds.
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4.1.2. Retention of functional groups during copolymerization

The estimation of the concentration of functionaups on the surface is based on the
reaction of these groups with a substance contiairleast one hetero element in its struc-
ture and followed by a XPS-measurement of the démgd surface. The concentration of
carboxylic groups at acrylic acid and acrylic astgirene copolymers with respect to DC was

analyzed according t86cheme 1

Fahmy et al!*®@ discussed the composition of the Cls peak of madeposited PAA at
DC=0.5 and the one derivatized with TFE.
Fig. 58a and lshow the C1s spectra of a deposited AA/S copolyfitres before and

after derivatization with TFE of a sample prepaaed DC value of 0.5. The deconvolution of

106



Results and discussion

the Cls peak of AA/S before derivatizatidfig, 583 was done assuming five components
assigned to: C-C/C-H: 285.0 eV, C-0: 286.3 eV, C287.5 eV,2COOH + COOR: 289.1

eV and the shake up satellite causedibyr* interaction at (291.5 eV) was observed hinting
to aromatic (or other unsaturated or conjugatediciires. At derivatized samples an addi-

tional component at 293.0 eV for the {dond was considereéify. 58h.

Table 8: gives the inspection of the Cls peak amlyf the non derivatized and derivatized surficeAA/S

copolymer
CCICCH% C-O% C=0% COO% nn"% CF3%
285.0eV  286.3eV 287.5eV 289.1eV 291.5eV 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

Intensity [cps.]

‘G
o
O,
2
‘D
c
()
£
206 202 288 284 280 206 292 288 284 280
Binding energy [eV] Binding energy [eV]

Figure 58: High resolution XPS spectra of the sampith DC=0.5: (a)- before derivatization and (bftex
TFE-derivatization. The solid line represents thxparimental data. The dashed lines represent thevicual

contributions

The comparison ofigs. 58a and leveals that the contribution of the £group,
which is related to the TFE-derivatized COOH grqupsqual to 1.6 %. Therefore, the con-

centration of COOR defines ascéor =Ccoo-Ccoon = (3.79 -1.6) % =2.19 %. This means
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that some COO bonds have to be rather assignedtto-tgpe linkages than carboxylic
groups, which do not participate in the derivaimatreaction and remain, therefore, un-
changed.Table 8shows the inspection of the Cls peak analysi©h@frion-derivatized and
derivatized surface.

Increasing DC produces a decrease in COOH functidhis behaviour is probably
due to a fragmentation of monomers and decarbagylaf acrylic acid (se€ig. 59. *"#174
A strong difference in COOH-group retention betwgeme acrylic acid homopolymer and
acrylic acid-styrene copolymers is obviol$y( 59.
For conventional radical copolymerization of stygeand acrylic acid for a feed composition
of 1:1 the corresponding copolymer has approxingadé$o a 1:1: compositioht’? There-
fore, an acrylic acid/styrene copolymer (molecuktio of both monomers = 1:1) contains 9
COOH groups per 100C-atoms theoretically. The lamnber of COOH groups is a conse-
qguence of a high carbon content introduced by theise monomer. For comparison: a 1:1
copolymer of acrylic acid/ethylene theoreticallyntains 20 COOH groups per 100 C-atoms.
For the plasma deposited 1:1 copolymer the humbdet@cted COOH groups was found to
be in the order of 1-2 COOH groups hinting to thetfthat other processes are going on
plasma polymerizatiolt’? Also by FTIR it was found that the plasma polymatian of pure
acrylic acid leads in a decreased C=0-band witheaging DC. The same behavior was ob-
served for the thermal degradation of poly(acrstit) in argon atmospheré’™

Figure 59shows that the concentration of carboxylic grod@sreases with increasing
DC. This is similar to the plasma deposition ofgacrylic acid but the dependence on DC is
different for both systems. To investigate thismwore detail the concentration of COOH
groups in the copolymer is plotted versus thathef homopolymers ifrig. 6Q A constant
trend in dependent on DC should be observed ifatnglic acid is deposited for the copoly-

mer in a similar manner for homopolymefsgure 60shows that for higher values of the duty
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cycle a smaller amount of COOH groups is found i expected from the structure of the

plasma deposited homopolymer. This can be discusgea directions:
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Figure 56shows that the deposition rate of styrene increat®ngly for the highest
values of the duty cycle. This might indicate that high values of DC the introduction of
styrene is favored and lower concentrations of lacacid units are obtained than expected
from the corresponding homopolymers.

The second direction of the discussion is relatethe monomer fragmentation. The energy
input increases with increasing DC, and thereftire,degree of fragmentation of the mono-
mer. For higher values of DC a higher concentratbstyrene radicals (or styrene-like) is
formed than for lower DC. The styrene radicals icé@rfere with the acrylic acid and modify
its structure before deposition. This may resulthie formation of other oxygen-containing
groups than the COOH group. Unfortunately, one oadiscriminate between both explana-

tions in the moment.
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4.1.3. Investigation of the chemical composition by FTIR

Figure 60: Concentration of COOH
groups for plasma deposited AA/S
copolymer versus the concentration
of COOH for plasma deposited PAA
homopolymers with respect to DC.
Both of them estimated from deri-
vatization with TFE and the XPS

measurements

FTIR spectra of plasma-polymerized S, AA/S and A& shown inFig. 61 All spec-

tra exhibit stretching vibrations of the polymercklaone consisting of the CH, (as/sym)jn

the wavenumber range from 2916 to 2844 tamd associated witihhe C=O stretching near

1700 cm’. With regard to the PS segments at 700/760" ¢he aromatic C—C stretching, at

1494/1601 ci the aromatic C=C stretching is observed and tbhmatics C—H takes place

at 3080/3060/3020 crh [1°+1¢3

Absorbance [a.u.]

vCH_

a vC=0
VCH, yich,

4000

T
2000
Wavenumber [ci

T
3000

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 discussig the C=0 stretching vibration

which is described by three components (Gauss&nd)737, 1712 and 1680 ¢mAs exam-

ple for that analysis seig. 62 for plasma deposited PAAO5 sampWang et al!*"¥ dis-

cussed three components with maxima positioned4®,11715 and 1685 chmeasured for

conventional polymerized poly(acrylic acid) and olymers of acrylic acid with styrene.

The band at 1680 chis assigned to the C=0 stretching of dimers shisw this structure

also dangling bonds etc. as well as intermolecjarogen bondingr C=C double bonds.

[**1The main component at 1712 ¢ris attributed to the stretching vibration (C=0)aair-

boxylic groups. To describe the contribution ofeest*? formed by COOR groups a third

Gaussian is located at 1737 &nThe ester groups may be formed by self condensati

NCH,=CH-COOH — [CH,-CH,-CO-01? or due to a fragmentation of the monomer fol-

lowed by poly-recombination.

R-CO-R
R-CO-CH=R

\. R=CH-CO-CH=R
N\ 14%

Absorbance [a.u.]

T T T T T
1800 1750 1700 1650
Wavenumber [cr'ﬁ]

Figure 62: Gaussian fits of C=0 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

Fig. 63 gives the FTIR spectra for plasma polymerized A&@polymer deposited

with a duty cycle of 0.8ompared to plasma deposited PAA homopolymers e peak of

the C=0 stretch is shifted from 1712 ¢rto 1706 cnt. The peak located at 1737 shifted to

1732 cn* which describes the contribution of ester unitsrfed by the COO group. A third
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Gaussian is located at 1680 trsimilar to that observed for plasma deposited P#oA

mopolymers. This indicates a change of the strectompared to those expected from

plasma deposited PAA (COOH). From the XPS measurmeis known that C=0, COOH

and COOR groups are formed.

From the fits the areas of the peaks at 1708 &1y and 1732 cil A173; are taken

and its ratio is calculated as a measure for tmeatrations of the COOH to COOR groups

estimated by FTIR:Alﬂ is plotted versus DCHg. 64)to discuss regularity of the carbox-

732

ylic group for AA/S copolymers compared to PAA presdeposited homopolymers.
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Figure 63: Gaussian fits of C=0 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

Figure 64: Aros
732

vs. DC for

plasma deposited: PAA homopo-

lymers and AA/S copolymer
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This graph shows firstly that the concentrationsC&OH groups decrease with increasing
DC for both PAA and copolymer and secondly thatehe a strong difference between the
homopolymers and copolymers. Additionally decarbbatign and dehydrogenation may pro-
duceaq, B-unsaturated ketone as found by the FTIR analysis.

This dependence affirms that for low values of D@ enCOOH groups are present in
AA/S copolymers. Moreover, for copolymers the defmicte of the concentration of carbox-
ylic groups obtained by FTIR on DC is much strontan that for the plasma deposited ho-
mopolymers. This behaviour is similar to the resolbtained by XPS.

XPS and FTIR should provide the same informatioaualthe concentration of the

COOH groups. Thereforé;ig. 65 displaysﬁversus the concentration of COOH groups

732
per 100 C atoms estimated from the XPS measuremBEmts Figure shows that the concen-

tration of COOH groups per 100 C atoms decreade imitreasing DC.

2.0 -mmmTTTTT u
™ /,—”’ Figure 65: Correlation between
199 o u XPS-measured COOH groups
o ,’/ (TFE-derivatization) and FTIR-
i: 1.8+ ,” Ai
R ' o measured —'% for plasma de-
<EH 1.74 . © 732
,” posited AA/S copolymer with re-
1.6 ,'I spect to D(
n
1.5 T T T | IS B —

06 08 10 12 14 16 18 20 22
COOH-XPS

From the theoretical point of view a constant easthould be obtained. As discussed above
for plasma deposited PAA and PAAI this result, diféerent analytical depth of both methods
has to be considereddowever, for pulse plasma the values of the comagah of carboxylic
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groups on the surface is proportional to that dated in the whole thickness sample was ob-
served. For the continuous wave the concentratignom the surface was very low compared

to that estimated by FTIR. This behaviour is cqroggling to the high energy of the plasma.

4.1.4. Thermal analysis

Fig. 66agives the DSC curves for AA/S copolymers depositedlifferent values of
DC. For each material a step-like change is obsemethe heat flow which indicates the
glass transition. The glass transition temperalyres estimated from the inflection point of
the heat flow of the second heating run and plotezgus duty cycle ifrig. 66h These data
are compared to the values obtained for plasmasitepd®AA homopolymers.
Firstly, for all plasma deposited PAA, PS homopatysnand the AA/S copolymers samples
the Ty values are lower than those measured for conveaitiBAA (379" and polystyrene
(373 K) ™*¥. It can be concluded that plasma polymerizatiahnégue results in products
with a lower molecular weight and probably withighly branched structure compared to the
conventional polymerized material8’’? In the latter case the dangling ends of the
branched structures act as internal plasticizex fie conventional poly(n-alkyl methacry-
lates).
Secondly, the glass transition temperatures forplasma deposited copolymers are also
lower than those of plasma deposited PAA (Beg 663. Probably, the introduction of the
bulky styrene units increases the free volume dad avoids the formation of hydrogen
bonds. Both effects will lead to a reduction of giass transition temperature.

For the copolymers gldecreases for low values of DC up to DC=0.5. Ailsinde-
pendence was observed for the plasma deposited idwfopolymers (se€ig. 660. Then
the Ty increases with increasing DC in difference to té\fhomopolymers. This behaviour

confirms the results obtained by monitoring the a#jon rate, XPS and FTIR measure-
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ments. As argued for the deposition rate, the iatéhe chain propagation process is essen-
tially higher for low DC. However, the energy ingotreases with increasing DC, and there-
fore the degree of fragmentation of the monomehg. latter leads to decrease of the concen-
tration of COOH groups as well as in an increasera$slinking. Especiallthe crosslinking

increases with increasing values of DC which leadrt increasedyl’

....... - o,
T @ . ®)
R . 3404
';' O - el /%
8, e .
= PR =!
E <. 320 L
- -
PS 4
T L
* o/ L
SO - Y
3001 Sl LB o PAA
i o PS
= % AAIS
200 250 300 350 400 450 0.0 0.2 0.4 0.6 0.8 1.0
DC

TIK]

Figure 66: Heat flow of plasma-polymerized AA/Satgmers in dependence on temperature for the labele
DC values (¥heating run) (a): T versus DC for plasma deposited: AA/S copolymeA BAd PS homopoly-

mers (b)

4.1.5. Dynamic mobility and thermal stability

In detail, glassy dynamics is investigated as waslloxidative and thermal stability.
Therefore, the sample is cooled down to 173K atet #fie dielectric properties are measured
during heating. This means the appropriate tempeyasd selected, the samples equilibrated at
this temperature and the dielectric loss is measura frequency scan isothermally. Then the
next higher temperature is selected till 453 K {imgacycle). Then, the same procedure is ap-
plied by subsequently lowering the temperature dtwh73K (cooling cycle).

Before the dielectric properties of the plasma AA&&polymer are discussed, the di-
electric loss versus frequenc)y and temperaturerl for plasma-polymerized PAA and PS

homopolymers should be consideré&ty( 67).
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Figure 67: Dependence of dielectric loss versus frequency and temperature for plasma sitgb (a)-

PAA, (b)- PS homopolymers and (c)- AA/S copolyrmBxCGx0.1 for the first heating cycle
The dielectric relaxation behavior of plasma dejgakpoly(acrylic) acid is discussed in detail
above [L0g. A relaxation process indicated by a peak in théedidc loss is observed at low
temperature for this materiaFig. 673, which is assigned to thp-relaxation. Thep-
relaxation corresponds to localized fluctuatiorthad dipoles related to the carboxylic groups.
At even higher temperatures a clear indication @frther process is visible called electrode
polarization.

In case of plasma deposited PS, it is argued iaildeibove in section [Plasma depo-
sited and spin coated thin polystyrene films]. Bhectrode peak and the electrode polariza-
tion were also observed like for plasma-polymerigA. In the range of glass transition
measured by DSC, a relaxation process takes phueh corresponds to the dynamic glass
transition temperature due to segmental dynanmuie®laxation). A more detailed discussion

of plasma deposited polystyrene including a conspariwith conventional synthesized poly-

styrene was discussed above.

For the AA/S copolymer, similar to PAA and PS plasdeposited homopolymers an
electrode peak (higher frequencies) and the eleéetpwlarization (higher temperatures) are
observed. In difference to plasma deposited PAA dmotymers no unambiguouB-

relaxation is observed for the copolymer depositétt DC=0.5 (sedrig. 679 because the
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dielectric loss covers a wide range. Therefore,dileéectric loss in the temperature range of
the B-process is plotted versus temperature at a freayueihl kHz for different values of the
DC in Figure 68for the heating cycle. For DC=0.1 a well defingédelaxation is observed
which decreases in its intensity with increasing. BGr DC=0.5 this relaxation process dis-
appears completely. In referenc)f] the B-relaxation is assigned to the localized fluctua-
tions of the carboxylic groups. Therefore, the dase of the intensity of tlfgprocess with
increasing value of DC has to be attributed to @ekese of the number density of carboxylic
groups. This line of argumentation is in complejeeament with the results of XPS and FTIR

investigations.

Figure 68: Dielectric losg" ver-
sus temperature at a frequency of 1
kHz for the plasma deposited co-

polymer of AA/S for different val-

loge""

ues of DC for the heating cycle

200 50 o 50 100
T[°C]

In the temperature range, where theelaxation is observed for plasma deposited pplyst
rene, this process is detected also for the copaiym

The dielectric spectra are analyzed fitting the atddnction of Havriliak and Negami
(HN-function) to the data, which serves for caltinig the relaxation ratg at maximal di-
electric loss and the dielectric relaxation strangt.
The electrode peak is taken into consideration [ehye function as described in plasma
deposited PAA, PAAI and PS homopolymers thin filfAer cases where the frequency posi-
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tion of the electrode peak is outside of the expental accessible frequency window the De-
bye function is approximated by its low frequenail. tAn illustration for that procedure is

given inFig. 69

Figure 69: The dielectric loss versus fre-
04 P o-relaxation tail of the quency for the plasma deposited sample
1 conductiity | electrode peak AA/S copolymer with DC=0.1 at T=353.15
0.6 Y K during heating. The solid line corresponds
. to the whole fit-function consisting of the
§7 0.8 S conductivity, a HN-function and a high fre-
//' '.\ : quency tail. The dashed, dashed dotted and
-1.04 N ' N dotted lines are the contributions of the re-
/ t;‘k laxation process, conductivity and the low
1.2 ;" \ frequency wing of the electrode peak respec-
: . : . : . : ‘ . : tively
2 0 2 4 6
log(f [Hz])
6

Figure 70: Relaxation rate of ther
process versus inverse temperature for
plasma deposited PAA, PS homopolymers
and AA/S copolymer (DC=0.5)

log (f ,, [Hz])
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Fig. 70compares the temperature dependence of the nelaxate of thex-relaxation
f (o, o) Versus Tfor the plasma deposited polystyrene and the gooreging copolymer for
DC=0.5. Considering the fact that the rate for ¢lextrode polarisatiofip is related td p,q

(see 06,107) fep for plasma-polymerized PAA is added as well. A& first glance the
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temperature dependence of the relaxation rateeopldsma deposited copolymer is similar to
that of polystyrene. This might be due to the thet for poly(acrylic acid) the segmental dy-
namics is strongly influenced by the formation gtitogen bonds. The possibility of the for-
mation of hydrogen bonds is strongly reduced ferdbpolymer. For chemically stable poly-
mers the temperature dependencies of relaxatias naight be described by the Vogel-
Fulcher-Tamman-Hesse (VFEQuation (10).

Generally, it is believed that the dependence aicgrto Eq. (10)is a signature of
glassy dynamicg-or DC=0.5 the temperature dependence of relaxatit@s seems to follow
the VFT-equationA dielectric glass transition temperature can lieneded by 'gDie' =T(fp=1
Hz) (seeFig. 70).T,"*® for the AA/S copolymer is ca. 325 K and it is @dsto > of PS

(323 K) while T, for PAA is ca. 338 K.

3804
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Figure 71: Relaxation rate of the-process versus inverse temperature for plasma sigggbAA/S copolymer

for different values of DC. Insert: dynamic glassmsition for different values of DC

Fig. 71compares the temperature dependence of the nelaxate of thex-relaxation

for different values of DC on heating. Firstly, wiincreasing DC the rate efrelaxation
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more or less shifts to higher temperatures. Segoimdiecomes clear frorfrig. 71 that the
temperature dependence gf fcannot be described in the whole temperature réygthe
VFT-equation. This dependence is non-monotonouscandes some structure (see for in-
stance data for DC=0.1 or DC=0.7). To discuss beisaviour one has to bear in mind that
during the plasma polymerization a large numberadicals are formed which do not react
completely during the deposition process. Afterasion these radicals are quenched and
the deposited layer is in a metastable but nonlibgum state. By heating up the segments
become mobile at the glass transition temperatmd, these radical undergo a post-plasma
reaction. Therefore this structure in the tempeeatiependence is related to the kinetics of
the chemical reaction that takes place during tegihg process.

Nevertheless, a7 can be estimated and plotted versus DC in thet ifige 71
T~ decreases firstly with the duty cycle up to a Dilue of 0.5 then th&, increases with
growing DC. This behaviour is similar to that obid by DSC. Firstly, the dielectric spec-
troscopy measures the glass transition temperatutese systems. Secondly, this behaviour
can be discussed in the same way as the DSC messugeand the results that obtained by

monitoring the deposition rate, XPS, FTIR and DS€asurements are consistent.

3.2 343K: —=—DC 01

] ; —0—DC 02
2.8 : —A—DC 03

: —0—DC 07 ; S, ;
] Figure 72: Dielectric strength of the-
—%—DC1 9 g
2.4 process versus inverse temperature of
20_- the plasma deposited AA/S copolymer
4 1 for different values of DC
1.6+
1.2+
0.8
T T T T T T
2.7 2.8 2.9 3.0

1000/ T [K']
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Fig. 72presents the dielectric strendtk, for thea-process of plasma deposited AA/S
copolymer for the different values of DC versusearses temperature according to the Kirk-
wood and Frohlichiunction (8) With rising temperaturé\e, increases slightly. This increase
of At is probably due to an increase of the number tdenéidipoles, which contributes to
process and which might be related to the chemézadtion discussed above.

Ae decreases with increasing duty cycle. Therefor€jg. 73,Ac is taken at T=343 K
and plotted versus DC. According Emuation (8)this implies that the number density of di-
poles decreases with increasing DC at 343FHK.(73. This is in agreement with the FTIR
and XPS experiments. These experiments show teatumber of carboxylic groups which
are involved in dielectria-relaxation decreases with increasing DC. It ieworthy that al-
so thetemperature dependence of the dielectric strengdinges with the DC. At low value

of the DC the temperature dependencAsggfis more pronounced than for higher values of it.

\
m
2.0+ \\ |
\
AR Figure 73: Dielectric strengthde, of
N\
4 1.5 ‘.\ plasma deposited AA/S copolymer vs.
DC at T=343 K
Tt =
1.0 el
u
05 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
DC

To discuss the dielectric behaviour for the heatind cooling run in more detdailg.
74 is presenting the dielectric loss versus tempegadt a fixed frequency (isochronal plot)
for heating and cooling run for the sample plasmdSAdeposited copolymer with DC =0.1

as an example. For both cases at low temperathedsrelaxation is observed as a well de-
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fined peak in the spectra. For the first heating aushoulder is observed at higher tempera-

tures than that of th@-relaxation which corresponds to theelaxation.

0.5
electrode polarization
0.0 Figure 74: Dielectric losss" versus
o-relaxation g temperature at frequency of 1 kHz for
-0.54 B-relaxation : )
] : pulsed plasma copolymer for heating
% -1.0- ' and cooling runs (DC=0.1)
81 | < X))
1.5+ :
207 # B heating
1 ! O cooling
I
2.5 T T T T T T

: S :
150 200 250 300 350 400 450 500
TIK]

Fig. 74 reveals that the dielectric loss is dramaticaltguced in the range of-
relaxation and electrode polarization. The hysierestween the first heating and the cooling
run can be explained by the following consideratida discussed above during the plasma
deposition of polymer a highly branched producthwitany free radicals is formed®°!
These free radicals were able to react with eacérdd form a more crosslinked network dur-
ing heating. So, the-relaxation process seems to disappear and maxipaak of the elec-
trode polarization shifted to high temperature ¢ating also a change in structure. Otherwise,
the dielectric loss is dramatically increased ia tange of3-relaxation.p-relaxation is as-
signed to the localized fluctuations of the carbimxgroups. The radicals which are generated
during plasma polymerization process probably fsome kind of bonds with COOH groups.
So, it employs an important role to hinder localiZkictuation of COOH groups. Therefore
the increase of the intensity of tBeprocess after heating run has to be attributaddiease

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 fdeposition rate, duty cycle, pres-
sure, power, and temperature were held constant.
The deposition rates were calculated from diagrahwwving film thickness vs. deposition
time, which lasted between 4 and 35 min, (B&p 75a) Acrylic acid deposited faster than
styrene. As discussed above the double bond cdémdben by only a 1 eV energy input (R-
CH=CH, + plasma—- R-CHe-CHye or R-CH=CH, + H* . R-CH,-CH,*) and a normal chain-
growth polymerization (chain propagation) proceas be started maybe as a biradical proc-
ess: R-CHe-Ck + 2 R-CH=CH - *CHR-CH—CHR-CH,-CHR-CH,*. However, the reso-
nance of the benzene ring plays an important rotettfe stability of the vinyl group and
therefore, it needs high energy to be activated, tl$ deposition rate of PS was lower than

that of PAA.""%The copolymer deposition rate was found in the oafepure acrylic acid

(Fig. 75b)
50+
160 |
—_ ] ,
E .0 £
r E *
3 = 30 e
£ o] g e
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Figure 75: Thickness of the plasma (co)polymerlagdr vs. deposition time for various comonomeiosa{a).
The deposition rate of plasma deposited AA/S coperly versus PMR [%] of acrylic acid (b)
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The marked increase in the deposition rate for Aédgpared to the both monomers. The
plasma chamber consists of acrylic acid and styasn@onomers vapour before plasma inlet.
Additionally, an interaction between acrylic acih electron accepting monomer and styrene,
an electron donating monomer can takes pféfeSo, the deposition rate of AA/S copolymer
contains deposition rate for three compounds asidsed before.

To compare the deposition rates for the differeestprsor mixture directly, the depo-
sition rate can be normalized by divided by the coomer ratio of AA Fig. 76.
Figure 76shows that the normalized deposition rate of ptasieposited AA/S copolymer is
maximal for the lowest ratio of acrylic acid moname&his means that the rate for the chain
propagation process is essentially higher for laorof the acrylic acid monomer. This
might also imply that for low ratio of the acrylaxid monomer a more regular structure is

formed.[*06:107

§ 1.2
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= \
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€ 99 o Figure 76: Normalized deposition
~
£ \\ rate vs. PMR [%)] of acrylic acid
N—r \ .
% N for plasma deposited AA/S copoly-
\
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4.2.2. Retention of functional groups during copolymerization
The estimation of functional groups on the surfasegossible by derivatization and

XPS-measurement of introduced labels. Accordingigs. 58a and b and Tabletl@at is

some COO band assigned to ester-type.
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Fig. 77shows that the COOH groups grow with increasimagtfon of acrylic acid in the pre-

cursor as might be expected. More details wereudsax in the section AA/S copolymer with

influence of DC. However, it's very low in comparisto plasma-polymerized PAA.

COOH /100 C atom

Shake-up % (C1ls peak)

16
PAA— %]
124 :
Maximal concentartion 9.1 COOH/100 C atoms
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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 Cls peak de-
convolution) compared to plasma

deposited PAA homopolymers

Figure 78:z-z* in plasma deposited
AA/S copolymer films in dependence
on the ratio of the comonomers from

C1s deconvolution

For the plasma deposited copolymer, the numbeetdaed COOH groups and ben-

zene ring were found to be in the order of 1-2 CO@élips and 3-4 benzene rings (Begs.

77 and78). This point indicates to the fact that other msses are going on during plasma

polymerization. However, the energy input leadsaatragmentation of the monomers fol-
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lowed by poly-recombination as well as the conarin of the COOH groups and benzene
rings are lower than that expected for the coneeuati copolymers.

However, thet—n* component increases due to growing parts ofatwnatic rings on the

surface as might be expecigdg. 79.

4.2.3. Investigation of the chemical composition by FTIR

Fig. 79 images the stretching vibration of the carbomglug (C=0) in the region be-
tween 1800 cm — 1550 crit for commercial poly(acrylic acid) PAA18 (MW 18@@mol)
(Fig. 799, plasma deposited PAAg. 79b) and an AA/S plasma copolymer with PMR [%]
of 66.6 acrylic acidFig. 799.

A detailed examination reveals that this peak iseqcomplex and consists of two or
more different contributions. Wang et 89 discussed three components with a maximum
positioned at 1685, 1715 and 1749 tmeasured in common poly(acrylic acid) and copoly-
mers of acrylic acid with styrene as discussed ab@he maximum position changed with
respect to AA fraction in the copolymers. Dong kt'§” inserted four components. The
maxima observed at 1686, 1705, 1725 and 1742ware assigned to inner hydrogen bonded
COOH groups of oligomeric COOH (1686 ¢nC=0 stretching of cyclic hydrogen bonded
COOH (dimers; 1742 cif), free COOH (1705 ci) and terminal groups COOH in oli-
gomers (1725 cif.

Zhang et all*®? observed the polymerization of acrylic acid oiicsih oxide surfaces.
The peaks at 1636 chand 1620 cr were assigned to the C=C stretching vibration((of
reacted) acrylic acid monomer) while the absorgtian1702 and 1730 ¢chwere assigned to
the C=0 stretching vibration of free and bonded EgPoups, respectively.

In accordance tWang *’¥ three components were fitted to the data for commo

PAA. Fig. 79ashows the enlarged view in the wavenumber ranghefC=0 vibration for
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cPAA. A detailed examination reveals that this béduite complex and consists of three
different contributions. The main component at 12060 is attributed to carbonyl stretching

vibration (C=0) of carboxylic groups. The secone evith a shoulder at 1664 ¢his related

to the vibration of dimers formed by the C=0 groli{f

(b)

R-CO-R
R-CO-CH=R
R=CH-CO-CH=R

X

1850 1800 1750 1700 1650 1600 1550 1800 1750 1700 1650 1600 1550
Wavenumber [cif]

Absorbance [a.u.]

Absorbance [a.u.]

Wavenumber (cif)

© Figure 79: Stretching vibration of the carbonyl
group (C=0) for: (a) commercial PAA, (b)
plasma deposited PAA homopolymers, and (c)

plasma deposited AA/S copolymer with PMR

RCOR [%] of 66.6 acrylic acid deconvoluted into three
R-CO-CH=R

=CH-CO-CH=
Recrreo-cneR components

Absorbance [a.u.]

1800 1750 1700 1650 1600 1550

Wavenumber [ci
Finally, the band at 1734 ¢his assigned to C=0 stretching vibration of esteugs formed
by self-condensatioh:’? Fig. 79bshows the C=0 region for plasma PAA compared #AcP
the main peak of the (C=0) is shifted from 1700 cfnto 1712 crit. Furthermore, the band at
~1740 cm' indicates the formation of other bonds in addititn those expected for
poly(acrylic acid) (COOH) like ketone or ester gostt*? The band at 1680 chis assigned

tov (C=0) from dimer, C=C as well as intermoleculadiogen bonding.
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The following procedure was employed to analyze gpectra quantitatively with
three components fitted to the data. The maximumeaepeared at 1737 &nfester), 1706
cm’ (C=0) corresponding to COOH group at#B0 cnmt* (dimers) or C=C as well as inter-
molecular hydrogen bond. From the XPS measuremteigsknown that C=0, COOH and
COOR groups are formed. IIrig. 79cthe FTIR spectra of C=0 for plasma-polymerized
AA/S is displayed.Compared to plasma PAA the main peak of the C=€éddiris shifted
from 1712 crit to 1706 crit and closed to cPAA. This indicates the changenhefstructure
compared to those expected for plasma PAA (COOH).

From the FTIR spectra the areas of C=0 peaks & t#d A1706 and CH(as) peaks
at 2917 crit Aye17 were taken and the ratios were calculated as aumedor the concentra-

tion of the COOH groups estimated from FTIR.

10+
] e
8 Figure 80: Concentration of COOH
] groups estimated from FTIR areas
~ 6— l’
2 - ratio Ai7gs/ Asgr7for plasma deposited
< i
T8 4 P AA/S copolymer films in dependence
< L on the PMR [%] of acrylic acid
)] -
—,’
r’,’.’
o4 m-"~
o 20 4 60 8 100
PMR [%] of acrylic acid
Ai706

—% s plotted versus the ratio of the comonomerBim 8Q This Figure resembles a close
917

similarity to the concentration dependence of COgpblps per 100 C atoms estimated from
XPS measurement&i@y. 77). It shows that the concentration of COOH groupgseases with

increasing fraction of acrylic acid comonomer.
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XPS und FTIR should provide analogue informatemout the concentration of

A706

COOH groups as contributed before. Thereféig, 81displays—> as a concentration of
917

COOH groups estimated from FTIR versus the conagatr of COOH groups per 100 C at-

oms estimated from XPS measurements. It gives @eafstraight line.

A706

Figure 81: —— versus the concen-
917

tration of COOH per 100 C atoms es-

Ratio of acrylic acid
AA/S

timated from the XPS measurements

A170!7/A2917
T

for plasma deposited AA/S copolymers

Regression coefficient: 0.99
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This means the concentration of COOH on the surfA&s, 5-7 nm) and in the bulk (FTIR,
~ 2.5 um) is growing proportional with increasimgdtion of acrylic acid in precursor.

Fig. 82 displays fractions of different C=0 componentshwiéspect to the ratio of
comonomer in precursor. It shows a constant lemeklfl components until ~50 % PMR of
acrylic acid. The free COOH component (~1706¢mecreases and the COOR (1737'¢m
component increases with rising acrylic acid atfoas, while the third component presenting
R-CO-R/R-CO-CH=R/R=CH-CO-CH=R vibrations (1680 tnonly slightly increases. This
behaviour is possibly to explain with a lower camcation of styrene units in the copolymers
approving stronger intermolecular hydrogen inteoas (lower concentration of free COOH
groups). Moreover, the styrene monomer maybe ptevieagmentation of the carboxylic

groups of acrylic acid during the plasma polymeraraprocess or vice versa. However, with
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increasing ratio of styrene monomer the distandéedxn the carboxylic groups isn’t enough

to develop intermolecular hydrogen bonds.

80
free COOH

i 60+ Figure 82: Area % for different compo-
;E, nents of C=0 bands (fit results) of AA/S
c

é_ 20 plasma deposited copolymer films in
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In Fig. 83Mi8 plotted versus the ratio of the comonomer.
917

This graph shows that the concentrations of Gm@roups at 1493 ciincrease with in-
creasing the ratio of styrene comonomer in refat@the concentration of GHas) at 2917

cm?, as expecting.
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As discussed above XPS and FTIR should provides#ime information about the

A‘l493

concentration of the C=m groups. Therefore, the inset Bigure 83displays —*2 versus
917

the concentration of-7* related to C=G,mgroups estimated from the XPS measurements.
From the theoretical point of view a constant vadbeuld be obtained. This graph shows that
an approximately linear dependence between botbetdrations is observed.

To discuss this result the different analytical ttlepf both methods has to be consid-
ered. XPS is sensitive to a layer with a thickn&ss to 7 nm whereas FTIR provides infor-
mation across the whole sample thickness. For aenextended discussion see refs.

[106,107.

4.2.4. Thermal analysis

Fig. 84acompares the DSC curves for plasma AA/S copolyreepdited with respect
to the composition of the feed gas mixture. Fohematerial a step-like change in the heat
flow is observed which indicates the glass traositiThe glass transition temperaturgid
estimated from the inflection point of the heatfland plotted versus the PMR [%] of AA in
Fig. 84b.

Firstly, as argued above for all plasma deposit@d,APS and AA/S (co) samples thg Val-
ues are lower than those for conventional PAA aolggpyrene. It is concluded that plasma
polymerization technique results in products withoaer molecular weight as well as a
highly branched structure with many dangling ered®rmed. These dangling ends lead to a
decreased o

Secondly the glass transition temperature of tlasmpl deposited copolymer is also lower
than that of PAA (se€ig. 840. It is likely that, the introduction of the bullstyrene units

increases the free volume and also avoids the toomaf hydrogen bonds. Both effects will
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lead to a reduction of the glass transition tentpeea So, T of AA/S copolymer increases
with increasing PMR [%] of AA monomer. This behawiaconfirms the results that obtained

by XPS and FTIR measurements.
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Figure 84: Heat flow of plasma deposited AA/S cppers in dependence on the temperature for thdddbe
PMR [%] of acrylic acid values ($heating run) (a). Jvalues versus PMR [%] of acrylic acid off' Beating
process (b)

As argued for the deposition rate, the rate fordhain propagation process is essen-
tially higher for low acrylic acid comonomer in presor mixture. However, the increase of
the COOH groups leads to increase of hydrogen boRads latter leads to decrease in the

concentration of the free COOH groups as well aagninncrease of crosslinking. Especially,

the increase of the crosslinking leads to an irsged;.

4.2.5. Dynamic mobility and thermal stability

In previous sections XPS and FTIR the measuredlatheoretically expected com-
positions, especially the number of functional gr®wf copolymers were found to be very
similar. However, first the stability of copolymesss measured again using dielectric relaxa-

tion spectroscopy for measuring the molecular dyosmf thin polymer films and investigat-
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ing of the polymer bulk to characterize the regalad irregular structures, estimation of the
Ty and thermal stability.

The dielectric loss in the temperature range of3peocess is plotted versus tempera-
ture at a fixed frequency (1 kHz) for different was of the comonomer ratio Kig. 85 In
plasma deposited PAA homopolymers a well defiffectlaxation is observed which de-
creases an intensity with decreasing PMR [%] of wAnomer. For 50 % this relaxation
process disappears practically completely. In ptasteposited PAA the B-relaxation is
assigned to the localized fluctuations of the caybo groups as argued before. Therefore, the
decrease of the intensity of tBeprocess with decreasing value of PMR [%] of AA roorer
has to be attributed to decrease the number deositgrboxylic groups. This line of argu-
mentation is in complete agreement with the XPSFRR®R investigations.

At higher temperatures, in the range of the gleassition measured by DSC an ill-defined
shoulder is visible which corresponds to the dymaghass transitiono-relaxation) in poly-

mers and copolymers on heating up.

H 100% electrode polarization
21 0 75%
] <: gg'go% Figure 85: Dielectric loss vs. tempera-
1__ 2 2203/0% ture at a fixed frequency of 1 kHz of
o A 0% B-relaxation the plasma deposited sample AA/S
:g, D copolymer in dependence on the PMR
2 14 (i [%)] of acrylic on heating
-2
-3 . . . ; . | .
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The temperature dependence of the relaxatiorfgatef thea-relaxation is non-linear

versus inverse temperature and can’t be descrip€dmr) Equations (1Q)
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Fig. 86ashows the fit of relaxation ratg, is deduced in there temperature dependencies.

To discuss this behaviour one has to bear in niatlduring the plasma polymeriza-
tion a large number of radicals are formed whichhdbreact completely during the deposi-
tion process. After deposition these radicals airenghed and the deposited layer is in a me-
tastable but non-equilibrium state. By heating k@ segments become mobile at the glass
transition these radical undergo a post-plasmatiogacTherefore, this structure in the tem-
perature dependence is related to the kinetickeothemical reaction that takes place during
the heating process&ig. 86bdisplays the dynamity decreases with increasing the ratio of

styrene monomer.
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Figure 86: Relaxation rate of the-process versus inverse temperature for plasma sieggbAA/S copolymers
for different PMR [%)] of acrylic acidor 1° heating process (a). Dynamic glass transition terapee 'I'gDiel
versus PMR [%] of acrylic acid (b)

This behaviour is similar to that obtained by D$@stly, the dielectric spectroscopy meas-
ures the glass transition for these systems. Ségotiis behaviour can be discussed in the
same way like for the DSC measurements and thdtsetiat obtained by monitoring the

deposition rate, XPS, FTIR and DSC measurementsagistent. The possibility of the for-

mation of hydrogen bonds is strongly reduced f& AA/S plasma deposited copolymers.

134



Results and discussion

However, the distance between the chains increhseso the presence of the styrene repeat

units. Therefore, the crosslinking decreases wiialis to a decrease of thg'¥.

2.4
4. PMR [%]of AA
2.1
3 .
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14 ~
(a) 1.24 (b) -
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PMR [%]of acrylic acid Ag

64 PMR [%]of AA Figure 87 Dielectric strength of the-process versus

relative PMR [%] of acrylic acid at T=344 K (a).

% 4 = d Aia0dPog17 and A7odAsgi7 Calculated from FTIR versus
<\(§’ " the dielectric strength estimated from the DRS meas
< 2 urements for the AA/S copolymer deposited on Al sub

] i - strate at 344 K (b) and (c) respectively
0 | | (c)
0 2 4

Fig. 87agives the dielectric strengike for the a-process versus of the PMR [%] of
AA at 344 K. As it is well known for mobility of s which related to the dielectric strength
(Ag), Ag increases with increasing the ratio of AA mononfarcording to equation (8)\¢ is
related to the number density of the dipoles cpoading to COOH groups.

Dielectric spectroscopy and FTIR should provideilsiminformation about the con-

centration of the functional groups. Therefdfays. 87b and display Asos and Aros for the

917 917
AA/S copolymer deposited on Al substrates calcdlaleem FTIR versus the dielectric
strength estimated from DRS measurements at 34¢h& .dielectric strength ai-relaxation

is due to the segmental motion of chain. Carbongugs and phenyl groups employ an im-

portant role for this behaviour.
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Fig. 87bshows that an approximately curve dependence ketweth quantities is

observed. The analysis of the FTIR measurementgda® information only about the con-

centration of C=g.n groups related to the benzene ring. Tﬂéé% decreases with increasing
917

A (this means with decreasing the PMR [%] of styjeare an expression of the fact that
with increasing the PMR [%] of styrene, the numbérdipoles corresponding to COOH
groups is decreased.

On the other hanéig. 87cshows that an approximately linear dependence dsetw
both quantities is observed. To discuss this rabeltdifferent sensitivities of both methods
have to be considered. The analysis of the FTIRsoreanents as discussed above provides
information only about the concentration of COOldugs. Dielectric spectroscopy measures
an effective dipole moment which can include otherctional groups like C=0, C-O-C,

COOR, COOH, phenyl etc. which can be created dutiegplasma polymerization process.

Aros increases with increasidxg proportionally for plasma deposited AA/S copolymer
917

To discuss the dielectric behaviour for AA/S plasdeposited copolymers in more
details, different thermal histories were studiedy. 88 gives the behaviour of AA/S (50 %
PMR of acrylic acid as an example) in case of heatip, cooling down then followed b{®2
heating up. For all cases at low temperaturegtredaxation isn’t observed as a well defined
peak in the spectra. For the first heating run @ukter is observed at higher temperatures
than that of the expecting f@rrelaxation which corresponds to thieelaxation.

However, the dielectric loss is dramatically redligethe range ak-relaxation for the
cooling run compared to thé' heating run. Moreover, the electrode polarizatgoshifted to
higher temperatures. This hysteresis between theheating and the cooling run can be ex-
plained by the following consideration. As discussdove during the plasma deposition of
polymer a highly branched product with many fregicals is formed*°®'°T These free radi-
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cals were able to react with each other to formasentross-linked network during heating.
So, thea-relaxation process seems to disappear and maxip@ak of the electrode polariza-
tion shifted to high temperature indicating alsohange in the structure. Otherwise, the di-
electric loss is increased in the rangg3eklaxation. As discussed above fheelaxation is
assigned to the localized fluctuations of carbaxglioups. Therefore, the increase of the in-
tensity of the3-process after heating run has to be attributeda®ase the number density of

free carboxylic groups.

electrode polarization

Figure 88: Dielectric losse" versus
temperature at a frequency of 1 kHz

for pulsed plasma copolymer with 50

loge"

% PMR of acrylic acid on different

thermal histories

Y a4 070, 4
J B 1" heating
O cooling
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: — :
150 200 250 300 350 400 450 500
TI[K]

This line of argumentation leads to the hypothésid the plasma-synthesized prod-
ucts are not thermally stable because the unsaturaticals can react at high temperatures.
[1%8 after the first heating run thermal stability isigenced by the fact that there is no differ-

ence in the dielectric spectra.

The dielectric spectra are analyzed fitting the atddnction of Havriliak and Negami

(HN-function(9)) to the data also in this case.
The process observed at higher temperatures tlamotihea-relaxation has a quite high in-

tensity. There seems to be no dipole moments irsdn@ple which can cause a dielectric re-
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laxation process such a high dielectric strengthr.tRat reason and considering the fact that
also the plasma deposited AA/S copolymer has a toglductivity this process is assigned to

electrode polarization.
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Fig. 89gives the temperature of the rate of electrodaration £p in the Arrhenius
diagram for the sample 50 % PMR of acrylic acid f¥theating, cooling and"2heating.
Firstly, as expected froriig. 88 there is a strong hysteresis between heating anting
which is due to chemical reaction processes withensample. Secondly, a closer inspection
of the temperature dependencegfdbtained for heating reveals that this dependeno®o-
notonous and carries some structure. This struasurelated to the kinetics of the chemical
reaction that takes place during the heating psocékirdly, the temperatures dependence
measured forgb during cooling is shifted to higher temperaturespared to the dependence
measured for heating. The temperaturegpf$ related to the mobility of the charge carriers
which is connected to segmental mobility. The dlaifthigher temperatures for the cooling run
therefore indicates a lower segmental mobility aigher glass transition temperature of the
AA/S copolymer layer obtained during heating. Thpsets related to a cross-linked struc-

ture.
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Chapter 4

Conclusions

Poly(acrylic acid) were deposited by pulsed plagmobymerization as a thin films.
The structure-property relationships of these samplere studied with respect to the duty
cycle of the plasma by a broad combination of défifi techniques and probes.

The dependence of the deposition rate versus D@ridinear. The deposition of the
plasma polymer due to the activation of the doddaed of acrylic acid as regular structures
(radical polymerization under low pressure condsio Additionally, a fragmentation of the
monomer takes place followed by a poly-recombimatidich leads in general to irregular,
unsaturated radicals or branched structures depgrati duty cycle. Especially at low DC
values, the chain growth polymerization (classigpaigation) is the dominating step. In addi-
tion to these processes a depolymerisation andtialpdetachment of the deposited layer can
take place.

XPS measurements in combination with a derivatratechnique are employed to
estimate the concentration of carboxylic groupgdeépendence on the surface of films. These
investigations show that only a part of the maxipassible number of COOH is detected.
Moreover, the concentration of carboxylic groupsrdases with increasing of DC. This re-
sult is discussed in the framework of an increasiagmentation of the acrylic acid with in-
creasing DC. To compare the concentration with thahe bulk, FTIR spectroscopy is em-
ployed by applying detailed band analysis. In gah&fTIR spectroscopy gives the same de-
pendence of the concentration of COOH groups on liR€ XPS. The concentration of
COOH groups in the volume decreases with increadi@ign comparison with that of the sur-
face carboxylic groups. These observed differeramesdiscussed considering the different

analytical depths of both methods.
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The combination of dielectric relaxation spectrgac¢(DRS) and differential scanning
calorimetry (DSC) give information about the bukhlaviour and thermal stability of the film
with respect to DC. The dielectric measurementsakthat the structure of the plasma depos-
ited polymers is different from that of the bulk texdal. These investigations indicate that,
plasma deposited PAA has a highly branched stractith many dangling ends which may
act as internal plasticizer. Poly(acrylic acid),iefhis already polymerized, might be more
and more damaged with increasing DC at a farth&tadce from the surface. The number of
these dangling ends increases, which leads toreaksd glass transition temperature. There-
fore, the molecular mobility of PAA films deposited low duty cycles is more related to
conventional poly(acrylic acid) than for higher wes$ of DC.

Moreover, the dielectric measurements show thafptaema deposited films are not
thermally stable but undergo a post-plasma chemézadtion during heating where the reac-
tion kinetics depends on DC. The chemical reactsoavidenced by the fact that there is a
strong hysteresis in the dielectric spectra betwhberfirst heating and the subsequent cooling
run. For the 2 heating the data agree with the first cooling winich indicates a thermal sta-
bility after the chemical reaction.

Dielectric spectra show at high temperature a @®edth a quite high intensity con-
sidering the fact that also, the plasma deposi#e8l Ras a high conductivity. This process is
assigned to electrode polarization (EP). The teatpez dependence measured for its charac-
teristic rate #p is quantitatively analyzed. Asdis related to the mobility of charge carriers
this analysis provides information about the reackinetics.

Thin PAAI films were deposited by pulsed plasmaypwrization on different sub-
strates (organic and inorganic). The structure-@riyprelationships of allyl alcohol polymers
were studied in dependence on DC by various tedkesignd probes. The dependence of the

deposition rate on the DC was found to be non-tinea
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XPS measurements were accomplished to analysehttraical surface composition of the
deposited films. A derivatization technique in conabion with XPS measurements were
used to get information about the hydroxyl groumcamtration of the plasma deposited
PAAI. FTIR-ATR measurements were carried out to pare the OH concentrations at the
surface and the bulk.

It was found that the concentration of hydroxylgse on the surface decreases with
increasing DC. A similar trend was found for théwoe bulk. The depiction of the OH con-
centration measured by XPS and FTIR analysis ofatea ratio of OH band/GHband
showed a negative slope with growing DC. The déiferes observed are discussed consider-
ing the different analytical depths of both methoflse results suggest a possible allyl alco-
hol polymerization in comparison to depolymerizatimf the deposited plasma polymer layer
during the deposition process. The effective enemgyeases with increasing DC. PAAI
might be damaged at a farther distance from thiaceiwhich is already polymerized due to
this energy.

PAAI deposited on different substrates revealetiith sf the OH band maximum up
to 60 cm® to higher wavenumbers in the order AAl- monomeP>PE>glass>aluminium.
The shift hints to a possible interaction betwe@i\Rleposits and substrate.

The dielectric measurements reveal that the streicfithe plasma deposited polymer
is dependentn the DC. With increasing DC, the fragmentatiod poly-recombination (free
radicals cross-linking) was increased and leadstmcreased gl
Moreover, the dielectric measurements show thafptaesma deposited PAAI films are also
not thermally stable but undergo a post-plasma at&meaction during heating where the
reaction kinetics depends on the DC. The chemezdtion is evidenced by the fact that there
Is a strong hysteresis in the dielectric spectitavéen first heating subsequent cooling run.
For 2™ heating the data agrees with cooling run whicimascated by thermal stability after

the chemical reaction like that observed for PAA.
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Dielectric investigations also show at higher terappge a process with a quite high intensity.
By considering the fact PAAI has conductivity, tpiocess is assigned to electrode polariza-
tion (EP). The temperature dependence measurettidacharacteristic rated related to the
mobility of charge carriers is quantitatively armdg and it provides information about the
reaction kinetics.

O, Ar plasma treatment and UV irradiation from Aagina filtered by a quartz win-
dow (A<180 nm) are chosen to study the effects of slme-exposure (1 s) to plasma or UV
on spin-coated and untreated commercial PS surfauw$ulk compared to plasma-produced
thin films of PS and cPS. The effects of, @r plasma and UV irradiation on polystyrene
within 1 s were sufficient to modify surface andalsurface-near layers. Thus, this study
could be important to understand the effect ofpa®n the different phases of plasma poly-
merization. Interactions between the surface ardeheactive species (such as radicals, ions
and metastable species) can modify the physicoadadproperties of the surface. The effects
of plasma treatments on the functionalization veen@pared.

In terms of the variation of the surface energg, dlkygen containing and Ar plasmas
show identical effects evidencing the dominancarobxidation process using oxygen plasma
which is the same as for auto-oxidation after Aaspha exposure. Both plasmas indicate that
the upper monolayer of the polystyrene film carfuretionalized rapidly. The surface energy
and the surface functionalization of the spin-cd®& treated with the plasma Ar and UV as
well as the plasma-synthesized PS are close toatmercial PS when they were compared
in terms of oxygen introduction. The effect of th¥ of a long wavelength was limited while
the sufficient energy for any bond scission (8 a\fmiaximum) on structural modifications of
PS. The surface of plasma PS films has more orsiesi$ar properties like that obtained by
conventional PS. However, the water CAM of the tirent of PS with Ar and Oplasma
were reduced significantly. £and Ar plasma leads to the transformation of R&se from

hydrophobic to hydrophilic.
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The dielectric strengthhe of plasma deposited PS was a high value referencsS.
This is expected because the dipole moment of @adeposited PS should be higher than
that of cPS. It is concluded that the increasingceatration of free radicals and oxygen-
containing groups post-plasma introduced by auidation, leads to a decrease of the mole-
cular mobility. It was speculated that hydrogen dsrand dipole-dipole interactions fix
neighbored chains, which is often called “semi-tafjigation”. On the other hand, for PS ex-
posed to the ©plasma an increase ke was expected in comparison to PS treated by Ar
plasma and UV irradiation, plasma-generated PScB&{from XPS and FTIR results), which
is interpreted as an increase of the dipole mometthigh concentrations of OH groups and
so on. But it showed thate of plasma PS is very high compared to others. dibkectric
spectroscopy is a ‘bulk method’ and this resuling®ito a homogeneous composition of the
layers.

The plasma deposited PS film prepared at desiraghd conditions, except being
branched and/or crosslinked, is chemically sintitathe PS reference sample in terms of XPS
and FTIR results. However, the dielectric measurgmeeveal that the structure of thin
plasma polymer PS films is different in comparigoncPS. Moreover, the dielectric meas-
urements show also that the plasma deposited firesnot thermally stable and undergo a
post-plasma chemical reaction during heating. Thearical reaction is evidenced by the fact
that there is a strong hysteresis in the dielesipiectra between the first heating and the sub-
sequent cooling run. For thé‘theating the data agrees with the first coolingwinich is in-
dicated by thermal stability after the chemicalcten during first heating similar to that ob-
served for PAA and PAAI plasma deposited. The amioh may be drawn that annealing
may be a proper method to improve the thermal lgtabf plasma polymers.

In general, the observations may be summarizedlbsvs: The chemical structures
of the plasma deposited films are different frora #tructure of the classic reference poly-

mers. This is because all plasma deposited filmsreggular, possessing unsaturated radicals,
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double bonds, branched and/or cross-linked stradinrsome extent. These common trends
are attributed to a higher degree of fragmentadiot re-arrangement of the monomer mole-

cules in the plasma.

AA/S (co)polymers were deposited by pulsed-plasoigrperization. The structure of
these polymers was studied with respect to DC®ptasma.

In addition to the normal chain-growth polymeripati(chain propagation) process also a
fragmentation of comonomers takes place followedalpoly-recombination process, which
leads to irregular, unsaturated radicals, formatérC=C double bondshranched and/or
crosslinked structures due to the plasma-initiatedvas shown that folow DC the chain
growths polymerization is the dominating processe Teposition rate of AA/S copolymer
contains deposition rates for three compounds. & bempounds are acrylic acid and styrene
as monomers vapour before plasma inlet. Additignalh interaction between acrylic acid, an
electron accepting monomer and styrene, an eleadoovating monomer can takes place.
Therefore, the deposition rate for AA/S copolyneehigh compared to both monomers.

XPS in combination with derivatization techniquesweamployed to estimate the con-
centration of carboxylic groups in plasma-polymedZ\A/S copolymer. These investigations
show that only a part of COOH groups present inittiduced acrylic acid is detected. As
expected, the concentration of survived carboxylaups decreases with DC. For acrylic acid
and its polymer decarboxylation may be possiblglasma (R-COOH #$lasma- R-H +
C0Oy,), also decarbonylation (Norrish) and total fragtaéon in case of high specific plasma
energy. Styrene may react by cleavage of phengsrimder plasma exposuf&®*% To
compare the COOH-concentration at the surface ke surface-near layer XPS and FTIR
results were compared. The concentration of COQidgs decreases as well on surface as in

bulk with increasing DC.
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It was found that, the concentration of carboxglioups on the surface decreases with
increasing DC. A similar trend was found for thdwwoe. The depiction of the COOH con-
centration measured by XPS and FTIR analysis oatha ratio of COOH band/COOR band
showed a negative slope with growing DC. The ressiliggest a possible AA/S copolymeri-
zation in comparison to depolymerization of the aed plasma polymer layer during the
deposition process. The effective energy increagds increasing DC. AA/S copolymers
might be damaged at a farther distance from thiaceiwhich is already polymerized due to
this energy. Therefore, the concentration of COQ@bligs for DC=1 is very low at the sur-
face in comparison to that in the bulk.

The concentration of COOH groups in relation tat thiaCOOR groups is higher in
plasma deposited AA/S copolymer than in the plasieosited PAA homopolymers. It is
likely that, due to the longer distance between teimhboured COOH groups and therefore,
a hampered self-condensation leads to the highsreoration of COOH groups in the co-
polymer.

DRS and DSC give information about the bulk behawend thermal stability of the
film in dependence on DC. It was found that thesslioking is lower for plasma AA/S co-
polymer in comparison to that of plasma PAA homgpwrs. Furthermorey-relaxation in
DRS results was observed which is related to thensatal fluctuations of the styrene repeat
unit.

Moreover, the dielectric measurements show thatplaema deposited AA/S- copolymer
films are not thermally stable but undergo a pdasima chemical reaction during heating.
Radical-radical recombination {R+ *R, . R;-R, +A) may occur or auto-oxidation (Re + «O-
O+ — R-O-Oe- hydroperoxides- oxidized products). The occurrencechiemical reactions

is evidenced by a strong hysteresis in the dieespectra between heating and the subse-

quent cooling run.
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Through a careful selection of the feed gas contiposiplasma copolymerization can
be used to control the concentration of surfacetfanal groups in plasma deposited films.
The chemical structure of the plasma deposited lgopr films are partially different from
the structure of the respective plasma homopolymsaxs the nature of plasma copolymers
might not be straightforwardly predicted by a dethiknowledge of the structure of these
homopolymers. These results can be explained bghkeical interactions and recombina-
tion reactions taking place between monomer moéscin the plasma and/or during the de-
position process.

The structure of acrylic acid-styrene (AA/S) plascopolymers as thin films fortifies
the continuing interest in achieving controlledfage functionalization. As well as volume
sensitive methods (FTIR, dielectric spectroscomy differential scanning calorimetry) were
combined with surface analytics by employing XPS.

The concentration of carboxylic groups increasesagured by the XPS) with increas-
ing fraction of acrylic acid in the comonomer presmar mixture. This result is discussed in
context with defragmentation of the acrylic acid. Jompare the surface and bulk concentra-

tion of COOH groups detailed band analysis of th&IRF spectra was applied.
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Fields of Application

1. Thin films (micro...)

Protective coatingsAgainst mechanical stress (scratch and wear resistdardness)
Against chemical attack (corrosion and solventstesice)

Coatings with specified transport properties:

-Optical transport (lenses, mirrors, waveguides, gtc

-Electrical transport (conductive and dielectrigdes, etc...)

-Material transport

-Material specific permeation (separation membranes

Material transport out of layer- systemisefined releaser medicament as antibacterial

agent) dosage systems.

2. Ultra-thin films (nano...)

-Tailored surface energy (wettability water repedig) (solid-liquid-gaseous)

-Tailored contact between polymers and other phases

Static: solid-solid, (Adhesion)

Dynamic: solid-(liquid)-solid (tribology)

-Interaction with biological systems (binding ardbarption of biomolecules, biocompatible
or bioactive surfaces)

-Separation membranes and ion-exchange materials

-Basic research and analytical methods

-Thin plasma films deposited for diagnostics aretaby.lt was replacement of glass in med-

icine and pharmacy.
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