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Aims

This study was focused on development of novelnpdabased methods for
deposition of biologically non-fouling plasma polgrs. The following aims were
set:

* Application of low pressure magnetron sputteringsma-assisted thermal
vapour deposition and atmospheric pressure amplitwodulated AC surface
dielectric barrier discharge for deposition of gelyylene oxide)-like (PEO)
plasma polymers.

* Detailed characterization of deposited films aimed determine their
structure, morphology and chemical composition.

* Analysis of swelling/dissolution behaviour of theE®-like plasma polymers
In an aqueous environment.

e Study of biological response of the PEO-like plagmoéymers in terms of
adsorption of various proteins and adhesion okcell

Elucidation of the key factors governing the nounting behaviour of the PEO-like

plasma polymers.

vii



1. State of the Art

1.1. Basics of plasma polymerization

1.1.1. Plasma and plasma polymers

Plasma is a quasi-neutral state of matter chaiaeteby a certain degree of
ionization and by approximately equal concentraiaf positive and negative
charges. Low temperature plasma is only 1-10 %zexhiwith the rest of the gas
remaining as neutral atoms or molecules. The @estrare not in thermal
equilibrium with other species. Plasma can be raaet at different pressures that
determine the ranges of low pressure (up to husdoééa) and high pressure (up to
atmospheric pressure) discharges. Different typesatation can be used:

» Direct current (DC) discharge;
» Radio frequency (RF) discharge (frequency of thaiag voltage 100 kHz —

30 MHz, typically 13.56 MHz is used);

* Microwave (MW) discharge (frequency of the appledtage 100 MHz and
more).

If an organic gas is introduced into the zone atpia, the formation of a thin
quazi-polymeric film on adjacent surfaces is pdssilsuch films, often called
plasma polymers, are characterized by randomly dweoh structure with a high
degree of cross-linking. In this sense, plasmarpelg (Figure 1.1) are substantially
different as compared to conventional polymers toaisist of long macromolecular
chains with regularly repeating monomeric unitsg(ffe 1.2). Disorder in plasma
polymers is given by the diversity of species pgrtiting in plasma polymerization
processes, their random interactions as well asioby bombardment and UV

radiation.



Figure 1.1. Hypothetical structure of a hydrocarptasma polymeragdapted from [1).
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Figure 1.2. Schematic representation of poly(etig)ehain §dapted from [1).

1.1.2. Low pressure plasma polymerization of volatile prsors

In this process, the glow discharge is ignitecat pressure in an atmosphere
of organic monomer vapours. The highly reactiveiremmnent is created due to
interaction of ‘hot’ electrons with precursor malées. The electrons in such
plasmas gain average kinetic energy of 1-5 eV ihay be sufficient to cleave the
chemical bonds and to generate radicals, with dhout fragmentation of the
precursor. lonization threshold of organic molesute9-13 eV) is much higher than
the energy of their chemical bonds (~3-4 eV) aratdfore the concentration of free
radicals is generally much higher than that of ithres in low temperature organic
plasmas. Highly reactive radicals tend to recomimneumerous chemical reactions
which may lead to propagation and/or terminationtled macromolecular chains.
Because of the low pressure, the probability ofréeetions in the plasma volume is

negligible and growth of plasma polymers occursdpminantly on adjacent



surfaces. Such heterogeneous formation of plasiyanpes was first modelled and
experimentally proven by Lam et al [2]. They showilealt plasma polymerization of
styrene was initiated in a gas phase by electrggaatinand then it was followed by
the steps of propagation and termination of polye&rains on the surfaces.

Any isolated body immersed into plasma acquireegative bias (floating
potential) with respect to plasma potential duehigher mobility of electrons.
Therefore, the film growing on substrates may bdjestt to positive ion
bombardment. Depending on the conditions, the ifigapotential and intensity of
ion bombardment may be significant to induce adddl changes in plasma
polymers (densification, re-arrangement, ablatiw). & his effect was first addressed
to by Yasuda in his Competitive Ablation and Polyix&tion model [3]. Yasuda
considered plasma polymerization as a rapid stepAfr process via free radicals
with the following reactions: chain propagating aans through the repeated
addition of radicals to the inactivated speciessmimation through radical
recombination; recombination of mono- and biradicaforming another
monofunctional radical and other.

Since the deposition rate and the properties o$npéa polymers depend
strongly on variety of parameters, direct comparisd the films fabricated under
different experimental conditions is complicatedess a certain generalization is
performed. Yasuda [3] was also the first to suggeparameter W/FM to compare
the depositions performed at different power otkaésge W (watt), monomer molar
flow rate F (molks™), and monomer molar mass M (Rl ™). In such notation, the
Yasuda parameter represents the specific powdristiiae power per mass flow rate
of a precursor. Analogous plasma deposits can heingld at different powers
provided that the flow rate is correspondingly atid to keep the same level of the
specific power.

Yasuda based his model on the experimental resblisined for various
hydrocarbons. In recent years, interest has baewex to expand the applicability
of the macroscopic kinetic approach to analysiothier plasma polymerizations.

Hegemann with co-workers examined plasma polymeoizaf different monomers

and found an Arrhenius-type dependence%f: Gexp{—WE/aFJ, where R, is the

mass deposition rate, G is a reactor-depending gemal factor and Eis the

apparent activation energy corresponding to the am@m used. Findings of
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Hegemann gave rise to a vigorous debate to thig.iddain criticism was addressed
to significant deviations of the dependence from Alirhenius type at low and high
specific power inputs. Furthermore, obscure chelm@aning of g and failure to
include pressure into the formula derivation wel%o ecriticized [4]. At present,
plasma polymerization community is still far froeaching a consensus. Apparently,
the macroscopic kinetic approach can not servewsversal tool and for each case

of the plasma polymerization process the rangéneft dependence of the semilog

Ry

plot of -~ versus(W / F )™ should be sought separately.

1.1.3. Rf magnetron sputtering of conventional polymers

The first reports on rf sputtering of polymers agmeel in 1970s. The goals
were focused mainly on preparation of fluorocarpt@sma polymer films with good
dielectrical and optical properties [5, 6, 7, 8, B] this method, the target to be
sputtered is fabricated of a conventional polyriiée target is attached to the biased
electrode (often to a magnetron) and the dischargeerated in an rf regime. In the
magnetron, the specially-configured magnetic fisldused to produce the closed
electron paths. This is reached by a ring of peenabar magnets arranged around a
central magnet. Due to drift of electrons along tinenel axis in crossed electrical
and magnetic fields the plasma is confined and astnmtense there. Because the
discharge is confined in a close vicinity of thegtt, the working gas is very
efficiently ionized. The typical values of the magnon bias reach hundreds of volts
and hence highly energetic fluxes of positive ibambard the polymeric target, split
macromolecular chains to smaller fragments andtapthe latter away from the
target. These fragments serve as precursors femplgolymerization in this case.

Since 1970s, variety of sputtered polymers has lyeeneasing. Interest in
this method has been strengthened due to compietaaion of liquid precursors,
availability of relatively inexpensive polymericrggets and due to good feasibility
with other vacuum technologies. Following poly(aétmoroethylene), rf magnetron
sputtering of poly(ethylene) [10, 11], poly(propys [12, 13], poly(isobuthylene)
[14], poly(imide) [15], poly(dimethylsiloxane) [16&nd nylon 6,6 [17, 18] was

studied. The sputtering was performed either umgent argon atmosphere or in a



mixture of gases (Ar/N Ni/H,, Ar/Hy) to additionally control the chemical
composition of resultant films.

Since polymers usually have poor thermal condugtiviooling of the target
from the magnetron backing plate is difficult. Agher discharge power, intensive
ion bombardment may result in significant enerdgase and, as a result, in heating
of the target surface to a temperature at whichpiblgmer starts to decompose
thermally and to emit the volatile products of sut@tomposition. This leads to an
abrupt increase of the deposition rate and to fogmit changes of the properties of
resultant plasma polymers. The dual effect of sputy and thermal decomposition
was observed for hydrocarbon polymers [19], poliden [20] and nylon [21]. It was
suggested that heating of conventional polymerguratefied anaerobic atmosphere
may be used to obtain the organic vapours withagessary implementation of
sputtering. These can be further used as precufsorplasma polymerization
processes

1.1.4. Plasma-Assisted Thermal Vapour Deposition

The research of thermal decomposition of polymetated in 1940s.
Madorsky et al. [22, 23] examined thermal degrashatof a number of polymers
such as poly(styrene), poly(isoprene), poly(butaelje and poly(ethylene) under
vacuum at temperatures of 300 — 400 °C. Accordmghts work, the volatile
products of decomposition consisted of fragmentst tharied in size from a
monomer to species having a molecular weight ofuad®00 g-mét. Luff and
White proceeded with poly(ethylene) to find that hermal decomposition has two
stages: the first stage starts at 300 °C whiles#wmnd stage occurs above 350 °C
[24]. The main difference between the two was ie thifference between the
activation energies and the molecular weight of fitagments of the evaporated
material. Following the works of Luff and White,etimal degradation of various
polymeric precursors has been studied [25, 2628,/29].

In the mid of 1990s, H. Usui et al. [30] developaa ionization-assisted
evaporation method which used the complementarefilof electrons to ionize the
vapours produced as a result of vacuum thermap@nedion’ of PTFE. The ionized
species were then accelerated towards the biadestrates to build a film. The

properties of the films were manipulated by coritnglthe amount and energy of the



ions. In the following work, H. Usui et al. adaptdtkir method to deposition of
poly(imide), poly(urea) and poly(urethane) thinnfd via ionization-assisted
polymerization of two bi-functional reactive monomm¢31].

Our group has developed a method of Plasma-Assistetmal Vapour
Deposition which has been applied to poly(ethylg8€] and poly(imide) [33]. In
this method, glow discharge instead of electroxdtuwas used to activate the
released organic vapours. Glow discharge in arg@s waintained by an rf
magnetron (Figure 1.3). It was possible to adjhstd¢hemical composition and the

cross-link density of the plasma polymers by thevgrodelivered to the magnetron.

Figure 1.3. The experimental arrangement for faioo of poly(imide)-like thin
films by Plasma-Assisted Thermal Vapour Deposi{eatapted from [33]).

1.1.5. Atmospheric pressure plasma polymerization

Most of plasma polymerization processes have beeveldped at low
pressure of up to several hundreds of Pa. Theléxstdes evidenced growing interest
to deposition of plasma polymers in atmosphericguee plasmas as well. Besides
the fundamental research, atmospheric pressurenptasre interesting from the
technological perspective for continuous treatmenlarge-scale objects. Reduced
apparatus costs have been also often includeckitisthof benefits, yet this point is
still highly disputable. General requirements imgu

* the use of helium or argon for dilution of a carges;
* the implementation of a dielectric insulator betwebe electrodes in the

discharge gap;



» the use of a high frequency, at least higher theHZ

DBD systems can be made in various configuratidmsgeneral, volume
DBD and surface DBD are distinguished. Volume DBBcHarges operate with the
parallel plate-type electrodes covered by a digtegiate where the electrodes are
separated by a gaseous gap. Surface dielectrietbdischarge (SDBD) features the
electrodes that are separated by a dielectric ligs@lf so that the powered electrode
(usually patterned) is constructed on the top aqubsed to the discharge while the
grounded electrode is on the rear side of the clieteplate [34, 35, 36, 37].

The first thin films deposited by the atmospherregsure discharge were
polymerized from @H,4, CF4 and Si(OGH5)4[38]. The chamber with parallel plate-
type electrodes covered by a glass insulator wed s the deposition process. The
discharge at frequency of 3 kHz, 15 kHz and 120 Wiz ignited in the gas mixtures
of He and the monomers. The plasma—polymerizgd @&nd GH, films were very
similar in chemical structure and physical prosrtio chemically synthesized PTFE
and poly(ethylene), respectively.

O. Goossens et al. [39] also reported about thdicagipn of atmospheric
pressure Dielectric Barrier Discharge (DBD) forypokrization of ethylene. He and
Ar mixed with ethylene was used for the depositiolke experimental set-up
consisted of two disk-shaped Al electrodes covesedn ALO; plate.

The application of the atmospheric pressure digghéw fluorinate the inner
surface of commercial poly(vinyl chloride) tubessamtroduced in a study [40]. The
special electrodes were helically wound aroundlmdstcal glass fed with mixtures
of helium and tetrafluoroethylene or hexafluoropiepe. The deposited fluorinated
plasma polymers were sufficiently homogeneous witbkness of about 1 pum. The
leaching of plasticizers present in the commereMC tubes can be also suppressed
by these films.

De Geyter et al. [41] investigated the preparatioh poly(methyl
methacrylate) (PMMA) plasma polymer films from vap® of methyl methacrylate
monomer. They found that by controlling the monofn@gmentation in the plasma—
assisted process it was possible to prepare thmas filvith similar chemical
composition to those obtained by spin coating. 8dwaether works studied plasma
polymerization of acrylic acid [42] and organic-fganic monomers [43].



1.2. Plasma polymers in biomedicine

Plasma polymers have been studied for years anidle wariety of possible
applications has been suggested. Biomedicine has bensidered as one of the

application areas where plasma polymers may b&bfrelevance.
1.2.1. Plasma polymers as biomaterials

Many definitions exist to the term ‘biomaterial’n la broad sense,
“biomaterial is a nonviable material used in a mabidevice, intended to interact
with biological systems” [44]. Biocompatibility ihen considered as “the ability of a
material to perform with an appropriate host resgoin a specific application” [45].
By a consensus of experts, a biomaterial must awag considered from the
perspective of its final application in its finaeslized form [46].

Biomaterials must meet mechanical and performaneguirements.
Fulfilment of these requirements depends on thesiphy bulk properties of the
material. Obviously, there exist few materials thsimultaneously possess
appropriate mechanical properties and are biocdbipatHence, a recognized
strategy for the creation of medical devices is tise of conventional materials
(metals, metal alloys, polymers etc) and modifmatof their surface in such a way
that they become biocompatible. For such a stratingy films of plasma polymers
are particularly suitable as they do not affect thek material properties but
significantly change the surface morphology and dtsemical and physical
properties.

The plasma deposited thin films have been explof@d biomedical
applications since the 1960s. Plasma polymers éraniageous in biomedicine for
the following reasons [1, 47]:

» dry processing is clean and efficient;

e coating times are rapid — often seconds;

* coatings are conformal, important for complex gevies
» treatments can be done on a continuous basis;

e coatings usually exhibit strong adhesion to thessake;

* monomer costs are relatively low;

» feasibility due to widespread application in midem¢ronics.



Many chemistries and substrates for depositionge®@re possible and, therefore,
plasma polymers can provide the surface with udahdtionalities such as:

e lubricity;

* wettable and non-wettable (hydrophobic) surfaces;

» surfaces that favour adsorption of proteins ancesidim of cells

* non-fouling (protein resistant) and antibacter@dtings;

» barriers to control drug release rates.

An exhaustive review of a vast diversity of possiblomedical applications
of plasma polymers is hardly possible within theefes of this thesis. Rather, special
attention will be further paid to a specific cask non-fouling materials since
fabrication of such surfaces by plasma-based meth@s set as a primary goal of

the thesis.
1.2.2. Non-fouling surfaces

The term ‘non-fouling’ describes the ability of aatarial to resist
accumulation of a biofilm on its surface. Biofilm & complex structure composed of
microorganisms, cellular material, extracellulatysaccharides and proteins [46].
Obviously, there are many biomedical areas in whackkumulation of biofilms
should be minimized or, better, eliminated to redtle risks of inflammation. The
examples include haemodialysis membranes, contaose$, catheters and,
particularly, blood-contacting implant devices [48]

A general consensus states that growth of a celiokerial is mediated by
protein adsorption on surfaces. It means that aelsological media arrive onto and
interact with the surface already occupied by pnstevhich are significantly smaller
and hence much more mobile. Therefore, analysishefprotein adsorption on
surfaces may give a clue to understanding of moneptex cell/surface interactions.

Adsorption of proteins is driven by a number oftfas such as:

» chemical composition of the surface [49, 50, 5]; 52

* hydrophobic-hydrophilic interactions [53, 54, 55];5

» electrostatic interactions, pH and the ionic sttbngf the protein solution
[49, 57, 58, 59, 60].
In addition to the above, there are many otherofacthat to some extend

affect (directly or indirectly) the adsorption pess, such as: protein concentration,
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structural stability of the protein, isoelectricipoof the protein, morphology of the
surface.

Non-fouling properties have been often suggestedetmbtained by use of
poly(ethylene oxide). PEO has the structural foandlO—-[CHCH,O],—H and it is
widely used in a variety of applications such asgddelivery, gas chromatography,
and microbiology, etc [61]. It is also known tomificantly reduce or totally prevent
unwanted biological adhesion [62, 63].

The mechanism of non-fouling behavior of PEO remainclear. Two main
factors are usually taken into account. The fisstalated to specific structuring of
water molecules around the C-O-C bonds (hydrogaming of water molecules
around the ether bonds) so that the proteins aeemsed from the binding sites in the
macromolecular chains (Figure 1.4 a) [64, 65]. Bleeond factor involves steric
hindrance implying that flexible and mobile PEO idsaact as springs to repulse the
approaching proteins back into solution (Figure 4).465]. The importance of both
factors is still disputed in the literature. Extiemes work on self-assembled
monolayers for the most part prove reduced praeimesion with longer polymeric
chains used [66, 67]. Nevertheless, other repadte shat the packing density of
SAMs rather than their length really influences tloa-fouling behavior [68].

Protein —

Substrate

Protein Protein Repulsion

A

E
b)

Figure 1.4. The mechanisms of the interaction betw&oteins and PEO chains on
the surface: a) PEO/water structural relationshigh @) steric repulsive interaction.
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Although good solubility of PEO in water is favokabfor drug delivery
applications, for fabrication of the non-foulingriaices it may represent a big issue.
Adsorbed physically, PEO leaches from the surfaee,it dissolves in aqueous
solutions with time. Covalent bonding of PEO chaiasrequired to retain the
integrity of the coating over extended periods iofiet SAMs of PEO attached
covalently to gold or silicon dioxide surface haeb shown to exhibit stable low
bio-adhesion [69, 70, 71]. The SAM chemistry howeigedrastically restricted by
the material of the substrate. It often involvesltiraiep and time-consuming
chemical pathways as well. Recently, plasma polizagon methods have been
proposed to deposit non-fouling PEO-like plasmgmpelr films.

1.2.3. PEO-like plasma polymers as non-fouling surfaces

As it was discussed earlier, plasma polymerizapooduces cross-linked
organic films. The cross-link density depends oa s$pecific power of discharge.
The chemical structure of the precursor is retainggiasma polymers only partially,
the extent of the retention being also dependenthenspecific power. Thus, the
specific power was suggested to be the main varifaldeposition of the PEO-like
plasma polymers with adjustable cross-link denaitg concentration of the ether
groups.

Lopez with co-workers [72] were the first to sholat glow discharge at
reduced pressure in vapours of tetraethylene glgicoéthyl ether produced surfaces
which were resistant to protein adsorption andutallattachment. Since the paper
by Lopez, numerous works appeared that investigdted pressure plasma
polymerization of various ether-bearing precursorder different conditions (Table
1.1). Generally, concentration of the C-O-C groapg0 % and higher was found to
be sufficient for achievement of the non-foulinghaeior of the plasma polymers
[73, 74]. Retention of the C-O-C structure up ta?83as obtained by Johnston et al.
[75] and Pan et al. [73], up to 75 % by Palumbale{76], up to 73 % by Lopez et
al. [72] and Shen et al. [77], and up to 63 % by&ret al. [78] for different
oligoglymes. Sardella and co-workers [74, 79, &alyia et al. [81], Bretagnol et al.
[82], Cheng et. al. [83] and Muir et al. [84] usdikthylglycol dimethyl ether to
obtain plasma polymers with up to 72-80 % of etharctional groups. Different
vinyl ether compounds were studied by Zhang e[8&l], Wu et al. [86], Chu et al.
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[87], Bremmell et al. [88], Beyer et al. [89] andidmovic et al [90, 91] although
without providing quantitative data on the C-O-©@ugp retention. Nevertheless, the
XPS spectra provided evidence that the maximal eatnation of C-O-C was within

the same range of 70-85 % in these cases as well.

Maximal _
_ Reduced protein/cell
Monomer Power (W) retention of )
adhesion
C-O-C (%)
Oligoglymes, dioxane and i -
crown ethers [75] 5-80 (CW) 85 Fibrinogen
Tetraethylene glycol dimethy|
ether(tetraglyme) [73] 5-80 (CW) 85 Laminin
CH;0O(CH,CH,0),CHs
2,5,8,11-tetraoxa-dedocane
(triglyme) [76] 2-50 (CW) 75 J
Fibrinogen,
Tetraglyme [72, 77] 5-80 (CW) 73 immunoglobulin (IgG),
monocytes
Salmonella
typhimurium,
Triglyme [78] Staphylococcus
CHO(CH,CH,0),CH, | 100 W (pulsed) 63 epidermidis,
Pseudomonas
fluorescens
diethylglycol dimethyl ether Fibronectin, Infinity
(DEGME) [74, 79, 80, 81] 5-100 (CW) 80 immortalized human
CH;0O(CH,CH,0),CHs cells
Bovine serum albumin
DEGME [82] 5 (pulsed) S| (BSA), L929 fibroblasts
DEGME [83] 1-20 (CW) 72 -
DEGME [84] 20 (CW) 58 BSA, lysozyme
Diethylene glycol monovinyl i
ether (DEGVE) [85] i?};oglgce\é\; - BSA, IgG, fibrinogen
CH,=CH(OCH,CH,),OH b
Mono- and diethylene glycol| 6-50 (CW and ) _
vinyl ether [86] pulsed) BSA, fibrinogen
DEGVE [87] 20 W (pulsed) - BSA, fibrinogen
DEGVE [88] - 40 Fibrinogen
Triethylene glycol monoallyl| 5-50 (CW and i BSA
ether [89] pulsed)
Diethylene glycol methyl viny i i .
ether [90, 91] 0.6-3.6 (pulsed) Fibrinogen, leukocytgs

Table 1.1 PEO-like plasma polymers and their non-fouling rties.
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A general rule has been deduced that a lower pdelesered to the discharge
results in less intensive fragmentation of precursolecules. It results therefore in
the fabrication of thin films with better retentiaf the ether groups which thereby
maintain the non-fouling character.

Surprisingly, the deposition of PEO-like plasmaypoérs by atmospheric
pressure discharges has not been considered aindll,very recently. The first
reports are dated by 2010, although atmosphergspre plasma polymerization has
been known for at least several decades. Nisdl eixamined atmospheric pressure
plasma liquid deposition (APPLD) and atmospheriespure plasma enhanced
chemical vapour deposition of tetraglyme. In theecaf APPLD, liquid tetraglyme
film was treated by the atmospheric discharge gomarto reach polymerization with
up to 85 % retention of the polyether structuree Tésultant films exhibited reduced
adsorption of bovine serum albumin [92]. Atmospbepressure PECVD was
performed in a mixture of argon and tetraglyme wapolt showed a 70 % retention
of the polyether structure and, accordingly, la@gsorption of albumin. Da Ponte et
al. utilized a similar approach with the use ofaomizer to introduce a spray of
tetraglyme into Dielectric Barrier Discharge (DBDperated in helium [93]. After
optimization of the voltage and the gas flow rdte, films with 70 % of the C-O-C
groups were obtained, however no information onr then-fouling behaviour was
provided.

As it was discussed above, the concentration tbidssf 70 % of the C-O-C
groups was established for the PEO-like plasmanpety to behave non-fouling.
The steric factor, i. e. the influence of flexibfliand length of the segments between
the cross-links, was unattended, simply becaussetharameters have not yet been
reliably assessed for plasma polymers. It is gélyeaacepted that plasma polymer
represents a carbonaceous network where short seegief intact monomer units
(as well as other functional groups not availableiprecursor but created through
random radical recombination) are branched viasslioks. Because of the use of
low molar mass volatile monomers as precursorspdtion of long macromolecular
chains is unlikely under plasma polymerization gbads. On the other hand, long
chain PEO units were argued to be unnecessaryriéondn-fouling plasma polymers
and the C-O-C/C-C ratio was regarded as the maianpeter affecting the protein
adsorption [75, 86, 89]. Wu et al.[88howed that the precursor with as few as two

ether groups yielded the non-fouling PEO-like plagmolymers while the precursor
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with only one ether group did not. It should beeabhowever that adsorption of
proteins was analyzed only with respect to thetlermd the precursor molecule and
no direct evidence of the plasma polymer structuas given. Taking into account
the above-discussed controversy between the resumtsPEO SAMs, further

examination of the structure-properties relatiopstuf PEO-like materials is
required.
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2. Experimental

In this work, three essentially different method®rev investigated for
deposition of PEO-like plasma polymers: rf magnetsputtering, low pressure
plasma-assisted thermal vapour deposition and a@ineoE pressure surface

dielectric barrier discharge.

2.1. Deposition methods
2.1.1. Magnetron sputtering

Magnetron sputtering of the target fabricated frmonventional PEO (Figure
2.1) was performed in a cylindrical vacuum chamife®.04 nf volume. The target
was prepared by melting of conventional PEO granuoleto the polyethylene disk
with successive hardening of the melt at room teatpee.

The chamber was brought to a base pressure of 40F Ra by rotary and
diffusion pumps. The power was delivered to the meagn by an r. f. generator
(Dressler Ceasar, 13.56 MHz) through a matching. uflhe experiments were
performed with argon used as a working gas at pressf 2 Pa and flow rate of 5
sccm. The substrates were placed 8 cm above thet&B€&. The deposition rate of
the plasma polymers was controlled by Quartz Crhydiarobalance (QCM) placed
in-plane with the substrates. The substrates wéreduced to their working position
in the discharge zone via a load-lock system afthusting and stabilizing of the
deposition conditions (Ar pressure and flow ratéscldarge power). After the
deposition, the samples were removed from the drgghzone to the load-lock
chamber where they were kept under vacuum for 30utes to complete the

recombination processes of active radicals withefims.
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Em— Magnetic field lines
- PEO Target

Figure 2.1. The schematic illustration of the plamagnetron with the PEO target.

2.1.2. Plasma-Assisted Thermal Vapour Deposition

The experiments were performed in the same stairdesel reactor which
was used for the magnetron sputtering (Sectionlp.The copper crucible was
placed on two electrically heated molybdenum stapd served as an evaporation
source of PEO. The PEO granules were loaded indocticible. The distance
between the substrates and the crucible was fik&@ am. The crucible was placed
4 cm above the 80 mm planar magnetron with a graphiget (Figure 2.2). Graphite
was chosen as a low sputter yield material to mgenthe contribution of sputtered
carbon to deposited films. The magnetron system ecoated by water. For all the
experiments, argon pressure and flow rate weratsetPa and 5 sccm, respectively.
The deposition conditions were maintained consanng the experiments and their
typical values are summarized in Table 2.1.
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QCM

monitor

Pressure Flow rate
monitor i controller

BB /

50 Hz ~ = = [

to r.f. generator — i

' Cooling

Figure 2.2. The scheme of the experimental arraegéfor plasma-assisted thermal
vapour deposition of PEO: QCM — quartz crystal whaance; OES — optical
emission spectroscopy; MS — mass spectrometrythErmocouple; M — magnetron.

Parameter Value
Base pressure (Pa) 1 x3d
Ar pressure (Pa) 1
Argon flow rate (sccm) 5

Discharge power (W) up to 200
Deposition rate (nm/min)  5-25
Deposition time (min) up to 6¢

Table 2.1 Typical experimental conditions for plasma-assigteermal vapour
deposition of PEO.

2.1.3. Atmospheric Pressure Amplitude Modulated Surfacaldatric Barrier

Discharge

The surface dielectric barrier discharge was igh#eatmospheric pressure in
a reactor which included an A&); ceramic plate (100 x 100 x 0.635 mm@{
purity 96 %) with metallic electrodes deposited lwoth sides. The plate with the
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electrodes was placed into a polymethylmethacry(Btexiglas) chamber with the
gas feed input/output ports (Figure 2.3). The Hickkectrode exposed to the
discharge consisted of 17 parallel metallic strifpsmm wide, 75 mm long and
separated by 3 mm). An induction electrode (74 xn7) covered the entire
opposite side of the alumina plate [37]. Figure 8hbws the top view of the

electrode arrangement.

Ar+DVE
<4

! ST

load-lock system
& sample holder
4

: &iscﬁargc
---HV contact products

SDBD electrode system

loadlock system

H.V. electrode
substrate
alumina plate
—_— ——
S Emm . mm

Ar+DVE ¢

induction electrode

Figure 2.3. The sketch of the experimental setemgléposition of PEO-like plasma
polymers by atmospheric pressure SDBD.

L 4 @

Metallic strips Alumina plate

Rear side of /

induction electrode

Figure 2.4. The SDBD electrode system.

The discharge was fed with argon/DVE vapors mixtditee flow of argon
was fixed by a Bronkhorst HI-TEC mass-flow conteoll The liquid monomer was

loaded into a glass container, flushed with argod was kept at a stable room

18



temperature. The concentration of DVE in Ar was ppin for all the experiments.
The concentration of the monomer was determinedni®asuring the weight
difference of the DVE container before and aftquadgtions at fixed Ar flow rate of
1 slm. The substrates were inserted into dischamge and locked from atmospheric
air by a load-lock system. The distance betweenstlestrates and SDBD surface
was varied between 1 and 10 mm. The pressure ichdmber was measured by the
TPG 260 piezo gauge (Pfeifer Vacuum) and was sablilat 104 + 0.7 kPa.

Figure 2.5 shows the block scheme of the whole mxgatal set-up. The
SDBD was powered by an AC power supply composed diG1010A Function
Generator, a Powertron Model 250A RF Amplifier amdtep-up transformer. The
applied AC high voltageugc = 2.0 — 6.6 kV peak-to-peakac = 5 kH2 was
amplitude-modulated (modulation frequenfyy = 200-1000 Hz) producing sine-
wave Ton Torr periods with a variable) = Ton/(Ton+ Torr)) duty cycle [37, 94].

discharge feed

Amplifier [~
)

DSS Function Tektronix |«
Generator [ | DPO4034 |4 ifs

Pulse&Delay
Generator

Figure 2.5. The block scheme of the experimentaingement for the SDBD.

The voltage-charge and voltage-current characiesistf the discharge were
recorded using a digitizing oscilloscope (TektrobiR0O4034). A Tektronix P6015
high voltage probe was used to sample the dischagdege waveforms. A
Tektronix P6139A high voltage probe was used tosueathe drop on a transferred
charge measuring capacitor (C = 0®)which was inserted between the induction
electrode and the grounding lead. The typical dpeyaonditions are summarized in
Table 2.2.
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Parameter Value
Process pressure of Ar (Pa) 104 £ Q.7
Argon flow rate (sIm) 1
Base frequencyac (kHz) 5
Modulation frequencyfy (Hz) | 200 — 1000
AC high voltage uac (kV) 2.0-6.6
Number of AC cycles 1-4
Duty cycle,D 0.08-0.8
Average discharge power (W) 1-6
Distanced (mm) 3
Deposition time (min) 45

Table 2.2 Typical conditions of deposition of the PEO-likagma polymers by
atmospheric pressure SDBD.

2.2. Characterization methods

2.2.1. Mass spectroscopy

A mass-spectrometer (HAL 301 RC, Hiden Analyticalps used for
monitoring of the gas phase composition at plasssssted thermal vapour
deposition of PEO (Figure 2.2). The analyzed spgewiere ionized in an internal
electron impact source with electron energy of YO €he ionized species were
filtered by a quadrupole mass filter and detected lshanneltron secondary electron
multiplier. The mass spectra of diethylene glycDIGE) and triethylene glycol

(TEG) were also measured for the reference.
2.2.2. Optical Emission Spectroscopy (OES)

An OES apparatus for diagnostics of low-pressupmsigions consisted of an
optical fiber, an ARC SpectraPro-300i monochromatath the grid and a
Hamamatsu photomultiplier R928. The optical fibesiswconnected to the reactor
through a quartz window.

In the case of the atmospheric pressure SDBD, tiieab measurements
were performed by means of a fast Hamamatsu R284%multiplier (PMT) for
surface averaged plasma induced emission (PIE) urezagnts and an iHR320
spectrometer (Jobin-Yvon) equipped with a DH740848 iStar ICCD camera
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(Andor) for spectrally resolved emission. The emissignal was detected by fiber
through a quartz window on the top of reactor vatid without optical filter with

respect to wave region.
2.2.3. Ellipsometry

A spectroscopic ellipsometer (Woollam M-2000DI) wassed for
determination of thickness of plasma polymers depdson polished silicon. The
ellipsometric data were fitted using an effectiveehum theorynodel.

Swelling of the PEO-like plasma polymers in wat@swneasured in a liquid
cell. The films of approximately 100 nm thicknessrevdeposited on polished silicon
wafers (1.5 x 6 cm) which were then inserted ihi ltquid cell. The distilled water
was used for these measurements and all the sgveliperiments were performed at
room temperature (28C). The single-layer B-spline Kramers-Kronig coresigs
model in the spectral range 300-1100 nm were usedfitting the absorption
coefficientk(Z) and the refraction inder(l). Before the measurements, the liquid
cell and the samples were left for at least tworton vicinity of the beaker with

water in order to stabilize the temperature.
2.2.4. Nuclear Magnetic Resonance (NMR)

The analysis of the PEO-like plasma polymers bothalid state (solid-state
3¢ Cross Polarization Magic Angle Spinning) andtit solutions in BO (liquid-
state *H and °C spectra) were performed by an NMR Bruker Avand® 5
spectrometer operating at 500.1 MHz. The Magic Argpinning (MAS) frequency
was 10 kHz, recycle delay 5 s and contact time sead0 1 ms. The spectra were
externally referenced to the signal of the carb@aybon of glycine.

The relaxation delay for recording the liquid sthigh-resolution spectra was
10 s. The 16 and 256 scans were used to accunitilaed *C spectra, respectively.
The spectra of the PEO-like plasma polymer solgtionD,O were referenced to the
internal standard sodium 2,2-dimethyl-2-silapentassailfonate (DSS).

2.2.5. Gel Permeation Chromatography (GPC)

Gel Permeation Chromatography (GPC) was used terrdete the molar
mass distribution of conventional PEO as well athefsoluble fraction of the PEO-
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like plasma polymers. These measurements were rpetb by using a
chromatograph (Labio, Czech Republic) equipped waitthfferential refractometric
detector. The 600 x 7.5 mm gel column of poros@® A (Polymer Laboratories)
was calibrated with polystyrene standards. The @&a(8/v) solutions of polymers in
tetrahydrofuran (THF) used as a mobile phase wifltow rate of 1 ml/min were
prepared by intensive stirring with electromagnsticrer at room temperature. The
fine teflon membrane filter was used to sort ousaluble (gelled) part of the

material. Toluene in low concentration (2 %, vigsaused as an internal standard.
2.2.6. Atomic Force Microscopy (AFM)

A scanning probe microscope (Ntegra Prima, NT-MDvidh closed-loop
sensors was used for measuring the surface topgogmipthe samples in a semi-
contact mode under ambient air. Standard silicartileaers (NSG10k = 2 N/m,
NT-MDT) were used.

The microscope also allowed performing non diregasurements of the
Young's modulus by extracting its values from tlercé-distance curves via a
procedure described in detail by Salerno and By®&Y}. For this purpose, contact
mode cantilevers (ContE-G, typicial= 0.12 N/m, Nanoandmore) were used. First,
the deflection detection system of the AFM was lrated for the force
measurements by taking the detector photocurratafitte curves on a blank silicon
reference and transforming them into the forcedtisé curves. Indentation of silicon
tip pressed against silicon substrate can be asburagligible and therefore the
change in the load corresponds directly to the ghan cantilever deflection. A
requirement for the precise calibration is the kleulge of the spring constaktof
the cantilever, which is usually provided by mamtfigers with insufficient
tolerance. The accurate values of the spring cohstere determined from the
geometrical dimensions of the cantilevers, resomarfeequency and the
experimentally measured quality factor by a metbb&ader [96]. The cantilevers
were vibrated using the semi-contact mode resonamirg software in the Ntegra
Prima microscope (Sader_Normal script, Nova sofwhuilt 1.1.0.1851, NT-MDT)
to find their resonance frequency and the qualdgtdr. The software script
calculatesk with the error below 10 % [95]. After the calibaat, the force/distance

curves were taken with the same cantilever bottherplasma polymer samples and
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on blank silicon reference. The samples with 250 thiokness were used for the
measurements. The samples were smooth with RM$inaisg below 1 nm (5x5m
scan size). This allowed excluding influence of glmoess on indentation
measurements. Five different spots on each sample \wrobed to check the
reproducibility. Approaching curves were used foalgsis and the approach speed
was set at 40 nm/s. The curves acquired on thenplg®lymer and on the silicon
reference were shifted with respect to each otleethat their points of contact
coincided. Then indentatiodof the polymeric film was determined as the défere
between the cantilever deflection on the film amdtlee reference for each value of
force F. The Hertz theory of deformation was applied ttatee the measured
dependence of&=f(F) to Young's modulus with assumption of pure elasti
deformations [97, 98]. For the special case of ilpalic tip pressed against a flat

surface, the Hertz theory gives the following esgren [99, 100]:

F 2/3
0= Cimgens (2.1)

ot

Here,Ris the radius of the tip anfly is the reduced Young’s modulus given by the
elastic properties of the material of the tip ahthe surface [100]:

_ 442 _ 442
1 :E[l s 1 ”t], 2.2)
Eo 40 E E

where i, E;, 1 andEs are the Poisson’s ratio and the Young’s modutheftip and
the sample, respectively. The silicon cantilevessdufor the measurements are much
stiffer than the polymeric samplds£130-185 GPa) [100] and Equation (2.2) can be

reduced to:

E. 4 E

S

= =§[1_”§J (2.3)

Therefore, the experimentally measured indentadiata can be curve-fitted
with a function of the fornd = aF?” and the values of the Young’s modulus can be

derived from the obtained values of the faapprovided thaR and s are known:

_3 Q-4
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The nominal tip radii for the ContE-G cantileverse aprovided by
manufacturer aB<20 nm. More accurate valuesRfvere obtained by performing a
reference measurement of a special calibration H@d1 (NT-MDT). The grid was
scanned with the same cantilever used for the tatien measurements and the
radius of curvature was derived from the acquigggbgraphy by performing image
deconvolution (Image Analysis software, built 3.80B65, NT-MDT). Typical values
of Rwere 11 nm.

The data on the Poisson’s ratio of plasma polymansg, PEO-like plasma
polymers in particular, miss in the literature @wine assumptions have to be made.
For most of the materials, the Poisson’s ratio eangetween 0 and 0.5 [95].
Therefore, the value gfs =0.3 was chosen as a good approximation. The tamnagr
related to the values g@f results in 20 % error in Equation (2.4). The ollezgor in
the calculation of the Young’s modulus given by timeertainties in spring constant
and curvature radius of the cantilevers as weihdble Poisson’s ratio of the films is
estimated to be 35 %.

2.2.7. X-ray Photoelectron Spectroscopy (XPS) with chehdeaivatization

The chemical composition and the structure of tlmesfwere determined by
X-ray photoelectron spectroscopy (XPS). An Al K-ray source (1486.6 eV, Specs)
and a multi-channel hemispherical electrostatidyaea (Phoibos 100, Specs) were
employed. The XPS scans were acquired at constketdff of 90°. The wide and
high-resolution spectra were obtained with passrggn®f 40 eV and 10 eV,
respectively. The high-resolution XP spectra wéted with four components. The
charge compensation was performed using the posticether group (C—-O-C) at
286.5 eV which is a basic component of the PECctira. Other peaks correspond
to hydrocarbons (C-C, C-H), carbonyl- (C=0) aneesiased (O—-C=0) species with

relevant band energies reported in Table 2.3.

Chemical groups| Position (eV)
C-C,C-H 285.0
C-0-C, C-OH 286.5
C=0 288.0
O0-C=0 289.5

Table 2.3 Curve-fitting components of C1s peak.
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Furthermore, the chemical derivatization techniguas applied for the
quantitative evaluation of the OH groups [101, 1OZtifluoroacetic anhydride
(TFAA) was chosen as a chemical reagent for sekedtigging of hydroxyl groups
in a gas phase at room temperature. The chemiaelioa of derivatization process

is shown on Figure 2.6.

CF, 0O
7 o
I
|—0H + >0 _— |»0—c—cr~3 + CECOOH(g)
2
7\
cE Vo

Figure 2.6. The reaction of chemical derivatizatidthe OH groups with TFAA.

After completion of the reaction, the XPS was agublito determine the
concentration of fluorine which was used for catioin of the concentration of the
OH groups by Equation 2.5.

[OH] = {@/([C‘] —2[—?)} x100%, (2.5)

where [F'] and [C] is the concentration of fluaiand carbon determined by XPS
after the reaction with TFAA, [F]/3 is the totaimber of the OH groups; 2[F']/3 is
the amount of carbon atoms introduced with the TFAwlecules and ([C] —

2[F’]/3) is a real carbon concentration on the acef

2.2.8. Fourier Transform Infra-Red Reflection AbsorptigmeStroscopy (FTIR-
RAS)

Fourier Transform Infra Red spectroscopy (BrukeruiBgx 55) was
performed in a reflectance — absorbance mode. Rkigr gurpose, the plasma
polymers were deposited onto the gold mirror cogtads substrates. The pure gold-
covered glass substrate served as a referencee3tlation and the spectral range of
measurements were set at 4°t00 scans) and 400 — 4000 tmespectively for
each sample.
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2.2.9. Sterilization of the plasma polymers

The films of the plasma polymers were sterilizedtbsee commonly used
techniques — UV radiation, dry heat and autoclave treatment by UV radiation
was performed using a UV-C lamp (SANKYO DENKI G2@0) ¥or the irradiation
time of 2 hours. Dry heat sterilization was dona &mperature of 16@y a hot air
sterilizer (HS202A) for two hours. The autoclaviwgs performed at temperature of
120 in de-ionized water for 1 hour by means of a comuiaéautoclave (Tuttnauer
2540 ELC). The thickness, morphology and chemicehmosition of the samples
before and after sterilization was determined Bcspl ellipsometry (Section 2.2.3),
AFM (Section 2.2.6) and XPS (Section 2.2.7) respelt.

2.2.10Cell adhesion

The PEO-like plasma polymers were tested for adhesi the human MG 63
osteoblast-like cells (European Collection of Gallltures, Salisbury, UK) and the
Balb/3T3 immortalized mouse fibroblasts. In theecabthe MG63 cells, the samples
were suspended in Dulbecco’s modified Eagle’s Mumm Essential Medium
(DMEM; Sigma, U.S.A., Cat. N° D5648) with 10 % febevine serum (FBS; Sebak
GmbH, Aidenbach, Germany) and gentamicin (40 pgliak, Ljubljana, Slovenia).
Each dish contained 20 000 cells (i.e., approxima&e500 cells/crf) and 3 ml of
the medium. The cells were seeded on three sanmmlemach experimental group
and time interval. The cells were cultured in a idified air atmosphere containing
5 % CQ for 1 day at temperature 37 °C. After that, thedsel samples were rinsed
with phosphate-buffered saline (PBS; Sigma, USKgd with 70 % frozen ethanol
(room temperature, 20 minutes) and stained witbralkination of two fluorescence
dyes, i.e. cell membrane dye Texas Red C2-maleifeiigtation maximum 595 nm,
emission maximum 615 nm; Molecular Probes, InvigrpggUSA, Cat. No. T6008;
20ng/ml of PBS) and nuclear dye Hoechst #3334 2t@han max. 346 nm, emission
max. 460nm; Sigma, USAug/ml of PBS) for 2 hours at room temperature. Tke |
50 microscope, equipped with a DP 70 digital can{pah from Olympus, Japan,
obj. 20x) was used for obtaining the number ofselh the surface which was
evaluated on microphotographs.

In the case of the Balb/3T3 immortalized mouseofitasts, 1x10cells were

seeded on the plain untreated glass slides (prelyiocieaned in acetone and
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sterilized under UV light) and on the PEO-like palrs (sterilized under UV light),
previously put in Petri dishes (100 mm for glasded and 60 mm for the films) in
complete culture medium. After one day, the cultmexium was changed removing
the old one and adding the fresh one (5 mL). Atalseday, the culture medium was
removed and 200 pL of staining solution was droppetd the surface of each slide.
The glass slide was immediately removed from thiei Besh and protected with a
cover slip. After that the cell growth, their mogdbgy and behavior on the surface
were immediately analyzed using the optical micopscand fluorescent microscope

ApoTome system ZEISS.

2.2.11 Protein adsorption

Non-fouling of the PEO-like plasma polymers wasdgtd in terms of their
resistance to adsorption of blood proteins by meagua Quartz Crystal
Microbalance (QCM) (Maxtek, inc.) resonance frequershift which directly
depends on the mass deposited on the crystal surfabrinogen from bovine
plasma, bovine serum albumin (BSA) as well as imoglobulin (IgG) were
selected for the adsorption tests because theyharenost abundant proteins in
blood. Phosphate Buffered Saline (Dulbecco’s PB&) utilized as the solvent. Only
freshly prepared solutions of these proteins wesgluPrior to the measurements, the
PEO-like film was deposited on the QCM surface. Thestal was then placed into a
beaker with 100 ml of pure PBS and left for at 1% minutes at room temperature
in order to stabilize the frequency. After reachihg steady state, 10 ml of 5 mg/ml
protein solution was added to the beaker to oladinal concentration of 50 pg/ml.
The kinetic measurement of the protein adsorptioas vstarted immediately
thereafter. No stirring was used. All the measur@sievere performed at ambient
temperature. The study of the ability of the PEK2-Iplasma polymers to withstand
the accumulation of the fibrin network was perfodnen the micropatterned
samples. Pure silicon (n-type, (100), 1.5x1.5 ceryed as a reference. The fibrin
network was formed through polymerization of filmgen by thrombin [103]. The
patterned samples were prepared by using the capjusr (G2655C and G2016C,
Agar Scientific) in two steps. First, a 100 nm khaontinuous protein adhesive film
(150 W, 30 % of C—O-C) was deposited on siliconed;ha 100 nm thick protein
resistant film (5 W, 75 % of C—O-C) was depositeugh the grid attached to the
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first layer. After removing the grid, the patterhtbe protein-adhesive and protein-
resistant areas was obtained. The study of fiorauaulation included the following
stages:
« the samples were immersed into the 15 ml of a 1§®nil solution of
fibrinogen in PBS;
« the fibrin gel was created by adding of the 0.9ofthe 17.9 NIH unitsnl™
solution of thrombin;
» the samples were kept in this solution for one hour
» the fibrin clots were rinsed with PBS and deionizeater, dried in air and

then analyzed by AFM.
2.2.12 Interaction with blood plasma and blood serum

The irreversible fouling from biological media onbstrates coated by the
PEO-like plasma polymer films was measured by $erfAlasmon Resonance (SPR)
using an instrument based on the Kretschmann gepraetl spectral interrogation
[104, 105]. PEO-like coatings were deposited on 8SRiBs. A solution of phosphate
buffered saline was firstly injected until a stalbla@seline (resonant wavelength is
achieved). Subsequently, the tested solutionssoizlyme (1 mg-mt), fibrinogen (1
mg-mL?Y), undiluted blood plasma and serum were driverLfomin by a peristaltic
pump through four independent channels of a floligavhich SPR responses were
measured simultaneously at 25 °C. The differendberresonant wavelength before
and after the contact with the protein solutiondirectly proportional to the mass of
protein adsorbed, i.e. 1nm = 150 pg.thm

2.3. Materials

Conventional poly(ethylene oxide) (Sigma-Aldrich,=0600 g-mof) was
used for magnetron sputtering and plasma-assidtednal vapour deposition
experiments. Argon was used as a working gas. Moopic glass slides
(Marienfeld, Germany, 76 x 26 x 1 mm) were usedusstrates for biological tests.
Silicon polished wafers (n-type (100), On SemicartduCzech Republic, a.s.) were
used as substrates for XPS, AFM and ellipsometojd-@Girror covered microscopic
glass substrates (1 x 1 cm) were used for FTIR-RA&8ysis. The flat glass plate

with the size of 20 x 20 cm was used as to depagiger amounts of plasma
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polymers for the NMR and GPC studies. Prior togkperiments, all the substrates
were ultrasonically cleaned in acetone, alcohol distilled water with successive
drying by a nitrogen flow.

The Cr/Au polished QCM crystals (5 MHz, Maxtek, .lnpre-mounted in a
crystal-holder (CHC-100, Maxtek) were used for gsl of adsorption of proteins.
Copper grids G2655C with 600 mesh thin bars and16€0with 400 parallel bars
(Agar Scientific) with thickness of 3.05 mm wereedsfor preparation of
micropatterned samples for the tests on thrombeggniThe BK 7 (chips) glass
coated with 5 nm thick Ti and 50 nm thick gold lesyavere used for the SPR
analysis of the interaction of PEO-like plasma potys with blood components. The
chips were acquired from the Institute of Photorac&l Electronic, Academy of
Science of the Czech Repubilic.

All the chemicals including di(ethylene) glycol yirether (DVE) (purity 98
%), fibrinogen from bovine plasma, bovine serum ualm (BSA), bovine
immunoglobulin (IgG), thrombin from bovine plasm®ulbecco’s PBS were
purchased from Sigma-Aldrich, Inc.

Human MG 63 osteoblast-like cells (European Calbecof Cell Cultures,
Salisbury, UK) and Balb/3T3 immortalized mouse ditiasts were used fam vitro

study of cell adhesion on the PEO-like plasma pelygn
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3. Results and Discussion

3.1. Magnetron sputtering

During the sputtering of the PEO target, two didtiregions were observed.
At the 20 W power, the deposition rate was consaai®t nm/min in the first minutes
of the experiment. After 9 min, the temperaturelhe target reached 45 °C due to
heat dissipation from the ion bombardment. At tpmint, the deposition rate
significantly increased as a result of thermal eapsration of melted PEO.

For the analysis of these regimes, two types ofstmaples were prepared.
The first series of the samples (referred to aspaih) was obtained during the first
6 min of the sputtering. The second series of drapdes (referred to as sample 2)
was deposited for 2 min after the start of the waperation process. The sample 2
was preliminary covered by the shutter until theadrof the co-evaporation.

Only the carbon and the oxygen atoms were pregethtel deposited plasma
polymer films, as revealed by the XPS analysis. Witk spectrum of XPS shows 60
% of C and 40 % of O for the sample 1 and 64 % ah@ 36 % of O for the sample
2. The Cl1s high resolution XPS spectra detecteditastic difference between the
samples 1 and 2. The high content of hydrocarbamdipg environment can be
found in the sample 1 (Figure 3.1a) with a smalbant of the ether groups (only 17
%). The presence of highly oxidized carbon fundidies such as the carbonyl-
based species (14 %) and esters (5 %) was alsctelbtén the case of the sputtering
in co-evaporation regime (sample 2), the higheznidn of the PEO structure was
observed (Figure 3.1b). The content of the C-O-OM-ehemical groups reached
54 %, the concentration of the hydrocarbons redwtmen to 27 % whereas the
amount of carbonyls and esters stayed the santmtbrsamples.

The confirmation of the XPS results was obtainedth®y FTIR analysis as
well (Figure 3.2a and b). The detailed assignménih@ FTIR spectra will be given
further in the section 3.2.3. Briefly, the spect@nsist of the absorption bands
around 3400 cfh (OH stretching), 2900 cth(CH, stretching), 1720 cth (C=0
stretching), 1610 crh (C—C stretching), the absorption region betweeB014nd
1250 cnt* belonging to various deformation vibrations of Gtoups, and the band
at 1110 crit (C-O-C stretching). The enhanced intensity of bygs and

unsaturated carbon species were detected on the $dctra of the sputtered film
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(Figure 3.2a). In this case, the high extent obdier in the film was indicated by the
broadening of the absorption bands throughout peetsum that is a known effect

for plasma polymers.

64% C-C, C-H
17% C-0.C, C-OH samplgl 27% C-C, C-H sample 2
149 oeoy /. sputtering 54% C-O-C, C-O sputtering +
5% O-C=0 14% C=0 evaporatio
5% O0-C=0
% 0
o o
©)
291 290 289 288 287 286 285 284 283 282 201 200 289 288 287 286 285 284 283 282
a) Binding energy, eV b) Binding energy, eV

Figure 3.1. The C 1s XP spectra of the PEO-sputtel@sma polymers: a) sputtered
without co-evaporation and b) with co-evaporation.

In contrast to the sputtered film, the spectrahef films deposited in the co-
evaporation regime (sample 2) show the strong ghsor form the C-O-C
functional groups. The signal from OH, C=0 and Gsp€cies is reduced in this case
as compared to absorption of ethers (Figure 312byertheless, even in the case of
the co-evaporation regime the retention of the C-Qroups was not sufficient and
never reached 65-70 % required for the non-foutiaaviour. Moreover, sputtering
in the co-evaporation regime was accompanied witasting of the microdroplets
of melted PEO from the target. This significantbteftiorated the homogeneity of the
resultant films. Therefore, a new deposition sgrgteras chosen where melting of
PEO was conducted in a separate crucible whilerignetron was used to maintain

the discharge (see next Section).

c-0-C coc
sample 1 sample 2
g sputtering o | Sputtering+evaporation
c 2
] c=0 ]
° o
5] c=Cc 5
%] CH, CH 8
o) x o
< OH <
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000

a) Wavenumber, cih b) Wavenumber, cih

Figure 3.2. The FTIR spectra of the sputtered PR@tsred plasma polymers: a)
sputtered without co-evaporation and b) with copevation.
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3.2. Plasma-assisted thermal vapor deposition

3.2.1. Deposition rate

The temperature of the crucible with PEO granuless veontrolled by
electrical current and the deposition rate was omeasby the shift of the resonance
frequency of QCM. Thickness of the deposits forheapecific temperature was
determined by spectroscopic ellipsometry (see &e@i.2.3). The deposition rate
was then recalculated from the values of QCM fregyeshift as a function of
temperature (Figure 3.3). PEO started to melt endtucible at about 60 °C and this
was visualized through a chamber window. HoweMee, first deposits were not
detected until 260 °C. The mass spectra did naalethe changes in the gaseous
phase composition until 260 °C either. Startingnfr@60 °C, the deposition rate

increased with temperature almost exponentiallyraadhed 25 nm/min at 320 °C.
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Figure 3.3. The deposition rate of the polymeilimfas a result of vacuum thermal
decomposition of PEO.

3.2.2. The mechanism of vacuum thermal degradation of PEO

The mass spectra of the gaseous phase in the chamatetaken under 1 Pa
argon pressure with crucible being at room tempegaand at 320 °C (Figure 3.4).
The spectrum acquired at room temperature (blalk)coonsists of the species with

m/z< 45 in which the most abundant species afeafd AF* with m/z= 40 and 20.
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Expectedly, the components of residual air areatietethrough then/z=14 and 28
(N2), 16 and 32 (), 18 (HO) and 44 (CQ).

Intensity, a. u.

| M |

10- l' T T T T T T LI T T T T
0 10 20 30 40 50 60 70 80 9|0 100 110 120

m/z

Figure 3.4. The mass spectral analysis of vacu@mntal decomposition of PEO
(Ar, 1Pa): black, PEO at 25 °C; gray, PEO at 320 °C

When the temperature of the crucible with PEO veased up to 320 °C the
mass spectrum (gray color) significantly changadc&the pressure of argon was
held constant, the intensity of the lines watliz = 40 and 20 did not changed within
the experiments. Furthermore, the leak into thentdea from the outer atmosphere
was checked to be constant before and after thesdem. Therefore, all the changes
detected in the mass spectra can be attributedchissmn of the volatile fragments
from the PEO melt.

The mass spectrum is characterized by the draséinges in intensity of the
lines withm/z= 1-2, 12-18, 24-34, 44, and above. The signaydfogen increased
almost 2 orders of magnitude that can be explamethe cleavage of the CH and
OH bonds of the PEO molecules. The lines of th€lg,, OH, and HO species with
m/z=12-18 are also enhanced but not as much as hgmrddpe strong increase of
them/z= 28 can be assigned to emission gfiand CO. The set of the lines around
m/z = 44 is attributed to a number of the fragmentshef PEO backbone such as
CH,CH,0, CH,COH, CH-0O-CH;, and CH-CH,~OH or to CQ. The spectrum is
also remarkable for the presence of highéspecies which belong to the fragments
with more than one monomer unit.

The evolution of the individual peaks in the mapgctra was monitored

continuously with heating. The dependence of intgred hydrogen, CO/gH,, and
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H,O on the temperature of the PEO melt is shown guiféi 3.5. Other species are
not shown for simplicity reasons. All the intens#tiwere normalized to Am/z= 40.
After reaching 260 °C, most of the mass spectnadibancrease with respect to argon
except for HO. The strongest increase is apparent for the gd)/@eak while the
signal from HO stays at a constant level throughout the enéingperature range.
Thus, thermal degradation of PEO proceeds witlstission of the polymeric chains

and elimination of volatile species with a widetdimution of molecular weights.
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Figure 3.5. The evolution of the individual peaksh® mass spectral bands with the
temperature of the PEO melt.

The next mass spectra were taken in the similaangement but without
argon in the chamber. After evacuating the systemndto 10° Pa the heating was
started. The pressure in the chamber was set at\when the temperature reached
320 °C. The mass spectrum was composed, in thes oashe emitted fragments of
PEO and residual gases (Figure 3.6a). The spedafussidual gases obtained at 25
°C is also shown here for reference.

A wide spectrum of the emitted fragments of PEhwlie highesin/z= 112 is
seen in Figure 3.6a. One should bear in mind thatrsk fragmentation pattern
measured by the detector in the mass spectrometgiven by two stages of
fragmentation of PEO: decomposition of the polyinethe crucible by the influence
of elevated temperature and fragmentation of ewpdr species of unknown
composition in the ionization source of the masscgpmeter. Consequently, an
uncertainty exists about the origin of the ionsnmass spectrometry, a conventional

way to indentify the unknown compound is to comp&sespectrum with that of the
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compound of defined composition. For correct ideation, it is necessary to find
the proper reference. In our case, starting frofa= 44 the spectrum consists of a
series of the lines similar in shape and with thexima separated bym/z =14 or
16, which is reasonable to assign to the »Ckhd -O- residues of the polymeric
backbone (Table 3.1). This assumption can be fughpported by comparison of
the bond energies. The dissociation energy of #@-C and C-C-O bond is lower
compared to C-H and hence it is generally expetttatddecomposition of PEO starts
with the random scission of the backbone bonds.réfbee, assuming that the
volatile fragments are composed of the combinabiorCH,- and -O- residues, their
molecular structure can be guessed by comparisamsigthe mass spectra of
ethylene glycol homologues of known composition.r Fois purpose, di- and
triethylene glycol (DEG and TEG, M = 106 and 15fhgF*, respectively) were used
(Figure 3.6b and c).
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Figure 3.6. The mass spectra of the gaseous phase vacuum chamber without
Ar: a) PEO at 25 °C (black) and at 320 °C (gray)fBG at 40 °C; c) DEG at 25° C.
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The mass spectral bands are centered/at 2, 18, 28, 44, 58, 73 for DEG.
The same pattern is observed in the case of TE® adtlitional band appearing at
m/z = 89. Since the spectra remain almost unchangéd imcreasing mass in the
homologous series (di- and triethylene glycol)indlicates that the fragmentation
phenomena occur in the same manner regardlesseofntilecular mass of the
monomer. The mass spectra of DEG and TEG are alidestical to the pattern
observed for evaporation of PEO. Such affinity gothat the gaseous phase in the
vacuum chamber during experiments with PEO is mpardmposed of PEO

oligomers with a different number of monomer units.

Species Calculated | Detected maxima
(m/2) (m/2)
-CH,~CH,-O- 44 45
-CH~CH~O-CH- 58 59
-CH,~CH~O-CH~CH,- 72 73
-CH,~CH~O-CH~CH,-0O- 88 88
-CH~CH~O-CH~CH,~O-CH- 102 103

Table 3.1 Assignment of the most intensive mass spectraslat vacuum thermal
decomposition of PEO.

The mass spectra of the ethylene glycols on thar€i§.6 b) and c) do not
show the species witin/z> 102. It does not necessarily mean, however, ghah
fragments are not present in the chamber volumthesnass spectra of ethylene
glycols do not show the species of higher m/z eitlis fact can be explained by
the long distance between the detector and theoeatipn source which restricts the
transport of heavy particles to the ionization cham Furthermore, transmission
function of the quadrupole is mass-dependent, &gaor sensitivity to ions of
higher mass also restricts their detection.

The presence of the low mass species in the spettlREG and TEG
indicates that the fragmentation of the monomeruscin the ionization source of
the spectrometer. Therefore, the mass spectrunvagoeated PEO, which is also
rich in light masses, hardly represents accuratetyactual fragmentation induced
purely by thermal means. Nevertheless, unlike thglene glycols, the spectrum of
PEO shows the strongest peakrdt = 28. This means that the CO and probably the
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C,H, species are released not only as a result of atation phenomena in the
mass spectrometer but also due to thermal degoadatithe original polymer.

The difference between the ethylene glycol homaésgand PEO can be also
observed at highen/zin intensity of the species witi —n(n=1, 2, 3, ...), where
M is m/zof the most intensive peak of the individual bartes the ethylene glycols,
the amount of the species wilh — nis much smaller than that of thé& peak (see
also the insets of Figure 3.6a—c). Furthermore, deaporated PEO the wider
distribution ofm/zis detected and there intensity is stronger. Tdgs indicates that
formation of such species may not be originatedlusxeely in the ionization
chamber of the mass spectrometer but they aresatdited into the chamber volume
at the evaporation process. The species mithseveral units less than a simple sum
of CH, and O are attributed to the fragments which amngty dehydrogenated; this
is also supported by the strong signal from hydnogen/z= 1 and 2. Cleavage of a
hydrogen atom leaves a free radical or, if two bgeén atoms are removed from the
neighboring carbons, the recombination of the mddigvith formation of the double
C=C bond is possible. Nevertheless, such dehydeigdnspecies are in minority
with respect to PEO oligomers. For example, thensity of the left-hand side
shoulder of the band centerednafz= 59 is rapidly decreasing as it is shown on the
Figure 3.6a. It is also worth noting that the maxiaf the bands of evaporated PEO
are located at the m/z which exceed by 1 thosellzéd for a mere combination of
the CH and O species. This means that capture of hydragens by oligomeric
fragments also takes place. The contribution froghér isotopes®H, **C, or*’0)
can be ruled out here as their natural abundantteeinorresponding elements is low
[106]. Taking into account the appearance of bbth dehydrogenated species and
the species with excess of hydrogen, radical teatian by disproportionation can be
suggested as the possible mechanism of thermalngesition of PEO. In this
mechanism, a radical at the end of one chain atackhydrogen atom in the other
chain [1]. As a result, a hydrogen atom is tramsfitrto the first chain whereas a
double C=C bond is created in the other (Figurg.3The presence of the C=C
functional groups in the deposited films was conéd by FTIR spectroscopy (see
section 3.2.3).
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Figure 3.7. The mechanism of radical terminatiordisproportionation.

The films deposited by pyrolysis of conventionalypoers were frequently
reported in the literature as being “waxlike” sirszeh films are mainly composed of
the lower molecular weight fragments of original amamolecules [24, 107].
Different post-deposition treatment methods werggssted to increase the cross-
linking within the films, including UV irradiatiorand annealing [108]. lonization-
assisted evaporation was also considered to idheeolatile fragments by electron
impact and direct them onto negatively biased sates{30, 31].

In this work, the stream of the species releasethegmal decomposition of
PEO was allowed to pass through a zone of the dissharge. Figure 3.8 shows the
mass spectra of the chosen species with the bardsred am/z= 2, 28, and 59.
These patterns were taken in two regimes: withdasrpa and with 5 and 60 W
plasma turned on. The application of the glow disgh leads to ablation of
hydrogen from the macromolecular fragments by edecimpact and, as a result, to
increase of atomic and molecular hydrogen conceotralhe amount of the species
with m/z= 28 increases insignificantly. These most probaloyrespond to the CO
molecules as their presence was confirmed by inibpe OES measurements (see
below). For the species with higher masses, thersevbehavior is observed where
even 5 W power discharge results in the decreasleeafamount. The species with
m/z > 60 were not detected when the plasma was orantbe explained by the

enhanced fragmentation of the higher mass species.
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Figure 3.8. The mass spectra of evaporated PEQradaguith and without plasma:
a)m/z= 2, b)m/z= 28, c)m/z= 59

Further characterization of the gas phase compasivas performed by
OES. The OES spectra were acquired in two regimes:
e with argon as a working gas;
* without argon.
In the last case, the discharge was ignited onthénvapors of the volatile products
of thermal decomposition of PEO. Both spectra (FegB.9) were acquired during
the same experiment under the same conditions @erye of the PEO melt,

pressure, and power of the discharge) so thatrilyedifference was the composition

of the gas phase.
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Figure 3.9. The optical emission spectra of thevglescharge ignited at 50 W power
in vapors of PEO a) with and b) without Ar.

In spite of the fact that the interpretation of @ES is often complicated by a
large number of the available species, in our ceseral bands can be definitely
assigned according to [109]. For example, emissfothe fourth positive (AT * —
X'%) and the 3positive (B — &11) systems of CO with the probable contribution of
the Cameron and 5B bands was indentified. The Qidpy were identified through
the AZ* — X1 system. The lines of neutral argon were preselytiarthe spectrum
of the discharge with argon whereas they vanisheehvwhe argon inlet was shut off.
The emission of CO is significantly enhanced in¢hee of deposition without argon
as it can be seen from a comparison of the lineé®@fat 219.2 nm against the line of
OH at 308.8 nm (Figure 3.9). The concentration hid OH groups is not much
influenced by the action of plasma. It was showovabthat the concentration of

water molecules is not influenced by the tempeeatirthe PEO melt either (Figure
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3.5). Apparently, neither thermal degradation magmmentation by electron impact
leads to the enhanced release of the Q8/ldpecies. This contrasts with thermal
degradation of other oxygen-containing polymershsas, for example, poly(vinyl
alcohol), which contains hydroxyls as side groupmded to a hydrocarbon
backbone and which degrades with elimination ofewgt10, 111, 112, 113].

3.2.3. Chemical composition
X-ray Photoelectron Spectroscopy (XPS)

The plasma polymers deposited at a constant Baten{min) with various
discharge powers (form 1 W to 200 W) significardliffer in their composition. The
XPS analysis shows a trend of increasing carbdpizatith increasing power of
discharge (Figure 3.10). The films deposited withaypplication of plasma and with
plasma at lower power contain approximately 62.6f% and 38.0 % of O with C/O
ratio of 1.63 (without accounting for hydrogen, etettable by XPS). For
conventional PEO used as the precursor, the safuesvavere obtained which are
somewhat lower than expected from the structurahfita calculations (66.7 % C
and 33.3 % O). With increasing power of dischathje,carbon content increased up
to 68.0 % while the oxygen content reduced to 33.0This is consistent with the
above mass spectroscopic data showing intensiveatoon of carbon monoxide in
the gas phase with increasing power. CO is effelstipumped out of the reactor

leaving the resultant films deficient in oxygen.
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Figure 3.10. The elemental composition of the Pk@®lasma polymers in
dependence on power of discharge: a) the carbaempi) the oxygen content; c)
the ratio of carbon to oxygen.

Figure 3.11 shows the evolution of the high-resotutCls XPS spectra of
the films prepared with increasing power of disgeaas well as that deposited
without plasma. Similar to the magnetron sputtefidmhs, the spectra can be
deconvoluted into four components located at 285.&C, C-H), 286.5eV (C-O-
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C), 287.8eV (C=0) and 289.0eV (O-C=0). Howevergrer abundance of the peak
at 286.5 eV was achieved by plasma-assisted themmpalur deposition as compared
to magnetron sputtering. Strictly speaking, the ponent at 286.5 eV can be
contributed by the hydroxy- and epoxy groups asl.wehe tests on chemical

derivatization of the OH groups with TFAA showedtlonly 1 — 2 % of carbon

atoms were bound with hydroxyls in the films evaed without plasma and 5 — 7
% for the films deposited with plasma. The insigr@hce of epoxy groups has been
also proved by the FTIR analysis (see the nexti@®ctTherefore, the component at

286.5 eV is assigned hereafter mainly to ethers.
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Figure 3.11. The evolution of the C1ls XPS spedith®PEO-like plasma polymers
as a function of the discharge power: a) evaponatdtbut plasma; b) 1W; c) 10W;
d) 120W; and e) 200W.

For the films deposited without plasma, 80 % retenof the C—O—-C groups
and only 14 % of the C—C/C—H was detected. Thekeegare very close to those of
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original PEO used as the precursor (88 % of thereimd 6 % of the aliphatic
hydrocarbons). The increase of power is accompatigdincreasing of the
hydrocarbon component whereas the concentrationthef C—-O—-C groups is
decreased. Such changes are minimal at the povetosy O W for which the
concentration of the ether groups is still aboutV@5At higher power of discharge
the peak of the C—C/C-H components dominates tbetrsp For example, at 200 W
the concentration of aliphatic hydrocarbons reach®s¥ and ether components
reduce to 34 %. Such behaviour is attributed tensive fragmentation of the
released PEO oligomers at higher power with suocges®-arrangement of the
fragments into a hydrocarbon network deficient wita ether groups. Incorporation
of other species such as C=0 (9 £ 2 %) and O-C=©® Z3%) is not significantly

influenced by the power of discharge.
Fourier Transform Infra-Red Spectroscopy (FTIR)

FTIR analysis offers additional information on tbleemical composition of
the resultant films. Figure 3.12 shows the FTIRcspeof the PEO-like plasma
polymers prepared with and without plasma. The tspecof original PEO precursor

is shown for comparison as well.
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Figure 3.12. The FTIR analysis of the PEO-like plagpolymers as a function of the
discharge power: a) precursor PEO; b) evaporatdtbut plasma; c) 10 W; d) 120
W; e) 200 W.

The spectrum of conventional PEO (Figure 3.12a)taina the stretching
vibrations of the hydroxyls~( 3400 cnm) and CH groups (weaker asymmetric
stretching at 2947 ciand very strong symmetric at 2884 tma number of the
deformation vibration bands of the €groups including the asymmetric bending at
1467 cnt, the wagging doublet at 1359 énisymmetric wagging coupled with the
stretching of the C—C bond) and 1341 t(asymmetric wagging), twisting at 1280
cm™* (symmetric) and 1241 ci(asymmetric), and two rocking bands at 960 cm
(symmetric rocking coupled with the stretching betC—C bond) and 844 ¢m
(asymmetric rocking). For the ether structure, sy\&rong asymmetric stretching
vibration at 1103 cfh is observed. The smaller side peaks at 1147 af0 toi*
correspond to the coupling of the ether structuith the stretching of the C—C bond

45



and with the symmetric rocking of the gHjroup, respectively. All the band
positions and assignments for the precursor PEOf@nthe plasma polymer films
are summarized in Table 3.2.

Band position
(cm™)
Mode assignment Evaporated with discharge
Precursor . Evapqrated at power
PEO without discharge 1 200 W
vOH 3200 — 3600 3200 - 3600 3200 - 3600
vadCH>) 2947 2945 2946- 2946
v§(CHy,) 2884 2870 28706~ 2879
v(C=0) - 1724 17241711
v(C=C) - 1620 1618~ 1602
3adCHy) 1467 1460 1458
w(CH,) +v(CC) 1359 1350 1352
WodCH,) 1341 - -
ts(CH,) + t.{CHy) 1280 1300 1286
ta{CH,) 1241 1250 1247
v(CC) —v,dCOC) 1147 - -
va{COC) 1103 1146 1100
vadCOC) + £(CH,) 1060 1042 -
r{(CH,) —v,{COC) 960 949 -
r.{CH,) 844 849 -

"The assignment follows the ref. [114] witkestretching, =bending, w=wagging, t=twisting,
r=rocking.

Table 3.2The FTIR band positions and assignment for the REOplasma
polymer films.

All the measurements were performed at room tenyeravhich was below
the crystalline/amorphous phase transition tempeggt60 °C) usually observed for
PEOs. As expected, the sharp character of the amditheir positions measured for
the precursor PEO (Figure 3.12a) correspond withioni® to those reported for
crystalline phase [114, 115, 116]. The spectrurtheffilm prepared without plasma
(Figure 3.12b) retains the feature of the bandtwms measured for the precursor
PEO (Figure 3.12a). It also supports the mass igdatdings (see Section 3.2.2)
showing that thermal degradation of PEO proceedb wandom scission of the

backbone and that oligomeric fragments released thé gas phase are mainly
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composed of the repeating (—&¥D-) unit. Nevertheless, the spectrum of
evaporated film exhibits shifts and broadeningh& &dsorption bands as compared
to the precursor PEO (see also Table 3.2). Thisa#taguted to transition from the
crystalline to amorphous phase at which variousemdar structural conformations
may give rise to a wider distribution of intermalar interactions [116]. The
differences between the evaporated film and theupser PEO can be observed in
the entire range of wavelengths. ThgCOC) vibrations are shifted from 1103 ¢m
characteristic for crystalline phase to 1146’coharacteristic for amorphous phase.
The rocking §CH,) vibrations at 960 cth and the twisting.CH,) vibrations at
1241 cmt shift to 949 and 1250 chrespectively. The wagging doublet(@H,) at
1359 cm® and wq{CH,) at 1341 crit merges into one band at 1350 tnSuch
behavior of the rocking, twisting and wagging viiwas of the ether methylene units
was previously observed and explained also by itransfrom crystalline to
amorphous state [115, 116]. By analogy, the chamg#se band positions observed
here indicate the loss of order in the evaporated This can be explained by higher
mobility of the lower molar mass PEO fragmentsvamg on the substrate surface
which allows their easier adoption of various cgufations. As a result, the
evaporated film has the essentially amorphous tstreicin contrast to the crystalline
PEO precursor.

Two new absorption bands can be found in the specof the evaporated
film. They are assigned to the carbonyl-based sge¢i724 cnl) and to the
unsaturated C=C bonds (1620 tmNeither is present in the precursor and may
appear as a result of quenching of the radicaleutir radical termination by
disproportionation, as it was shown in the Sec8ah2, or due to post-deposition
oxidation with air. Nevertheless, the C=0 and CaGugs are in minority with
respect to others and the chemical compositioh@tvaporated film is very close to
that of the PEO precursor.

The drastic changes of the FTIR spectra were obdewhen applying the
glow discharge. The spectrum of the film evaporateti0 W power looks similar to
that prepared without plasma (Figure 3.12b and\e\ertheless, the bands in the
CH, wagging and twisting region become broader wheres rocking CH
vibrations merge into broad spectral features appgaas a lower wavelength
shoulder of the,,d COC) band. At higher powers, thg{COC) band becomes even
broader and the intensity of the C=0 and C=C bamgisificantly increase (Figure
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3.12d and e). Broadening of the FTIR bands is dtaratic for plasma polymers,
especially for those prepared at higher power ofcliarge. The term
“macromolecule” is not well justified in the casksuch plasma polymers because
the intensive fragmentation at higher powers leadscrease of the lower molar
mass fraction in the gas phase (see Section 3.22.4 result, a highly crosslinked
matrix is formed on the surface where the chainwden cross-links are rather short
(see Section 3.2.5). The diversity of possible oonftions and inter-chain
interactions results in a broad absorption spebaat.

The FTIR spectra, in agreement with the XPS/chelndeaivatization data
(see above), also show the increase of absorptiotheo hydroxyl groups with
increasing the discharge power. However, the ageaetretween the XPS and FTIR
data is not complete. For example, the significenhancement of the C=0
absorption was detected by FTIR whereas the XP$<asandicated their stable
content regardless of the power. This disagreemeay be explained by different
analysis depth of FTIR (entire bulk of the film)darKPS (several outermost
nanometers). Apparently, the polymeric matrix retaa certain degree of flexibility
to rearrange itself and to adopt the configuratbnhe lowest surface energy with

non- polar hydrocarbon chains exposed and polampgrturned into the bulk.
Influence of specific power on the properties efplasma polymers

Application of plasma significantly complicates tlevaporation process
because the energy balance within the plasma zepends not only on wattage
delivered from the generator, but on the amousipeties to be polymerized as well.
This means that the changes induced in the filnepared at different evaporation
rates cannot be accounted for by the power alohsg®cific power per mass unit of
precursor should be rather considered. This phenomevas discussed first by
Yasuda [3], who suggested a parameter W/FM, wherés \Wower of discharge
(watt), F is monomer molar flow rate (&%), and M is monomer molar mass
(kgrmol™). Thus, W/FM is expressed in terms &gl. Accordingly, an increase of F
is equivalent to a decrease of W for a certain mmero The W/FM parameter was
also used by Johnston et al. [75] to adjust thelitimms of constant power delivery
per unit mass of ether-bearing precursors of dffermolar mass. In the case of
evaporation of PEO, the monomer molar mass is taioebecause the gas phase
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consists of a variety of species with a broad molass distribution. Nevertheless,
the overall mass flux can be easily measured by QUi first series of the PEO-
like plasma polymers was prepared at constant Q@iuency shift of 20Hzin™,
which corresponded to 5-8 immin™ deposition rates. The deviation of the deposition
rate relates to the different density of the finisich increased with the power of the
discharge (see further below). The constant QCMjueacy shift therefore
corresponds to the constant mass deposited oversudbstrate per unit time.
However, the films of different thickness are proeld according to a Sauerbrey
equation:

Af = —-CyAm = -G-pSh (3.1)

whereAf is the QCM frequency shift (HzLs is the sensitivity factor of the crystal,
Am is the mass deposited per unit areadmd), p is the density of the filnSis the
deposited area, arfdis the thickness of the film. For the calculat@mmass flux by
equation (3.1), the sensitivity factor is necessenijch can be found in the literature.
However, the standard values@fare given on an assumption that a rigid matesial i
deposited on QCM and that its acoustic propertiesdentical to quartz. In our case,
especially for the films deposited at lower powarsd higher evaporation rates,
significant viscoelastic losses can be expecteathvehould be accounted for. This
significantly complicates the determination@f{117]. Therefore, the gravimetrical
method was used to establish the mass flux anfilthelensity. For this purpose, the
samples were deposited onto aluminum foils of kn@amea for a certain period of
time. Then the weight and the values of the filmckhess determined independently
by ellipsometry were used for calculations. The srfasx in this case is expressed in
kgm?s* and specific power, that is, power related to nfass has the dimension
of Ji’Kg™. Figure 3.13 shows the density of the PEO-likesipla polymers and the
percentage of the ether groups in dependence oaifisppower which was
calculated for different values of delivered powaad the mass flux. The film density
increases from about 1000 to 2600rkg and the concentration of the C—O-C
groups decreases from 80 to 27 % with increasiegsitecific power. The values
obtained for different mass fluxes at given speqtfower coincide well within the
experimental error. Therefore, the same value effilm density and the C-O-C
content can be obtained at different discharge powawed mass fluxes. For example,
the film with 1 500 kem® density and 40% of the ethers can be fabricathereat 80
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W power and 17 ngm-2s-1 mass flux or at 200 W power and 44cng2s-1 mass
flux. Thus, the deposition rate of PEO-like plaspudymers can be increased with

equivalent increase of both discharge power andsirflas to obtain the same value

of the film density and the -O-C content. This strategy was further utilized to

prepare the samples for GPC and NMR analysis (se&o8 3.2.4).
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Figure 3.13. Density a) and concentration b) ofetier groups of PEO-like plasma

polymers in dependence on the specific power otlitbeharge.
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3.2.4. Structure
Gel Permeation Chromatography (GPC)

The molar mass distribution of conventional PEO #mal films evaporated
with and without plasma were determined by GPClemva in Figure 3.14. The
PEO precursor shows a very narrow distribution @fian mass centered at 1500
gmol®. The PEO film evaporated without plasma is comgoseinly of the
oligomers with lower molar mass with the peak maximshifted to 1050 -gnol™.
The left-hand side asymmetry indicates wider dstion of lighter species (Figure
3.14b). The molecules with molar mass down to 3G8aj’ can be resolved in this
case. The values obtained by GPC may not refleattgxthe real molar mass due to
both smearing of the GPC signal by the column angossible branching of
macromolecules via radical recombination during ftilen growth. In GPC,
macromolecules are separated in accordance wiih tilgdrodynamic volume in
solution when passing through a microporous gele Tdrge molecules do not
permeate the pores and pass the column fastettibesmall molecules with volume
size lower or comparable to the pores of gel. Tioeee small macromolecules
require longer elution time. A correlation betwedte elution volume and the
molecular weight is then made on assumption thatstinucture of the compared
macromolecules is similar. In the case of PEOslittear macromolecules may be
directly analyzed and compared whereas the branotezomolecules of smaller
molar mass can produce a signal equivalent toahktrger linear molecules [118].
Thus, the molar mass distribution measured by Gi®#Ghe evaporated film may be
overestimated to some extent and the presenceeof lewer molar mass cannot be
excluded. The same consideration is especiallydviali the films deposited with
activation by plasma because glow discharge is kntavenhance cross-linking
within the films. The PEO-like plasma polymer filmgere deposited at a higher
mass flux corresponding to 100 ‘HEn QCM frequency shift which made the
specific power relatively low. For example, thend deposited at 1, 5 and 150 W
with 100 Hz-min* evaporation rate correspond in chemical compasiti those

which might be deposited at 0.2, 1 and 35 W withH20min* evaporation rate.
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Figure 3.14. The GPC molar mass distribution ofshieble phase of the PEO-like
plasma polymers: a) precursor PEO; b) the film evafed without plasma; c) at 1
W; d) at 5 W; and e) 150 W. The mass flux corresisaon 100 Hanin™ (QCM).

The corresponding values of the concentration efGrO—-C bonds detected
by XPS are also given in Figure 3.14. As it wasvgh@reviously, the concentration
of the ether groups decreases with increasing ideharge power. However, for the
films deposited at 1 and 5 W such decrease caneotlistinguished and their
chemical composition is very similar to that of filen evaporated without plasma,
at least within the error of the XPS fitting. Netrmless, the difference in chemical
structure and physical properties of these plasataners can be observed (Figure
3.14a-e). The film evaporated without plasma is getely soluble in water and
tetrahydrofuran while the plasma polymers are opértially soluble in both
solvents. The solubility of the plasma polymersrdases with increasing of the

discharge power (see Section 3.2.5). The film dépdsat 150 W was almost
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insoluble and retained 97 % of its thickness aftetay soaking in water. Reduced
solubility of the plasma polymers is manifesteddacreasing intensity of the GPC
signal which is correlated to a smaller amount acromolecules released into the
solution. As to the 150 W film, a very weak sigsapports the observed stability of
this film in polar solvents.

The GPC curves are also remarkable for their pspalsity. It is most
definitly seen for the 5 W film where the main peskL050 g-mé! is accompanied
by a broad shoulder spreading up to 3xganol®. (Figure 3.14 d). This value should
also be taken with reserve considering the brancsiedcture of the solute.
Nevertheless, plasma enhanced deposition of theomatecular species with molar
masses significantly exceeding that of the precUP&O was undoubtedly detected.

This finding is inconsistent with the earlier steslithat addressed the mass
distribution of species in PEO-like plasma polymeatsposited from volatile
precursors bearing ether groups by Secondary lossMipectroscopy (SIMS) [75,
77, 80, 82, 90]. In these studies, an establishmtensus claims that increased
plasma powers lead to an increase of low molar rfrats< 103) and to a decrease
of higher molar massn/z> 103) molecules because of intensive fragmemtatio
the precursor. The highest mass detected by the&s S8#dchedn/z= 130-160 [77,
80, 82, 90] while Johnston et al. [75] reported seasup tom/z = 300 for
oligoglymes, dioxanes and crown ethers used auumes. The low values of the
highest mass detected in these works in compafstinthe evaporated PEO-like
plasma polymers presented here may be explainegd Iptdiscrimination over
higher masses inherent for SIMS, and more likely thg absence of longer
macromolecular chains in the films deposited fratatile precursors.

Based on these findings, the structure of the fiieygosited by evaporation of
PEO can be viewed as follows. The film evaporatétout plasma is in fact a blend
of oligomeric species with a wide distribution oblar masses starting from 300
g-mol* (or smaller) and never reaching that of the pmuPEO (1500 g-md).
The low extent of cross-linking makes this film qaetely soluble in water and
THF. The films deposited with plasma are essentiaditerogeneous systems where
the network formed via random radical recombinatioexists with the polydisperse
soluble phase with molar mass distribution muchewithan that of original PEO.
The ratio between the network and the soluble ghaaa be controlled by specific

power of discharge so that increasing power faymiymerization of the lighter
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species and increases the average molar mass. ¢iustiliermore, the lower specific
power produces films with good retention of the €&Qonds and low extent of
cross-linking whereas the higher specific poweraegies the hydrocarbon content

and cross-linking within the films and makes thewrenrigid.
Nuclear Magnetic Resonance (NMR) Spectroscopy

Further important knowledge of the structure of FIk® plasma polymers
was obtained by NMR. The solid-stat®c CP/MAS NMR spectra are shown in
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Figure 3.15. The solid statdC CP/MAS NMR spectra of the PEO-like plasma
polymers in dependence on the discharge powereaupsor PEO; b) the film
prepared without plasma; c) 10 W; d) 50 W; e) 15@nu f) 200 W. The mass flux

corresponds to 100 Hrin™ (QCM).

The spectrum of the PEO precursor consists of thadbpeak at 71.9 ppm
and the narrow peak at 61.2 ppm (Figure 3.15a) wtén be assigned to amorphous
and crystalline phases of PEO, respectively. Tlak perresponded to the crystalline
PEO structure was not detected in the spectraegpldsma polymers. However, they
showed the additional GHand CH resonances in range of 10 — 50 ppm. The strong

broadening of the main O—-GHhbeak was observed at increasing power of discharge

54



(Figure 3.16). This indicates a broader distributod the macromolecular structures
reflected in dispersion of chemical shifts. Fig@r&5 and Figure 3.16 are consistent
with the previous XPS and FTIR data. In additidre &vailability of the C=C double

bonds or/and unprotonated carbons in the correspgrsdmples (Figure 3.15d and

e) was evidenced by presence of the peak locai@ppabximately 100 ppm.
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Figure 3.16. The linewidth of the main NMR sign&P&EO at different discharge
power.

The liquid-state protonH NMR spectra were obtained for® solutions of
the PEO-like films deposited with and without plasifigure 3.17). The signal at
3.69 ppm belongs to the O-Glgroups and the residual signal from HDO solvent
molecules is located at 4.73 ppm. As discussedrbefsee above), the plasma
polymers were partially or almost completely indddudepending on the discharge
power applied. The band of the PEO units decreasastensity with increasing
discharge power reflecting reduced solubility aé flasma polymers and decreased
amount of the soluble chains with detectable O-@kbups. Mobility of the PEO
units involved in insoluble chains is reduced tahsan extent that corresponding
lines are too broad to be detected in the highhuéso spectra. Such remarkable line

broadening was previously observed for thermoresiperpolymer solutions [119].
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Figure 3.17. The liquid statél NMR spectra of the PEO-like plasma polymers
prepared at different power of discharge (measuradlution with DO): a) the film
evaporated without plasma; b) 10 W and c) 50 W.

3.2.5. Swelling phenomena

As mentioned previously, a close chemical resentdgldretween the plasma
polymers deposited at low specific powers and cotiweal PEO was observed.
Therefore, other features relevant to PEO can Ipeagd to be revealed as well.
Conventional PEO is a very well known hydrogel ame of its peculiarities is
swelling, i. e. the ability to absorb water withnsaderable increase of polymer
volume. PEOs are generally physical hydrogels, itsindividual chains are not
bound to each other chemically but through the mdé entanglements. Upon
swelling, the macromolecules unfold, disintegrated ahe polymer eventually
dissolves completely. On the contrary, plasma pehgrare covalently cross-linked
networks and therefore their swelling behavior bardifferent.

The kinetics of thickness change of the PEO-likespia polymers in contact
with water was investigated by spectroscopic eblipstry. The films with thickness
of approximately 100 nm were prepared on the petiskilicon wafers (Section
2.2.3). The samples were introduced into the liquetl, the ellipsometer settings
were tuned and the first data acquisition was peréadl in a dry state to obtain the

initial dry thicknessgy. Then distilled water was poured into the liquedl through a
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syringe and the time depended measurements wereedrataly started. The
measurements were performed until the equilibriunddions were reached, i. e.
until the thickness of the films stopped changidg. a result, the equilibrium
swelling thickness d;) was determined. Finally, the liquid cell was dexd, the
excess of water was removed from the samples bgn#egnitrogen flow and the
samples were dried under 1 x 1@a vacuum for three hours to remove the water
bound within the films. Subsequently, the finahfithickness ;) was measured.

The polymer volume fraction was calculated asdiie, ratio.

Equilibrium | T hickness
Power Initial dry qswellin after Polymer
thickness,d, ; 9 vacuum volume
(W) thickness,d; . .
(nm) drying, d, fraction, @,
(nm)
(nm)
1 150 320 90 0.28
2 122 161 61 0.38
3 110 139 76 0.55
4 132 158 113 0.72
5 135 160 120 0.75
10 137 150 132 0.88
30 132 139 129 0.93

Table 3.3 The results of the swelling/dissolving experimegrgsformed on the PEO-
like plasma polymer films.

Table 3.3 summarizes the data of the swelling emymts. The changes of
the film thickness during swelling/dissolution imstlled water are shown in the
Figure 3.18. The thickness of the films deposited®W increases only by several
percent during the first minutes of contact withtevaand then it remains constant.
After vacuum drying, the thickness is several nagi@nms smaller as compared with

initial dry value. The polymer volume fraction réas the value of,= 0.9.
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Figure 3.18. Kinetics of swelling of the PEO-likiagma polymers deposited at
different discharge powers as measured by ellipsgme

The swelling behavior is different for the plasnmaymer films prepared at
lower discharge power (2 and 5 W). In the firstiidutes of the films contact with
water, their thickness significantly increases.sTisi followed by a decrease during
the next 10-20 minutes when the thickness redwrasvalue which still exceeds the
initial dry thickness. Subsequently, thickness éases very slowly and eventually
reaches the equilibrium.

Such swelling behavior of the films can be expldiifethe sol/gel structure
of the plasma polymers is considered. As shown B Gnd NMR, the PEO-like
plasma polymers, in particular those depositedoat $pecific powers, contain a
considerable amount of unbound macromolecules mitkar mass reaching 3x'10
gmol™. As a result, the unbound chains become solvatddend to leave the film
by out-diffusion processes upon contact with waléis should lead to a decrease of
the film thickness. Nevertheless, the dissolut®relatively slow as it is hindered by

macromolecular entanglements. On the contrary, iffosion of small water
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molecules proceeds more rapidly and it is reasen@bassume that water penetrates
fast into the entire volume of thin film. Since ethgroups attract the molecules of
water and bind them by hydrogen bonds, osmoticspresdevelops in the bulk of
thin film which stimulates unfolding of the polynersegments and results in an
increase of plasma polymer volume. The overall gkanof the film thickness are
therefore governed by two concurrent processewefliag (in-diffusion of water,
unfolding and relaxation of the macromolecular segts in the gel) and dissolution
(out-diffusion of unbound macromolecules of sol).

As shown on the Figure 3.18, the film thicknesgeases fast during the first
several minutes. This can be attributed to the dante of the swelling phenomena
when dissolution of the sol is hindered by closekpay and physical entanglements
of neighboring chains. With expansion of thin filmlume, the mesh size of the gel
increases which results in more effective reledsbesol fraction. The maxima on
kinetic curves correspond to the moment when smgelhf the gel is counterbalanced
by dissolution of the sol. Nevertheless, the thadsidoes not decrease to the initial
dry value due to the swollen state of the gel. Tihal stage is characterized by
insignificant increase of the thickness due to stelaxation of the macromolecular
segments within the network which re-orient themseglto find thermodynamically
most favourable conformations.

The described behavior is very well observed fer fibms prepared at low
discharge powers (<10 W) whereas the films depbsitdigher powers (>10 W) are
more resistant to swelling/dissolution. This can di&gributed to increased cross-
linking density and decreased flexibility of the emamolecular chains. For
quantitative estimation of the cross-link densitytihe plasma polymers the Flory-
Rehner theory of gels was employed. In macromosequihysics, cross-link density
is one of the key parameters describing the polygmwestworks. It is usually related
to the average molar mass between cross-libkg. (Plasma polymers deposited
from the low-molar-mass precursors are generalghlii cross-linked since their
individual segments are composed of small precuirsgments.M. can hardly be
determined in this case. However, plasma polymegpared as a result of vacuum
thermal vapour deposition are built from much langéigomers and therefore
classical theories of polymeric networks can beraftted to characterize them. For
the determination of., swelling experiments are often used in which brper is

kept in a thermodynamically good solvent to redsrequilibrium volume. Then, the
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Flory-Rehner theory of gels can be applied [120¢ry=and Rehner were first to
suggest that free energy of gel can be dividedtintoindepended terms. The first is
the mixing term which is determined by the strengththe interaction between
polymer chains and solvent molecules. The elastim taccounts for elongation of
polymer chains in the swelling process. One of dbhcomes of the Flory-Rehner
theory is a relationship favl. (Equation 3.2):

1 _ 2 _Infi-g,)+4, +xe?

M, M. pN.(0Y°-9,/2)

(3.2)

In this equation, theM » is the number average molar massn@@?) of the
initial macromolecular chains before cross-linkiggis the polymer volume fraction
of the swollen networkp, is the polymer density (g/cth Vs is the molar volume of
the solvent (cthmol?); yx is the Flory-Huggins interaction parameter betwéen
polymer and the solvent.

In this work, M » was determined from the experiments without plashha
films in this case consist of the uncross-linkeigarhers withM » = 1045 gmol* as
determined by GPC (Section 3.2.4).

The polymer volume fraction of the swollen netwogk, can be found as a
ratio of thickness of the vacuum-dried sampleshedquilibrium swelling thickness
(pp=d2/d1) which was obtained by ellipsometric measuremgrable 3.3).

The polymer densitypf) was determined gravimetrically as described in
(Section 3.2.3). It was found that for the filmgpared at discharge powers below 40
W p, averaged around 1.4 g/énTherefore, for the range of powers between 1 and
30 W used in the swelling measurements, the vélyg was chosen to be 1.4 g/tm
The molar volume of deionized water used as a sbls&i=18 cni-mol™.

Possible values of the Flory-Huggins interactiorapeeter %) for PEO/water
systems were reviewed by Lin and co-workers [1Zlhg valuey=0.43 was reported
for ¢, < 0.2 whereas for the higher polymer volume fawiy reached the value of
0.66. In our case, the exact dependex(@®) is unknown and therefore the average
value x=0.55 is used for the calculations, discussionasfsfble uncertainties given

where relevant.
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Figure 3.19. Average molar mass between cross-imitse PEO-like plasma
polymers vs polymer volume fraction for the differ@alues of the Flory-Huggins
interaction parametey,

Figure 3.19 shows the values BE calculated by Equation 3.2 from the
swelling data (Table 3.3) with the average valughef Flory-Huggins interaction
parametery=0.55 as well as for minimgy=0.43 and maximak=0.66 values. The
patterned area indicates the values hamay adopt with differept The right-hand
y-axis is related to the average number of repgatinits between cross-links
obtained by dividingV, by the molar mass of the repeating uM{=44 g-mot-.
Apparently, the cross-link density increas&& decreases) with increasing of the
discharge power. At increasing power, the plasm#aios a larger amount of free
radicals which act as cross-linking centers dutivegfilm growth.

The Flory-Rehner theory provides an important toalescribe the cross-link
density in quantitative terms. The average molarsnietween cross-links for the
film prepared at 1 W with volume fractian= 0.28 (Table 3.3) reaches 430ngl™
correspond in average to 10 monomeric units. Wasgth noting here that for plasma
polymers this number is very large and it is hardlyattainable for the films
deposited from low-molar-mass precursors. On thieerothand, for classical
macromolecular physics, this number representsfsigntly cross-linked networks.

With increasing discharge power, the number of muogric units between

cross-links decreases and the films become lestblsobnd less swelling. For the
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films deposited at 10 and 30W the correspondingesbfM. are 15 and 10 g- mdl

respectively. These appear to be unrealistic beorgparable, for example, with
atomic mass of carbon. It has been widely accefitatlthe Flory-Rehner theory
dealing with the Gaussian chain model overestimidteselastic energy required for
unfolding of the chains and does not describe ctydighly cross-linked systems
[122, 123]. The Gaussian chain model assumes tleatmdacromolecular sections
between the cross-links are sufficiently long rotbe influenced by the cross-link
junctions [124]. A number of bond vectors exceedifl is usually taken as a
measure of validity of the Gaussian chain distrduf121, 124, 125]. For highly
cross-linked polymers, the number of bond vectars loe significantly smaller and
such systems should be analyzed using non-Gaudisiaitbution models. The Flory-
Rehner theory was modified by Peppas and co-wort@raccount for the non-

Gaussian effects [124, 125]. The following relatimpsvas obtained:

¢2/3
;o (n@-g,)+g,+xg0)a-" )
= - 1/3 L] (3'3)
Mc |\/ln 1/3 ¢p 2
P M9, — ¢, 12)0+ T)
whereN is the number of links per chain between two civds. N is defined as:
AM
N=—= 3.4
v (3.4)

Here, A is the number of links per repeating unit whicl3 ifor CH—CH,—O- [125],
M; is the molar mass of the repeating uMt<44 g-mof"). By substituting Equation
(3.3) to Equation (3.4) the latter can be reduced tmbic function which may be
solved analytically by using, for example, the Garal's method to obtaiM..
aM?+bMZ+cM_+d =0 (3.5)
Figure 3.20 gives the values Bf; calculated by the classical Flory-Rehner
theory and by the Peppas-Lucht model with correctior non-Gaussian chain
distribution. As expected, for the films preparddi@aver discharge powers (with
long macromolecular segments between the cross}linlose values of Mc are
obtained by both models. For example, for the fileposited at 1 W the Peppas-
Lucht model calculates the valueM§=430 g-mof which is identical to that derived
from the Flory-Rehner model. For the other filmse tPeppas-Lucht model gives
larger values oM. as compared to the Flory-Rehner, and the differdreteveen
both increases with shortening of the macromoleccit@ins. For the highly cross-
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linked films (higher power),M.; approaches the value of 47 g-tholhich
corresponds approximately to one monomeric univeenh the cross-links. It is also

remarkable that decreaseMf with discharge power is not linear.
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Figure 3.20. Average molar mass between cross-tiaksilated for gaussian (Flory-
Rehner) and non-gaussian (Peppas-Lucht) chainkdistn (y=0.55).

Figure 3.20 gives the values bf; calculated by the classical Flory-Rehner
theory and by the Peppas-Lucht model with correctior non-Gaussian chain
distribution. As expected, for the films preparddiaver discharge powers (with
long macromolecular segments between the cross}linlose values of Mc are
obtained by both models. For example, for the fileposited at 1 W the Peppas-
Lucht model calculates the valueM§=430 g-maf which is identical to that derived
from the Flory-Rehner model. For the other filmse tPeppas-Lucht model gives
larger values oM. as compared to the Flory-Rehner, and the differdreteveen
both increases with shortening of the macromoleathains. For the highly cross-
linked films (higher power),M. approaches the value of 47 g-tholhich
corresponds approximately to one monomeric univeenh the cross-links. It is also
remarkable that decrease M. with discharge power is not linear. The most
prominent changes are observed for the powers ¥#h&@/e a significant variation of
the cross-linking density is detected. In this oegithe increase of the power from 1
W to 5 W leads to the proportional five-fold shoitey of the macromolecular chains
from 430 to 80 g-mdi. HoweverM. decreases much slower in the region of powers
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between 5 W and 30 W. It can be assumed that & gowers the conversion of
precursors in plasma already reaches the high saod further increase of power

does not result in significant increase of the nemndd active species.

3.2.6. Film elasticity

The rubber elasticity theory correlates the crassrg density in polymeric
networks with their elastic properties. For plagméymers, such interrelation is also
recognized, usually in terms of increasing stiftnedg the films with increasing
power of discharge. The indentation data with tletHan curve fits are shown in
Figure 3.21. The curves were acquired on the sargialogous to those studied in
the swelling experiments (Section 3.2.5). All theasurements were performed in a
single run with the same cantilever and the sarttenge of the AFM to avoid any
inconsistency.

Two important conclusions can be drawn upon exatiwinaf the indentation
curves. First, the Hertz model fits well the indgittn curves and this proves that the
assumption of the parabolically shaped tip wasa@pproximation. Deconvolution
of the tip apex also confirmed the proximity ofdtsnvex shape to the parabolic one.

Second, only elastic behavior is observed everiberhighest deformations
reached. Generally, when the cantilever appliesteal pressure on the sample a
yielding point is detected on the indentation cuwieich indicates the onset of
plastic deformation. After the yield, significanthygher values of the deformation
are obtained than those predicted by the Hertz hia8€]. In our experiments, no
yielding occurs at loads below 10 nN even for thigest plasma polymers. It means,
for example, that the 1 W film completely recovets thickness after 60 nm
deformation induced by the tip. With increasing powthe cross-link density and
stiffness of the samples increase and, as a rdhaltsame load produces smaller
deformations. For example, the indentations belownlwere obtained for the film
deposited at 30 W.
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Figure 3.21. The indentation curves acquired orPE©®-like plasma polymers (the
cantilever ContE-G, k=0.15 N/m, radius of curvatlitenm).

Figure 3.22 shows the values of the Young’'s modghisulated from the
fitting results by Equation (3.6) in dependencetlom discharge power. It is worth
noting that glass transition temperatufig, of PEOs (linear and cross-linked) is
reported at about -40C and below [121, 126, 127], and therefore the $esnp
measured at room temperature are in the rubbetgaguiaegion. The data for three
types of samples are shown in Figure 3.22. Theepssited PEO-like plasma
polymers with 250 nm thickness are represented du solid squares. Their
indentation curves were shown in Figure 3.21. Térakeposits were also prepared
and tested to check the influence of the rigid sabes on the indentation results. The
green triangles in Figure 3.22 correspond to theeg®sited films with 800 nm
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thickness whereas the blue circles correspondesdme films soaked in water for
24 hours and vacuum dried afterwards.

The most abrupt changes of modulus can be obséwvélde powers between
1 and 10 W where the values®ithange by three orders of magnitude. For the 250
nm films, E increases from 2 to 300 MPa whereas the thickasfgive 2—3 times
smaller values. This can be attributed to attembatBuence of the hard substrate.
Nevertheless, the general trend of a steep increl&ewith power is fulfilled for
them as well.

The indentation measurements on the as-depodlites! differ the information
on the elastic properties of the entire sol/gekfmjeneous networks. The samples
were soaked in water overnight and then dried umdenum to remove the soluble
part from gel. Thus, the conditions used in thellwge experiments were exactly
reproduced. The values of the Young’s modulus tf gedry state were obtained 3-
4 times higher than those before soaking in wa&pparently, absence of unlinked,

elastically inactive oligomers is responsible focls effect.

10004 %
(‘5 ]
g .
2 | %
Lb:f 100+ @?
5 %ﬁf
S i
o
e
o 104 EE ®  before HO, 200 nm
g’ 1 i before HO, 800 nm
) ] O after HO
> ! H
14
E T T T T T T T T T
0 10 20 30 40
Power, W

Figure 3.22. The Young’s modulus of the PEO-likespha polymers of different
thickness calculated from the indentation results.

The value ofE=4 MPa calculated for the 1 W film agrees well wtitle range
1-50 MPa [127] and 0.5-4.8 MPa [128] reported fdfedently cross-linked bulk
PEOSs, and also correlates wil¥2 MPa typically observed for elastomers in the
rubbery plateau region [129]. Increasing the citogsng density results in increased
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number of elastically active junctions and, as asegjuence, the Young’s modulus
of PEO increases.

From the rubber elasticity theory, the relationshigtween the Young's
modulus and the cross-link density for the smadliss can be obtained as follows:

v, =3ERT=p/M_, (3.6)
whereu.is the number of active network chain segmentsipérvolume or, in other
words, the cross-link density, mol/&nE is the Young's modulus of the rubbery
plateau region which is the case here; R and Thergas constant and the absolute
temperature, respectively [129]. The values Eofcalculated from the swelling

experiments and from the indentation measuremeatsuanmarized in Table 3.4.

Ve M, Ve M.
P(ov\\//v)er ?Welling, 3 Swelling In(;Jentatloné Indentatllon
10° (mol/cn) (g-mol”) 10° (mol/cm®) (g-mol”)
1 3 440 0.6 2423
2 4 346 1 1064
3 8 183 5 308
4 13 106 14 102
5 14 97 17 82
10 20 70 22 64
30 23 61 - -

Table 3.4 The cross-link density of PEO-like plasma polynmzakulated from the
swelling and indentation measurements.

For the films prepared at discharge power above ,4g@#d agreement
between the two methods was observed. Howevethé&smaller powers the values
of M¢ obtained by indentation measurements were latgavas reported that the
values obtained from the two methods may diffealfgactor of 2 [129]. Indentation
measurements are generally less relaxed than ledgunmti swelling data, i. e. the time
of mechanical impact is shorter than the relaxatiore required for a polymer to
respond to the external stress by thermal motidrerdfore, higher values of the

Young’s modulus are usually obtained and this ledadsnderestimation dfi. (see
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Equation 3.6). In our case, the acquisition timehef loading and unloading curves
at the cantilever speed of 40 nm/s correspondetie¢drequency of about 0.2 Hz
which seems to be sufficiently small to avoid siigaint overestimation ofe
(underestimation oM.). Surprisingly, the indentation values Mg exceed those of
swelling, in particular for the low-power films. &hdisagreement can be
hypothetically explained by the availability of iatmolecular loops which do not
contribute to the elastic behaviour of the gelg $io-called “wasted cross-links”
[130]. Rubbery plateau modulus of cross-linked PEf@s shown to decrease from
about 50 MPa to 1 MPa with increased concentradfoglastically ineffective loops
[131]. Therefore in our work, loops and danglingcneenolecular ends are suggested
to be responsible for high valuesdf obtained from the indentation measurements

of the low-power films.
3.2.7. Sterilization

The key objective of research on biomedical useplama polymers is
related to identification of the conditions to pusé the films with required bio-
responsive properties. Obviously, the films shoaldo withstand a sterilization
process. The resistance of plasma polymers towamehenon sterilization processes
was, however, overlooked in the literature, andyanffew studies exist devoted to
this topic [132, 133]. In some cases, vulnerabiitysterilization may be detrimental
for the successful use of plasma polymers. Thesefprior to studies of protein
adsorption and cell adhesion, this thesis has &mtos stability of PEO-like plasma
polymers in water and on their tolerance to diffieisterilization methods.

XPS was acquired on the as-deposited samples asasvafter their soaking
in water and vacuum drying. Figure 3.23 shows thigeddence of concentration of
the ether groups on the discharge power. In agneewith Section 3.2.3, an increase
of the power results in a progressive decreasestention of the C-O-C groups.
Interaction with water does not lead to chemicanges at least within the accuracy
of deconvolution fitting.
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Figure 3.23. The XPS concentration of the etheugsdn the PEO-like plasma
polymers before and after soaking in water.

The films deposited at 5 W were used to study ffeceof sterilization on
the properties of the PEO-like plasma polymers. fite¢ parameter to study was
variation of the thickness of the plasma polymeepanhding on the sterilization
method used. Comparison of the films before aner afterilization shows that only
UV radiation did not change the thickness of ttmdi (Figure 3.24). Both autoclave
and, even to more extent, dry heat caused reductighe film thickness, which
suggests thermal instability of the PEO-like plagmbymers. This finding is of high
importance, especially for ultrathin coatings ofesal nanometer thickness which
are required, for instance, for novel optical affirbiosensors. In this case, reduction
of the thickness may expose the underlying sulestvich can subsequently interact
with biological samples and give false signals.
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Figure 3.24. Thickness of the PEO-like plasma pelggbefore and after
sterilization.

The AFM analysis did not show any changes in sertapography after the
sterilization. The roughness of the films remainvedy smooth with the root mean
square roughness being below 1 nm.

The high resolution C 1s XPS spectrum of the nenilsted sample consist
of the dominant peak corresponded to the C-O-C $¢nd %), followed by the C=0
bonds (12 %) and the C-C/C-H bonds (11 %). The eotation of these three
chemical components remained almost unaffected wiesamples were exposed to
UV radiation. This was also confirmed by the watntact angle (WCA)
measurements that gave’athd 37 for the non-sterilized and UV radiated samples,
respectively (Figure 3.25a and b).

After autoclaving, the film shows good retentiontloé PEO-like character as
well. The concentration of the C-O-C bonds reduced?2 % whereas the fraction of
the C-C/C-H bonds increased up to 14 % (Table Bifgher fraction of hydrophobic
C-C/C-H bonds caused the small increase of WCAeovalue of 46(Figure 3.25c).
Such minimal chemical changes were expected assafbenot normally hydrolyze.
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Figure 3.25. The high resolution C 1s XP spectrdnefPEO-like plasma polymers

(left) and water droplets on their surface. A) rmberlized sample B) the sample
sterilized by UV radiation C) the autoclaved sanipjehe sample treated by dry

heat
C-C,C-H% C-0-C, % C=0,% O-C=0,%
Non-sterilized 11 77 12 -
UV radiation 12 77 11 -
Autoclave 14 72 14 -
Dry heat 21 55 9 15

Table 3.5. The XPS analysis of the non-sterilized sterilized PEO-like plasma
polymers.

Despite the small changes of chemical compositibe,loss of mass after
autoclaving for the PEO-like plasma polymers wamisicant. Since hydrolysis can
be ruled out, another mechanism should accournth&observed loss of the material.
We have shown that PEO-like plasma polymers filmepared by plasma-assisted
evaporation are heterogeneous systems in whicloss-tinked network co-exists
with a mixture of oligomers with very broad molaass distribution (Section 3.2.4).
The oligomers are not bonded chemically to the odtwut are held within by
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physical entanglements. Upon contact with wateghsmacromolecules leave
plasma polymer by diffusion. In particular, the PEK2 plasma polymer film
prepared at identical conditions as those used lbsteabout 12 % of its thickness
simply by out-diffusion of the unlinked species gwi&om the film. In the
sterilization experiments, the film was autoclavie@, brought in contact with water
vapours. Nevertheless, the elevated temperatuesponsible for intensification of
the macromolecular dynamics and unbonded oligormesgecially of lower molar
mass, get higher probability to disentangle anesttape from the plasma polymer.

The film sterilized by dry heat lost about 70 %itsfthickness (Figure 3.24).
In this case, the C-O-C content decreased to 5S@oitawas accompanied by an
increase of the C-C/C-H bonds (21 %) and formatibthe O-C=0 bonds (15 %).
Significant change in the O/C ratio was also obsgmwith oxygen content increased
at the expense of carbon and the O/C raised teatue of 0.73. Formation of the O-
C=0 bonds is also consistent with the findings ehHvith co-workers who found
esterification of PEO by the random chain scissiachanism during thermal
degradation in air [134]. In agreement with themloal changes, an increase of
WCA to the value close to 5@vas observed. (Table 3.5 and Figure 3.25d).

3.2.8. Cell adhesion

The following step of the study included evaluatioh resistance of the
plasma polymers to cell adhesion without and witbpligation of different
sterilization processes. Figure 3.26 and Figur@ 3tbw that the MG63 cells do not
adhere to the non-sterilized films. The UV treattrames not influence the ability of
the films to withstand the accumulation of cellther. This was also confirmed by
the experiments with the Balb/3T3 immortalized nedibroblasts which showed
significantly reduced adhesion of these cells to-ttRated PEO-like plasma

polymers (Figure 3.28).

72



without

Figure 3.26. The development of the osteoblastdids on the PEO-like plasma
polymers: a) without sterilization; b) after autmahg process; c) after dry heat
sterilization; d) after UV sterilization.
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Figure 3.27. The number of adhering MG63 cells yl after seeding on PEO-like
plasma polymers sterilized by different methodse fhhmber of cells adhering to
reference polystyrene dish (PS) is given for cornspar
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Glass substrate PEO-like film

Figure 3.28. The cell growth on the surface of glasd PEO-like plasma polymer as
seen by fluorescent microscope ApoTome system ZEi&®n - alive and red —
died).

The autoclaved and the dry heated samples lostahdouling character and
the number of cells adhering to them approached viddlee observed for the
polystyrene dish. These results are consistent waitarations of the chemical
composition of the films: the loss of the ether é®mesults in enhancement of the
cell adhesion.

To conclude, the autoclaving and dry heat stetibramethods were found to
be destructive for the PEO-like plasma polymers simolld be avoided. Therefore,
for further biological tests only UV sterilizatiomas used.

3.2.9. Protein adsorption

Single protein adsorption

One of the most remarkable properties of PEO ialiifity to resist protein,
cell and bacteria adhesion, i. e. its nonfoulingperties. PEO-like plasma polymers
deposited at low discharge power by PECVD of vidatrecursors were also found
to exhibit the nonfouling properties. Reduced omenoprotein adhesion was
confirmed for blood proteins, mainly BSA and fitwgen [72, 73, 75, 77, 80, 84-91],
several types of cells [72, 77, 79, 80, 82, 91] bhadteria [78] (see Table 1.1). All
the works agree on a general trend of enhancenfenbrdouling behaviour with
retention of the C-O-C structure. In this thesiSAB IgG and fibrinogen were chosen
to study protein adsorption in the case of PEO4iilkkes prepared by plasma-assisted

thermal vapour deposition.
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The films of 75 nm thickness were deposited ontoMQ€ystals at the
powers of 5 and 150 W and at constant evaporasitn{kf = 20 Hz-min*, Am = 17
ng-cm?s?). Respectively, 75 % and 30 % concentration of@h@®-C bonds was
obtained. The above results showed that the XPS-ai spectra of both types of

the films taken before and after soaking in watereanidentical.
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Figure 3.29. The kinetics of protein adsorptiomesasured by QCM for the PEO-
like plasma polymers deposited a) at 5 W powerlgrat 150 W.

In the case of 5 W plasma polymers, good non-fgulpmoperties were
observed with respect to all proteins via insigrifit QCM frequency shift (Figure
3.29a). Nitrogen was not found by the XPS analgsisr multiple rinsing of the
films with water and this further proves their stance to irreversible protein
adhesion. The 150 W films demonstrated fast accationl of proteins on the surface
(Figure 3.29b). The values of QCM frequency shiéirevproportional to the molar

mass of the protein. For example, the lightestraibunduces 22 Hz frequency shift

75



whereas the heaviest fibrinogen produces the 5Gshifz. XPS detected nitrogen
after rinsing the films with water which indicatése irreversible character of the
protein adsorption on the 150 W films. The deted®dHz frequency shift agrees
with that previously published for adsorption dirfnogen on —Cfterminated SAM
[135]. This may indicate that amount of adsorbéxlifiogen is not affected by the
surface hydrophilicity.

Fibrinogen as the protein producing the largest QE&fuency shift was
used for further analysis to find the critical centration of the ether groups required
for nonfouling properties. The kinetics of fibrirerg adsorption on different PEO-
like plasma polymers and on the reference uncoatesial (gold surface) are shown
in Figure 3.30. The non-fouling properties wererfddor all the samples deposited
at power 20 W and below. Such range of powers spaeded to the concentration
of ether groups above 65 %. Only two representativees (82 and 84 % C-O-C)
from this range are given in Figure 3.30, otheesrat shown as they are identical. A
slight frequency shift of 5 Hz per 30 minutes isrsén the case of the films with 65
% of the C-O-C groups, however such shift is stilimparable to the experimental
error caused by the normal drifts in the measuirguit. Eventually, distinct
fibrinogen adsorption can be observed on the 3GIW Wwith 61 % of C-O-C, and

even in this case it is lower than on the refereyuald surface.
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Figure 3.30. The kinetic curves of fibrinogen agsimn on the PEO-like plasma
polymers with different retention of the ether gosu
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The results obtained by ellipsometry (swelling expents), AFM
(indentation measurements), QCM (fibrinogen adsompt and XPS (chemical
composition) are summarized in Figure 3.31 wherenatiamonds correspond to the
average number of repeating monomer units betweertross-links determined by
Equation 3.3, solid squares correspond to the Yesumgdulus and the shaded box
defines the area where adsorption of fibrinogemsc

It can be seen that even highly cross-linked filwithstand adsorption of
fibrinogen provided the concentration of the C-Ogfups exceeds 65 %. For
example, the samples prepared at 10 and 30 W Hase walues of the Young’'s
modulus and cross-link density which approaches toonomeric unit between the
cross-links. Nevertheless, the 10 W sample refiginogen adsorption while the 30
W one does not. Remarkably, the sample depositd@ W reveals deficiency in the
C-0O-C groups in comparison to the 10 W countergdrtis, chemical compaosition is
the key parameter that influences the non-foulielavior of the films.
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Figure 3.31. Correlation between the number of mueric units between cross-
links, the Young’'s modulus and the resistanceliorfogen adsorption of the PEO-
like plasma polymers prepared at different dischgrgwer.

The necessity of long PEO chains to achieve nofiAigibehavior is an issue
frequently raised in the area of self-assembled alayers (SAM) and polymer
brushes. It has been usually reported that long=d hains of SAM are more
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resistant to protein adsorption [63, 136]. Two-threpeating ethylene oxide units
were shown to be sufficient for SAM to reduce piotadsorption, although the

authors claimed that longer chains were more e¥e¢i36]. However, at least one
paper proved that reduced bacteria attachmentatidlepend on the length of PEO
chains [137]Our findings also question the necessity of longdRthains as PEO-

like plasma polymers with as little as one monomaenit between cross-links prove
protein-resistant provided they contain more thadof the ether groups.

Our results are consistent with the assumptionestgd for plasma polymers
prepared from the low-molar-mass precursors thattsh PEO chains may also
produce the non-fouling effect [75, 86]. Apparentliye fragmentation of the low
molar mass precursors in the plasma with succesaivdom recombination of free
radicals may hardly lead to the formation of longaamomolecular chains.
Nevertheless, significant incorporation of the GzOgroups under mild plasma
conditions is possible to render the films goodt@roresistance. For example, the
experiments on pulse plasma polymerization of loalarrmass molecules produced
non-fouling surfaces from the precursor containing ethylene oxide monomer
units whereas the monomer containing only one ditlprevent accumulation of
proteins [86]. In the latter case, however, retantf the C-O-C groups was poor
even under mild plasma conditions and this seentedcbd a primary factor
determining the failure of such films.

Johnston with co-workers [75] found that the filnteposited from
monoglyme (one ethylene oxide unit in the precyrstongly adsorbed fibrinogen.
The concentration of the C-O-C groups in this filras only 55% and this correlates
well with the results of Wu [86]. The concentratiohmore than 70 % of the ether
groups was reached for the films deposited fromhilgher molar mass precursors
which showed significantly reduced (but non-zerobt@in adsorption [75]. In
contrast to our results, Johnston with co-workédrseoved that protein resistance was
enhanced with increasing chain length of the pamurThe disagreement may be
explained if the thickness of the studied filmsaken into account. Johnston did not
provide the exact information on the thickness hddirt films; however it can be
estimated from the XPS data. Silicon signal froma ¢hass substrates was detected
which limits the thickness by several nanometera@dt. In such ultra-thin films, the

mobility of the chains may be significantly impedbg the proximity of a hard
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substrate and the film/protein interaction may efiffrom that observed on thicker
plasma polymers.

In general, both common features and differencesbearevealed between
plasma polymers prepared by plasma-assisted thewmpalur deposition of PEO and
those deposited from low-molar-mass precursorsa Inertain range of specific
powers, for example the powers more than 5 W iufeéd.31, both types of films
are very close. The chains of about two monomenmitsuare present between the
neighbouring junctions. This value reduces to amehigher powers. Even highly
cross-linked plasma polymers with about one repgainit between the cross-links
behave as protein resistant provided the concémtraf the C-O-C groups exceeds
65-70 %. Both types of the films may contain indigant soluble fraction and may
slightly swell in water as well. The soluble fracti of the “evaporated” films
consists of linear PEO oligomers with a wide dmition of molar masses (up to
3x10* g-mol%). Such information is missing for the plasma polymfecsn volatile
precursors; however, high values of molar massheadly be expected for them.

The range of powers below 5 W in Figure 3.31 i®gian which separates
plasma polymers deposited from volatile precursmd conventional polymers, and
which is occupied by the “evaporated” films. Ingthiegion, slight variation of the
discharge power results in manifold changes ofctiess-link density, the Young’s
modulus, the solubility and the swelling ability thie films without strong influence
on their close chemical resemblance to PEO. Tipe tyf the plasma polymers is
close to so-called bimodal polymers which consishetworks of low-molar-mass
and high-molar-mass components [129]. Such plasshaners may be attractive in
applications where controlled release of PEGylatkdgs is required or for
modification of CQ gas separation membranes where controlled fléyilsihd mesh

size of PEO network is necessary [125, 127].
Formation of fibrin network

Nonfouling surfaces are of paramount importanceaieas where protein
adsorption should be avoided such as haemodiatgsisibranes, contact lenses,
catheters and particularly in blood-contacting iampl devices [48]. It has been
reported that conventional PEO is nonthrombogericlvmeans it does not induce
or promote the clotting of blood [138]. The detdilmechanism of blood clotting can
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be found elsewhere [139]. Briefly, the developmenhtthrombus is a complex
cascade of reactions involving at least 12 bloadgns. It is triggered by adsorption
of blood proteins with successive adhesion andvaititin of platelets. The final stage
of this cascade involves cleavage of fibrinogen enoles by thrombin with the
formation of fibrinopeptides which further polymmegi into a fibrin gel. Fibrin
together with trapped platelets forms tough andlirde clot.

Figure 3.32. The AFM images of fibrin network offfelient surfaces: a) the
topography image on the patterned PEO-like plasohamer; b) the corresponding
phase image on the patterned PEO-like plasma pojyehthe topography image on

the silicon substrate.

In this work, polymerization of fibrinogen into filn via activation by
thrombin was studied to investigate nonthromboggniof PEO-like plasma
polymers. The plasma deposition parameters werdigde to those reported for the
protein adsorption studies. The 100 nm thick cardus protein adhesive film (150
W, 30 % of C-O-C) was deposited onto the silicohsttate. After that, the 100 nm
thick protein resistant film (5 W power, 75 % of@C) was deposited over through
the grid mask. Thus, the patterned samples withrradting fouling and non-fouling
areas were prepared. The topography AMF imageeoptiterned sample subjected
to solution where fibrinogen and thrombin were ndixe shown on the Figure 3.32a.
The light areas correspond to the protein resishaehs whereas the dark crossing
bars correspond to the underlying protein adheire Fibrin fibers of maximum
25 nm height are hardly visible on the topographgde at such scale and therefore a
corresponding phase contrast image is also givéingure 3.32b. Scarce adhesion of
separate fibrin fibers can be discerned here. Fonparison, the pure silicon

substrate immersed in the same batch with the BEOplasma polymer sample is

80



shown in Figure 3.32c. A dense fibrin network ha&vedoped in this case. This

confirms superior resistance of the PEO-like plagmigmers to formation of clots.

It is interesting to notice that fibrin adheres gamy to the plasma polymers with

different retention of the C-O-C structure. Fig®8&2b shows uniform distribution

of fibrin over both protein resistant and proteidhesive areas without any

preferential orientation. It can be attributed teelling of poorly cross-linked 5 W

plasma polymers. In swollen state, the proteirstast areas expand and prevent the

biomolecules from reaching narrowed underlying lodirthe protein adhesive film.

3.2.10.Interaction with blood

The analysis of interaction of PEO-like plasma pudys prepared at

different discharge powers with human blood plasarad blood serum was

performed by an SPR method (Section 2.2.12). Thalte of these measurements

are summarized in Table 3.6.

As it was shown in Section 3.2.9 the ability of RE2 coating to resist

protein adsorption decrease with increasing diggthpower. Here, adsorption from

single protein solutions (lysozyme and fibrinogeras also very low or undetectable

for the films prepared at 3 and 5 W discharge powdsorption increased for the 10

W film, yet it was still much weaker than on théerence gold sample. An important

observation can be made when comparing the restltsdsorption from blood

plasma and blood serum. Significant accumulatiorpmiteins (though 2-3 times

lower than on the reference gold) was detectedach &/pe of the films. Obviously,

adsorption of proteins from complex biological meds much more adverse and

does not obey the same trends as adsorption frogregprotein solutions.

F"ower of Lysozyme, | Fibrinogen, Blood plasma, Blood serum,
discharge, 2 > 2
W) (pg/mm?) (pg/mm?) (pg/mm?’) (pg/mm?)
3 53.0 0.0 1692.0 1231.5
5 9.0 0.0 1537.5 1170.0
10 429.0 201.0 1252.5 1051.5
Re;iﬁznce 1207.0 3208.0 3073.0 2910.0

Table 3.6 Protein adsorption on the PEO-like plasma polyrdetscted by SPR.

81



Summary

Rf magnetron sputtering did not prove to be effititor production of PEO-
like films as strong fragmentation of macromolecuthains resulted in poor
retention of the ether groups in the plasma polgm@&asma-Assisted Thermal
Vapour Deposition is advantageous as it offersebetontrol of the film properties
via specific power which can be adjusted indepetigdry the evaporation rate and
by the power delivered to the magnetron.

PEO macromolecules depolymerize thermally when segoto elevated
temperature under vacuum. Thermal degradation dd PEoceeds with random
scission of the backbone and with a release of ti®lespecies of diverse
composition. The low molar mass fraction consisfsatomic and molecular
hydrogen, C, CH OH, HO and CO species. The higher molar mass fraction is
composed of oligomers of the macromolecular chiaat differ in the number of (-
CH>-0O-) units. Furthermore, oligomers with a lack amith an excess of hydrogen
are present in the gas phase suggesting that raelicanation by disproportionation
is responsible for this phenomenon.

The films deposited from the emitted oligomeric @ps have chemical
composition very close to parent PEO. Ether graugsstitute about 80 % of carbon
atoms. The molar mass distribution of the oligontéet constitute the evaporated
film is shifted to lower masses as compared topiteeursor PEO and ranges from
approximately 300 to 2500 g-niolSuch films are completely soluble in aqueous
solutions and this restricts their use for modiima of surfaces to be in contact with
biological media.

Employment of plasma to activate emitted oligomé&agments leads to their
further fragmentation and formation of free radicalhich take part in plasma
polymerization reactions on the surface. The rastiltfilms are heterogeneous
mixtures of macromolecular chains with much broadeslar mass distribution
entangled within a polymeric network. Such filmsgit a hydrogel-type behavior.
Differently cross-linked films were prepared in wihithe number of repeating
monomeric units between cross-links ranged fromol110 whereas chemical
composition was close to conventional PEO. Thdsesfare intermediates between
conventional polymers and plasma polymers depositedn low-molar-mass
precursors. The changes of cross-link density teduin significant changes of
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sol/gel ratio, solubility, swelling behaviour andeamnanical properties of the films.
The films with as few as 1-2 repeating units betw#e cross-links and with >65 %
retention of the ether groups resisted adsorptfdibonogen, adhesion of cells and
development of fibrin network. Thus, retention betC-O-C groups >65 % was
found to be a key factor influencing the non-fogliproperties of the plasma
polymers.

In case sterilization of the PEO-like plasma polysnis required, only UV

radiation can be used without a risk of loosingriba-fouling properties.
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3.3. Atmospheric pressure amplitude modulated AC SDBD

Low pressure plasma-assisted thermal vapour dépositas found effective
for preparation of stable PEO-like plasma polymetith required properties. In
recent years, a scientific urge was addressed positeon of plasma polymers by
atmospheric pressure plasmas as well. It is thexedbhigh academic as well as of
technological interest to investigate the appligbiof atmospheric pressure
discharge for fabrication of the PEO-like films atmdcompare the results with the
low-pressure plasma.

Our research is focused on the properties of plasatgmers produced at
atmospheric pressure by amplitude-modulated surfdetectric Barrier Discharge
(SDBD). The use of amplitude modulation was ingpit®y the works with low
pressure plasma polymerization of ether-bearingcysesrs which showed that
plasma chemistry can be tuned by pulsing the digehat low duty cycles [85-91].
The use of unsaturated precursors such as thosendpdhe vinyl structure may
favour the pulsed plasma polymerization. In thisecain addition to the radical-
radical recombination the radicals may take part conventional molecular
polymerization reactions involving opening of thasaturated bond and chain
propagation. During the plasma off-time this pracesfacilitated due to an absence
of ion bombardment and, generally, pulsed plasmignperization produces films
with enhanced retention of precursor’'s structurdOJ1 In our work, di(ethylene
glycol) vinyl ether (DVE) with chemical structure,€=CH(OCHCH,),-OH was
chosen as the monomer containing a vinyl bond, kvimeight favour chain
propagation steps when interacting with free rddida the discharge. The aim of
this part of the research was to evaluate non+igulbroperties of atmospheric
pressure PEO-like plasma polymers and to demoastatrelations in plasma
chemistry processes between pulsed low-pressureampitude-modulated SDBD

atmospheric pressure discharges.
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3.3.1. Diagnostics of AC SDBD
Electrical parameters

The discharge power was measured by acquiringléutrieal characteristics
of the SDBD at various deposition conditions. Fegu.33 shows the typical
waveforms of the discharge voltage,(), voltage on a measuring capacitog)(and
the PMT signal in pure argon and Ar/monomer mixtime AC high voltageuac =

2.2 kVp.p, modulation frequenciy = 1 kHz, and argon flow® = 1 sim.
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Figure 3.33. Typical electrical and optical chaegistics of the SDBD discharge in
pure argon and in argon/monomer vapoursifer= 2.2 kV,.p (peak-to-peak)Ton=
0.4 ms,D = 0.4, Ar flow rate® = 1 slm.
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The characteristics were used to obtain voltagharge (Lissajous) figures
(Figure 3.34). These were used to evaluate endsgypdtion during the dy period

at given AC cycle and, consequently, the averagehdirge power as follows:

E=PxT (3.7)

1
== [ p()dt (3.8)

Here,E is energy delivered to the dischar@eis the time period which consists of
the sum ofTon andTorr, P is power of discharge averaged over one periodpéind
Is instantaneous power of the discharge [141].

0,8
0.6 | 1™ AC cycle
| Tug=22ky,, \/%
0,44+ D=0.4 =
0’2- / 2" AC cycle

0,0 /// /
-0,2 / /
Iy [~
-0,4
145 10 05 00 05 10 15
Uy kV

Charge, uC

Figure 3.34. The voltage — charge Lissajous figfmeshe SDBD in Aruac= 2.2
kVp.p, TON= 0.4 ms.

The instantaneous power is given by voltage andenurof the discharge
(Equation 3.9)

p(t) = u(t) xi(t) (3.9)
,where current is:
i(t) = i C at (3.10)

In equation 3.10u(t) is voltage of discharge determined ) = uqy + Uc = Uny
becausel,y >> uc; ugy anduc is high voltage and voltage on a measuring capacit
respectively (Figure 3.33; is a condenser capacity.

The instantaneous discharge power is therefore:
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= X | = di: xd&
P(t) = u(®) xi() = Uy (X C=2 = = Uy (O *— = (3.11)

where qc is the charge appearing on the capacitor per afnitme. Knowing the
values ofupy(t), uc(t), C and substituting Equation (3.11) into EquationgY&nd
(3.8) average energy and power delivered to thehdige can be obtained.

With uac increasing from 2.0 to 6.6 k\;, the energy dissipation during the
Ton changed from 0.5 to 3.0 mJ for 1 AC cycle pulsé fiom 1 to 5.5 mJ for 2 AC
cycle pulse, respectively (Figure 3.35). The disghalriven in pure argon and argon
with DVE admixtures showed similar dissipated egemgth usc close to 2.0 k.,
For voltages approaching the uppetc Uimit (6.6 kVp_) the discharge energy
dissipated in argon/DVE mixture was about 5 % lowéh respect to that in pure

argon.
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Figure 3.35. Average energy (a) and power (b) dedig to the discharge in pure
argon and in argon with DVE vapours during thg period as a function of AC
high voltage peak-to-peak amplitude for two diffgrduty cycles O = 0.2 and 0.4,
Ar flow rate @ = 1 slm,fac = 5 kHz,fyy = 1 kHz).
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Optical Emission Spectroscopy

Plasma induced emission (PIE) spectra produced lgrordischarges
exhibits strong emission of Ar lines and band emisproduced by OH, § CH and
CO species originating from the DVE fragments onfrcarrier gas impurities such
as N, O,, HO (Figure 3.36). The typical time-averaged emissiohSDBD were
obtained with and without the DVE monomer admixsuréhe hydroxyl radicals
were detected by characteristic OH¥AX?II) emission at 310 nm. The CH and CO
bands were observed in the region from 360 to 4%0amd only in the case of
argon/DVE mixture. The strongest argon lines webseoved in the 650-900 nm
range due to 38p°4p—3s3p°4s transitions. In pure argon, weak emission ef N

(C’n,-B’My) second positive system was also observed.
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Figure 3.36. Typical emission spectra of the SDBRrgon with DVE vapours
averaged over first positive half period. Ar floate® = 1 slm,uac= 2.2 kV,p, fac =
5 kHz,fy =1 kHz,D = 0.4.
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Figure 3.37 shows the 3D graphs of the time-resbRIE spectra of OH and
Ar emissions obtained foFoy period composed of two consecutive AC cycles. On
assumption that emission of argon is controlled thg direct electron impact
excitation processes, noticeable variations of Asission intensities reveal active

discharge periods within a given AC cycle.
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Figure 3.37. Time evolution of a) OH and b) Amissions in argon/DVE discharge
feed (Ar flow rated = 1 slm,uac= 2.2 kVy-p, fac = 5 kHz,fy = 1 kHz,D = 0.4).

3.3.2. Optimization of the deposition parameters

Efficiency of plasma polymerization is strongly @éeplent on a number of
parameters including power of the discharge, flate rof Ar/monomer mixture, the
distance between the substrates and the electretdef94]. The influence of a
specific parameter on the film properties was foumd performing a set of
depositions with varying one of the inspected paians while keeping all other
parameters constant. The deposition rate and reteof the PEO-like character
were considered. Similar to the low-pressure dejoos, the PEO-like character of
deposited films was detected through the peak fdregroup located at123 cnit
(Figure 3.38).The shoulder at 1086 ¢hmay also be assigned to the stretching
vibrations of ether group, yet coupled with theadefation vibrations of the CH
group. Other chemical groups identified in the featrum of deposited films were
OH (3430 crit), CH, (2944, 2882 ciand a number of smaller peaks between 1500
and 900 crit) and C=0 (1726 cih.

First, the distance between the electrode anduhstites was changed from
1 to 4 mm with a step of 1 mm whereas argon floww (@ = 1.0 |/min), AC driving
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voltage amplitudeuxc = 2.2 kV) and discharge duty cycle € 0.4) were held fixed.
The maximal deposition rate of 1 nm/min was obtaiae2 and 3 mm distance. At a
larger distance, the substrates were out of thee zointhe discharge and the
deposition rate decreased. At a smaller distanlogyes deposition rate was also
detected which was given by partial ablation ofat@d material from the substrate
surface mainly due to enhanced photolysis by UV/\iddliation.

4 mm |

Absorbance

( \{“\ | \/} \
/ I YA
/f\\\j‘\ A f/ 4
o/ J k*x,_J —J N,

I I I I I I
4000 3500 3000 2500 2000 1500 1000
Wavenumber, cm

3mm

c-0-C
™

OH CH, N 8

‘ ‘ =19
| c=0

2944
2882

172é CHz‘\

Absorbance
3430

[N
3 A , Mwb \
wmww/i\\\ﬁ \\qﬁ\\,\,.ﬁ\J \
T : \ —
4000 3500 3000 2500 2000 1500 1000
Wavenumber, cih

1mm

Absorbance

4000 3500 3000 2500 2000 1500 1000
Wavenumber, cin

Figure 3.38. The FTIR-RAS spectra of PEO-like plagmolymers deposited at
different substrate-SDBD electrode distances (8wftate 1 simyac= 2.2 kV,.,, D
=0.4).

The plasma polymerization mechanisms are essgntialit step-growth
processes. The discharge induced fragmentationriginal monomer molecules

results in the formation of dissociation productscliding free radicals.
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Consequently, free radicals take part in specifiengical reactions such as chain
propagation and termination through recombinati@n 4]. A random polymeric
network with short cross-linked chains is createg do the diversity of reactive
species in the discharge. The degree of crossalinitien depends on the discharge
properties.

In the case of SDBD with argon used as a carrisy th@ formation of plasma
polymers on the substrate is likely based on thieviing dominant processes: (i)
electron impact reactions, (ii) photolytic reacgoand (iii) modification of the film
surface induced by VUV/UV radiation [1, 4, 142, 14314]. The electron impact
interactions with the DVE molecules produce variaaslicals. Photochemical
processes (photodissociation, photolysis, or phetochposition) and modification
of the film surface are induced by VUV/UV photori2(Q-250 nm) produced by
argon excimer molecules [144]. With photon energisabout 5-10 eV, this
wavelength region is very important for photolypi®cesses. Such UV radiations
can split most chemical bonds.g.C-C and C-O (3.5-4 eV), C-H and O-H (4-5 eV),
C=C (6-6.3 eV) and C=0 (8-8.5 eV) etc.) and, consetjy, promote further
chemical reactions in the afterglow/deposition zofwe interaction of high energy
photons with deposited film can (i) reduce the d#jpmn rate by the resputtering
process, (ii) cause a loss of non-fouling film pedpes or (iii) modify the surface of
the film by increasing the degree of cross-linkihg4, 142-144, 145, 146, 147, 148].
Last but not least, interaction of A®Rp) and ArfP,) metastable species carying more
than 11 eV with polymer film surface should be adased.

At the shortest SDBD-substrate distance (1mm) ilhe deposition might be
impeded by active discharge processes and by tkeofl VUV/UV radiation. With
increasing distance from the SDBD surface, theuerite of active discharge species
and VUV/UV photons decreases. The formation of piesma polymer film is
determined mainly by the transport of active spe@iem the zone of discharge. The
vinyl bonds available in the precursor moleculey fiu@ther promote polymerization
via their opening upon interaction with free radBceoming from the SDBD. Then,
the ethylene glycol structure stays to some deigteet due to the reduced action of
destructive VUV/UV radiation. This assumption ipparted by detected changes in
chemical composition of the films. At increasing@atode-substrate distance better
retention of the PEO character can be observedhenHTIR spectra which is

indicated by a significant enhancement of the C-@a@ by reduction of the C=0

91



bands (Figure 3.38). The maximal retention of thR€OEC groups was obtained at
distances of 3 and 4 mm. Therefore, the distan@&mMm was chosen for all further
experiments.

In the next experiments, the flow rate of argon wased between 0.5 and
2.0 I/min © = 0.4,fac = 5 kHz,fw = 1 kHz). The deposition rate increased with the
flow rate to the value of about 1 nm/min @t=1.0 I/min and it did not change
significantly thereafter. Such behaviour agrees hwibw pressure plasma
polymerization where the region of maximal depositusually separates the power
deficient (high flow rate of monomer) and the momordeficient (low flow rate of
monomer) areas.

The flow rate of argon basically controls the resice time of monomer
molecules in the discharge zone and also the gaget@ture. The influence of this
parameter on the character of deposited films saerced at low argon flow rates.
The flux of active radicals was evidently insuffint for initiating the plasma
polymerization processes delivered by an Ar flowOdd sim. Consequently, the
produced films were very thin and the intensitysmnal on FTIR spectrum looked
exceedingly weak (Figure 3.39). At higher flow mteéhe efficiency of the film
formation increases and the FTIR spectra reve&tibgignal-to-noise ratio.

Note also that at an Ar flow rate of 2 sim the imsi¢gy of the C=0 absorption
increased compared with the Ar flow of 1 sim. Ihdz suggested that at the highest
flow rates radical induced polymerization througie tvinyl bonds (responsible for
better retention of the C-O-C structure) is hindedeie to a shorter interaction time
between the monomer molecules and free radicals.

Therefore, the flow rate of argon of 1.0 I/min wekosen for further
experiments. At this value, the concentration oftEbM Ar was measured to be 150
PPM. All the data reported below were obtainedst¢oncentration of DVE.

In the above considerations, the deposition rats veggarded as average
thickness of the film related to time of depositidgthowever, the films were not
deposited homogeneously over the entire substuaface. The SDBD is formed on
the edges of the electrode stripes and it is esdignihhomogeneous. The substrates
are therefore exposed to the areas of dischargmating with the areas where the
discharge is absent. Such pattern is revealed enstibstrates as a profile with

interlacing areas of bigger and smaller thickness.
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Figure 3.39. The FTIR-RAS spectra of the PEO-likssma polymers deposited by
SDBD at different flow rates of argon (distance Syyoac= 4.9 kV,.p, D = 0.4).

3.3.3. Influence of average power and pulsing

Reportedly, the chemical composition of PEO-likeagmha polymers
deposited from DVE vapours under low pressure ¢md is strongly affected by
the power of discharge and by duty cycles empldg&eB7]. One of the aims of this
thesis was to investigate how significant theseatéf are in the atmospheric pressure
SDBD.

Under the constant substrate-target distance awl fate of the Ar/DVE
mixture, the deposition rate decreases with avepagesr. For example, Figure 3.40

shows the average thickness of the films depoditedt5 minutes at the average
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power changing from 1 to 6 W and with other pararseheld constant (Table 3.7).
The smallest power of 1 W yields the most effectdaposition while at higher
powers the deposition is much slower. This effecpparently also related to partial
ablation of the deposited material back to thepesse. In low pressure plasmas, the
mean free paths of the species are sufficientlgelaio rule out their diffusive
transport to the substrate. The film formationastricted by reaction kinetics in the
gas phase and on the surface as well as by ion doimient of the surface.
Activation of precursor molecules in the gas phpseceeds predominantly via
inelastic collisions with energetic electrons and WV radiation. Under constant
supply of the monomer, the electron density in@sawith power and, as a
consequence, the number of active species alseases. This results in an increase
of the deposition rate. The deposition rate satgrat high degree of conversion of
precursor as further increase of power does ndd yire active species unless the
supply of the monomer is increased [4]. This bebtavis not completely true for
some monomers, especially those containing fluoramel oxygen, where the
deposition rate may decrease with power due torex@ment of chemical etching

phenomena [4].

Parameters Data
fu (H2) 1000
Cycles pefTon 2 1
Ton (Msec) 0.4 0.2
Torr (MsecC) 0.6 0.8
D 0.4 0.4 0.4 0.4 0.2 0.2 0.2 0.2
Uac (KV) 2.2 3.7 4.4 6.4 2.7 4.5 5.0 6.6
Average power | 4 o | 55| 30| 6.0 0.8 17 19| 31
(W)
C-0-C (%) 67 53 45 29 64 46 43 38

Table 3.7 The experimental parameters of the SDBD depositwith variable
average power.

At atmospheric pressure, the mean free path is s:iell while the gas flow
is significant and the film growth is most probalipited by diffusion of active
species from the bulk of plasma to the surfacetheamore, at the electrode-

substrate distance of 3 mm chosen here the suisst@ed actually located out of the
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active discharge zone which was estimated not ¢eexk 0.5 mm from the electrode
surface. Therefore, the direct influence of plasmagrowth of plasma polymer can
be neglected here. As it can be seen in Figure, 3a#lation dominates over
polymerization with increasing power and this efféx attributed mainly to the
action of UV/VUV radiation discussed above.

The deposition rate of about 1 nm/min measuredhig;work is comparable
with the results obtained at low pressure at sinaileerage powers (3-5 nm/min [86],
1.65 nm/min [87], 3 nm/min [89]) but it is much lewthan that reported by Da
Ponte with co-workers for atmospheric pressure npéagieposition (up to 37+2
nm/min) [93]. Higher deposition rate can be expedfeheating the precursor is
applied.
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Figure 3.40. The thickness of deposited PEO-likesipla polymers at different
SDBD average power (Ar flow rat2 = 1.0 slm, electrode-substrate distance 3 mm,
fAC =5 kHZ,fM =1 kHZ,D = 04)

Figure 3.41 shows the C 1s XPS and FTIR specttheoPEO-like films. As
in the case of low-pressure films, the XPS C 1lsctspewere fitted with four
components at 285.0 eV (C-C and C-H groups), 288.5C-O-C and C-OH groups)
288.0 eV (C=0 groups) and 289.0 eV (O-C=0 groups)h decreasing the average
power from 6 to 1 W, the second component at 28¥.5ncreases from 29 % to 67
% and other components vary inversely. At the ayerpower of 1 W the C 1s
spectrum is similar to low pressure plasma polyna¢tteough the retention of the C-
O-C groups is worse than 75-80 % found for thefatt
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Figure 3.41The Cl1s XP spectra a) and FTIR spectra b) of tHe-ke plasma
polymers deposited by atmospheric pressure SDRIiffatent average powers (the
experimentadetails are given in Table 3.7

Such changes are further reflected in the FTIRtspeRemarkably, the vinyl
groups present in the original molecules are hatdlybe detected here. The
stretching vibrations of the C=C group in the DVBletule absorb at ~1620 &m
[86]. Here, this peak is absent or overlapped tsogiiion of carbonyl-based species
which are not originally present in the precurdeurthermore, in vinyl ethers the
asymmetric and symmetric Ghstretching vibrations of the GHCH- groups are
located at 3120 crhand 3045 cri, whereas those of the —GHyroups are found at
lower wavelengths at 2930 ¢hand 2880 cnl, respectively [149]. The FTIR spectra
in Figure 3.41b give ~2900 ¢hfor the CH groups which implies that hydrocarbons
in the plasma polymers are bound predominantlyiragesbond methylene species.
Significant conversion of the C=C groups indicatkat in atmospheric pressure

SDBD radical polymerization of DVE via opening ¢fetvinyl bond is effective as
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well as in low pressure PECVD [85-87]. Moreovere thresence of the carbonyl-
based species confirms fragmentation and successaveangement of the chemical
structure of the precursor molecules. At the avergver of 6 W, absorption of the
C=0 species dominates the spectrum, hydroxylslacevary strong and the band of
the C-O-C groups is poorly resolved and overlapsh wiarious deformation
vibrations of the CH groups. The character of the spectrum bears agstro
resemblance to highly cross-linked plasma polynvelngre collective interactions
among a variety of closely packed species resulbrmadening and merging of
individual bands. With decreasing average powes, @O and OH peaks subside
while the C-O-C peak emerges. At the power of laWtrong absorption of the C-O-
C groups indicates a good retention of the PEOather within the films.

Analogous results were obtained for the similarezkpents performed with
duty cycle fixed at 0.2. The details of these démos are also given in Table 3.7.
The XPS and FTIR spectra shown in Figure 3.42 detnai@ the same trends as
observed for D=0.4. Thus, both experiments revaalgrovement of retention of
the PEO character with reducing discharge power thigl correlates well with
similar findings obtained for low pressure plasnodymerization [72-87, 89-91, 150,
151, 152, 153] and by atmospheric pressure PEC\2D99]. In the latter case, note
that higher values of discharge power (30-80 W] ffl (8-13 W) [93] were used in
contrast to 1-6 W depositions reported here.

In order to study the effect of power modulatidre following two sets of the
experiments were performed. First, the modulatrequdency and high voltage were
fixed at 1000 Hz and at 2.2 kV, respectively, amel humber of cycles perof was
changed sequentially from 4 to 1. As a consequehsigwas shortened from 0.8 to
0.2 msec, drrwas extended from 0.2 to 0.8 msec and duty cycteespondingly
decreased from 0.8 to 0.2 (Table 3.8).
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Figure 3.42The C1s XP a) and FTIR b) spectra of the PEO-llksrmpa polymers
deposited by atmospheric pressure SDBD at diffexeatage powers atuty cycle
fixed at 0.2 (Ar flow rated = 1.0 slm, electrode-substrate distance 3 fag¥w 5
kHz, fy = 1 kHz).

Figure 3.43 and Figure 3.44 show significant change chemical
composition of the films produced this way. The £XPS spectra reveal that at the
highest duty cycle the relative importance of th©<C groups is comparable with
the C-C/C-H groups whereas with decreasing dutyecgthers start dominating the
spectra. The overall increase in retention of th®-C groups is improved from 47
% at D=0.8 to 65 % at D=0.2. It is also appareat the contribution from carbon
doubly and triply bound to oxygen is reduced widtrtasing duty cycle. This trend
is even more evident in the FTIR spectra showingulastantial enhancement of
absorption of the C-O-C groups (~1100 Bmelative to the C=0 groups (1730 ¢n
as duty cycle decreases. Similar to the spectrangabove, the C=C groups are not
observable here, probably except for D=0.8 whesenall peak at ~1600 chmay
be indicative of their presence. In this case, hawreavailability of the C=C groups
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is not given by better retention of the precursatisicture but rather by enhanced

fragmentation of the monomer and recombinationre&ted radicals with formation

of unsaturated functionalities.
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Figure 3.43The Cl1s XP spectra a) and FTIR spectra b) of tHe-ke plasma
polymers deposited by atmospheric pressure SDRIiffatent duty cyclesTon and
Tore variable, the experimentdetails are given in Table 3.8

Parameters Data
fu (HZ) 1000
Cycles pefTon 1 2 3 4
Ton (Msec) 0.2 0.4 0.6 0.8
Torr (Msec) 0.8 0.6 0.4 0.2
D 0.2 0.4 0.6 0.8
Uac (KV) 2.2
Average power (W) 0.5 1.0 15 2.0
C-0-C (%) 65 62 58 47
Table 3.8 The data experimental parameters of the SDBD digmas with variable
duty cycles

99



The second type of the experiments with pulsing pagormed withToy
fixed and with different modulation frequencies giliie 3.44). For example, the
modulation frequency of 1000, 500 and 200 Hz wadieg with Toy fixed at 0.4
msec. Such change of modulation frequency was abpit/to increase oforr from
0.6 to 4.6 msec and, correspondingly, to a decrehsg@ty cycle from 0.4 to 0.08.
The XPS (Figure 3.44a) showed only a slight inczemsretention of the C-O-C
groups from 53 to 61 %, whereas both XPS and FHigufe 3.44b) revealed a
decrease of the carbonyl-based species with deegeaguty cycle. These
experiments confirmed the trend observed in thst §et wherdon and Togr varied
simultaneously, however the changes in chemical position of the plasma

polymers were not so large regardless of the erdnange of duty cycles.

1 kHz
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© 2
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Figure 3.44The Cls XP spectra a) arttetFTIR-RAS spectra b) of the PEO-like
plasma polymers at differedtty cycles Ar flow rate 1 sIm, distance 3 mmj,c=
3.9 kVp-p).
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Parameters Data
fu (Hz) 1000| 500 200f 2000 1000 500 200
Cycles peion 2 1
Ton (Msec) 0.4 0.4 0.4 0.2 0.2 0.2 0.2
Torr (Msec) 06| 16| 46/ 03 08 18 4B
D 0.4 0.2 0.08 0.4 0.2 0.1 0.04
uac (kV) 3.9
Average power (W) 2.5 1.2 0.5 2.7 1.4 0.7 0.3
C-0-C (%) 53 53 61 57 64 69 69

Table 3.9. The experimental parameters of the SA8@bsitionst different duty
cycles.

The better retention of precursor’s structure viiitreasingTorr (decreasing
duty cycle) was very well documented in low press®ECVD. The effect was
attributed a) to reduced ion bombardment of growiihg and b) to free-radical
attack on the vinyl bond which promoted polymei@at When plasma is on,
significant fragmentation of the monomer molecudesurs resulting in substantial
loss of the C-O-C structure. After switching offetlplasma, negative substrate
potential decays fast, thus minimizing ablation d@&whd cleavage processes by
highly energetic ions. Therefore, during plasma tifies, polymerization via
opening of the double bond induced by free radipat&eeds in the absence of ion
bombardment and the overall chemistry is more seem terms of retention of the
C-O-C structure. In many cases, however, it waserpticitly stressed that reducing
duty cycle with other parameters held constantloiog the peak power, By
leads to reduction of effective power, i. e. poweeraged over a period of pulsing,

P,=P

veak D and a similar degree of retention can be achiesedply by
performing plasma polymerization in CW mode bubater power equivalent to,R
Nevertheless, pulsed discharges prove very usefdéruvery low average wattage
where CW plasmas are unstable or cannot be magatainall.

In our study, the data on retention of the C-O-@ugs from all the
depositions were summarized into a single plot épesthdence on average power
(Figure 3.45). In particular, the following expegnts presented earlier in Table 3.7,

Table 3.8 and Table 3.9 were included: variatiomigh voltage uac , at fixedTop,
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Torr and D; variation of Tope (and thereford) at fixed Ton anduac; simultaneous
variation of bothTon andTorr (and thereford®) at fixeduac. Apparently, all the data
points obey a single dependence on average powardiess of the way how the
latter was achieved. The average power is, thexgfocrucial parameter determining

the properties of PEO-like plasma polymers.
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Figure 3.45. Retention of the C—O—-C groups in ddpeoe on average power for
different regimes of the SDBD deposition.

m - Ton= 0.4 msecTorr= 0.6 msecD = 0.4,u,c variable;
o- Ton= 0.2 msecTorr= 0.8 msecD = 0.2,uxc variable;
A - Ton= 0.2 msecuac= 3.9 kV, Tore andD variable;

- Ton= 0.4 msecyac= 3.9 kV, Toer andD variable;
® —Upc= 2.2 kV,Ton, Torr andD variable.

3.3.4. Protein adsorption

Since PEO-like films are intended to be used imt&@dical applications, their
stability in water was also tested. The samplesweraked in distilled water for 24
hours and the FTIR spectra of the films before aftdr soaking were compared.
Figure 3.46 shows that the chemical compositiotheffilms does not change upon
contact with water and that PEO-like characteref deposits remains unperturbed.
The lower overall intensity of IR absorption aftenmersion in water indicates
partial solubility of the films which may be givéay low cross-linking density of the
polymeric network and by low average molar masthefsoluble fraction. The effect
of decreasing molar mass can be attributed to textmoin of chain propagation by

102



oxygen which results in the formation of peroxyddrydroperoxy-radicals followed

by their decay to the carbonyl-based species.
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Figure 3.46. The FTIR-RAS spectra of the PEO-likksma polymers a) before and
b) after immersion in wateufc = 4.9 k\b-p, fac = 5 kHz,fy = 1 kHz,D = 0.4).

Several films were deposited on crystals for QCMalgsis at different
average powers. Figure 3.47 shows the kinetic supfefibrinogen adsorption on
such films in terms of QCM frequency shift. In tteese of 1.0 W and 1.5 W powers,
the frequency does not change substantially withetiA slight decrease of the
curves is attributed mainly to temporal drifts iretmeasuring electrical circuit and
its value (3 Hz/30 min) is normal for QCM measuretsen liquids. This proves that
fibrinogen hardly adsorbs on the surface of the fik®©plasma polymers deposited
at low average powers, i. e. with good retentiontted ether structure. On the
contrary, the film deposited at an average powe3.0fW, which has only 46 % of
the C-O-C groups, does not exhibit the non-foulprgperties: fast adhesion of
fibrinogen occurs within first 5 minutes after mtlucing the protein into the

solution. Therefore, ~60 % retention of the C-OfGups appears to be sufficient for
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the films to behave as non-fouling, which corredateell with the value of 65-70 %

reported in several works for low pressure PEO4likssma polymers [80, 153].
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1.0 W: 67% C-O-C
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Figure 3.47. Te ability of the PEO-like plasma polymergésistfibrinogen
adsorption (Ar flow rate 1.0 slm, electrode-sulistidistance 3 mniyc = 5 kHz,fy
=1kHz,D =0.4).

Summary

The properties of PEO-like plasma polymers prepabsd amplitude-
modulated AC surface dielectric barrier dischargeatmospheric pressure were
investigated. The use of SDBD leads, under appatgmperational conditions, to
fabrication of thin films resembling conventionaE®’s. The thickness of the
deposits was smaller at increased power of disehangl it was suggested that the
decrease of deposition rate is caused by enharfoalptical processes, probably
under contribution of metastable argon atoms.

Average power delivered to the discharge was fdarizk the key parameter
influencing the chemical composition of resultatdsma polymers. The content of
the ether groups changed between 67 to 29 % whangolg average power of
discharge between 1 W to 6 W. Similar chemical gearare obtained when varying
Uac, other pulsing parameterddy, Torr, D) being held constant or vice versa,
provided that average power is equivalent. Reduetzhtion of the C-O-C structure
leads to the loss of the non-fouling propertiesdeposited films. The plasma

polymers deposited at 1.0 and 1.5 W average pawerthose with more than 60 %
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of the ethers, withstood the accumulation of fibgan whereas the film with lower
amount of the ethers failed.
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Conclusion

The following objectives have been achieved:

e Two methods (low pressure plasma-assisted therrapbwr deposition and
atmospheric pressure amplitude modulated AC surfdmdectric barrier
discharge) were developed for fabrication of PE@-Iplasma polymers. Both
may compete in deposition of the films with noniiog properties.

» Specific power of discharge is a key parameter gomg the chemical
composition and structure of resultant films.

« The plasma polymers with high concentration of tsther groups were
fabricated. The maximal retention was up to 80 ¥itie low pressure and 67 %
for the atmospheric pressure methods.

* The plasma polymers have complex structure whexéunas of low molar mass
chains are entangled within a polymeric networlgsstlink density thereof
controlled by specific power. The networks withuesdgble number of monomer
units between cross-links were developed.

* The films exhibit a complex behavior when in contaith agqueous solutions
with swelling/dissolution phenomena strongly deparidn cross-link density.
 The concentration of the ether groups was foundbéothe main factor
influencing the non-fouling properties. The concation of about 65 % was
found to suffice for the films to resist adsorptiohproteins, adhesion of cells

and development of fibrin networks.
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