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Preface

Some 40 years experience with plasmas applied to polymers and the special view
of a polymer chemist are the motivation for writing this book. The rapid growth
of applications of plasma processes on an industrial scale is connected with the
pioneering work of engineers. Basic research into plasmas and their properties is
associated with plasma and astrophysics. Pure plasmas of noble gases under well-
defined conditions in exactly determined geometries are traditional objects of
plasma physics. Thus, chemical processes are out of view. However, in such
simple systems the chemistry of irradiation and release of degradation products
also play an important role, as do the polymer surface, near-surface layers, plasma
boundary layer, and plasma bulk. Organic and polymer chemistry often dominate
the use of molecular plasmas for polymer surface treatment and modification. A
much more complicated and complex situation is found for plasma polymeriza-
tion processes, which can often be described only by formal kinetics as the elemen-
tary and chemical processes are not known in exact detail. Electrical low- and
atmospheric-pressure plasmas are characterized by a surplus in energy and
enthalpy needed for simple chemical processes. The chemistry of excess energy
allows endothermic reactions to be performed because the dose rate exceeds all
necessary enthalpies of reaction pathways known in chemistry or even in radiation
chemistry. Thus, random, statistic, and exotic processes dominate and, therefore,
the reaction products are most often chemically irregular in terms of structure and
composition. Additionally, the polymer products are unstable because of plasma-
produced metastable radicals that are trapped in the polymer bulk and which
subsequently remain capable of undergoing oxidation on exposure to oxygen from
air. Therefore, the plasma product is unstable and changes continuously during
storage. A nice example may illustrate such a “terrible” plasma. At the beginning
of my work, in the early 1970s, I had scraped plasma polymers from the wall of
the plasma reactor for infrared analysis. The plasma polymer flakes were collected,
cooled with liquid nitrogen, and then ground for production of polymer powder.
This powder was disseminated in KBr powder, which is necessary for KBr disk
preparation. After evaporation of nitrogen the sample begun to smolder and
became black. The technical assistant was stunned and did not want to continue
his work with other samples. The behavior of the sample was, in fact, due to the
fast reaction of radicals that came into contact with oxygen from the air after the

Xl
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Preface

plasma polymer layer was disintegrated. Peroxide formation and undefined auto-
oxidation were initiated.

Organic chemists or polymer chemists turn away from such “black box chem-
istry,” labeling it as impure chemistry, far from regular chemistry, that does not
follow a defined chemical mechanism. Thus, the pure chemist is shocked and all
his knowledge is superfluous. If a polymer chemist must accept that chemically
inert gases, such as methane or benzene, can be polymerized or polymers exposed
to plasmas are destroyed, degraded, etched, and so on, any previous thinking, any
knowledge, is of no help.

The task of this book is to bring together physicists, engineers, chemists, and
polymer researchers, looking preferentially from the chemical and especially from
the polymer chemical point of view into plasma processes and the reactions in the
polymer body. Here, a new type of plasma chemist, who treats and produces poly-
mers, is created or, better, a plasma polymer chemist is born.

Forty years of experience with plasma and polymer chemistry, analysis, and
polymer degradation have been concentrated in this book. It discusses important
findings in this field from all parts of the world.

Berlin, 20th September 2011 Jorg Friedrich



1
Introduction

The interaction of polymers with different materials such as metals, ceramics,
other polymers, coatings, or inorganics is crucial for the adhesion at interfaces in
polymer composite structural elements. The absence or weakness of interactions
as well as any lack of durability are responsible for the collapse of load-bearing
composite components. In 2005 the ice rink in Bad Reichenhall (Germany) col-
lapsed, burying several people, because of adhesion failure (fatigue of the interface
bonds).

Many polymers, in particular polyolefins, such as polyethylene and polypropyl-
ene are chemically inert and cannot strongly interact with other materials. The
reason for this is the absence of polar and reactive functional groups in their
structure. Thus, interactions with other materials are poor and so too is adhesion.
Weak physical interactions only occur. J. D. van der Waals found their existence
in 1879 [1]. These forces are electrostatic, induced and permanent dipoles, disper-
sion interactions, and hydrogen bonds. They are very weak and operate over a
short range [2]. Polyolefins show only dispersion interactions among their own
molecules and, thus, they are often difficult to wet or bond because of the absence
of polar groups, which are able to promote interactions to the other material.
Dipole or induced-dipole interactions or even chemical bonds between polymer
and coating at the interface require the existence of functional groups.

Polar groups are often introduced by flaming [3] or plasma exposure [4]. Such
oxidations form various oxidized polar species at the polyolefin surface, which can
undergo the desired interactions to other materials. The introduction of chemical
bonds at the interface is more efficient because of the much higher binding ener-
gies [5]. To install such covalent bonds between polymers and coatings, most often
the production of monotype functional groups at the polyolefin surface is a neces-
sary precondition. Such monosort functionalization is extraordinarily difficult.
New processes have been developed for its realization, that is, exposure of the
polyolefin surface to brominating plasma [6]. The C-Br groups could be converted
into amino, carboxyl, or hydroxyl groups or consumed by amines, alcohols, and
glycols [7]. The additional introduction of flexible, water-repellent, and metal-
binding spacer molecules by grafting onto C-Br groups produced highly adhered
and durable polyolefin composites [8].

The Plasma Chemistry of Polymer Surfaces: Advanced Techniques for Surface Design, First Edition.
Jorg Friedrich.
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.
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In highly stressed polymer components for structural assemblies all forces are
applied to the interface and distributed to the interfacial bonds. Either a large
number of weak physical interactions or a smaller number of strong chemical
bonds is needed to withstand the disruption under mechanical load along the inter-
face. However, in general, chemically and structurally, completely different materi-
als need to be joined together. Polymers, in particular polyolefins, show very low
surface energy and metals or inorganics a much higher one. The difference
amounts to two orders of magnitude (original value for polymers 30-40mNm ™" and
for metals 1000-3000mNm™"), which is nearly the same difference in surface
energy as before polymer treatment (40-50 and 1000-3000mNm™) [9]. At the
molecular level, interactions are absent due to the chemical inertness of polyolefins.

Post-polymerization introduction of functional groups onto polyolefin surfaces
has a principal problem. The (radical) substitution of H by any functional group
is accompanied by C-C bond scissions of the polymer backbone because of equiva-
lent (or lower) binding energies [10]. Thus, degradation occurs simultaneously,
although C-C bonds were partially shielded from attack. Nevertheless, such a
disruption of the polymer surface produces anchoring points for physical and
chemical interactions but also a weak boundary layer, which is mechanically,
chemically, and thermally unstable (low molecular weight oxidized material,
LMWOM) [11]. Moreover, polymers, metals, or inorganics have thermal expansion
coefficients that differ by two orders of magnitude. Therefore, the thus produced
mechanical stress is focused onto the monolayer of interactions along the inter-
face. As mentioned before, spacer introduction can balance this mechanical stress
along the interface.

The surface modification of polyolefins must be also considered within the
framework of 100 Mio tons production of polyethylene and polypropylene per year
worldwide. Several technical applications demand a solution to the adhesion
problem. Mechanical interlocking, chemical roughening by etching, ion and elec-
tron beam modification, UV irradiation, UV-induced graft copolymerization, laser
beam or excimer lamp irradiation, “Co irradiation, flaming, corona treatment, use
of adhesion promoters, glues, adhesives, etc. were successfully tested to modify
polyolefin surfaces for adhesion [2]. However, all these pretreatments produce a
broad variety of different functional groups.

As mentioned before, the formation of monotype functional groups followed by
spacer grafting can solve the problem of moderate adhesive bond strength and
durability. However, the great energy and enthalpy excess present in a plasma is
most often responsible for non-selective reactions and the formation of a broad
variety of products [12].

The dream of all plasma chemists is to achieve monosort functionalized polyole-
fin surfaces. The excess energy present in the plasma state [13] and the equivalency
of C-C and C-H dissociation energies make it difficult to realize this dream [10].
However, a few chemical reactions produce end-products that are also stable
towards plasma. Examples of such stable end-products are (i) in the case of bromi-
nation the electronic state of the neighboring noble gas (krypton) and (i) silica-like
SiO, layers formed in the oxidation of Si compounds in an oxygen plasma [14].



1 Introduction

a)

apolar polymer surface polar polymer surface
without functional groups with functional groups

Figure 1.1 Assumed structure of polyethylene at the surface without functional groups (a),
and after surface oxidation and introduction of oxygen-containing functional groups groups
(b) and the behavior after wetting with a drop of water.

This book presents several variants of such surface techniques with monotype
functional groups, such as chemical post-plasma reduction, pulse-pressure plasma
polymerization, underwater plasma and glow discharge electrolysis, and deposi-
tion of functionalized prepolymers and oligomers by aerosol plasma and electro-
spray [15].

Polyolefins have a semi-crystalline structure, which can be represented by the
model of “Fransenmicelle” as shown in Figure 1.1.

Amorphous regions are characterized by random localization of macromolecu-
lar chains, whereas crystalline regions show the parallel and close orientation of
the all-trans configuration of the chain with folded loops, thus forming the lamel-
lae as present in polyethylene [16].

The concept of polymer functionalization by plasma exposure is to attach atoms
or fragments of the dissociated plasma gas as functional group by H substitution
at the polymer chain. Since there are there many different fragments and atoms
present in the plasma a broad variety of related functional groups is produced.
The formation of atleast 12 oxygen-containing groups at the surface of poly(ethylene
terephthalate) has been shown after oxygen plasma exposure [17].

There is also an interrelation between plasma, polymer, surface charging,
surface cleaning, surface functionalization, etching, and emission of degradation
products as well as changing of plasma by the appearance of oxygen-containing
groups in the gas phase and so on (Figure 1.2).

The substrate, here the polymer, gives a specific response to plasma exposure.
Polymers react very sensitively to any exposure to plasmas. This is due to their
complex and supermolecular structure. Polymers have some common features
with living matter and therefore they are very sensitive, in almost the same
manner, towards particle or radiation exposure. Thus, special knowledge of
polymer chemistry, physics, and technology is necessary to understand the specific

3
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Figure 1.2 Changes in plasma phase upon polymer etching.
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Figure 1.3 Plasma particle shower and vacuum UV (VUV) irradiation of polymer surfaces
during plasma exposure.

Q)

and complex behavior of polymer surfaces on plasma exposure. Starting from
plasma physics and taking simple atomic (noble) or molecule gas plasmas, which
are well-defined and well-characterized but, nevertheless, are associated with high
power consumption and high average electron energy the contradictoriness of flow
from plasma to polymer, thus the confrontation is perfect. A shower of high-
energy particles and photons bombards the polymer surface. A result of this
bombardment is the formation of degraded or crosslinked products with the com-
plete loss of original structure (Figure 1.3) [18].

As a matter of course, as a precondition, the plasma gas temperatures should
be near room temperature or, in the case of energy-rich hot plasmas, a very short
residence time in the plasma zone is mandatory. Low gas temperature is charac-
teristic for low-pressure glow discharges, also known as non-isothermal plasmas
or colloquially as “cold” plasmas [19]. Figure 1.4 shows schematically the prototype
of such a plasma, namely, the low-pressure DC (direct current) glow discharge.
The volume between the two electrodes is filled with the uniform plasma of the
“positive column,” which is the most suitable place for polymer treatment.
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Figure 1.4 Principle of plasma formation: direct current (DC) discharge tube with electrons,
ions, and energy-rich neutrals as excited states.

recipient electrode

monomer

£

plasma sample

=~ pump

Figure 1.5 Example of a plasma reactor: a diode-like plasmatron that produces a low-pressure
plasma suitable for polymer surface modification.

This type of discharge is very seldom used today because of the permanent
danger of electrode contamination and coating, which influence the plasma char-
acteristics. Capacitively or inductively coupled radio-frequency (rf) or microwave
(mw) generated plasmas are used more often. Figure 1.5 shows the often used
diode-like reactor type, which is the most important among the broad variety of
plasmatron constructions. It is an example for the production of low-pressure
plasmas, called diode-like or parallel-plate reactor. Normally, one electrode is mass
(asymmetric coupling).

In contrast, the plasma bombardment of polymer surfaces (cf. Figure 1.3) is an
efficient, easy, clean, comfortable, and fast way to create reactive centers at which
plasma gas fragments or atoms can stick as new functional groups. The processes
starts, again, with desorption and functionalization and is continued by modifica-
tion of near-surface layers, etching at the surface, and photo-modification of far-
from surface layers considering an overlap of all processes. The surface
functionalization is limited to an O/C ratio of about 0.28; a steady-state process
between continuation of introduction of functional groups and polymer etching
is then established. The maximum density of functional groups at the outermost
polymer surface is completed after a few seconds, most often after only 2 [20].
Limiting the plasma exposure to such short treatment protects the polymer surface
against undesired advanced degradation and formation of defects. Moreover,
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applying minimal energy also preserves the original polymer structure. Preserva-
tion of original polymer structure is always the best guarantee for maximum mechani-
cal properties and chemical integrity.

Unfortunately, the average and, especially, the maximal energy level of plasma
particles and radiation, particularly that of electrons, is about an order of magni-
tude higher than that of the binding energies in polymers. Thus, plasma chemistry
in a low-pressure glow discharge is equivalent to chemistry with a high excess of
energy. This discrepancy is the most important hindrance to polymer modification
by the use of plasma. Moreover, the plasma energy is continuously delivered as
electrical current from a power plant and introduced into the plasma from the
electrical power supply. Therefore, the electrically produced plasma is effectively
an inexhaustible source of energy/enthalpy.

The list of binding energies for different chemical bonds (in k] mol™) at 100kPa
and 298K reflects the situation in polymers: HC=CH (963), N=N (950), H,C=CH,
(720), N=N (418), 0=0 (498), N-N (163), H;C-CH; (368), H-C,H; (410), H-CH,
(435), H-CCl, (402), H-C4H; (460), H-CH,OH (402), H-Cl (431), H-OCH, (440),
H-N(CH3), (398), and C-O (358) (3-6€V binding energy). These binding energies
match exactly the average energies in electrical glow discharges working at low
pressures in the range 10°~10° Pa. Considering the high energy tail of the electron
energy distribution function in a gas plasma (E;, = 3->20eV) these electrons have
enough energy to break all chemical bonds present in polymers (Section 4.1). It
must be also considered that all electrons slowed or stopped by inelastic collisions
with atoms or ions in the plasma are re-accelerated to high energies due to the
applied electrical field. Thus, as noted, the plasma appears as a source of (nearly)
unlimited enthalpy/energy flow.

On the other hand, plasma is a very easy tool with which to form reactive sites
as radicals or functional groups independent of the inertness of polymer. In each
case the plasma forms anchoring sites for further chemical reactions.

Atoms at the topmost layer of solid surfaces have generally unsaturated valences
towards the gas phase. These unsaturated binding forces are responsible for the
surface energy of solids. This surface energy determines wetting and gluing prop-
erties. In alkyl chains any significant dipole moment is absent; thus, polyolefins,
silicones, or perfluorinated polymers have very low surface energies, composed of
the dispersion component without an appreciable polar component. The introduc-
tion of functional groups forms dipoles at the surface and, thus, the polar compo-
nent of the surface energy is increased strongly, as presented schematically in
Figure 1.6 on an atomic level.

Drost, McTaggart, and Venugopalan, illustrated several traditional atmospheric
and low-pressure glow discharge processes in industry [19, 21, 22]. Polyolefin or
polymer modifications by surface functionalization were performed in atmospheric-
pressure plasmas (corona, barrier, and glow discharges) [23] or low-pressure glow
discharges [4]. This is because of the non-isothermal (non-equilibrium, nt) char-
acter of such plasmas, which show low gas temperatures (“cold” plasma) [24].
Thus, both the atmospheric and low-pressure plasmas were generally suited for
any polymer pretreatment. Very fast and continuous corona or barrier discharge
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Figure 1.7 Schematic representation of a polyethylene surface before and after plasma
treatment as well as after coating with a viscous adhesive.

treatments of polymer foils at atmospheric pressure are traditional plasma applica-
tions to polymers on an industrial scale [25, 26]. However, the field of applications
of this atmospheric plasmas enlarged slowly because the surface modification
could not be well-controlled, is afflicted with a few inhomogeneities, and degraded
material (LMWOM) is formed. More recently, the atmospheric-pressure glow
discharge (APGD) has compensated these disadvantages [27, 28]. The non-selective
surface functionalization accompanied by uncontrolled degradation need not be
accepted, as demonstrated by use of the newly developed atmospheric-pressure
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technique.

plasma techniques, such as aerosol barrier discharge and electrospray ionization
(ESI) film deposition [15].

The improved new plasma pretreatments aim to favor the introduction of (most
advantageously: monosort) functional groups onto the surface to enhance the
interactions to coatings or biomolecules or to form anchoring points for further
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graft synthesis. In addition, surface roughening, crosslinking of surface-near
polymer layers, polymer etching, polymer ashing, and so on are also being exam-
ined by the plastic and electronic industries and in medical techniques.
Considering the use of plasma for adhesion promotion in more detail, the more
ambitious improvement of metal adhesion to polymers demands the application
of low-pressure glow discharge plasmas. The polyfunctional O-containing groups
are rapidly produced on exposure to the oxygen low-pressure plasma. However,
polymer degradation products at the interface of a polymer-metal composite
hinder the adhesion by forming a “weak boundary layer” (WBL) [29] that originates
from the LMWOM. This “debris” hinders adhesion to solid-phase metal layers. In
contrast, liquid paints or glues can assimilate these loosely bonded fragments,
dissolve and distribute them in the liquid phase of the adhesive. Thus it does not
strongly hinder the adhesion between the coating and the polymer. Now, the
coating can interact directly with the non-degraded polymer surface (Figure 1.7).
Roughening and crosslinking as well as plasma-chemical deposition of a thin

adhesion-promoting interlayer are alternatives (Figure 1.8).
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2
Interaction between Plasma and Polymers

2.1
Special Features of Polymers

The class of organic polymers is closely related to natural macromolecular prod-
ucts. Numerous natural polymers are produced by animals or plants. Thus, poly-
mers are positioned in nature at the borderline between organic materials and
living species. This special position determines the properties and the sensitive
response of polymers to chemical and physical interactions. In contrast to ionic
(inorganic, ceramic, glass) or metallic materials polymers are not able to distribute
reaction energy over the bulk, especially if introduced precisely by physical or
chemical processes. Consequently, there are local energy-rich spots, characterized
by increased movement of polymer chains, side-chains, or groups in the solid and
by supply of excess energy in bond scissions followed by extensive chemical
reactions.

Natural polymers also exhibit in many cases very simple structures, such as
waxes, which are also extensively produced industrially by synthesis, such as the
polyolefin polymers. The performance of polymers is strongly determined by
several important parameters such as chemical composition, structure of monomer
unit, polymerization degree or chain length or molar mass, and its distribution,
tacticity, branching, crosslinking, supermolecular structure, crystallinity, stretch
orientation, and so on.

Often, beginning at the surface, an oxidative aging of polymers is observed as
part of natural weathering. It is characterized by the attachment of molecular
oxygen as oxygen-containing polar group onto radicals, which are formed mechan-
ically, by irradiation or by plasma exposure. On a low energy level, chromophore
groups (defects) in the polymer are starting points for oxidation. Radiative proc-
esses are also often associated with the formation of unsaturation and crosslinking
in deeper layers of the polymer. Unsaturations are also chromophoric centers and
can also undergo slow oxidation on exposure to air. The radical-promoted oxida-
tion is often self-accelerated by the auto-oxidation process (see below).

There is also a physical aging, which is important for surface modification.
Functional groups at the surface are not permanently fixed. They can slowly
move and diffuse from the topmost layer to the bulk. Moreover, complete polymer

The Plasma Chemistry of Polymer Surfaces: Advanced Techniques for Surface Design, First Edition.
Jorg Friedrich.
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.
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segments equipped with functional groups diffuse into the bulk. This mobility of
functional groups and macromolecule segments is called “surface dynamics” or
“hydrophobic recovery” [1-3]. The driving force is thermodynamics. The high
concentration of functional groups becomes adjusted to the zero concentration in
the bulk by diffusion [4]. Figure 2.1 shows schematically the slow diving that
occurs upon rotation around the C-C bond and the segmental movement from
the surface to the bulk.

While diffusion and balancing of concentration are one driving force, the inter-
action of polar groups at polymer surface with water or other polar media is the
counterpart. If air at the surface is replaced by water the polar group returns to
the surface and forms hydrogen bonds with water molecules (Figure 2.2) [2].

X X
AT surface surface 1
CHy CHCH,— “CH,"CHy-CH,~CHy
B bulk bulk
Kl surface surface
ZCHy CH-CH,— -CHyCH.
N1 CHZ_Cl:HZ
bulk bulk X

rotation around C-C bonds segmental movements

N J
N

"hydrophobic recovery”

Figure 2.1 Schematic of “hydrophobic recovery” and surface dynamics.

water drop

surface

surface dynamics

Figure 2.2 Surface dynamics caused by different environments.
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The formation of interactions between polar groups and water and the respective
energetic profit overcompensates the dilution tendency [5]. More complicated is
the situation when functional groups are protonated, find counter ions, are rear-
ranged, or even grafted—then their mobility is strongly changed [6]. The existence
or absence of functional groups at a polymer surface determines its “communica-
tion” with the environment and, thus, the adhesion properties.

Another important factor for the mechanical behavior of polymers is the molar
mass and its distribution. Changes in molar mass may provoke dramatic alterations
in mechanical properties of polymers. Polymers exposed to plasmas often show a
change of molar mass [7].

A general problem of any polyolefin surface modification is the equivalence of
C-C and C-H bond strengths. The binding energies (dissociation energies) of the
C-H- and C-C-bonds, which dominate the structure of polyolefins, are close
together as 435k mol™ for H-CH3, 411kJ mol™ for H-CH,~CH3, 396 k] mol™" for
(CH;),CH-H, and 385k] mol™ for (CH;);C-H. The corresponding C-C bond has
similar (standard) dissociation energy, for example, 370k] mol™" for CH;~CHj (ca.
3eV). In addition, these C-H- and C-C-binding energies vary strongly with the
type of substitution or residues and, thus, the ranges of binding energies overlap
widely. Therefore, specific chemical attack of the C—H bond in alkyl chains (poly-
ethylene) is not possible and selective reactions are impossible. Consequently, only
the simultaneous attack of all C-H and C—C bonds occurs. This undesired behav-
ior is supported by exothermic substitution reactions, which produce additional
thermally-initiated chain scissions. Nevertheless, surprisingly, in practice the
shielding of hydrogen atoms hinders slightly the preferred C—C bond scission and,
thus, degradation does not dominate too strongly [8].

The (standard) reaction enthalpy (R) of the radical H substitution reaction (Sg)
by a plasma-formed functional group producing an atom or radical is given as
the difference of (standard) heats of formation (B) of the end product (E) and
starting material (S): AgH® = AgH®; — AgH'. Considering Hess rule AgH’ is the
difference of dissociation enthalpies of the scissioned (S) and formed (F) bonds:
ARH® = Z*ApH® — XFApH®. Therefore, for a raw estimation, the heat of formations
can be replaced by dissociation enthalpies [8]. Because of the gas—solid type of
reaction the entropy must be considered (Gibbs—Helmholtz): A;G® = AgH® — TA;S’.
The entropy term AgS® often shows ambivalent behavior [9]. This term is not
important if the number of products and educts are equal, phase transitions not
possible, and so on.

Oxidation and fluorination show strong exothermic character during the substi-
tution reaction and, therefore, the reaction proceeds as an auto-oxidative process,
as demonstrated for fluorination:

F*+H-CH,-CH; - F-H + *CH,-CH;
‘CH,-CH; +F, - F-CH,-CH; +F*
ARH® = ApH cs—ctia-n — AgH 1_p = 411566 k] mol™ = —155 k] mol™

13
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The negative reaction enthalpy signals the spontaneous and auto-accelerating
proceeding of the reaction but also indicates the probable appearance of a broad
product spectrum.

On the other hand, the introduction of a new substituent X for H atoms posi-
tioned in alkyl chains (CH, — CHX) leads to activation of the remaining hydrogen
atom (activation of C—H bonds by functionalization). The new polar C-X bond may
produce also a shift of C-H bond electrons. Thus, the C-H bond is weakened and
may be substituted by a second X more easily and selectively. Simultaneously, the
C—C chain scissions are minimized. Such a more selective process without sig-
nificant polymer degradation is the chlorination of poly(vinyl chloride) to higher
chlorinated species [10].

If the plasma delivers the enthalpy and dissociates the halogen molecules and
the C-H bonds in the polymer molecule the reaction enthalpy becomes much
more negative. Therefore, the selectivity of the substitution reaction decreases and
the polymer degradation increases strongly if plasma is used. Plasma processes
produce generally low selectivity and polymer degradation. Chemical-oxidative attack,
excimer lamp or laser irradiation, and flame or mechanochemical exposure of
polymer surfaces work in an analogous manner. Thus, the formation of functional
groups within strongly exothermic reactions is accompanied by random polymer
degradation and etching.

2.2
Processes on Polymer Surfaces during Plasma Exposure

Summarizing the above-discussed extraordinary sensitive behavior of polymers on
exposure to a high-energy particle shower from plasma and short-wavelength
plasma radiation, the energy introduction must be minimized as much possible
to produce selectivity and to hinder polymer degradation. However, the energy of
particles and radiation in the plasma cannot be decreased arbitrarily. The discharge
needs energy to start and a minimum energy to sustain the plasma state, a neces-
sary energy level that is much higher than the C-H and C-C binding energies.
This is the dilemma.

Moreover, the C-H substitution in alkyl chains is principally accompanied by
C—C bond scissions, but with increasing number of new substituents the substitu-
tion may become more selective automatically. Nevertheless, chain degradation
always occurs and loosely bonded polymer fragments are formed at the surface.
Ideally, only the topmost (one) atom layer, or one molecular layer, must be
equipped with functional groups. These functional groups are sufficient to form
physical or, preferentially, chemical links to other materials.

Scheme 2.1 shows the idealized replacement of H atoms from CH, groups of
alkyl chains with atoms or radicals (from plasma) along with the associated
polymer chain scissions occurring in particular for exothermic reactions.

Such scissions of polymer backbones decrease the cohesive (mechanical)
strength and durability (oxidation and migration) of polymer surface layers.
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Scheme 2.2 Chain scissions in polyethylene upon exposure to a plasma.

However, as seen in Scheme 2.1 these reactions are radical processes. Thus, deg-
radation occurs only if the two C radicals formed after C-C bond scission cannot
immediately recombine. Such recombination produces heat within the polymer.
The Cradicals formed by H abstraction can also recombine but they form crosslink-
ing, while neighboring C radicals produce C double bonds. The C radicals also
react rapidly with traces of oxygen. If the radicals are shielded by substituents and
therefore trapped they can react with oxygen from air after hours, days, or weeks
(Scheme 2.2) [11-13]:
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CH, - CH'+°H H-abstraction

CH,-CH, —» CH," + *CH, C—C scission

CH® + X - CH-X attachment of functional groups
CH,-CH, - CH=CH +H, formation of double bonds

2CH,-CH," - -CH=CH, +-CH,;—-CH, disproportionation
CH"® + *CH - CH-CH recombination
CH® + *0-0* - CH-0-0" peroxy formation

Taken together with the (always) produced broad variety of plasma-formed func-
tional groups the plasma functionalization process must be characterized as com-
pletely unselective (Scheme 2.1). Nevertheless, if one accepts these insufficiencies
it is possible to influence the type of produced functional group roughly by appro-
priate choice of the “monomer” X. The term monomer may be better replaced by
precursor because monomer refers to a molecule that can easily undergo a chemical
chain-growth polymerization reaction. However, a precursor molecule becomes
more or less dissociated in plasma, often independently, if it is saturated or unsatu-
rated and thus polymerizable or not. The dissociated atoms or fragments form the
functional groups (or plasma polymer).

This characteristic behavior of plasma, which produces a broad variety of func-
tional groups (unspecific, polysort), may be presented schematically for the oxygen
plasma and a polyolefin polymer:

O, + plasma — 0,%, 0*, 07, 0,7, 0%, 0%, O, *, 05, and so on + polymer — C—OH,
C-0-C, C-0-0H, epoxy, >C=0, CHO, aryl-OH, COOH,
COOR, C(0)-0-0H, C(0)-0-OR, 0—CO-0, and so on [14, 15].

This fragmentation-recombination mechanism is open for all random processes
and selectivity is most often completely absent.

Nevertheless, the plasma gas determines roughly the type, or more exactly the
family, of different but related functional groups (Figure 2.3, cf. “polysort func-
tionalization”). Prominent examples for the production of families of similar
products are oxygen and ammonia plasma treatments of polymers. With oxygen
plasma exposure nearly all known oxygen-containing groups are produced (family
of plasma gas-specific polysort oxygen-containing groups), sometimes also as sec-
ondary products of auto-oxidation. Examples are hydroxyl and carboxylic groups,
which need hydrogen, which was abstracted before from the polymer chains, for
their formation. The spectrum of functional groups produced at polyolefin sur-
faces using ammonia plasma exposure involves different families of functional
groups (polysort oxygen-containing and polysort nitrogen containing groups)
because of secondary reactions with oxygen from air to form N-, NO,- and
O-containing functional groups.

Besides the desired polymer surface functionalization several undesired side-
reactions must be accepted. This was shown for ammonia plasma exposure. The
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Figure 2.3  Possibilities for the introduction of functional groups onto a polymer surface.

most prominent side-reactions, especially when exposed to oxygen plasma, are the
above-mentioned degradation of molar masses and crosslinking. Because of the
existence of trapped C radical sites in the polymer, bulk oxidation and sometimes
auto-oxidations occur, as shown before.

Another route to surface functionalization is the chemical substitution of C-H-
bonds available for exothermic reactions without any assistance by a plasma, as
shown above for polyolefin fluorination.

The most ambitious intention of plasma pretreatment is to introduce monosort
(monotype) functional groups onto the polymer surface, such as OH, COOH,
CHO, NH,, epoxy, SH, CN, Br, Cl, F, and so on, which may serve as chemical
anchoring points for (chemical) interactions (polar groups) or graft reactions
(Scheme 2.3).

All introduced functional groups onto a polymer surface influence the wetting
behavior, which is reflected in polymer surface energy. The surface energy can easily
be measured by using several test liquids, measuring the contact angles, and
calculation using one of the theoretical models [16-20]. Rough information on
surface energy, but much easier to measure, is obtained using test inks [21].

Thus, we have seen that molar mass degradation is inevitable. This degradation
is accompanied by a loss in mechanical strength. The reason for this is that the
cohesive strength of a polymer is strongly dependent on the molar mass and its
distribution. The macromolecules located in the topmost surface layer are pre-
dominantly affected by this degradation. Low-molecular weight oxidized material
(LMWOM) is formed (“molecular debris”) that has no bonding or (weak) adhesion
to the unmodified polymer material in deeper layers (bulk) [22]. Usually, these
degradation products form a dust-like layer at the polymer surface, which is often
observed when the surface is exposed to a corona discharge or to dielectric barrier
discharge in air. These degraded macromolecule fragments at polymer surfaces
are of technical importance because they interfere with adhesion to coatings, inks,
or metals. They form a weak boundary layer at the interface between the polymer
and coating [23, 24].
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Scheme 2.3 Examples of graft reactions at monosort functional groups on polyethylene
surfaces.

If plasma exposure to polymers is continued the process passes over to an etch
process (Figure 2.4). Using as an example the oxygen plasma, the pre-degraded
fragments at the surface are gasified during the etching process to CO,, CO, H,0,
formaldehyde, and so on.

If the polymer has a homogenous structure, it is anisotropic, that is, it does not
possess a supermolecular structure with highly ordered (crystalline) zones, then
a steady-state etching process is established with constant etching rate. The etching
rate in the plasma often follows the ease of formation of gaseous degradation
products in the polymer structure, for example, polymers with structures that
contain pre-formed degradation products, which are formed by scission of only
one or two bonds, are preferably etched. For example, Norrish I and II rearrange-
ments were observed for poly(ethylene terephthalate) on exposure to oxygen
plasma [25]. It was a dream of polymer researchers to produce a dry etching
process that would enable excavation of supermolecular structures in crystalline
polymers; such structures could then be pictured by electron microscopy. Many
attempts were made to find these supermolecular structures by plasma etching;
however, the plasma is to insensitive and changes the original structure by forming
irregular plasma-created structures [26].

A supermolecular structure or layer-like inhomogeneities or the ability to
crosslink influence the etching rate. Thus, amorphous components are preferably
etched while crosslinked structures resist the etching attack longer (Figure 2.5)



2.2 Processes on Polymer Surfaces during Plasma Exposure |19

M functionalization at topmost surface
functionalization in near-surface layers
crosslinking
3 I |
[0)
S etchin
- | ; |
formation of double bonds
radical formation
I |
T T T
T T Lkl
0 10 100 1000

time [s]

Figure 2.4 Time scale of plasma-induced processes at polymer surfaces.

model of folded lamellae in polythylene after selective plasma etching
(functional groups: most probable sites for initial plasma oxidation) (theoretically, crystalline regions remain)

crystalline--- :
transition zone ------
amorphous

crystalline crystalline

Figure 2.5 ldealized selective (oxygen) plasma etching of amorphous regions in polymers.

[27]. With regard to the adhesion properties of polymers such a roughening helps
the mechanical anchoring of metal layers, top coatings, or paints. The roughening
also increases the specific surface of the polymer target. In terms of adhesion, this
means a higher specific surface, more interactions, and better adhesive bond
strength.
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Plasma exposure of polymers is always associated with crosslinking of the polymer
surface layer, as was discovered at the end of 1960s and the beginning of the 1970s
[28, 29]. As argued more recently, it is not the plasma particle bombardment that
is responsible for crosslinking but the always-emitted plasma-vacuum UV irradia-
tion of extreme short wavelength (20-200nm) [30]. It must be considered that the
energy content of this plasma radiation correlates to the electron energy distribu-
tion function in the low-pressure discharge. All radiative processes are coupled
with the kinetic energy of electrons. Owing to inelastic collisions of atoms or
molecules with electrons, excitations to different electronic and vibration states
occur:

’

A+e - A%+e
A* > A+hy

The shortest wavelength of this radiation (ca. 20-100nm), occurring from the
deactivation of activated states of singly and, much more, doubly charged atoms:

ARY* 5 AR Ly

penetrates polymers unhindered because of the absence of absorbing structures
within polymers. Such radiation up to 20 nm wavelength is emitted by low-pressure
plasmas [30]. Moreover, radiation in the range A = 100-180nm has much greater
intensity. Note that it can also penetrate a few micrometres into the polymer bulk
and it can also produce 6¢_c- and 6 y-transitions. These excitations produce dehy-
drogenation, crosslinking, and chain scissions (degradation) of the macromolecule
backbone [31, 32]. Highly absorbing structures (>C=0O, C=C, and so on) or the
formation of polyene structures by dehalogenation or dehydrogenation and so on
limit the penetration depth of radiation at wavelengths greater than 180nm.

Generally, the polymer responds to this irradiation by etching in the presence
of oxygen, radical formation (isolated or “trapped” radical sites) in near-surface
layers, and degradation, but also with partial crosslinking (radical recombination).
The crosslinking produces high densities, as discussed later. The trapped radicals
also reach high concentrations, of a few percent of all carbon atoms [33]. These
isolated and trapped radicals, which are not able to immediately recombine under
room temperature conditions, react preferably with oxygen dissolved in the
polymer or diffusing into the bulk when exposed to ambient air [34]. This extensive
reaction causes a pronounced aging sensitivity of all polymers that have been
exposed to plasma. The reaction of oxygen, which slowly diffuses into the polymer,
with the radicals produces post-plasma oxidative reactions and may be also initiate
a few auto-oxidative reactions of polymers during their storage in ambient air. The
auto-oxidation is a self-accelerating process because of its chain reaction character
(Scheme 2.4).

Thus, the original composition of the plasma-modified polymer becomes per-
manently changed in the sense of a progressive propagation of oxidation. In
summary, any plasma treatment, also in the absence of oxygen or oxygen-
containing plasma gases, produces automatically metastable trapped radicals that
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plasma UV radiation

polymer surface.
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peroxides

Scheme 2.4 Formation of trapped radicals in polymers during plasma exposure.

always react with oxygen on exposure to air. The radicals always react in the same
manner, thus giving a similar product variety independent of the type of plasma
used [11]. Each contact with air results in the introduction of oxygen into the near-
surface layers of polymers, a process known as post-plasma oxidation. First, C
radical sites are produced, which react with molecular oxygen in the ground state
to give peroxy radicals that are chemically transferred into hydroperoxides within
the chain-propagation reaction [35-37]. As a result of this peroxide formation and
the further reaction of hydroperoxides a large number of different O-functional
groups are formed.

This auto-oxidation is superposed on plasma-oxidation in the oxygen plasma
and may explain the similar qualitative and quantitative distribution of oxidation
products in polymers found with different plasmas. An exponential increase of
oxygen introduction can be observed during exposure to an oxygen plasma or
during subsequent storage under ambient air and also during weathering under
climatic conditions (Figure 2.6) [38].

The exposure of polypropylene to a radio-frequency discharge in nitrogen for
10min is characterized by the undesired co-introduction of oxygen (Figure 2.7).
The oxygen concentration amounts to more than 200% of nitrogen incorporation.
Approximately, oxygen was bonded to each third carbon atom [9].

Similar observations were made using carbon fibers exposed to ammonia
plasma [39].

Comparing the time-scale of plasma oxidation (Figures 2.4 and 2.6) with pho-
tochemical oxidation or in particular with weathering, the former is clearly com-
pressed by several orders of magnitude. Moreover, the oxidation was caused by
both the oxygen particle shower from the plasma accompanied by oxygen introduc-
tion to the polyolefin surface and the irradiation with energetic radiation produced
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Figure 2.6 XPS-measured oxygen introduction in polypropylene upon exposure to oxygen
continuous-wave (cw rf) plasma.
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Figure 2.7 XPS-measured nitrogen and oxygen introduction in polypropylene upon exposure
to a nitrogen continuous-wave (cw rf) plasma for 10min and after 14 days storage in
ambient air.

in the plasma [40-42]. This was motivation for using oxygen plasma exposure and
the post-plasma auto-oxidation to simulate and accelerate the natural weathering
of polymers (“accelerated plasma aging of polymers”). In particular, the plasma-UV
irradiation and the associated radical formation in the oxygen plasma was used to
simulate polymer aging by weathering characterized by oxygen introduction and,
more specifically, by increasing the carbonyl index as well as by loss in mechanical
strength and elasticity. For aromatic polyester materials such an artificial plasma
aging has shortened the aging time to 8-30h, which corresponds 1-2 years weath-
ering in a Florida climate [43—45].



2.3 Influence of Polymer Type

In addition to radical formation, degradation and/or crosslinking and auto-
oxidation are further and general responses of polymers to plasma exposure. The
polymer becomes dehydrogenated, which is caused by crosslinking and also by the
formation of olefinic unsaturations as well as cracking of aromatic rings [46].
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Influence of Polymer Type

The type of polymer and, therefore, structure, composition, functional groups,
supermolecular structure, and so on determines significantly the chemical proc-
esses on exposure to the plasma. In similar manner polymers are categorized in
two groups when exposed to ionizing irradiation [47]. Thus, the general response
of polymers on plasma exposure can be summarized as follows. Strongly different
etching rates for polymers were measured [48]. Concerning the functional groups
of polymers a few of them contain a preformed structure similar to that of (stable)
gases such as CO, CO,, H,0, N,, and so on. Therefore, these groups can be easily
split off as gaseous degradation products by scission of one or two bonds. The
(negative) heat of formation assists separation from the polymer, such as is obvious
for carbonate, ester, acid, or acetal groups. Aromatic and conjugated unsaturated
systems stabilize towards photon absorption or energy transfer by collisions with
excited or charged particles. Aliphatic chains tend to H-abstraction and formation
of C radical sites, auto-oxidation, formation of olefinic double bonds, polymer
degradation, and/or crosslinking. Other types of polymer depolymerize through
recovery of the stable monomer structure. Monomer unit by monomer unit is split
off successively. This process can proceed only at active chain ends (P*), for
example, at living anionic polymers as:

P* P *+M

Dead polymers must first undergo a homolytic chain scission:
P., > P +P;

The radical chain ends make the chain active for depolymerization:
P’ —P_,"+M,and so on

The zip length (=) presents the kinetic chain length of depolymerization in analogy
to the chain length of chain propagation during the polymerization. The zip length
reflects the number of monomer units removed from the polymer chain before
the radical is annihilated by chain transfer or termination. PMMA [poly(methyl
methacrylate)] and PAMS [poly(o-methylstyrene)] are very easily depolymerized
(£>200) and PS (polystyrene) and PIB [poly(isobutylene)] (== 3) with more
moderate ease. For example, PE shows a zip length of only = = 0.01.

Thus, both similarities and differences to the behavior of polymers under ion-
izing irradiation and plasma exposure were obvious. The response to ionizing
radiation is classified in two general categories, depolymerizing or crosslinking
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behavior. Plasma exposure is much more complex. First, the energy dose con-
sumed in the uppermost surface layer is at least six orders of magnitudes greater
with the plasma than with y-irradiation even though the energy of the primary
species is much higher in the case of y-irradiation (MeV) in relation to average
plasma energies (in or below the 10eV region). Nevertheless, the much higher
dose in all secondary processes in the plasma compared to the same processes
along the spur of y-quanta in polymers dominates and produces more side and
exotic products as well as the more complex reactions that are observed.
The main degradation mechanisms have been identified:

1) random degradation,

2) (random) degradation after preceding crosslinking (and formation of
macrocycles),

3) depolymerization,

4) photo-oxidative degradation [49].

Mechanisms 1 and 2 are random processes characteristic for plasma-dominated
reactions. In contrast, mechanisms 3 and 4 are well known from chemistry [50]
and, therefore, are pure chemical processes. These photo-oxidation routes are well
known and were characterized by carbonate decay, Norrish I and Norrish II-type
chain scissions, or photo-Fries rearrangements, for example, leading to phenolic
(aryl-OH) or benzoic acid (aryl-COOH) structures in PET or PC [51].

The dominance of pure chemical processes during the degradation of, for
example, PET or PMMA, is caused by the higher rate of chemical degradation
process compared to the plasma-specific (random degradation) processes. Plasma
processes are based on atom and small-fragment formation and rearrangement
as well as random recombination of them. Additionally, a purely physical phenom-
enon must be considered, namely, sputter etching. Here, only the transfer of
charges as well as that of mechanical or thermal energy of the plasma particles
impinging on the surface atoms produces the release of atoms, fragments, mol-
ecules, or molecule clusters from the polymer surface. The etching rate of PE with
an oxygen plasma is about tenfold greater than with an argon plasma [52]. Self-bias
and applied bias voltage support the sputter effect of ions.

Summarizing the above-mentioned polymer characteristics under plasma expo-
sure, a few degradation-sensitive building units or functional groups exist that trigger
the rapid etching of polymers as acid or ester [48], pyranose ring and acetal [53],
and carbonate groups [54].

2.4
Methods, Systematic, and Definitions

Two different procedures can be used to modify polymer surfaces by plasma treat-
ment: surface modification or surface functionalization and coating of surface
(cf. Scheme 2.3).
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2.4.1
Surface Modification (Functionalization)

The aim of surface modification of polymers is to introduce functional groups to
the surface (surface functionalization). As described above, H-abstraction and
attachment of plasma fragments to the C radical sites at the polymer surface
produce the functionalization. By proper selection of the plasma gas its main
element or one of its characteristic groups can be attached (recombined) to the
polymer surface. Therefore, this process is called as plasma-gas specific functionali-
zation of polymer surfaces. Table 2.1 lists a few examples of plasma gases/vapors
and the functionalities they predominantly produce.

This type of polymer surface functionalization has the disadvantage that in
nearly all cases a broad spectrum of different functional groups are formed con-
taining the mother elements, which are provided by the plasma gas, most often
connected with post-plasma introduced oxygen. A previously mentioned example
is the oxygen-plasma treatment of polymers, [55] which produces an ensemble of
O-functional groups from the oxygen plasma treatment itself and from auto-
oxidation (Scheme 2.5) [15]. Chemical transformation into monotype OH groups was
possible by post-plasma wet-chemical reduction with diborane or LiAlH, to about
60% (Scheme 2.5) [56].

Table 2.1 Gases or vapors used to produce plasma-gas-specific functional groups.

Plasma gas Functional group
0, H,0, H,0, -OH

NH,, NH,, N, ~NH,

co, -COOH

CS,, H,8 -SH

SO,, SO, -SO;H

CF,, SF,, XeF,, NF,, BF,, SiF, -F

CCl, -Cl

Br,, HCBr; -Br

OH OH
reduction @
e e
[___polyolefin_]
polyolefin polysort functionalization monosort functionalization
as received after O, plasma exposure after chemical reduction with

LiAlH4 or BoHg

Scheme 2.5 Specific and unspecific functionalization.
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[ polyolefin ]

polyolef_in monosort brominated
as received polyolefin surface

Scheme 2.6 Brominated polyolefin.

allyl bromide D
./ = y/
—_—
plasma polymer /
[_polyolefin ]
polyolefin monosort brominated
as received polyolefin surface

Scheme 2.7 Plasma-polymer coated polymer substrate with monofunctional groups (specific
functionalization).

The special case of monosort functional groups was achieved with bromoform and
bromine plasmas [57-60]. Here, nearly quantitatively, C-Br groups are formed
(specific functionalization or monotype functionalization) (Scheme 2.6) [61].
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Coating of Polymer Surfaces with Functional Group-Bearing Plasma Polymers

The deposition of very thin layers of plasma polymers (ca. 20-100 nm), which carry
functional groups in their structure, is also used to functionalize solids (Scheme
2.7). A precondition is sufficient adhesion between the polymer, metal, or inor-
ganic substrate and the deposited plasma polymer. Most often one finds very good
adhesive bond strength between plasma polymers and polymer substrates caused
by plasma exposure of the polymer substrate and the monomer molecules, which
form the plasma polymer.

Two types of plasma polymerization have to be distinguished: plasma-chemical
and pulsed-plasma.

2.4.2.1 Plasma-Chemical Polymerization

Plasma-chemical polymerization (of any organic evaporable molecule or a few
inorganic molecules) occurs by partial or, under rigorous plasma conditions, total
fragmentation of the organic molecules in the plasma and the subsequent deposi-
tion of a polymer-like layer by the more or less complete recombination of all these
fragments (fragmentation and random polyrecombination):

R;R,R3R,R;s + plasma — R,* +R," + R;" + R," + Rs® fragmentation process

R +R,"+R;"+R,"+Rs" > RsR,R3RR, random recombination.
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2.4.2.2 Pulsed-Plasma Polymerization

In contrast to a random process leading to plasma polymers with irregular struc-
ture and composition, a hybrid process exists that is positioned between such
random plasma polymerization and classic radical polymerization. This pulsed
plasma process produces plasma-initiated chemical gas phase polymerization. This
process starts with plasma-chemical activation of classic (chemically polymeriza-
ble) monomers such as vinyl or acrylic monomers during the plasma-on periods.
The radical chain propagation occurs mainly during the plasma-off periods, that
is, the main contribution to polymer formation should be dominated by chemical
chain propagation. Only a small fraction, produced during the plasma-on pulses,
is produced by the fragmentation—polyrecombination process. This plasma-
initiated radical gas-phase polymerization can only be applied to classic mono-
mers. Notably, this process was applied very successfully to the allyl monomer
polymerization, which is known to be strongly hindered by radical transfer proc-
esses [50]. If only one sort of classic monomer is introduced into the pulsed
plasma the denotation is “plasma-initiated polymerization.” This process pro-
duces homopolymers. When two or more (co)monomers are present in the pulsed
plasma the resulting process is called “plasma-chemically-initiated copolymeriza-
tion” (Figure 2.8).

A precondition for chemically dominated copolymerization is the use of
classic co-monomers. Moreover, they have to possess adequate copolymerization
tendencies, which are expressed in the “copolymerization parameters” [50,
62]. In contrast to this chemically-dominated copolymerization, the process of
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Figure 2.8 Homo- and (alternating) copolymerization.
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plasma-chemical fragmentation of “co-monomers” in the plasma allows their
complete dissociation and fragmentation to atoms and fragments, which can
randomly recombine subsequently (fragmentation—polyrecombination process)
independently of the original structure. An undefined randomly composed and
structured “copolymer” is formed by this plasma-dominated process. Thus,
chemically inert substances, such as saturated alkanes, benzene, halides, and so
on, can be forced to “polymerize” or “copolymerize” in the plasma. In the past,
this process was generally indicated as “plasma copolymerization,” and is far
from any chemical processes.

243
Other Polymer Process

2.43.1 Polymer Etching

Another important process with polymers is polymer etching, for example, caused
by removal of material in chemical and/or physical ways. At the beginning of this
process it is associated with surface functionalization, for example, characterized
by O-containing groups when using the oxygen plasma. The unspecific surface
functionalization is the preliminary step followed by materials ablation to form
gaseous degradation products (Figure 2.9).

The etch front consists of the oxygen-functionalized polymer surface. Short-
wavelength vacuum ultraviolet irradiation modifies additionally the surface-near
polymer structure (pre-aged layer). Degradation products, formation of double
bonds, and radicals characterize this modified layer.

gaseous
degradation
oxygen plasma products

etched surface layer

surface functionalization

pre-aged layer
(modified by plasma UV)

POLYMER

Figure 2.9 Scheme of plasma etching as a steady-state process consisting of permanent
polymer surface functionalization and further oxidation to gaseous etching products.
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2.43.2 Crosslinking

All plasma processing with polymers is additionally associated with crosslinking,
which takes place simultaneously with other processes. These processes are
located in a sub- or um thick surface layer. The layer thickness varies strongly with
the absorption properties of the polymer and the wavelength of plasma-emitted
UV radiation (Figure 2.10). The dominance of crosslinking in degradation using
chemically inert plasma gases has been used as a technical process to harden poly-
mers at the surface. This process was entitled as CASING (crosslinking by acti-
vated species of inert gases) in 1967 and found a strong echo in the literature at
that time [28].

However, the explanation of crosslinking by particle bombardment could not
be verified. Later, Hudis showed that this crosslinking was caused by the plasma
UV radiation [29]. As also shown later, crosslinking via peroxy (-O-O-) links is
possible [15].

/\/\/\/\ linear chains,
unbranched
/\/\/\/\ structure

/\ \/\/\ polymer degradation,
shorter chains,
/\/\ \/\ unbranched structure

crosslinked structure by
covalent C-C linking
of macromolecules

T crosslinked structure by
/\/\/ \/\ covalent peroxy linking
do 0-0 of macromolecules
/\//\/\/\

Figure 2.10 Schematic structures of original, degraded, and crosslinked polymers.
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Functional Groups and Their Interaction with Other Solids

Polymer surfaces are poor in functional groups. The number of (chemically reac-
tive) end-groups is limited because of the macroscopic length of a polymer chain.
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The polymer chain and its building blocks are most often chemically inactive, as
is obvious for polyolefins, siloxane, or perfluorinated polymers. In contrast, a few
building blocks of macromolecules possess functional groups, such as poly(acrylic
acid) and poly(vinyl alcohol).

The aim of any polymer surface activation by exposure to plasmas is to introduce
(polar) functional groups by attachment of atoms or fragments of the plasma gas.
As mentioned before the formation of bromine groups and subsequent hydrolysis
to monotype OH groups has the advantage that all functional groups have the
same reactivity because only OH groups are produced (Scheme 2.8) [63].

Another route was oxygen-plasma treatment followed by wet-chemical reduction
to OH groups. This monosort functionalization is important if these groups are
to be grafted chemically (cf. Scheme 2.5).

Moreover, using this surface functionalization the surface energy can be
increased if polar and unshielded groups are introduced. Thus, surface dipoles are
formed or hydrogen bonds become possible. In total, the interaction between a
polar polymer surface and coatings such as metal layers can be enhanced, resulting
in stronger adhesive bond strength (Scheme 2.9).

Dipole—dipole or acid-base interactions as well as hydrogen bonds are obviously
not as efficient as regular chemical bonds (Table 2.2).

Br Br Br Br Br Br

Br, plasma |
I
B B B B Br Br OH OH OH OH OH OH
| H,0
Scheme 2.8 Bromine plasma treatment of polyolefins and subsequent wet-chemical
hydrolysis of Br groups.
OH COOH O CHO OOH O OH OH OH OH OH OH
polysort functional groups monosort functional groups
metallization
Me--—--Me-—--—— Me--Me-----Me----- Me-- Me----- Nr ----- N{e ----- Te ----- V\Fe ----- Te--
| \o i1 i F
o 9 O CHO OOH O (0] (0] o (¢] o

many physical and a few exclusively chemical bonds
chemical bonds

Scheme 2.9 Possible interactions of metals with oxygen functional groups produced by an
oxygen plasma.
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Table 2.2 Binding energies and bond length or operation range for physical forces and for
chemical bonds.

Binding energy (k] mol™) Bond length (A)

Physical forces
van der Waals forces

Dipole—dipole (Keesom) 20 3-5
Dipole-induced dipole (Debye) 0.08-40 3-5
Dispersion forces (Heitler-London) 2 3-5
Hydrogen bonds 50 3-5
Chemical bonds
Tonic 560-1000 1-2
Covalent 100-680 1-2
Metallic 110-260 1-2
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3
Plasma

3.1

Plasma State
Plasma (“figure,” “structure”) is defined in physics as a gas in the (partial) ionized
state. The term plasma was introduced by Langmuir in 1928 [1, 2]. A plasma
consists of electrons, ions, energy-rich neutrals, molecules, fragments, atoms, and
photons. It exists under low, atmospheric, and high pressure. The significant
deviations of the properties of plasma from those of gases led to the postulation
that plasma is the “fourth state of matter” [3]. The existence of charge carriers as
electrons and ions produces conductivity. Collisions of charge carriers are the
reason for the luminous glow. Most plasma types are produced with an electrical
current. Consequently, they possess a nearly infinite source of continuously pro-
vided energy (enthalpy) because of the continuous supply of electrical energy. The
most important properties of plasmas are:

e increased content of charge carriers (electrons and ions);

¢ high content of high energetic neutrals (atoms, radicals, complexes);

¢ electrically conducting;

¢ glowing;

¢ form a magnetic field;

e “quasi-neutrality” in macroscopic dimensions (electrons = ions);

e microscopic dimension space charging;

e stationary plasma state possesses high energy with respect to enthalpy (energy
is continuously supplied by electrical current, high dose rates);

e stationarity between formation and quenching of charge carriers (ion ava-
lanche <> recombination);

¢ velocity and energy distributions;

¢ emission of high-energetic vacuum-UV irradiation (2-200nm);

¢ the differences between isothermal (“hot,” high-pressure) and non-isothermal
(glow) plasmas (at low pressures).

The interpretation and discussion of plasma physics is not the focus of this book.
Therefore, only important correlations between plasma physical properties and
chemical or polymer chemical aspects are briefly discussed. In this context, all

The Plasma Chemistry of Polymer Surfaces: Advanced Techniques for Surface Design, First Edition.
Jorg Friedrich.
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discussed plasma-physical facts are highlighted under the aspect of polymer modi-
fication and plasma polymer deposition. Thus, this book is focused on plasmas
that are well-suited to process polymers. Most work in the context of polymers is
reported on the low-pressure glow discharge plasma, which is considered in this
book. Atmospheric-pressure plasmas have become of increasing interest in recent
years because of their high technical importance and compatibility; therefore, a
special section is dedicated to atmospheric plasmas (Section 3.5).

Generally, low-pressure plasmas are associated with a low density of atoms in
the gas phase and therefore with low collision rates among the particles. They are
characterized by non-isothermal (sometimes also: non-thermal or “cold”) behavior
of the diverse subsystems in the plasma: electrons, ions, energy-rich neutrals, gas
molecules or atoms, and photons. This non-isothermal behavior is characterized
by a mismatch between the kinetic energies of electrons and photons on the one
hand and those of the heavy particles such as ions, molecules, and atoms on the
other hand. The difference is caused by the strongly differing masses of electrons
compared with those of ions and atoms. Electrons are not able to transfer effi-
ciently their kinetic energy to heavy particles by elastic collisions caused by the
energy and impulse conservation law. In contrast, heavy particles in the plasma
can transfer their kinetic energies to another heavy particle or to the wall of the
plasma recipient with high efficiency. Consequently, heavy particles easily distrib-
ute uniformly their energy among themselves and then transfer this energy to the
walls of the plasma recipient. Thus, the subsystems of ions, atoms, and molecules
are cooled to temperatures not far from room temperature. However, the electrons
distribute their kinetic energy among themselves following a Maxwellian or related
distribution. They are not able to transfer energy to the heavy particle subsystems.
The reason is, again, the difference in mass because energy cannot be efficiently
transferred from electrons to heavy particles. The energy remains in the subsystem
of electrons; new energy is absorbed from the applied electrical field. Thus, the
electrons become “heated” to kinetic energies of several ten thousands Kelvin [or
several electron volts (eV)]. Following kinetic gas theory the kinetic energy (Eiy,)
can be expressed by their base equation Eg, = m/2v* = 1.5kT. Thus, the kinetic
energy can be transformed into an equivalent “temperature:” kT = 1eV = 11600K
considering the most probable velocity (v,) [4] or referencing it to the average
particle energy 1eV = 7733 K [5]. Therefore, the plasma temperature is commonly
measured in Kelvin (K) or electronvolt (eV) and is (roughly speaking) a measure
of the thermal kinetic energy per particle. In most cases the electrons are close
enough to thermal equilibrium and, therefore, their temperature is relatively well-
defined, even when it significantly deviates from a Maxwell energy distribution
function, for example, due to UV radiation, energetic particles, or strong electric
fields. Because of the large difference in mass, the electrons come to thermody-
namic equilibrium among themselves much faster than they come into equilib-
rium with the ions or neutral atoms. For this reason the ion temperature may be
very different from (usually lower than) the electron temperature. This is especially
common in weakly ionized technological plasmas, where the ions are often at
near ambient temperature. For such non-isothermal low-pressure glow discharge
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plasmas the following succession of temperatures (or kinetic energies) is repre-
sentative: kT, >> kT, = kT, [6]. Typical temperatures are T, = 10*~10°K for elec-
trons and Ty = Tions = 300-400 K.

The Maxwell distribution function F(v) = dn/dv can be expressed as:

F(v)=4m?*[n'? (m/2kT) >/ exp[-mv? |2k T]

The average of velocity (Vuer) is given by v, = (8kT/mm) /% the most likely velocity
(Venl) 18 V1 = (2kT/m) ™. The occupation of excited states follows the Boltzmann
distribution n/n; = g;/g; exp(—E;/kT) [7]. Figure 3.1 shows the calculated Maxwell-
Boltzmann energy distribution function for electrons with a density of 10°m™
and temperature of 3eV as an example.

The degree of ionization of a plasma is the proportion of atoms that have lost
(or gained) electrons, and is controlled mostly by the temperature. Even a partially
ionized gas in which as little as 1% of the particles are ionized can have the char-
acteristics of a plasma (i.e., respond to magnetic fields and be highly electrically
conductive). The degree of ionization (¢ is defined as o = ni/(n; + n,), where n;
and n, are the number density of ions and neutral atoms, respectively. The electron
density is related to this by the average charge state <Z> of the ions through
n. = <Z>n;, where n, is the number density of electrons.

The common diffusion of charge carriers, for example, electrons and ions,
known as ambipolar diffusion, is characterized by the higher mobility of electrons
in comparison to the ions due to the lower mass of electrons. However, the
removal of electrons from the plasma cloud causes a net positive charge, which
will act to hold the electrons back. The more electrons are moved away the larger
the remaining positive charges and the stronger the thus formed positive electrical
field. Consequently, the electrons and ions tend to stay together and to move or
diffuse together. The conclusion is that the plasma does not allow a charge separa-
tion in larger volumes and therefore the plasma is quasi-neutral. This is valid for
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Figure 3.1 Calculated velocity distribution of electrons in a plasma based on the Maxwell-
Boltzmann distribution.
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Collision-determined orbit Orbit in a magnetic field

Figure 3.2 Curved orbits of charge carriers in a plasma as a consequence of Coulomb
interactions.

plasmas far from electrodes and walls of the reactor such as the positive column
in direct-current (DC) glow discharges or in radio-frequency (rf) plasmas.

One characteristic feature of any plasma is the occurrence of the Maxwell veloc-
ity distribution for all subsystems in the plasma. The energy distribution in each
system arises by elastic collisions. For charge carriers distinct differences exist.
Energy transfer via elastic collisions goes into the background and the energy
transfer via electrostatic fields (Coulomb fields) comes to the fore. Since Coulomb
forces have a wider range than van der Waals forces, the path of charge carriers
changes from linear to curved (Figure 3.2).

Helical orbits of charge carriers are found in an additional magnetic field, such
as that used in electron-cyclotron resonance (ECR) plasma sources.

An electrical micro-field is established around such a charge carrier [8]. Statisti-
cal calculation shows the correlation E = sen’’?, where s is a constant depending
on the charge configuration, and ranges between 10 and 20, and » is the density
of charge carriers.

Because of the much higher mass the ions can be assumed to be static while
the electrons can easily move in the electrical field, with a drift velocity 100-times
higher than that of ions [9], around the ions and therefore they produce a potential
@. The electron’s response to the potential will depend on their kinetic energy.
The Coulomb potential (@) is superposed by the space charge potential (@) so
the effective potential is @ = @ + @,. For a plasma exhibiting the Boltzmann
equilibrium the electron temperature can be introduced ¢,V << kT.. If the Boltz-
mann equilibrium is valid [8], the electron energy (n.), expressed in terms of
electron energy (T.), at the perturbation is given by n. = n.exp (e®@/kT.), where n..
is the undisturbed density far from the negative charge perturbation. The plasma
shields the potential formed by the perturbation so that at a distance x away the
potential is:

D =—Dy exp(—x/Aq)

where A; is the Debye length and is given by Aq= (&kT.)"* (¢'n.), in
which g is the permittivity of free space. A more practical approach is to use
a = 7400 (kT./ng) ™.

After any perturbation of the plasma system a relaxation length or relaxation
time is needed to return to the state of equilibrium. The relaxation times for
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electron—electron, ion—ion, electron—neutral, and electron—ion interactions range
from 107 to 10°s.

Temporary fluctuations of the charge carrier density will set up electrical fields
in the plasma. The electrons will move first in response to the field but they will
then be returned to the original condition by the newly formed opposite field.
Thus, oscillations are set up in the plasma with a typical plasma frequency that is
given by the Langmuir equation @ = e’n./€,m,., where o is the plasma frequency,
m, is the electron mass, and n, is the electron density.

A plasma is ignited by applying an electrical field and the existing charge carriers
are accelerated. In the process of the ion avalanche the number of charge carriers
increases exponentially on considering the first Townsend coefficient (o), that is,
the number of ions and electrons formed during 1 cm electron drift in the electrical
field. At ignition of the discharge the number of charger carriers (I) depends
exponentially on the Townsend coefficient: I = Ijexp(cxd), where I, is the starting
concentration and d is the electrode distance [8]. This chain reaction is limited by
the neutralization of charge carriers at the electrodes or at the walls of plasma.
Plasma structure in contact with the wall is determined by the appearance of the
plasma edge sheath. If the wall has a floating potential and consists of an isolating
material such as polymers, which are the focus of this work, the plasma edge
sheath plays an important role. The electrons and ions diffuse ambipolar to the
walls. However, electron diffusion is much greater than that of ions. The plasma
self-balances these separations. The electron depleted and therefore positively
charged sheath is concentrated near the solid. The isolating solid surface is nega-
tively charged by the flux of electrons. This sheath is in the range of millimeters,
is not quasi-neutral, and shows a potential gradient. It reflects electrons to the bulk
of plasma and accelerates ions to the surface up to the establishment of a steady-
state. This plasma edge sheath is often visible as a glow. The positively charged
sheath in contact with the solid induces the plasma potential. Electrically isolating
walls such as polymers exposed to the plasma will attain a negative potential rela-
tive to the plasma, thus balancing the ion and electron flux. This potential is known
as the floating potential. Figure 3.3 depicts the course of electron and positively
charged ion density in contact with the plasma and formation of the plasma edge
sheath. This sheath also determines the transport phenomena of charges, mass,
and energies in the plasma. Otherwise, the energetic neutrals, such as excited
atoms or molecules, radicals, complexes, and so on are not influenced by this
electrically charged sheath.

The plasma loses charge carriers permanently by homogeneous recombination
(A" + e — A*) or by diffusion and neutralization at the walls. Further losses are
heat conduction to the walls and convective and radiative deficits. The charge car-
riers migrate in the direction of the applied electrical field, thus producing aniso-
tropic plasma. A steady-state between loss and production of charge carriers is
established. The charge carriers move in the field with an average drift velocity,
which is caused by the electrical field. Moreover, this drift is superimposed on the
ordinary diffusion in the gas phase (and charging of walls, bias voltage). Thus, the
diffusion depends on the type of gas, its diffusion coefficient, and the density
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wall sheath plasma

charge carrier density

distance

Figure 3.3 Schematic view of the plasma edge sheath during contact with isolating
polymer surfaces.

gradient. However, the diffusion in the plasma is also influenced by the existence
of charge carriers and its quasi-neutrality. The agile electrons hurry ahead of the
ions and produce electrical fields and so on as described for the ambipolar
diffusion.
The velocity of electrons and therefore their kinetic energy in the electrical field
under low-pressure conditions is so high that electron impacts with atoms or
molecules produce ionization and the release of a secondary electron by inelastic
collisions: A + e — A" e’ + e”. This is the basic process for the initiation of the ion
avalanche at the ignition of plasma and for sustaining the plasma. Such collisions,
which lead to transfer of the kinetic energy of electrons by changing the inner
energy of the impinged atoms (Ey, — E,), are called inelastic collisions. The
ionization of atoms or molecules in the plasma phase is caused by such inelastic
collisions. The inelastic electron impacts begin with kinetic energies of a few
electron volts. The main fraction of kinetic energy is transferred to the inner
energy of the heavy particle. Such energy absorption occurs in discrete levels. As
explained before, the transfer of additional kinetic energy is not possible. This
process is characterized by an energy balance that follows the equation m/21* = eV,
where V; is the ionization potential; dn/n electrons produce along their path x
subsequent ionizations: dn/n = adx, where ¢ is the ionization coefficient. Electron
impacts followed by twofold or multiple ionization, ionization by fast heavy parti-
cles, or photo-ionization in the gas phase (limited by selection criteria) seldom
occur in the plasma. Often, the ionization of molecules is associated with their

dissociation (dissociative ionization):
AB+e—>A"+B+e'+e”
Tonization can be also follow by “superelastic” impacts with excited atoms (colli-

sions of second order):



3.1 Plasma State

A*+B—>A+B" +e

This process is also known as Penning ionization and is carried out using rare gas
plasmas and an admixture of organic substances [10]. Superelastic impacts can
also increase the kinetic energy of the impinged electron:

A*+e—>A+e

Other processes caused by inelastic collisions are dissociations and excitations:
AB+e—>A+B+e’

The electron energy necessary for excitation is lower than for ionization:
Ate— A*+e

In addition, ions can also be excited by electron impact:
A"+e>A*+e

Another inelastic electron impact is the ion-molecule reaction:
A" +A— AAY

or the re-charging:
A"+B—>A+B"+AE

The excited state A* can deactivate radiatively:
A* > A+hv

Such emission is not possible in every case. There are forbidden transitions to the
ground state:

A% — A™ + AE

Here, intersystem crossing (ISC) occurs and transition to the triplet system under
the formation of a metastable species (Jablonski scheme) [11]:

Amt 2 A% 4 hy

However, a time-delayed transition, known as phosphorescence, is observed. Deac-
tivation of metastable excited species demands further collisions with atoms or
molecules. Thus, metastable excited species can also undergo Penning ionization
or triplet-triplet annihilation:

APt A™ S A%+ A S 2A+hy

The radiative processes, starting from excited states, follow for all organic sub-
stances (and polymers) a general principle that can be summarized in a Jablonski
scheme. In such a scheme IC denotes the internal conversion and signifies thermal
equilibration while ISC stands for intersystem crossing and signifies electron spin
decoupling and the selection rule-forbidden transition to the triplet system in one
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of the T, levels. The transition from T, to the ground state S, is also forbidden but
occurs nevertheless as time-delayed phosphorescence.

The types of plasma-emitted radiation and their relevance for polymers are
discussed in Section 3.2. Here, some basic facts are mentioned. There are discrete
bond-bond related radiative transitions that occur as line and/or resonance radia-
tion or free-bond and free-free transition related transitions (bremsstrahlung and
recombination radiation) as continuums radiation.

The self-absorption of the plasma is a further fact that must be mentioned.
However, it is only important for optically thicker plasmas. Self-absorption means
that the emitted lines are absorbed and, subsequently, excitation occurs with emis-
sion of the same line. Consequently, the light diffuses to the outer sphere of the
plasma glow.

Recombination processes occur as charge recombination of electrons with posi-
tively charged ions:

A*+e—>A+hv

However, direct recombination processes must be able to distribute the high
energy involved. Consequently, only large molecules with a high number of
degrees of freedom can recombine directly:

ABC" +e —> ABC*
Usually, a three-body process is necessary to distribute the energy:
AT+e+M— A+ M~

The easiest case is energy transfer to the walls (“M”) of the plasmatron.
Another related process is dissociative recombination:

AB" +e — (AB)* > A*+B

Because the same quantities of negatively and positively charged particles recom-
bine the recombination rate can be formulated as:

—dn*/dt = —dn~/dt = Bn*n" = Bn’

where B is the recombination coefficient.

It should be added that in plasmas of electronegative atoms such as oxygen or
fluorine high quantities of negatively charged ions exist. Those ions can also
recombine with positively charged ions:

A"+B > A*+B
or:
A"+B +M—> A+B+M*

As mentioned above, the formation of negative ions is focused on halogens,
oxygen, hydrogen, and so on [12, 13]:

A+e—>A +hv
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Negative ions are also formed by dissociative electron capture, but this is associ-
ated with dissociation of the molecule:

AB+e— A+B

An alternative route is the three-body impact:

A+e+M—> A" +M*

Only at high electron energies (>>10€V) is ion-pair formation observed:

AB+e— A" +B"-

Most of electronegative ions are unstable (life time = 107'°s). Benzene also forms
negative ions, which decay within 10™'?s, but a fraction of energy remains in the
molecule as resonance energy and thus a highly vibration-excited, and therefore
reactive, benzene molecule is formed [14, 15].

Thus, elastic collisions are responsible for the distribution of energy within the
subsystems of electrons and heavy particles, whereas inelastic collisions provoke
chemical reactions. In addition, an enormous fraction of introduced electrical
energy in the low-pressure glow discharge is consumed by radiation processes [16].
Indeed, roughly 70% of the energy is consumed in the emission of vacuum UV
irradiation (resonance radiation), 10% in visible light, 15% is consumed at the
walls, and 5% in the volume for mercury discharge at 10 Pa [17-19]. By using low
current and low pressure in the glow discharge, secondary processes do not play
an important role and the quantum emission is proportional to the number of
excitation processes [20, 21]. Thus, the emission intensity of spectral lines I, is:
I, = anhv, where n the concentration of atoms and o is a coefficient for the
number of excitations depending on excitation potential, cross-section, and the
electron energy distribution function [19].

The electron temperature and density are dependent on the plasma parameters.
Among these parameters, the pressure plays an important role. The collision
rate becomes smaller with falling pressure (p) and increasing mean-free path

(ﬂ'mfp):
Aty =kT/27 2w d2 p!

The collision rate (v) depends on the type of gas and also on the cross-section (o).
Using 7 as the time between two collisions gives v = 1/7 = i/A. After introduction
of the collision cross-section o = 7d” the collision rate is v = onii= nd’nii, where
n is the number of molecules per cm®. The cross-section of most plasma gases for
ionization is maximal between 100 and 200eV [22] and excitation ranges from 10
to 20eV [23]. For the mean-free path of gas molecules in the plasma, the introduc-
tion of a factor 27> allows us to write the equation A = 27/’t"'d?n. Table 3.1 shows
the mean-free path of different gases [24].

The electron density (n.) (and the current density i in the positive column of a
DC low-pressure glow discharge) increases with pressure (p) (and the current, I).
The electron density varies from 10° to 10" cm™. The ionization degree is very
low in such a plasma and ranges roughly from 107 to 10™* [19]. The very low
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Table 3.1 Mean-free path of atoms at different pressures.

Gas lonizing potential Constant Diameter (d)  Mean-free path (cm) at 271K
v) () (cm)

Atmospheric Low pressure

pressure (133 Pa)
He 24.6 0.004 2.18 x 1078 1.72 x 107 13.7 x 10°°
Ne 21.5 0.006 2.58 x 107 1.25 x 107 9.56 x 10~
Ar 15.8 0.040 3.66 x 107 0.63 x 107 4.82x 107
Kr 14.0 - 414 x 10°® 0.49 x 107 3.70 x 107*
Xe 12.1 - 4.88 x 107® 0.35x 107 2.66 x 107
H, 13.5 (H), 15.4 (H,)  0.010 2.72x 1078 1.13 x 107 8.54 x 107
N, 14.5 (N), 15.8 (N,) 0.040 3.78 x 10°® 0.58 X 107 456 x 107
0, 13.6 (O), 12.5 (0,) 0.029 3.62x10°® 0.64 x 107 492 x 107

charge carrier concentration decreases strongly the role of volume recombination
processes by inelastic collisions. Therefore, most charge carriers migrate to the
walls of the discharge tube by ambipolar diffusion and recombine there. Thus, the
smaller the diameter of the discharge tube the higher is the field strength (X) and,
therefore, the electron temperature. Within the discharge tube the electron tem-
perature is much higher around the axis than in the vicinity of the sheath in front
of the walls.

The theory of the DC low-pressure positive column was established by Schottky,
considering the ambipolar diffusion to the wall, the carrier balance, and the elec-
tron drift, with the existence of quasi-neutrality and constant electron tempera-
tures. Under these presumptions such a radial electron density profile follows a
Bessel function Jy: n(r) = nyJy(2.405r/R), where n, the electron density in the axis
(Figure 3.4).

There have been attempts to reduce the widely used radio-frequency (rf) Ej
discharge to the equivalent DC discharge Ej, postulating Maxwell distribution and
considering the collision frequency (v) and the rf-frequency (®): Ei’ = E#V*/2
(V*@?). In tf discharges is V* >> @, thus E4 = E,/2. Thus, the Schottky theory
is also valid for rf discharges: (evi/kT.)™"* X exp(—evi/kT.) = 1.16 X 107 X ¢*p*R?,
where R is the tube diameter, p the pressure, and ¢ a gas-specific constant con-
sidering the atom dimensions and mobility (cf. Table 3.1 and Section 3.4). From
this equation the electron temperature as function of pressure can be derived
(Figure 3.5).

According to its very high ionization potential and smallest atom diameter
among the noble gases, the helium plasma shows the highest energy level of all
gas plasmas, followed by the neon plasma. According to the Schottky equation the
hydrogen plasma also has a relatively high electron energy level due to the very
small diameters of protons, hydrogen atoms, and molecules (cf. Section 3.4).
These plasmas also emit energy-rich vacuum-UV radiation in the range 2-200nm.
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Figure 3.4 Radial dependence of electron temperature in a DC glow discharge tube.
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Figure 3.5 Dependence of electron temperature on the pressure of a DC glow discharge.

Table 3.2 summarizes the elementary collision processes in low-pressure
plasma.

3.2
Types of Low-Pressure Glow Discharges

Glow discharges can be produced in the pressure range of about 1 to a few 100 Pa
by high voltage flow of current with different frequencies. DC-produced discharges



46 | 3 Plasma

Table 3.2

Inelastic collision processes in the plasma.

Elementary process

Name given to process

1 e+A> A +e +e, lonization

2 e +A= A% +e, Excitation

3 A*+B=A+B +e, Penning ionization

4 A* = A+ hv Radiative deactivation

5 A"+B= A+B" Recharging

6 A'+e + M= A+ M* Recombination by three-body collision

7 A'+e = A+hv Radiative recombination

8 A"+ B = AB” lon-molecule reaction

9 A*+B = AB" + e Hornbeck-Molnar process
10 ABCD" + e = ABCD* Recombination with internal excitation of vibrations
11 AB"+e = A*+B Dissociative recombination
12 A"+ B +M = AB + M* Recombination of ions

or = A+ B+ M*

13 A+e (+M) = A (+ hy, M%) Formation of negative ions
14 AB+e = A" +B +e, Ton-pair formation (at high kinetic energies)

show a complex structure. Different sheaths around the electrodes are formed.
Commonly, the positive column is the major part of the discharge and consists of
the stationary, quasi-neutral plasma of low ion energy. The electron energy distri-
bution is Maxwellian or shows Druyvestein behavior and, thus, this plasma region
is well suited for polymer surface modifications.

Plasma production requires the existence of internal electrodes (cathode and
anode). Film forming plasmas also deposit layers onto the surface of electrodes;
the transition resistance through these layers is permanently increased with
growing layer thickness. Therefore, the voltage must be increased to overcome the
increasing resistance. If the isolating deposition too thick the current comes to a
standstill or a breakdown with an electrical arc occurs. Thus, the use of DC
plasmas for polymer modifications is practicable if exclusively using non-depositing
gas plasmas.

Kilo-hertz plasmas are sometimes used but more often radio-frequency pro-
duced plasmas are brought into action. Most often 13.6 or 27.2 MHz produced
radio-frequency (rf) plasmas are applied. Several variations are possible for cou-
pling the rf power into the plasma and for reactor design. The rf power production
and transfer is possible by coaxial cables or metallic foils of A/2 or A/4 width. The
two power supply cables may transfer the rf power or one cable supplies the “hot
electrode” (or “powered electrode”) and the other one is mass. Generally, the power
can be supplied capacitively by putting the discharge tube between the plates of a
capacitor (capacitive coupling) or within a coil (inductive coupling). In the case of
capacitive coupling the electrodes are placed as a “hot electrode” within the plasma
reactor and the counter-electrode is opposite or the walls of the metallic reactor



3.2 Types of Low-Pressure Glow Discharges | 47

form the mass counter-electrode. The special properties of rf power also make it
possible to place the electrode outside the reactor when using glass or quartz. In
this electrode-less capacitive or inductive rf coupling the deposition of isolating
films in the plasma is not important. In this way, chemical aggressive plasmas
can also be easily applied and contaminations by sputtered or etched metals from
the electrodes can be avoided. Microwave plasmas are often used instead of rf
plasmas for high-rate depositions of films or etching of layers.

Polymer samples can be placed in different positions in the glow discharges,
either onto the electrodes or without connection with any electrode. Polymers are
usually non-conducting materials. They preferably adopt negative charges trans-
ferred by the electrons. Because of the charges at the isolating polymer surfaces,
which can only slowly flow off, a negative “floating” potential (bias) of a few volts
or a few ten volts is permanently formed. Thus, ions from the plasma sheath are
accelerated to the polymer and neutralize a fraction of negative charges. In this
way the negative charging of the polymer surface is slightly reduced and, thus,
quicker electrons impinge the surface.

The application of the plasma process determines the construction of the plasma
reactor. Glass bell jar, parallel plate (diode type), or barrel reactors, beam-like
acting or remote plasma systems, and two chamber equipment with pre-vacuum
and main chamber are widely in use (Figure 3.6).

There are also several types of power input:

o with internal electrodes,

e electrode-less,

e capacitive coupling into the plasma (glass and quartz),
¢ inductive coupling (glass and quartz),

e remote (afterglow or downstream).

Moreover, a few variants of power supply are possible:

¢ DC (direct current with internal electrodes),

e rfin the continuous wave mode (cw),

e rfin pulsed mode (pp),

e rfin pulsed plasma and pressure mode (ppp).

rf internal rf electrode-less rf electrode-less

electrodes capacitive coupled inductive coupled

Figure 3.6 A few principal types of plasma devices.
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33
Advantages and Disadvantages of Plasma Modification of Polymer Surfaces

Polyolefins and polyolefin-related polymers (polyethylene, polypropylene,
polyisobutylene, polystyrene), polydiene (polybutadiene, polyisoprene), siloxane
polymers (polydimethylsiloxane), and perfluorinated polymers (polytetrafluoroeth-
ylene) do not possess polar groups or chemically reactive groups. Therefore, they
have a low surface energy, with a minimal polar contribution. Several techniques
have been developed to increase the surface energy of such apolar polymers by
introduction of polar groups onto their surface. Surface oxidations that introduce
O-functional groups are the most common approach, with flame treatment, irra-
diation with ionizing, ultraviolet (excimer) or laser light, treatment with oxidizing
reagents such as chromic acid, ozone, fluorine, and so on as the methods of choice.
However, all treatments produce a broad variety of O-functional groups. Moreover,
oxidative treatments with oxygen are generally not successful in modifying fluo-
rine polymers.

Plasma-assisted oxidations produced in oxygen-low pressure glow discharges
may be also possible in air, NO,, H,0, H,0,, CO,, and so on. The result of such
oxidation is similar to that of flame treatment. The same is true for treatments in
air with atmospheric-pressure plasmas using atmospheric-pressure glow dis-
charges (APGD), dielectric barrier discharges (DBD), corona, or all types of oxida-
tive plasma jets.

Inert gas plasma treatment, which may lead to CASING (crosslinking by acti-
vated species of inert gases) [25, 26], produces a high concentration of radicals at
surface and surface-near layers of polymers. These radicals react slowly with
oxygen on exposure to air in a post-plasma reaction. Thus, a secondary oxidation
of polyolefin surfaces occurs after exposure to air for some days or weeks, very
similar to that of direct exposure to oxygen plasma. However, direct exposure to
the oxygen plasma produces a (nearly) stable and unalterable oxidation while the
inert gas plasma exposure achieves an equilibrium or holdup only after several
days, weeks, or months.

All the mentioned irradiative, chemical, and plasma treatments produce a broad
variety of O-containing functional groups, which all increase the polar contribution
to the surface energy. These treatments are sufficient to improve the adhesion
property temporarily. However, only weak interactions are formed in composites,
which are sensitive to traces of humidity. These weak interactions are electrostatic,
dipole—dipole, or induced dipole interactions as well as hydrogen bonds. Moreover,
often, post-plasma reactions proceed and change the permanence of adhesive
bonds.

The main advantages of using the plasma technique for oxidation:

e all inert polymer surfaces can be oxidized easily, with the exception of fluori-
nated polymers,
e well-controllable oxidation,
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e (most often) no thermal exposure of polymers,
e polymers can also be etched easily, that is, roughened.

Disadvantages are:

¢ 1o selectivity in oxidation reactions;

e Dbroad variety of O-functional groups and, therefore, no selective chemical
consumption of O-functional groups by grafting;

e damaging of surface-near polymer layers by plasma irradiation (radical forma-
tion, polymer degradation, crosslinking);

e post-plasma reactivity, often aging.

Selective plasma reactions, which produce only one sort of functional groups, are
rare. Such reactions are necessary to graft complex molecules onto polyolefin
surfaces, such as is needed for medical materials, sensors, membranes, and
SO on.

3.4
Energetic Situation in Low-Pressure Plasmas

As mentioned in different sections of this book there is a strong general discrep-
ancy between the energetic level of the high-energy tail of the electron distribution
function, the potential energy of ions and electrons, and the plasma-emitted
vacuum ultraviolet radiation, on the one hand, and the common C-C and C-H
binding energies in polymers as well as the exothermal polymerization reactions
with low activation energy for polymerization on the other hand. In principle,
plasma and polymers do not match. Plasma is a source of permanent energy flow,
chemical reactions most often work batch-wise with controlled energy addition as
chemical reaction potential or heat.

Polyolefins, perfluorinated polymers, and siloxane resins are chemically inert
and need strong chemical power for activation. However, oxidations proceed
easily. Plasma exposure cleaved all chemical bonds immediately, easily, and com-
pletely. Only a few waste gases are formed, such as carbon dioxide or water. This
may be the main reasons for preferred application of gas plasmas for modification
of polymer surfaces.

The span of standard dissociation energies amounts to 3.6-4.3eV for C-C and
C-H o-bonds. Often, C=C double bonds react exothermally, with the loss of the
n-bond and retention of one 6-bond. Complete dissociation of olefinic C=C (6.4eV)
and (acetylenic) C=C (8.6eV) bonds is unlikely. More probable is the cracking of
the aromatic C=C bonds in benzene (5.4eV), as shown by its easy plasma polym-
erization [27]. Incidentally, electrophilic aromatic substitution is also possible with
retention of the aromatic system, as is the radical addition of chlorine to lindane
with loss of the aromatic system. Cracking of the benzene ring requires about
5.4eV and benzene ionization needs about 9.2eV [28].
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3.5
Atmospheric and Thermal Plasmas for Polymer Processing

Based on the relative temperatures of the electrons, ions, and neutrals, plasmas
are classified as thermal or non-thermal. Non-thermal plasmas are particularly
suited for polymer treatment because of their low gas temperatures. High tem-
perature plasmas are not completely inappropriate, if the residence time in the
plasma amounts to a few milliseconds so as to avoid thermal cracking. Often, these
short treatment times are satisfactory in achieving an unspecific surface function-
alization. The parallel process consists of flame treatment [29, 30]. Here, chemical
plasma is produced by the combustion of a fuel gas. Nevertheless, low-pressure
plasmas are most often used to modify polymers. Non-thermal plasmas are non-
equilibrium plasmas, which are often designated as non-isothermal plasmas.
Here, the temperatures (or energies) of all types of plasma species differ strongly,
as mentioned before: T, >> T, = Ty, This difference in energy is dependent on
the collision rate between electrons among themselves and with heavy particles.
Kinetic energy can only be transferred efficiently from electrons to atoms by inelas-
tic collisions. The number of elastic and inelastic collisions and therefore the
energy distribution between electrons, ions, and neutrals depends, generally, on
the pressure (Figure 3.7).

Several distinct differences differentiate the plasma state from that of the gas
phase. The most important point is the excess of energy in the plasma. To over-
come and to sustain the plasma state, energy-rich species are needed. These
species have high potential and kinetic energies that exceed by far the dissociation
energies of any chemical bond in polymers, monomers, and organic substances.
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Figure 3.7 General behavior of electron and gas temperature on pressure in glow discharges.



3.6 Polymer Characteristics

Thus, the plasma is the ideal tool to activate molecules or to form reactive sites at
the surface of polymers but it does not work selectively (Figure 3.8).

3.6
Polymer Characteristics

Polymers are the multiple of one or more “monomers” (Table 3.3). A synonym of
polymer is the term macromolecule, which have a molecular weight hundreds of
times that of the monomer. They do not participate in plasma as a whole because
macromolecules cannot be transferred into the gas phase without degradation,
fragmentation, or depolymerization. Although their molar mass is normally too
high to deal with, exceptions have been detected recently for atmospheric proc-
esses by electrospray ionization (ESI) and matrix-assisted laser desorption ioniza-
tion (MALDI) processes.

However, all interactions between plasma and polymer surface produce degra-
dation and the release of low-molecular weight gas molecules and solid fragments,
as discussed elsewhere in this book.

energy [eV]
from O to [eV]

10000000

1000000 |

100000

10000

1000

C-H/C-C C-C double C-C triple photo plasma vacuum UV X-ray Co-60 gamma
bond dissociation energy photon/electron energy

Figure 3.8 Schematic comparison of different treatment media for modifying polymers with
different process energies.

Table 3.3 Overview of molar masses and polymerization degrees of oligomers and polymers.

Substance Molecular weight (g mol™ or Da) Polymerization degree
Monomer =100 1

Oligomer 100-10000 1-100

Polymer >10000-10000000 1000-100000

Thermoset Indefinite Crosslinked
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Polymers consist of recurrent (monomer) units corresponding to the polymeri-
zation degree. In contrast to such homopolymers, copolymers consist of two or
more different polymer sequences that are linked by covalent bonds and appear
as one molecule.

Polymer molecules are near relatives of biomolecules. Therefore, they have a
much stronger response to any exposure to energy-rich radiation or plasma than
inorganic or metallic materials. Polymers cannot easily distribute excess energy.
Aromatic ring-containing polymers and conjugated polymers can distribute energy
slightly better. However, any significant energy excess leads to unintentional deg-
radation, oxidation, or crosslinking reactions. Such reactions are dehydrogenation,
depolymerization, decarbonylization, decarboxylation, condensation reactions,
random fragmentation, cyclization, crosslinking, formation of trapped radical
sites, or auto-oxidation; polymers with high oxygen content, such as carbonate,
ester, OH groups, and aliphatic segments may also be formed. In addition, aro-
matic rings are very sensitive to plasma exposure if the striking particles have
energies >8eV. Another of the most significant features of most polymers is their
sensitivity towards heat impact, such as occurs in thermochemistry or in thermal
plasmas.

Another sensitivity of polymers is caused by the supermolecular structure of
polymers that often exist. Such structures are associated with orientation phe-
nomena such as crystallinity, spherulites, and so on. Such ordered crystalline
regions coexist with unordered amorphous fractions. Therefore, one has, strictly
speaking, partial crystallinity in polymers. Such crystalline regions, which are
found in discrete crystals, also show transition zones to the amorphous phase,
for example, that formed by the loops of the folded macromolecules at the
margins of lamellae, part of the crystal. There are different opinions and varia-
tions concerning ordered regions. Such supermolecular aggregates are micelles,
spherulites, dendrites, shish kebab structures, and so on. Moreover, stretching
of the amorphous phase leads to a parallelization of macromolecules and, there-
fore, to their orientation. Nearly all polymer foils are stretched uni-axially and
most often two-dimensionally. Biaxially oriented (stretched) polypropylene (BOPP)
or Mylar foils [poly(ethylene terephthalate)] are such examples and are well known
and often applied.

The orientation after stretching or that in crystalline regions of polymers reduces
the distance between two neighboring macromolecule chains, lying side by side,
and thus make it easier to form strong intermolecular interactions. Therefore, all
suited-functional groups in the polymer chain interact and, thus, maximal inter-
actions are observed. In contrast, such interactions are scarcer and random in
the amorphous zones. Plasma-introduced polar groups in polymers can also
produce “orientation” because of newly introduced dipole—dipole or electrostatic
interactions.

Polymers “live,” in the sense that numerous diffusion processes of polymer
segments, side-chains, groups, additives, and contaminations change permanently
the structure and composition of the polymer surface.



3.7
Chemically Active Species and Radiation

References

Here, only a short overview of the most important species is given. Details appear
in the other sections of this book. Electrons and ions determine the reactivity in
plasmas towards polymers. However, as mentioned before, radiation emitted by
plasma consumes the majority of energy in plasmas and plays an important role
in plasma—polymer interactions. Plasmas are an efficient source of vacuum UV
light with wavelengths of a few nanometres to 200nm [26]. This radiation causes
bond scission in polymers (6 — o* transitions) within a few um of the polymer
surface. Metastables, such as noble gas metastable excited states, are of chemical
importance, as shown by the CASING process [25]. Last but not least, the UV-
radiation produced C-radical sites react quantitatively with oxygen from air in a

post-plasma reaction [31].
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4
Chemistry and Energetics in Classic and Plasma Processes

4.1
Introduction of Plasma Species onto Polymer Surfaces

To attach fragments or atoms produced in a plasma, as functional groups on
aliphatic (olefin) polymer surfaces by radical recombination process, hydrogen
atoms must be removed from polymer backbone or side-chains (Scheme 4.1). This
removal of a H-atom and replacement by a fragment or heteroelement is called
substitution. Such a substitution reaction takes place as a radical recombination
process (Sg). The concurrent process is chain-scission of the polymer backbone
(Scheme 4.1).

Non-aliphatic polymers also allow chemical Sy1 or Sgl, and Sy2 reactions at
activated H atoms as well as electrophilic or nucleophilic additions (Ax and Ay)
onto double bonds (cf. Scheme 4.2).

Non-equilibrium and non-isothermal low-pressure glow discharge plasmas
allow us to modify the surface composition and the introduction of functional
groups onto the surface of natural and synthetic polymer materials by their high-
energetic and chemically active species in the gas (or liquid) phase. The very high
chemical activity of such plasmas (continuous flow of energy and enthalpy) is a
very important tool for altering the surface energy and chemistry of polymer sur-
faces (Schemes 4.1 and 4.2).

The binding energies in polymers, for example, aliphatic polyolefins, are
375k]J mol™ for the CH,~CH, bond and 396 k] mol™" for the CH-H bond [1]. Hydro-
gen abstraction at saturated aliphatic chains proceeds easily, while C-C bond
scissions of the chain are rare. This is in contrast to the bond dissociation energies.
It is assumed that the hydrogen atoms shield the C-C bonds from attack [1].

Oxidation is one of the most important processes of introducing polar
O-functional groups onto polymer molecules. The oxidation tendency depends on
the dissociation energy (ApH®). The reaction X' + R-H — X-H + R* must be exo-
thermic and, thus, ApH% g >ApH% 4 [1].

The formation of O-functional groups at polyolefin surfaces requires strong
oxidants. However, such oxidants have no selectivity and their application is inevi-
tably accompanied by molar mass degradation of the polymer substrate caused by
C—C bond scission and etching. The oxidation progresses as follows:

The Plasma Chemistry of Polymer Surfaces: Advanced Techniques for Surface Design, First Edition.
Jorg Friedrich.
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.
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plasma bombardment and

UV-initiated H-abstraction + 0.5H,

radical formation
by plasma exposure

plasma bombardment and
UV-initiated H-abstraction
X, 2X® dissociation of
plasma gas

recombination
and attaching of X

plasma bombardment and

UV-initiated H-abstraction chain scission

recombination
and attaching of X

Scheme 4.1 Introduction of a plasma gas-specific fragment as functional group onto an
aliphatic polymer chain by substitution of hydrogen.
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Scheme 4.2 Non-radical substitution and addition mechanism.

CH; — CH,0H — CHO — COOH — (CO, + H,0)
>CH, - >CH-OH — >C=0 — (COOH and C-C scission) — (CO, + H,0)

Generally, the permanent energy excess in low-pressure glow-discharge plasmas
also hinders any selectivity of oxidation. Therefore, both C-H and C-C bond dis-
sociation occur simultaneously (cf. Scheme 4.1):

C-H+ plasma — C* +H*

C-C+ plasma — C* +C’



4.1 Introduction of Plasma Species onto Polymer Surfaces

The lack of selective plasma processes for the introduction of monotype functional
groups onto the polymer surfaces of aliphatic polymer chains strongly handicaps
applications of plasma processes in fields such as biochemistry and medical tech-
niques. Such monotype functional groups are the anchoring points for further
chemical processing such as covalent grafting of any spacers, prepolymers or
functional biomolecules onto the polymer surface. These selective monotype func-
tionalizations introduce NH,, OH, COOH, epoxy, carboxylic acid, sulfonic acid,
double bonds, aldehyde, or other groups (Figure 4.1).

Such selective plasma processes should lead to the dominant production of one
type of surface functionalization accompanied by very low concentrations of other
types of functional groups also derived from the plasma gas or by post-plasma
introduced oxygen reacting with plasma-produced trapped radical sites over a
period of weeks or months [2, 3]. There are two types of selectivity for plasma
polymerization (Figure 4.2):

1) selective formation of functional groups (retention of all functional groups of
the monomer and their appearance in the plasma-polymer) independent of
the layer structure;

2) total regular formation of known polymer structure with retention of all func-
tional groups (“overall selectivity”).

Selective plasma processes using the plasma technique are rare due to the perma-
nent excess of energy delivered from the plasma, the high degree of freedom for
the attachment of plasma species from the gas phase onto the surface, and the
unavoidable, permanent, and energy-rich plasma UV irradiation. Therefore,
during plasma polymerization a broad number of different functional groups is
often formed. Nearly all plasma-activated processes are radical reactions and the

polyoletin /

as received polysort functionalization monosort functionalization

polyoletin

bromine azide nitrile (cyano)

Figure 4.1 Schematic view of functionalized polyolefin surfaces.
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a) plasma polymerization under retention of functional
groups ("monosort")

-retention of functional groups
-irregular structure

selectivity of

functional groups
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b) plasma polymerization under retention of functional
groups ("monosort") and formation of regular polymer
structure

-retention of functional groups
-regular structure
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Figure 42 Two types of selectivity: (a) related to functional groups and (b) related to the
whole polymer structure.

additional plasma UV irradiation further produces radicals at the surface, in
surface-near layers, or even in the bulk of the polymers [4]. The remaining unsatu-
rated and metastable trapped radicals are responsible for post-plasma oxidation.
This auto-oxidation is strongly non-selective and leads additionally to the appear-
ance of a broad spectrum of O-functional groups. Nevertheless, a few plasma
polymerization processes are more or less selective, such as the plasma polymeri-
zation of allyl alcohol with retention of >90% of all OH-groups in the deposited
plasma polymer layer. However, total retention of the monomer structure in a
deposited polymer film has never been found. An exception, though, may be
the plasma polymerization of hexamethyldisiloxane in the presence of oxygen to
SiO, layers.

The surface functionalization of polymers also shows different selectivity (cf.
Figure 4.1). Unspecific (non-selective) surface functionalization is the normal situ-
ation. Optimization of plasma parameters makes little sense because the selectivity
can only be marginally improved. This stems from the general conflict between
the too-high energy excess introduced from the plasma, on the one hand, and the
low energies necessary to dissociate chemical bonds or make them reactive on the
other hand. In particular, the high-energy tail of the electron energy distribution
function exceeds significantly the binding energies in polymers (Figure 4.3).
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Figure 43 Schematic plot of the electron energy distribution function in a plasma in relation
to C-C and C-H dissociation energies.

The ionization energies and also the corresponding energies of other plasma-
relevant features such as metastables, the short wavelength of radiation, and the
permanent power input make it difficult to adjust the two energy levels, that is,
that of plasma and that of polymer binding energies (cf. Figure 4.3). The use of
pulsed plasmas and remote plasmas as well as lowering the wattage may improve
the situation, but only marginally.

Thus, the process of polymer surface functionalization can be divided into
three cases:

1) selective monosort functionalization of polymer (polyolefin) surfaces without
any changes in polymer structure;

2) monosort surface functionalization with changes in the structure of polymer
substrate;

3) formation of a broad spectrum of different functional groups at the polymer
surface along with changes in the structure of polymer substrate.

In contrast, a few plasma-initiated functionalization reactions are relatively selec-
tive if the energy level in the plasma is low and, therefore, chemical processes can
dominate. If the end-product is thermodynamically stable there are no possibilities
for side-reactions and selective functionalization occurs. Such cases are rare. One
example is plasma bromination using bromoform (HCBr;) or bromine (Br,) as
precursor for the production of free bromine atoms. This process produces
bromine monotype functionalization with covalent bonded Br. The reason for this
is that halogens seek to fill their outer electron shell completely as the next noble
gas, which is realized by C-Br bonds. Therefore, all halogen introductions are
selective because the chemistry of halogens only allows the formation of C-X or
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X". The halogenide anions X~ can be removed from the surface by any wash
process. Other side reactions, the trapping of radicals and their slow auto-oxidation,
are strongly present in the related plasma fluorination and chlorination but are
minimal for bromination [5]. Bromine atoms quench all radical sites in the
polymer: C* + "Br — C-Br.

The extraordinary selectivity of the Br, or CHBr; bromination process of polymer
surfaces compared to similar plasma functionalization processes such as amina-
tion by ammonia plasma or hydroxylation by oxygen plasma exposure is also
attributed to the plasma-physical component. The lower energy level of bromine-
containing plasmas is due to the low ionization energy of Br-containing organic
precursors compared to the noble gases (Table 4.1).

The kinetic energy of electrons (“electron temperature” — m/2v* = 1.5kT) also
determines the type of chemical reactions, which are initiated by plasma bombard-
ment and plasma-UV irradiation [6].

Following the Schottky theory of the positive column (DC plasma) the location
of the electron energy distribution on the energy scale depends on the ionization
potential (E,,) (cf. Table 4.1 and Figure 4.4) of the plasma gas as given by Shahin
(Maxwellian energy distribution, ambipolar diffusion) [7, 8]:

Table 4.1 lonization potentials of halogen-containing plasma gases and noble gases and also
the factor ¢, which is presented for noble gases.

Gas Eion (eV) Gas Eion (eV) ¢ (movability)
CF, 17.8 He 24.5 0.004
CCl, 11.5 Ne 215 0.006
CHCl; 11.4 Ar 15.8 0.040
CHBr; 10.5 H, 15.4 0.010
CH,I, 9.3 Hg 10.4 0.070

40

30

204

electron energy [eV]

pressure [Pa]

Figure 4.4 Dependence of electron energy on pressure in noble gas and hydrogen glow
discharge plasmas.
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(eEion/kT.)exp(—1/2) X exp(eEion/kT) = 1.16 X 107 ¢*p*r?

where
e = elementary charge,
T, = electron temperature,
¢ = gas constant related to atom mobility,
p = pressure,
r = tube diameter.

Therefore, the average electron energy in the bromoform plasma should be lower
than that of the CF, plasma (or noble gas plasmas), as was confirmed by measure-
ment of electron temperatures using a Langmuir probe [9]. This is expected to
lead to:

e more selective reactions because of the low energy level in the plasma;

e emission of low-energy UV radiation with less defects;

¢ low concentration of (trapped) radicals and limited post-plasma auto-
oxidation.

From Table 4.1 the ionization energy of the bromoform molecule is evidently
much lower than that of comparable F- and Cl-containing molecules. The same is
true for noble gases. With increasing mass number the ionization potential
decreases (Table 4.1). By introducing these mass numbers in the above equation,
the electron energy (temperature) can be calculated for different pressure as shown
in Figure 4.4. The average electron temperature decreases with decreasing ioniza-
tion potential. Thus, the energetic level in the CHBr; plasma should be much
lower than in the CF, plasma. Additionally, chemically, fluorine atoms are much
more reactive than bromine atoms [1].

It was proposed that such softer plasma conditions (low level of electron tem-
perature) lower the extent of monomer fragmentation in the plasma or the destruc-
tion of polymer substrate surface under the plasma particle bombardment.
Generally, energetically softer plasmas promise more retention of structure and
composition of monomer and substrate than energetically harder plasmas. Moreo-
ver, with the bromoform plasma, bromine atoms quench all radicals by formation
of stable covalent C-Br bonds. In the polymer matrix trapped free radicals are
the reason for the auto-oxidation of polymers on exposure to the ambient air
(cf. Chapter 2, Section 2.2).

The chemical contribution to functionalization or plasma-polymerization starts
after plasma-induced radical production and is responsible for all regular and
defined reaction products, unless the chemical reaction itself is not selective and
does not produce a strong excess in reaction enthalpy (Figure 4.5).

This simple idealized scheme of plasma processes was the background for the
introduction of pulsed plasma polymerization, that is, plasma generates radicals
from monomers and these radicals initiate chain growth propagation to high
molecular weight macromolecules. As explained later, the low pressure hinders
such a chain growth polymerization because of monomer deficiency at the active
chain center. Moreover, all ideal polymer structures are continuously bombarded
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Figure 4.5 Idealized schematic of plasma-induced radical generation and subsequent
chemical reaction of radicals.

with high-energy particles and irradiated with high-energy vacuum UV radiation.
Thus, the defined product of any chemical reaction is secondarily re-arranged.
The action of a high excess in reaction enthalpy of chemical reactions or polym-
erizations lies in its chemical consequences for the polymer surfaces, which are
comparable to the physical effects (particle bombardment) of the plasma (broad
variety of products, degradation, fragmentation, crosslinking, post-plasma oxida-
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tion, etc.). It must be considered that under vacuum conditions thermal energy
cannot be removed easily. Local thermally-induced reactions are expected.

Among the chemical routes to products chain reactions play the most important
role. Chain reactions are present in plasma polymerization as well as in fluorina-
tion, chlorination, bromination, or oxidation. The selective character of such
chemical chain reactions depends on the reactivity of radicals, which are, therefore,
responsible for the uniformity of products. For polymer surface halogenation the
chemical reactivity of radicals follows the order:

F*>HO® >Cl’' >CH;' >Br* >R-0-0° >T°

Evidently, the use of bromine or iodine is needed for high selectivity. The weak
reactivity of bromine atoms is due to the low standard reaction enthalpy of the
reaction:

X* +-CH,~CH,~ — X-H +-CH'~CH,~
The standard enthalpy of this reaction is given by:
ARHezt)s = ARHOR—H - ARHGX—H

Bromination is slightly endothermic, while fluorination shows a strong exother-
mic standard reaction enthalpy:

ArH®505 = AgH® 1y — AgH®_r = 396—566 k] mol ™
fluorination = -170 kJ mol™

chlorination = —32 kJ mol™

bromination = 33 k] mol™

iodination = 101 k] mol™

Strongly activated C-H bonds react with bromine and have weak exothermic
character. However, the kinetic chain length is low. The selectivity is high. Non-
activated H is difficult to substitute and the introduction of multiple Br is also
difficult or hindered. For example, the bromination of cyclohexane under UV
irradiation shows a quantum yield of about 2 [1].

Because of the positive standard reaction enthalpy the assistance of UV (or
plasma) is desired:

Br, + hv — 2°Br

‘Br+RH - R* +HBr

R® +Br, — R-Br + *Br (chain growing)
or:

R® + *Br — R-Br (chain termination)

Iodine is non-reactive and cannot attack C-H bonds; therefore, the opposite reac-
tion occurs: RI + HI-RH + I,.
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4.2
Oxidation by Plasma Fluorination and by Chemical Fluorination

On considering the reaction enthalpies it becomes evident that the strong exother-
mic fluorination of polymer surfaces produces non-selectivity and, therefore, side-
reactions such as auto-oxidation occur. The mechanism of chemical fluorination
can be ascribed as follows: F, - 2 F; FF+ RH — R+ HF; R"+ F, = RF + F. This
reaction proceeds as a chain reaction because the reaction enthalpy is strongly nega-
tive. This negative reaction enthalpy (exothermal reaction), Ag H®,05 = =155 k] mol ?,
is also the reason why selectivity is largely absent during chemical polymer surface
fluorination. As C—C-chain scission occurs, unreacted C-radical sites are generated
that can subsequently react with oxygen from ambient air.

Plasma assistance of fluorination with F, is not necessary. It only increases the
number of side-reactions. Using chemically unreactive fluorine precursor mole-
cules, such as CF,, SF,, NF;, BF;, and so on plasma-assistance is necessary for the
generation of fluorine atoms. The precursor dissociates in the plasma to release
of fluorine atoms: CF,+ plasma — 'F+°'CF; or at high plasma power:
CF, + plasma — 4°F + C. Because of the strong chemical reactivity of fluorine
atoms (stronger oxidant than oxygen itself) an overlap of chemical and plasma-
chemical reactions takes place as described before.

In contrast, defluorination of perfluoro alkanes (e.g., PTFE) is difficult to realize
chemically [10]. Only the use of sodium or potassium allows us to remove fluorine
from aliphatic chains by chemical reduction: —CF,— + 2Na — 2C + 2NaF [11].
The same process can be also performed under plasma-assistance [12]. It must be
considered again that fluorine is the strongest oxidation agent and therefore
the C-F bond has the highest oxidation ratio. Using plasma assistance, hydrogen
(or ammonia) can also reduce C-F bonds: H, + plasma — 2’H; 2’H + —-CF,— —
2HF + 2C.

Evidently, substitution or addition reactions of polymers by plasma gas species
have a significant contribution from pure chemical reactions. Plasma can facilitate
chemical reactions by dissociation of (neutral) precursor molecules; however, the
selectivity becomes much worse. Therefore, plasma assistance is very similar to
photochemical assistance of reactions, but the energy excess is much higher.

Plasma polymerizations do not need continuous plasma-assistance—they work
chemically as chain reactions. The chemical polymerization is exothermic and
needs only a few deliveries of activation energy by initiator decay or by short-time
plasma initiation. Continuous plasma presence is counterproductive. It increases
the number of defects and irregularities in the deposited polymer layers very
strongly. On the other hand, plasma-assistance is essential for “polymerization”
of chemically non-polymerizable “monomers,” such as benzene. However, the
putative advantage comes with strong disadvantages because of the irregular
polymer structure and numerous defects in the surface layer. As will be shown
later, plasma assistance is also required for repeated new initiation of chain-growth
polymerization because the supply of monomers to the growing radical is too low
under low-pressure conditions.
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4.3
Comparison of Plasma Exposure, lonizing Irradiation, and Photo-oxidation of
Polymers

Photo-oxidation of polymers occurs under a flux of ultraviolet photons of wave-
lengths between ca. 200 and 400nm. The energy of this radiation is roughly the
same as that of binding energies in polymers. Thus, more or less specific reactions
can be initiated by applying a specific wavelength of the radiation [13]. The effi-
ciency of such a photo-oxidation depends on, among other factors, the flux of
photons and the quantum yield. The flux of photons is maximal using LASER.
The quantum yield (@) of a chemical process j is defined as the number of mol-
ecules A (n,) that undergo this process divided by the number of absorbed quanta
(nq), @ = ny/ng. Table 4.2 gives examples for the backbone scission of several
polymers [14, 15].

Photosensitizers absorb radiation and transfer it to the polymer for the activation
of chemical reactions at the polymer surface, possibly for the introduction of
functional groups [16]. Moreover, excimer or exciplex radiation of laser-active fluo-
rine (F,) (157nm), argon fluoride (ArF) (193nm), krypton fluoride (KrF) (248 nm),
xenon chloride (XeCl) (308 nm), or xenon fluoride (XeF) (351nm) is also often
used [17-23]. Vacuum UV irradiation via LiF or MgF, windows is also often
applied to irradiate polyolefins [24-35].

Ionizing radiation is based on the extraordinary excess of energy accumulated
in one particle or quantum. The reactions of such a high-energetic species after
passing through the spur and colliding with atoms in the polymer solid are photo-
ionization, Compton dissociation, and ion pair formation. Corresponding to the
high energy of species a large number of collisions with atoms are possible along
the spur of such a primary species. In this way energy degradation occurs up to
the level of that of ordinary chemical reactions [36—45]. Such secondary effects are
dissociation, fragmentation, recombination, disproportionation, chain reactions,
luminescence emission, ion—molecule reactions, energy transfer, and so on. The
energy available in irradiation largely exceeds the amount required to break any
C-H or C-C bond (4.3 and 3.7 eV, respectively, to about 6eV for double/triple C-C
bonds). In contrast to photochemical quantum yields, G-values are formulated for
chemical chain-reactions under irradiation with ionizing radiation. The G-value is
the quotient of the number of chemical events per 100eV. Chain reactions have

Table 4.2 Quantum yield for scission of the main-chain of various polymers.

Polymer Quantum yield
Poly(methyl methacrylate) (PMMA) 3x 107
Polystyrene (PS) 5x10™
Polyacrylonitrile (PAN) 5x 107
Poly(ether sulfone) (PES) 7 %107

Poly(ethylene terephthalate) (PET) 5x 107
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high G-values, stoichiometric reactions low values. Under low or moderate irradia-
tion doses chemically specific reactions occur, leading to well-defined products, as
also shown for photochemistry. The selectivity rules, however, do not only follow
bond energy considerations [39]. Only high irradiation doses lead to crosslinking
reactions in polymers or to radiation pyrolysis.

Plasma chemistry is the most aggressive chemistry, working with the highest
energy flow to the polymer in thin layers or to the topmost surface. Westwood had
pointed out that the energy doses needed for plasma polymerization are a few
order of magnitude higher than that for radiation polymerization [46]. It was
shown that 10-100eV per molecule were needed for complete polymerization of
vinyl monomers and about 1000eV per molecule for polymerization of aliphatic
monomers [47]. These values are valid for continuous plasma polymerization.
Using pulsed plasma technology the G-values could be improved up to 2500 for
styrene homopolymerization, clearly indicating the existence of a radical chain
propagation (growth) polymerization. Thus, different efforts have been made to
make the plasma processes more selective. Nevertheless, also the minimizing of
energy uptake by low-wattage, use of plasma-pulse, and pressure pulse technique
are not suited to producing plasma polymers of chemically defined composition
and structure. Here, the second important component, apart from the plasma
particle bombardment, is the vacuum UV irradiation, which occurs in the plasma
with very short wavelengths and in high intensity. Thus, the defined products were
also crosslinked and degraded by this irradiation.

Alongside these disadvantages, in comparison to photo- and radiation chemis-
try, plasma chemistry focuses the most energy to the surface and near-surface
layer, thus allowing activation of this layer for chemical reactions. The plasma
energies are high enough to activate very inert surfaces of solids; because of the
energy focusing to a very thin topmost layer all reactions are very fast in compari-
son to photo- and radiation chemistry.

There are many common irradiative, photochemical, and plasma-chemical
effects on polymers (Figure 4.6).

In summary, high energy is dissipated and at each level of energy (MeV to 1eV)
the process of polymer surface modification can be started. After the energy has
been largely dissipated, all treatments discharge into the basic processes of excita-
tion, ionization, and dissociation of molecules and macromolecules. Therefore,
only the number/concentration of such elementary processes (excitation, ioniza-
tion, dissociation), that is, the dose or energy flow, is of importance. The starting
energy of particles or photons is not very important. In contrast, there is polymer
weathering. The energetic level of photons that initiate polymer degradation and
aging is not of importance but concomitant factors such as humidity, mechanical
loading, oxygen presence, acidic rain, dust, coldness—hotness changes, and so on
are of great importance.

Thus, an important chemical indication of the difference between high-energy
processes and natural weathering is the dominance of:

1) o — o* electron transitions in high-energy processes under vacuum
conditions;
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Figure 4.6 Schematic of energy level, flow, and basic processes during exposure of polymers
or organic molecules to ionizing radiation, UV irradiation, and plasma [42].

2) m — m* electron transitions, which are intrinsically reversible but in weather-
ing irreversible by reactions of chromophores with oxygen, water, and so on.
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5
Kinetics of Polymer Surface Modification

5.1
Polymer Surface Functionalization

Functionalization denotes the formation of special, most polar, and chemically
reactive groups at polymer surfaces. There is a broad variety of O-, N-, S-, or
halogen-containing groups. Among them the functional groups shown in Figure
5.1 have been examined for polymer surface modification.

5.1.1
Kinetics of Surface Functionalization

On using ultra-clean polyolefin surfaces (polypropylene or polyethylene) and
exposing them to a cw-rf (continuous-wave radio-frequency) discharge at 13.56 MHz
with 100W power-input the formation of O-functional groups at the polymer
surface is nearly complete after 2s exposure time [1] (Figure 5.2).

After 25, the XPS-measured concentration of O-functional groups increases only
marginally. This is assumed to be due to the required penetration of reactive
oxygen species into deeper layers of the polymer. As explained later, the post-
plasma process of auto-oxidation of these plasma-irradiated surface-near layers
may also be responsible. Associated with this effect, polymer degradation and
etching begin. The plateau in oxygen introduction to the polymer surface after
about 10s is assigned to the transition to the etching. Then, a steady-state of
surface functionalization, penetration of the oxidized front into the bulk, etching,
and the gasification of the polymer material (etching) to CO,, CO, and H,0 are
established. Thus, the course of XPS-measured oxygen concentration over time is
determined by:

1) achieving the maximal O-concentration at the topmost surface layer of about
24-28 0/100 C before the degradation starts;

2) migrating of oxidation front into the bulk;

3) passing of oxidation front over the XPS sampling depth;

4) continuous etching of the polymer at the surface.

The Plasma Chemistry of Polymer Surfaces: Advanced Techniques for Surface Design, First Edition.
Jorg Friedrich.
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 5.1 Prominent functional groups that occur in polymers or may be introduced by
plasma treatment.

These processes are shown schematically in Figure 5.3. In the first step the
topmost molecular layer of polymer surface is functionalized following the kinetics
presented in Figure 5.2. Then, the next layers are functionalized successively (2-
10s) with, however, a decreasing rate. Meanwhile the topmost layer has achieved
the maximum oxidation ratio (O/C > 0.24-0.28). Further oxidation is accompanied
by the formation of CO,, H,0, and CO occurs (etching).
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Figure 5.3 Proposed model of surface oxidation of polymers during exposure to oxygen
plasma [1].
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5.1.2
Unspecific Functionalizations by Gaseous Plasmas

As described below (Section 5.2), different fragments and atoms of the plasma gas
are attached to surface vacancies of the macromolecular substrate. Because of the
complex composition of such a gas plasma a broad variety of functional groups is
produced. The ammonia plasma may serve as an example:

—_

) different fragments of the gas exist in the plasma (e.g., NH; — "NH,, NH, N,
'H, N,H,, etc.);

2) build up of functional groups due to the synthesis of functional groups from
single atoms of the plasma gas (N, + 2H, — 2'NH,);

3) formation of reactive (radical) sites at the polymer surface by the plasma par-
ticle bombardment, by irradiation with the plasma UV radiation, by chemical

reactions as rearrangements, and so on (~~~~ + hv — ~~~~« + "H);
4) their sticking on reactive sites at the polymer surface (~~~~« + 'NH, — ~~~~
NH,);

5) post-plasma conversion of non-reacted (trapped) C-radical or peroxy-radical
sites (cf. auto-oxidation ~~~~¢ + ‘0-O" — ~~~~0-0).

Thus, a broad variety of different functional groups at the polyethylene surface is
established: NH;*, NH,, NH N C=N, CONH,, C=N-OH, NO, NO,, COC, OH,
>C=0, CHO, COOH, and C-O-OH [2].

5.2
Polymer Surface Oxidation

5.2.1
Polyolefins

Like all paraffin hydrocarbons, polyethylene plastic is chemically inert. Probably
as a result of this inertness printing ink will not adhere to the surface of an ordi-
nary polyethylene film. However, if the plastic surface is subjected to certain
treatments, printing on the surface becomes possible. Since this is of great impor-
tance to the packaging industry, an investigation of the effect of these treatments
on the molecular structure of polyethylene was of interest.

An area of considerable importance is the functionalization of polymer surface
by the oxygen plasma to improve the surface free energy. As result of the oxygen
low-pressure (may be also atmospheric-pressure plasma in air) plasma treatment
a broad variety of different O-containing functional groups appears.

Considerable interest is focused on polyolefin surfaces, which do not possess
any functional groups. The simplest way to introduce polar groups onto polyeth-
ylene and polypropylene surfaces, to enhancing wettability and adhesion proper-
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ties, is by their oxidation. Flaming of polyolefins is well known as the Kreidl
process [3-5]. Alternatively, dielectric barrier discharge treatment (DBD) in air was
introduced (may be also called “corona”) [6-9], as was low-pressure-plasma treat-
ment (“glow discharge treatment”) [10]. The first plasma treatment of polymers
and paper was developed in Germany, in 1930, using such treated materials as
dielectrics in condensers (private communication). The wettability with isolating
oils was improved.

5.2.2
Aliphatic Self-Assembled Monolayers

Basic research was performed using Langmuir-Blodgett (LB) and self-assembled-
monolayer (SAMs) as model surfaces for polyolefins exposed to low-pressure
plasma. Aliphatic self-assembled monolayers of octadecyltrichlorosilane (OTS)
with a methyl end group serve as model for polyethylene surfaces [11]. Such well-
defined aliphatic C;g aliphatic chains with CH; end-groups deposited onto Si-
wafers evaporated with ellipsoid silver clusters were exposed to oxygen low-pressure
plasma and the oxidation process was observed by XPS and surface-enhanced
infrared absorption (SEIRA). The formation of oxygen-containing functional
groups was more or less complete within 2s as shown by XPS (Figures 5.4
and 5.5).

Polyethylene surface oxidation shows the same behavior as depicted in Figure
5.4 (cf. Figure 5.9) [12].

Subsequent transition to the etching process after 2s exposure to the oxygen
plasma can be deduced from SEIRA (Figure 5.6) and XPS spectra.

30 1
25 /

20

S— n
m

15

10

introduced oxygen [%O/C]

T T L e I A B —
0 2 4 6 8 10 12 14 16

exposure time [s]

Figure 5.4 Oxygen introduction into octadecyltrichlorosilane self-assembled monolayers
during exposure to oxygen plasma (DC, 10Pa).
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Figure 5.5 Cls signals of self-assembled monolayers of octadecyltrichlorosilane (OTS)
exposed to low-pressure oxygen rf plasma (p = 10Pa).
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for different lengths of time (DC, 10Pa).
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Figure 5.7 C-edge (a) and Oy-edge (b) of self-assembled octadecyltrichlorosilane self-
assembled monolayers before and after exposure to low-pressure oxygen DC plasma.

The IR spectra show, by the CH, stretching vibrations near 2910cm™, the suc-
cessive etching of CH, units during exposure to the oxygen plasma [13]. Moreover,
free carboxylic end-groups were preferentially etched. Instead of the carbonyl unit
bond in carboxylic groups a new sort of carbonyl groups was formed, as indicated
by a new band in the region of 1700cm™ (Figure 5.6). Notably, the v,,CH; vibration
(2960 cm™) increases in relation to v,;CH, (2910cm™), evidencing chain scissions
and branching.

The same is reflected in the near-edge X-ray absorption fine structure (NEXAFS)
spectra of OTS monolayers. Within 2s of oxygen plasma exposure the orientation
of the self-assembled molecules is completely destroyed (Figures 5.7 and 5.8). The
comparison of Cy- and Og-edge spectra shows that in the Og-spectrum residual
occurrence of orientation is present. This is due to the greater sampling depth
(=5nm) and, therefore, the complete OTS molecule is detected. It can be con-
cluded that the disorientation proceeds from the surface of the SAM layer to the
anchor groups on the substrate [14-15].

5.2.3
Polyethylene

Polyethylene is composed of an aliphatic backbone made of methylene groups
(-[CH,~CH,),-). Clark had investigated the structural and compositional changes

wu g =~ :yidep uonew.oul
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Figure 5.8 Dependence of the Ci-edge related order parameter of octadecyltrichlorosilane
self-assembled monolayers on exposure to oxygen plasma.

of polyethylene on exposure to oxygen plasma [16]. Cls signal broadening was
observed with increasing plasma exposure time. The fitting procedure of the Cls
signal and the assignment of fitted components were adapted from Beamson and
Briggs [17]. Figure 5.9 shows the fitting to four oxygen-containing groups.

Nowadays, the fitting procedure conforms to the peak positions in commercial
polymers. The standard fitting of singly, doubly, and triply C-to-O bonded species
shows all three components: C-O (~286.2eV, C-O-C, C-OH, epoxides, C-O-OH),
C=0 [~288.0€eV, R;R,C=0, CHO, and possibly CONH- = (amide)] and O-C=0
(~289eV, COOH, COOR) (Figure 5.9). Moreover, peaks for hydrocarbons and
carbons bonded in aromatic rings are positioned at 285.0eV. Additionally, phenols
(287.5eV), benzoic acids (289.8eV), and carbonates (290.5eV) may also be fitted.
Notably, most of these groups are also present at the surface after DBD treatment
[18]. The number of peaks that could be fitted and their relative areas depend on
the energy density (wattage x time) of DBD treatment. At higher energy levels an
additional peak at higher binding energy (-O—CO-0) can also be fitted (Figure
5.10) [19].

Figure 5.11 presents the dependences of the fitted C1s components on time of
exposure to atmospheric air plasmas and to low-pressure oxygen plasma. Charac-
teristically, atmospheric-pressure plasmas incorporate oxygen functional groups
into the polyethylene surface faster than the low-pressure oxygen plasma. Moreo-
ver, air plasmas also introduce nitrogen from air onto the polymer surface. Jet
plasmas sometimes also deposit traces of metal oxides sputtered from the metal
electrodes.
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Figure 5.9 Cls peak of polyethylene after O, plasma treatment (155s).
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Figure 5.10 Oxygen introduction onto polyethylene surfaces and fitted C1s peak-features
according to exposure to the cw-rf plasma (0.1W, 30Pa) [16].

Low-pressure oxygen plasma also produces olefinic double bonds and crosslink-
ing. Using hexatriacontane (HTC, C3Hj,) as model substance for polyethylene,
the formation of olefinic double bonds and the appearance of dimers and trimers,
indications of crosslinking, were shown by matrix-assisted laser desorption ioniza-
tion time-of-flight (MALDI-ToF) mass spectrometry (Figure 5.12).
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Figure 5.11  Oxygen introduction onto polyethylene surfaces and fitted C1s components
according to exposure to (a) atmospheric dielectric barrier discharge, (b) atmospheric spark
jet plasma, and (c) cw-rf low-pressure oxygen plasma (30W, 6 Pa) [20].

The MALDI-ToF mass spectrum of HTC was obtained by drizzling a solution
of dissolved matrix (UV absorber) with an additional silver salt onto the HTC. The
thus matrix-impregnated HTC could be now analyzed by irradiation with a UV
laser (cf. Scheme 6.1). Two double bonds were formed in HTC within the 180s
exposure to oxygen plasma. Such assumed crosslinking in strongly etching oxygen
plasma was surprising but was ascribed to the action of plasma vacuum ultra-violet
(VUV) radiation [21].

524
Polypropylene

Polypropylene is composed of an aliphatic backbone with methyl side-groups
(-[CH(CH;)-CHy,),-). Its C1s signal consists of four oxidized carbon species, which
can be attributed to hydrocarbon and singly, doubly, and triple bonded C-O
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Figure 5.12 MALDI spectra of hexatriacontane (HTC) (additions of silver ions) after exposure
to cw-rf low-pressure oxygen plasma.

groups. More generally, these species can be also assigned to the different oxida-
tion ratios of carbon. The following product distribution was very often found
when PP (polypropylene) or PE (polyethylene) was exposed to oxygen plasma:
C-H, C-C =100% (hydrocarbon), C-O ~ 15%, C=0/0-C-0 ~9%, -O-C=0 ~ 6%
(normalized to C-H) [22].

The proportion of singly, doubly, or triply bonded oxygen to carbon, as shown
in Figure 5.13, is nearly constant for polyethylene and polypropylene using the
low-pressure glow discharge oxygen plasma treatment [22]. It amounts roughly to
a ratio of singly:doubly:triply bonded C-O species of 10:6:4.

However, also in the initial period of plasma-gas specific functionalization
(<605) a weight loss, for example, etching of the polymer, is measured [23]. There-
fore, a steady-state of plasma gas attachment and gasification of the polymer to
small and stable degradation products is established.

Near-edge X-ray absorption fine structure (NEXAFS) spectra of the Cy-edge
show the formation of olefinic double bonds, as seen by the splitting of the newly
appeared pre-edge Cls — m* transition (cf. Section 5.6). Moreover, newly formed
carbonyl-containing functions are produced during exposure to the low-pressure
oxygen rf plasma (30s) (Figure 5.14).

5.2.5
Polystyrene

Polystyrene (PS) is composed of an aliphatic backbone with attached phenyl
side-groups (-[CH(phenyl)-CH,],-). The aromatic ring guarantees greater stability
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Figure 5.13 Oxygen introduction and fitted C1s on polypropylene surfaces according to
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Figure 5.14 XPS-Cls signal of polypropylene before and after exposure to oxygen plasma (4s,
6Pa, cw-rf plasma, 30W).

towards the picking up of charge and radiation from the plasma. The charge or
energy can be delocalized over the whole ring and is thus better distributed
and stored without bond scission. About 6eV are needed to crack the aromatic
ring system [24]. However, the weakest points of polystyrene molecule are the
tertiary C—H bond of the backbone and the neighboring single C—C bond, which
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Figure 5.15 Shake-up intensity of polystyrene versus time of exposure to the oxygen plasma
(0.1W, 30Pa).

links the ring to the polymer backbone. By introducing too much energy to the
system the ring can split off or even crack as mentioned before. Another variant
of degradation is the release of a complete monomer unit of the polystyrene
macromolecule (depolymerization). The susceptibility of polystyrene towards oxi-
dation is evidenced by an intense oxygen signal. Even at low power loading the
reaction is rapid and is completed within a few tens of seconds. Clark emphasizes
that only the outermost atomic monolayer of PS is strongly modified. This may
be caused by phenyl rings at the surface shielding the subsurface and bulk against
further irradiation; thus, the plasma effect is concentrated to the topmost monol-
ayer [25].

Information on newly formed olefinic double bonds in polystyrene (originally
only aromatic double bonds are present in the phenyl rings) can be obtained by
changes in the shake-up satellite of the C1s signal (Figure 5.15).

The shake-up intensity decreased significantly in the first few seconds of oxygen
plasma exposure due to the loss of phenyl rings. As the exposure precedes the
intensity of the shake-up peak begins to re-increase (5s). It then increases to nearly
the value for unmodified polystyrene (Figure 5.15) [26)].

This behavior may be explained by formation of an additional bond of the ring
to a neighboring backbone, predominantly in para-position, through a second
covalent bond, as demonstrated by IR spectroscopy in the range 1700-2000cm™.
Cracking of the ring produces conjugated and non-conjugated unsaturations and
may contribute to crosslinking [27].

Figure 5.16 shows the dependence of the various carbon-oxygen features of
polystyrene on exposure time to oxygen low-pressure plasma.

Oxidation at the polystyrene surface proceeds faster than that of polyethylene.
The percentage of singly, doubly and triply bonded carbon-oxygen species after
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Figure 5.17 Cls peak of polystyrene standard (gray) and after exposure to oxygen plasma (in
black, cw-rf plasma, 50 W, 6 Pa, 325).

fitting the C1s peak is nearly the same as with polyethylene. Additionally, carbonate-
like (-O-CO-0-, fourfold bonded to oxygen, 290.5eV) and benzoic acid structures
(aryl-COOH, 298.8 V) may be also present (Figure 5.17).

Importantly, polystyrene rapidly loses its aromatic rings. After 16s exposure to
low-pressure oxygen plasma nearly 50% of the aromatic rings have been removed,
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as evidenced by the shake-up signal within the C1s peak. It can be assumed that
they are split off as benzene or are cracked [28].

NEXAFS spectra of the C1s — n* transition confirm the loss in aromatic rings
and the formation of new carbonyl-containing functional groups, as seen by the
loss in m*,,, intensity and the appearance of a ¥ transition (Figure 5.18).

In addition to the XPS-detected features substantial changes in polymer struc-
ture are produced by exposure to low-pressure oxygen plasma within a few seconds.
Degradation caused by C—C chain scissions is obvious. Degradation products can
be detected using size exclusion chromatography (SEC, which is also known as
GPC-gel permeation chromatography) and weakly crosslinked fractions by
thermal field flow fractionation (ThFFF) [29]. Combining the results of these two
methods the schematic diagram in Figure 5.19 was constructed. It demonstrates
that both degradation and crosslinking are present simultaneously.

Calibration of the evaporative light scattering device (ELSD) used as detector in
ThFFF shows the presence of ultrahigh molar mass species, which form the
majority of macromolecules, and a high number of only slightly modified mole-
cules as well as oligomers (and monomers) as typical degradation products. Figure
5.19 demonstrates significant changes in the molar mass distribution after expo-
sure to low-pressure oxygen plasma for 10s.

ThFFF measurements of the soluble and dispersible fractions of polystyrene
show the existence of strongly crosslinked agglomerates, which represent about
90% of the mass of a 280nm thick polystyrene film (Figure 5.20) [30].

This diagram confirms that the crosslinking proceeds very rapidly and achieves
a steady-state already after 10s exposure to the low-pressure cw-rf oxygen plasma.
This behavior is astonishing because of the oxidative action, and therefore
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Figure 5.20 Variation of the concentration of the crosslinked fraction in polystyrene with
exposure times to low-pressure oxygen plasma, using ThFFF.

degrading action, of oxygen plasma and the weak depolymerization tendency of
polystyrene. IR spectroscopy also indicates crosslinking via aromatic rings by two-
or threefold ring substitution.

It is also of interest to obtain information on the depth of crosslinking in poly-
styrene during plasma treatment. For this purpose polystyrene layers of different
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Figure 5.21 Dependence of crosslinked fraction in polystyrene on layer thickness (spin
coating) after 600s plasma exposure, using ThFFF.

thickness (50-500nm) were deposited on Si-wafers by spin-coating [31]. It could
be demonstrated that oxygen and helium plasmas crosslink thick polymer layers
within 10min exposure time (Figure 5.21).

The 50nm layers are strongly crosslinked by both oxygen and helium plasmas;
however, thicker layers (100-200nm) are only crosslinked by helium plasma.

5.2.6
Polycarbonate

Figure 5.22 presents the Cls signal of polycarbonate before and after low-pressure
oxygen plasma exposure [32].

The characteristic double peak in the O1s signal is also strongly changed to a
uniform signal. The Cls and O1s signals reveal that oxygen plasma exposure has
destroyed significant portions of the carbonate group as well as aromatic structures
of the bisphenol A unit. A broad variety of newly formed oxygen-containing groups
appears, as shown by the broad shoulder at the high-binding energy side of the
C1s peak. Different C-O-containing groups, such as ether, epoxy, peroxy, and
hydroxyl, may be produced in addition to carbonyl-containing groups, such as
aldehydes and ketones, superposed by phenol groups, and threefold C-to-O bonded
features, such as acids, peroxyacids, and esters. The corresponding O1s peak also
shows strong changes and appears as a symmetric signal after plasma exposure.
Thus, it can be assumed that the carbonate group as well as the aromatic structure
is destroyed to a significant degree [33].
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Figure 5.22 Cls peak of polycarbonate standard before (gray) and after exposure to oxygen
plasma (black, cw-rf plasma, 50\W, 6 Pa, 325s).

Polycarbonate shows a similar response to oxygen plasma exposure as
poly(ethylene terephthalate) which is discussed below [32]. Polycarbonate has the
carbonate group as characteristic group of polymer backbone. Here, the C atom
has the highest oxidation state (4+) and, moreover, in the carbonate group the
plasma-stable gaseous degradation product CO, is preformed. Therefore, also in
this case, oxygen introduction during plasma exposure onto the polycarbonate
surface is concomitant with the splitting-off of the carbonate group:

C-0-CO-0-C+ 0, plasma — -C-O* + *0-O-C-+ CO,

This preferred fragmentation of the carbonate group is reflected in the rapid
decrease of the Cls component at 290.5eV and in those of Clsn* and Ols — n*
signals of NEXAFS (Figure 5.23).

In addition, the aromatic rings, bonded within in the backbone, were cracked
rapidly. After 16s exposure to low-pressure oxygen plasma the corresponding
Cls — m* resonance signal in the NEXAFS spectra and the corresponding Cls
component at 290.5eV both decrease by about 25% [33].

ThFFF-analysis showed that polycarbonate also crosslinks to a significant extent
(Figure 5.24) [21].

5.2.7
Poly(ethylene terephthalate)

After exposure to oxygen plasma, the original structure of the Cl1s and O1s signals
of poly(ethylene terephthalate) (PET) was strongly changed (Figure 5.25).
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Figure 5.25 Changes in Cls and Ols signals of poly(ethylene terephthalate) after exposure to
oxygen plasma (cw-rf plasma, 1805, 6 Pa, 50W).

PET shows a rapid decrease in concentration of the original structural elements
of the molecule, for example, aromatic rings (shake-up), ester group, and glycol
unit (Figure 5.25) during exposure to the oxygen plasma, as shown in the XPS
C1s difference spectrum before and after plasma exposure [34].

The characteristic structures of the C1s and O1s peaks are already removed after
exposure to the low-pressure rf oxygen plasma for 32s. In particular, the charac-
teristic shape of the O1ls signal (camel-like) is completely diminished after 0.3 s
plasma exposure (Figure 5.25) [35]. The loss of original (“old”) structural elements
and the “new” ones are reflected in the PET-Cls plot as difference spectrum
between O, plasma modified and original PET (Figure 5.26).

The total amount of oxygen introduced into PET was superimposed by the
simultaneous loss of oxygen caused by degradation and the splitting off of oxygen-
containing degradation products from the polymer. Therefore, an increase or a
decrease in the total oxygen percentage of PET that depended on the type of plasma
and its conditions was found (Figure 5.27).

Low-pressure oxygen DC plasma did not significantly change the oxygen per-
centage of PET (theoretically 40% O:C) but rf plasma decreased the O:C ratio.
Spark jet plasma increased significantly the O: C ratio, possibly due to metal oxide
deposition originating from electrode material.

The ester group is especially attacked, in a manner comparable to the degrada-
tion of the carbonate group in polycarbonate. These two groups are most sensitive
to exposure to oxygen plasma. The C1 signal of PET becomes more contour-less
and broader, the aromatic T — ©* shake-up satellites diminish with treatment
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Figure 5.28 Cy-edge NEXAFS spectra of poly(ethylene terephthalate) spin coating films
according to exposure to DC low-pressure oxygen plasma.

[33, 36]. On the other hand, new functional groups are formed, such as peroxyac-
ids, carbonyls (aldehyde or ketone), phenols, and polyenes (Figure 5.26) [36-37].

The Cy-edge NEXAFS spectra confirm the loss of aromatic rings and ester
groups (Figure 5.28).

Summarizing quantitatively the results of XPS and NEXAFS, the following
dependencies on time of exposure to low-pressure oxygen plasma are evident
(Figure 5.29).

PET spin coating film and PET biaxially stretched foil (MYLAR) show different
supermolecular structures. Using prolonged exposure to the oxygen plasma the
oxygen percentage exceeds the original O/C percentage of below 40% and achieves
a maximum of more than 50%. Therefore, new carbonyl-containing (and other
O-containing) groups are formed in both the spin-coating film and the foil. In both
layers aromatic rings were destroyed by about 20% for each 16s exposure to the
oxygen plasma (Figure 5.29).

The following summary gives a picture of the broad variety and complexity of
processes during the exposure of PET to oxygen plasma [34]:

Scission of aromatic rings:
phenylene ring — *CH=CH(R)-CH=CH-CH(R)=CH"
Fragmentation of aromatic rings:

phenylene ring — 3HC=CH — unsaturated polymers
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Figure 5.29 Dependence of relative concentration of structural elements in poly(ethylene
terephthalate) on time of exposure to low-pressure oxygen DC plasma.

Ester group destruction:
phenylene ring-COO-R — phenylene ring-CO* — phenylene ring® + CO
phenylene ring-COO-R — phenylene ring® + CO, + ‘R
phenylene ring-COO-R — phenylene ring® + CO + *OH
Rearrangements:
phenylene ring-COO-CH,-CH,-OOC-phenylene ring
— phenylene ring-COO* + *CH,-CH,-OOC-phenylene ring

phenylene ring-COO* + *CH,-CH,-OOC-phenylene ring
— phenylene ring-COOH + CH,=CH-OOC-phenylene ring

phenylene ring-COO-CH,-CH,-OH + CH,=CH-OOC-phenylene ring
— products + CH;CHO

Side reactions:
nCH,CHO — CH,(CH=CH),_-CHO
nCH,=CH-OOC-phenylene ring — vinyl-ester polymers

vinyl-ester polymers — unsaturated linear polymers + terephthalic acid
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Auto-oxidation of polymeric ether peroxides:
R-COO-CH,-CH,-O0C-R — R-COO-CH,-"CH-OOC-R —
R-COO-CH,-CH(0-0*)-O0C-R + RH — R-COO-CH,-CH(O-OH)-OOC-R —
phenylene ring-COO-R — phenylene ring-CO* + *0-O°
— phenylene ring-C(O)O-O°* — phenylene ring-C(O)O-OH(R)
aliphatic-CHO — aliphatic-CO® — aliphatic-C(O)O-OH(R)
aliphatic-CHO — aliphatic-CO* + RH — aliphatic C-OH + R*
Hydrolysis:
phenylene ring-COO-R + H,0 — phenylene ring-COOH + HO-R
Phenol formation and photo-Fries:
phenylene ring + *OH -"H — phenylene ring-OH
phenylene ring® + "OH — phenylene ring-OH

phenylene ring® + *0-O° — phenylene ring-O-O° + RH
— phenylene ring-O-OH — phenylene ring-OH

-phenylene-COO- — phenylene(OH)-CO-

Most of the equations have defined chemical origin; other reactions are only initi-
ated by assistance of plasma. Thus, a co-existence of (dominating) chemical reac-
tions occurs as Photo-Fries, Norrish I and II, ester hydrolysis, rearrangements,
polymerizations, auto-oxidations, and so on with plasma-assisted (and often exotic)
reactions such as the cracking of aromatic rings or the formation of peroxyacids
as well as formation of phenols (ca. 287.5eV) or benzoic acids (ca. 289.8¢V). The
dominance of either chemical or plasma-assisted reactions among this broad
variety of possible reactions also depends on the plasma parameters [34, 38].

Biaxially-stretched poly(ethylene terephthalate) foil (MYLAR) shows a rapid loss
in orientation if exposed to low-pressure-oxygen plasma (Figure 5.30). This was
evaluated by calculating the Cls — n*,,, related order parameter (90-20° differ-
ence spectra) in the NEXAFS Cy-edge spectrum (Figure 5.30).

After 4s exposure to the low-pressure oxygen plasma the film orientation has
nearly disappeared and after 60s exposure it is zero. The sampling depth of the
Cx-edge spectra is about 3nm and that of the Og-edge about 5nm. The disorienta-
tion is not complete within the sampling depth of the O-edge. Thus, it is dem-
onstrated that the loss in order is limited to a few nanometres of the topmost
surface layer [39].

Molecular weight degradation occurs on exposure to low-pressure oxygen
plasma, as detected using MALDI-ToF mass spectrometry [28-29, 39-41]. SEC and
ThFFF analysis also confirm the degradation as well crosslinking [30]. Figure 5.31
presents the SEC-detected changes in molecular weight during short-time expo-
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Figure 531 Change in molar mass distribution of poly(ethylene terephthalate) exposed to
oxidizing gas plasmas as measured by size-exclusion chromatography (SEC).

sure of poly(ethylene terephthalate) spin-coating films (500nm) to low-pressure
oxygen cw-rf plasma [30].

Note that the high-molecular weight tail of the distribution function is cut
because the polymer solution was filtered to remove all gel particles and agglomer-
ates so as to avoid blocking of chromatographic columns, that is, only degradation
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Figure 5.32  On exposure to an oxidizing gas plasma PET shows significant formation of
macrocycles in the 2000-4000 Da region.

products are shown. The cw-rf oxygen plasma produces chain scissions appearing
as shoulder of reduced molecular weights. It can be added that treatment in
atmospheric-pressure plasma also induces significant polymer degradation. Small
peaks in the 100-1000 region are assigned to fragments.

A special feature of nearly all polymers is the appearance of macrocycles (cf.
Ziegler-Ruggli principle). PET also shows significant formation of macrocycles in
the 2000-4000 Da region (Figure 5.32). Macrocycles were produced by the interac-
tion of a thin PET film with oxygen low-pressure plasma. To confirm this, the
original PET was chromatographically purified and all macrocycles were removed
before plasma exposure was started [38].

5.2.8
Summary of Changes at Polymer Surfaces on Exposure to Oxygen Plasma

It can be generally stated that hydrogen atoms are abstracted from each polymer
molecule exposed to oxygen plasma. Therefore, many unsaturations (C=C double
bonds) and C-radical sites are formed, causing crosslinking, post-plasma oxida-
tion, and auto-oxidation at ambient air. On the other hand, hydrogen in the plasma
phase changes the physical properties of plasma and its chemical reactivity (“quasi-
hydrogen plasma”). However, the hydrogen-rich plasma works by hydrogenating
and forms CH; groups, which are indicators of chain scissions and branching.
Analysis of the gas phase during the exposure of polypropylene to low-pressure
cw-rf oxygen plasma shows the formation of hydrogen besides other degradation
products such as water, carbon dioxide, and carbon monoxide (Figure 5.33).
Degradation of polymer chains is evidenced by a shift of molar mass distribu-
tion. Normally, on plasma exposure, the molar mass distribution is strongly broad-
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Figure 5.33 Gas-phase analysis of products formed during exposure of polypropylene to a
low-pressure cw-rf oxygen plasma.

ened because of simultaneous degradation and crosslinking. In particular, dimers,
trimers, oligomers are often produced (Figure 5.34). Macrocycles were formed for
thermodynamic reasons. They hinder adhesion and act as an end-group-free sepa-
rating agent.

Different types of degradation are obvious. Polystyrene forms monomers,
dimers, or trimers more than polycarbonate and poly(ethylene terephthalate).

Functional groups were removed from polymer surfaces by exposure to oxygen
plasma — in particular those with pre-formed degradation products in the struc-
ture, such as carbonate (CO;) and ester/acid (COO) (Figure 5.35). In addition,
other types of oxygen-rich structures were preferably degraded on exposure to any
plasma. Dehydrogenation of NH, and CH, functional groups produces nitrile (see
next section) and acetylenic groups.

Here, aromatic rings are stable towards plasma attacks. Otherwise, the plasma
has enough energy to crack aromatic rings and form unsaturated structures.
Another way of losing aromatic rings is to split-off phenyl groups from the back-
bone. The single C-C bond between backbone and aromatic ring only must be
broken and the phenyl ring can be removed easily as gaseous benzene. Doubly or
triply bonded aromatic rings within the polymer backbone are more difficult to
remove.

The supermolecular structure, such as partial crystalline spherulitic or biaxially
stretching, is rapidly destroyed and transformed into the amorphous state for both
crystalline and stretch orientation.

Ether, polyenes, ketones, aldehydes, phenols, benzoic acids, peroxyacids, and
hydroperoxides were formed as secondary products by re-arrangement of polymer
structure, by post-plasma oxidation, or by abstraction and re-incorporation
(Figure 5.35).
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Figure 5.34 Shift of molar mass distribution for various polymers upon plasma exposure.

100 I 50 I 100
3 oxygen uptake (XPS
= >.\ ygen up (XPS) \
> 1\ 1 . 1
= L~ .\. / 3 '\
n 0 N > LN
o go AN -~ " = 804 -
c B 40
= R \\\ - é’_ ': \.
g 1% v L <) 1
2 > |
. —_ !
- te (=) - —_——
5 01 uper v | E s K
© -v--PC J O ) \‘
"6 1--e-- PS % “6 1
S = c AN
O 404 (@] S 404 ~
= = = 3
g ®} T AN
— —
c 1 ‘E 1 AN
Q ) \
[&] Q Y
& 20- £ 20-
9 Cls —» n* resonance o Cls - =* resonance
o) 4 of aromatic rings E 4 of >C=0 groups
= (NEXAFS) = (NEXAFS)
O ey O b O e

0 5 10 15 32

0 5 10 15 32

0 5 10 15 20

oxygen plasma treatment time [s]

Figure 535 Loss of aromatic rings and carbonate/ester groups as well as oxygen incorpora-
tion in different polymers on exposure to low-pressure oxygen plasma.



5.2.9

5.2 Polymer Surface Oxidation

Categories of General Behavior of Polymers on Exposure to Oxygen Plasma

Similar to polymer behavior exposed to ionizing radiation by crosslinking or depo-
lymerization (Figure 5.36), these categories were also found on exposure to oxygen
plasma. Two additional categories were photo-oxidative degradation (Figure 5.37)

and random degradation [poly(ethylene glycol)] (Figure 5.38).

Poly(ethylene terephthalate) shows degradation behavior to clearly defined
products (Figure 5.37), which is assigned to a photo-oxidative degradation mecha-

nism [28].
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Figure 5.36  Shift of molar mass distribution of poly(methyl methacrylate) on exposure to
low-pressure oxygen plasma shown by MALDI mass spectrometry.
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Figure 5.37  Shift of molar mass distribution of oligomeric poly(ethylene terephthalate) on
exposure to low-pressure oxygen plasma shown by MALDI mass spectrometry.

The following polymer behavior can now be attributed to exposure to oxygen
plasma:

1) preferred crosslinking as observed with polyolefins;
2) depolymerization as observed with poly(methyl methacrylate) or partially with

polystyrene;

3) random degradation to undefined products as found with poly(ethylene
glycol)s;

4) photo-oxidative dominated degradation processesas detected with poly(ethylene
terephthalate).

Another criterion for polymer classification is that of etching rates. Yasuda et al.
have published a list of polymers arranged according to etching rate [42] because
the etching rate is independent of layer thickness [43]. It was found that oxygen-
rich polymers were etched most rapidly, such as polyoxymethylene, polyacrylic
acid, or poly(methyl methacrylate). Polyolefins, aromatic polyesters, and polya-
mides lower efficiently the etching process in low-pressure oxygen plasma.
Friedrich et al. has confirmed this succession of etching rates and found that
poly(vinyl acetate) and poly( methyl methacrylate) [23] as well as cellulose [44] had
highest etching rates depending on plasma condition and used plasma gas as well
as on polymer crystallinity [45-47]. Obviously, the oxygen percentage in the
polymer structure, the pre-formation of oxygen-containing degradation products
(CO, CO,, H,0), and the absence of pronounced crosslinking possibilities play the
most important roles [48].
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5.2.10
Role of Contaminations at Polymer Surfaces

Information on the time needed to functionalize the topmost polymer surfaces is
strongly dependent on the actual situation at the surface. Its (undesirable) enrich-
ment by inert macrocycles has been discussed with poly(ethylene terephthalate).
Most often, other contaminations are also present, such as slip agents, UV stabiliz-
ers, catalysts, and contaminations from handling and ambient industrial environ-
ment, and are inhomogeneously distributed at the polymer surface. The XPS
survey spectra in Figure 5.39 show the contamination of an industrially produced
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Figure 5.39 Comparison of XP survey spectra of polypropylene (PP) before and after
purification and oxygen plasma modification.
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Figure 5.40 Etch effects on inhomogeneously contaminated polymer.

Figure 5.41 A polypropylene surface re-contaminated after exposure for two months to air by
diffusion of UV absorber from the polymer bulk to the surface (a) and the topography
immediately after exposure to oxygen plasma (b).

PP foil. Such contaminations amount to 3-8at.% at the surface of polyethylene
and polypropylene.

Most often the surface contaminations are located in a bubble- or string-like
distribution. Thus, a short and careful plasma oxidation with a O, plasma func-
tionalizes the uncovered areas of the polymer film and the bubbles consisting of
agglomerated contaminations (Figure 5.40) [49].

However, below the bubbles the polymer substrate is shielded from exposure to
plasma. After removal (etching, dissolving or wiping) of contaminations these
regions are unmodified. Moreover, uncovered clean area is simultaneously etched,
degraded, and/or crosslinked (Figure 5.40). Generally, a too long and too intense
plasma etching of polymers is called over-etching, meaning that the modification
itself has destroyed parts of the polymer structure (cf. Figure 5.40).

Moreover, it must also be considered that additives migrate from the bulk to the
polymer surface, re-cover the plasma-activated polymer surface, and make it chem-
ically inactive (Figure 5.41).
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Figure 5.42 Model of a folded lamella of polyethylene and the most probable point of
oxidation (in gray: introduced O-functional groups).

Figure 5.41a shows sweated stabilizer bubbles on oxygen plasma exposed poly-
propylene surface after a two month storage period. The stabilizer is migrated
from the bulk to the plasma-activated polymer surface within a few weeks [50].

The polymer supermolecular structure also influences surface functionalization.
The primary attack of the oxygen plasma is directed to the amorphous region of
the folded parts of the crystalline region of the lamella (Figure 5.42). More details
are given in the next section.

5.2.11
Dependence of Surface Energy on Oxygen Introduction

Oxygen introduction by low-pressure plasma treatment is associated with the
formation of O-polar groups, which is reflected in increasing of surface energy
and its polar contribution (Figure 5.43). Remarkably, the polar contribution
decreases after a few 10s plasma exposure in these examples.

The polar contribution of surface energy shows a characteristic dependence on
oxygen concentration at the polymer surface. The dependence is more or less
linear up to a maximal value for the polar contribution. After that maximum the
polar contribution curves decrease rapidly despite increasing oxygen concentration
(Figure 5.44). This behavior is attributed to degradation at polymer surfaces and
the formation of low-molecular weight oxidized material. This degraded material
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Figure 5.43 Polar contribution and surface energy according to exposure time to low-pressure
oxygen plasma for (a) polyethylene terephthalate (PET), (b) polypropylene (PP), and (c)
polyethylene (PE).

may be also partially dissolved in a drop of test liquid and, thus, can adulterate the
measured contact angle.

5.3
Polymer Surface Functionalization with Amino Groups

5.3.1
Ammonia Plasma Treatment for Introduction of Amino Groups

Amino groups play an important role in nature. They are constituents of amino
acids, which are the building blocks of all proteins. Amino groups react with
carboxylic groups to give peptide or amide bonds: R-NH, + HOOC-R* — R-NH-
CO-R*.

Pure amines are formed from amino acids by decarboxylation within the metab-
olism. They occur in foods or are formed secondarily in it by microbiological
degradation of proteins. In 1953 Miller and Urey explained experimentally the
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Figure 5.44 Polar contribution of surface energy versus oxygen concentration at the polymer
surface introduced by low-pressure oxygen plasma exposure for (a) PET, (b) PP, and (c) PE.
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Figure 5.45 Different N-functional groups.

genesis of life. They showed that amino acids are produced on plasma exposure
of a liquid-phase mixture of water, hydrogen, ammonia, methane, and carbon
monoxide. This mixture simulated the early Earth atmosphere [51-52]. At the
beginning of this experiment hydrogen cyanide (HCN) and aldehydes (R-CHO)
were formed followed by their reaction to 28 amino acids:

R-CHO +HCN + H,0 — H,;N-CHR-COOH
R-CHO+HCN +2H,0 - HO-CHR-COOH + NH;

Because of their chemical reactivity amino groups are of special interest. However,
several different N-functional groups exist besides the most important and most
reactive primary amino groups (Figure 5.45).

As already noted, the primary amino groups play an important role in biochem-
istry. First, Hollahan et al. used an ammonia plasma to introduce (primary) amino
groups onto polymer surfaces such as polypropylene, poly(vinyl chloride), poly-
tetrafluoroethylene, polycarbonate, polyurethane, and poly(methyl methacrylate)
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[53]. The primary amino groups made the polymer surface biocompatible by reac-
tion with heparin.

Hollahan had proposed that the ammonia molecule dissociates in the
plasma phase by abstraction of a hydrogen atom, thus forming the NH, radical.
Simultaneously, one hydrogen atom is also removed from the polymer backbone
to produce a C-radical site. Thus, NH, radical and C-radical can recombine on
impinging the polymer surface [53]:

NH;+e  — *NH, +H*
-[CH,—-CH(CH3;)],- + hv — -[CH,—C*(CH3)],- + H*
CH,-C*(CH;)],.- + "NH, — -[CH,—C(NH,)(CHj;)],-

It is shown below that this assumption is too optimistic and that the ammonia
molecule tends to form preferably NH and N species. Therefore, it is of note that
the yield in primary amino group formation in plasmas of ammonia, nitrogen, or
nitrogen-hydrogen mixtures is less than 10% of all inserted nitrogen components.
ToF-SSIMS (time-of-flight static secondary ion mass spectrometry) analysis
identified 2NH,/100 C after exposure of polystyrene to ammonia plasma [54].
NH;/H,-mixtures did not improve the yield in NH, groups significantly [55-57]
and neither did N,/H,-mixtures [58].

The reason may be situated in the thermodynamics. The dissociation energies
of N-H, bonds favors the formation of secondary and tertiary N products (NH
and N), as shown by the standard bond dissociation values (kjmol™) given by
Wedenejew et al. [24]: N-H = 348, NH-H = 381; NH,~H = 440, and CH-H = 395.
Generally, the formation of NH, groups in ammonia plasma is not preferred
thermodynamically, as reflected by the low yield of hydrazine and shown by the
different dissociation energies [59]:

NH; plasma — “NH, + “H 461 k] mol™
NH; plasma — “NH + H, 209 k] mol™

The formation of desired '"NH, radicals needs more than twice the energy required
for NH formation, which explains the high percentage of nitrogen incorporation
into polymer surfaces but the low yield of NH, group formation [59].

Nevertheless, to inspect this amino group functionalization process in detail
polyolefin surfaces have been exposed to ammonia, nitrogen or N,/H, plasmas.
NH, species may be attached to polyolefin surfaces by radical recombination or
by substitution. Such substitution (Sz mechanism) consists of the following
processes:

NH;+e  — *NH, +H*
-{CH,CH(CH3)],- + *"NH, — -[CH,C*(CH};)],- + NH;
or:

-[CH,CH,CH,],_ + *H — -[CH,C"(CH;)], + H,
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Figure 5.46 XPS-survey scan of a polypropylene surface exposed to ammonia gas plasma
(cw-rf, 300W, 27 Pa, 50 min) [2].
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Figure 5.47 Dependence of N and (dominantly post-plasma) O introduction onto a
polypropylene surface on exposure time to an ammonia plasma (cw-rf, 300W, 27 Pa).

{CH,-C*(CHj)],_ + *NH, — -[CH,-C(NH,)(CH)],-

Compared with the time-dependence of oxygen introduction in the oxygen
plasma the ammonia plasma treatment of polypropylene films produces a slower
surface functionalization. However, in addition to the introduction of N-functional
groups high concentrations of post-plasma attached oxygen were measured
(Figure 5.46).

The time-dependences of N- and O-introduction onto polypropylene surfaces
show generally the same behavior as that presented in Figure 5.47 using the XPS
as detection method. In the following this process is discussed in more detail.
Here, only general aspects are mentioned.
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Figure 5.49 XPS-measured N, O, and NH, concentrations of polypropylene surfaces exposed
to (a) NH;, (b) N;, and (c) N, + H, pulsed-rf plasma (6 Pa, 30W, pulse frequency 1000, duty
cycle 0.1).

The N-concentration, introduced by exposure to the ammonia plasma, often
increases more slowly with treatment time than that of oxygen upon exposure to
oxygen plasma. The undesired co- or post-plasma introduction of oxygen in the
post-plasma auto-oxidation on exposure of polyolefin samples to ambient air is
very high and exceeds 10 O per 100 C-atoms. Similar behavior is found for nitro-
gen and nitrogen + hydrogen plasma produced in a continuous-wave plasma
(Figure 5.48). Moreover, the yields in NH, groups were in the same range for all
three gas plasmas.

The addition of hydrogen to the nitrogen plasma did not increase the yield in
NH, groups, as can be expected for chemical equilibrium processes following the
Le Chatelier principle. In contrast, similar NH, yields argue for the same NH,
steady state concentration in the different plasmas. On replacing the cw-rf plasma
with a pulsed rf plasma (pulse frequency 10°, duty cycle 0.1), the nitrogen introduc-
tion increases, the undesired oxygen incorporation decreases, but the desired NH,
group formation remains nearly constant (Figure 5.49).

exposure time [s]
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Figure 5.50 Dependence of Cls peaks of ammonia plasma treated PP on treatment time
(cw-rf, 100W, 6 Pa).
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Figure 5.51 Cls peaks of (a) N, and (b) NH; + 3H, plasma treated PP (cw-rf, 100W, 6 Pa).

In the Cl1s peak of polypropylene after ammonia plasma exposure a fair degree
of peak broadening is observed. The appearance of a separate Cls subpeak at
288.9eV was assigned to carboxylic groups, which are formed within the auto-
oxidation process after exposure of the plasma treated samples to air before XPS
measurements (Figure 5.50). The peak broadening can be attributed to the attached
N-functional groups at slightly increased binding energies as well as to singly C-O
bonded functional groups. In principle, N, plasma shows similar results to those
of NH; + 3H, plasma (Figure 5.51).
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The concentrations of primary amino groups among all N-functionalities was
estimated to be 1-4 NH, groups per 100 C-atoms by derivatization using pen-
tafluorobenzaldehyde and XPS for polypropylene exposed to ammonia, nitrogen,
or N,/H, plasmas. These yields were not significantly influenced by either chang-
ing the plasma parameters or by replacing the continuous wave plasma with a
pulsed or microwave or radio-frequency plasma [60].

53.2
Side Reactions

Several newly formed features were identified using IR and XPS when polypro-
pylene was exposed to the ammonia plasma. In the IR-difference spectrum
(ammonia-treated —as received) shown in Figure 5.52 the main features can be
identified. Hydrogenation products (CH; groups as a consequence of polymer
chain scissions in polyethylene), C=C double bonds or amide or primary amino
groups (1640cm™), and hints of oxidation are visible that may indicate amide
formation (1711cm™) and other carbonyl features. Characteristic absorptions
found between 2100 and 2250cm™ were assigned to nitriles, isonitriles, and
acetylenes.
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Figure 5.52 Polypropylene exposed to ammonia plasma (cw-rf plasma, 100W, 10Pa). The
spectrum is the difference between treated and untreated samples. Spectra were recorded
using the SEIRA (surface-enhanced infrared absorption) technique [13].
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The formation of nitrilo groups demands an excess of energy because dehydro-
genation steps are necessary and it results in a chain scission:

>CH-NH, —-C=N+H,T
Moreover, acetylene bonds are probably formed by a similar process:
-CH,-C(CH;)H-CH,-R — -C=C-CH; + CH3-R + H,T

Therefore, acetylenes, isonitriles, and nitriles are characteristic products of plasma
processes under the conditions of significant excess of enthalpy/energy. Notably,
nitrilo groups were also formed during the plasma polymerization of amino-group
containing monomers (Section 12.10.2).

5.3.3
Instability Caused by Post-Plasma Oxidation

The general oxidation ability increases in the order [61]: R-H < R-OH < R-NH,.
Therefore, primary amino groups are sensitive towards oxidation. However, the
exact mechanism is still unknown. The formation of N-oxide is one reason why
amino group containing polymer surfaces oxidize very rapidly. The N-oxide may
be a fragile group and the precursor for further oxidation and it is often discussed
in the context of pyridine oxide and poly(phenylquinoxaline) [62]:

C-NH, + 0, - C-NHP-O

Moreover, it is known that the next oxidation step is formation of the hydroxy-
lamine group [11]:

C-NH,» O — C-NH-OH

Often, amide group formation was found after exposure of amino group function-
alized polymers to air. In this case, oxime structures may be the starting point of
such a Beckmann rearrangement [61]:

R1R2C:N'OH - RzCO'NH'Rz
The oxime may originate from a nitroso group:
CH-NO «<» C=N-OH

Under low-pressure plasma conditions it is also possible that the oxime dehydrates
to nitrile:

-CH=N-OH — -C=N+H,0

The oxidation sensitivity of primary amino groups can be minimized by their
protection through the introduction of reversible blocking groups such as:

R-NH, + (CH;,)C-0-CO-O-(CH;); — R-NH-CO-0O-(CH),
and using pyridine and HCI to reverse this:

R-NH-CO-0-(CH;); — R-NH, +(CH;)C-O-CO-OH
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534
Exposure of Self-Assembled (SAM) and Langmuir—Blodgett (LB) Monolayers to
Ammonia Plasma

It is also possible to identify the effect of ammonia plasma exposure on aliphatic
model surfaces of self-assembled monolayers (SAMs) by means of FTIR (Figures
5.53 and 5.54).
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Figure 5.53 Self-assembled monolayer of stearic acid exposed to ammonia plasma (cw-rf
plasma, 10W, 10Pa).
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Figure 5.54 Self-assembled monolayer of arachinic acid exposed to ammonia plasma (cw-rf
plasma, 10Pa).
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Langmuir-Blodgett monolayers of aliphatic acids were deposited onto
silver-cluster modified silicon wafers, which were prepared by thermal evapora-
tion. Then, surface-enhanced IR absorption (SEIRA) spectra were recorded [13].
After their preparation, stearic and arachinic acid monolayers were exposed to
ammonia plasma for 120s each. To estimate the number of introduced NH,
groups these modified layers were exposed to the vapor of pentafluorobenzalde-
hyde (PFBA) and the thus-introduced fluorine percentage was measured by XPS.
Schiff’s base (azomethine) bonds were formed, which fix one PFBA at one NH,
group:

R-NH, + OHC-C(E; — R-N=CH-C(E + H,0

A few NH, groups (1-4) were among the introduced N- (and O) functionalities
(Figures 5.53 and 5.54). The broad v, stretching vibration around 1700cm™
allows us to also assume that amide groups are formed during contact of the
samples with air.

5.3.5
XPS Measurements of Elemental Compositions

In contrast to other methods such as FTIR-ATR (Fourier-transform infrared—
attenuated total reflectance) or NMR, X-ray photo-electron spectroscopy (XPS)
using Mg or Al K, X-ray excitation can detect just a few layers of atoms (about 6nm)
of the substrate. It gives information on the chemical composition. Figure 5.55
shows changes in the elemental composition of hexatriacontane (HTC, CssHy)
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Figure 5.55 XPS surface concentration ratios of hydrogenated or deuterated HTC and of
non-washed and washed polyolefins after ammonia plasma treatment.
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and polyolefins (PE and PP) treated in ammonia (NH;) or deuterated ammonia
(ND3) in low-pressure plasma at a pressure of 8 Pa (3min treatment time, 100 W
power) and also for species washed with THF for 20 min after plasma treatment.
This investigation aimed to detect N and NH, introduction into the topmost
surface as well as the depth of H<>D exchange.

Hexatriacontane (H;C-(CH,)s;,-CHj3), as low-molecular weight model of polyeth-
ylene, shows much lower N-incorporation because it is a powder and, therefore,
is not exposed to the plasma at shadowed interfaces. The N-attachment onto poly-
propylene surfaces is slightly higher than that of polyethylene; d- and h-PE showed
no significant differences in N-incorporation.

Noticeably, high undesired O-incorporation occurs of the same order as
N-introduction. More recently, plasma polymerization of allylamine has revealed
that oxygen introduction is a post-plasma process and did not occur during trans-
fer of samples under vacuum conditions [63, 64]. Therefore, the transfer time of
about 1 or 2h to the spectrometer with exposure to ambient air (gassing the plasma
reactor with air—evacuation of sample in the spectrometer) may be the reason for
high O/C values.

The corresponding C1s peaks do not give information on primary amino groups
or other N-containing groups because of the superposition of many N- and
O-containing functional groups.

As is also known, the N1 signal cannot be resolved for most of N-containing
groups such as tertiary, secondary, primary amines, Schiff’s base, enamines,
nitriles, or may Dbe isonitriles. Only oxidized N-species such as amides,
nitroso, nitro, oximes, and so on are shifted to higher binding energies (401-
408eV) [65].

Furthermore, this work addresses the low selectivity of such common plasma
process, as confirmed by numerous side- and post-plasma reactions and the
occurrence of several products at the plasma-treated surfaces. A further side-
reaction to be considered is the extensive scission of polymer backbones on
ammonia plasma exposure and the formation of low-molecular weight oxidized
material (LMWOM) [66, 67]. Nevertheless, in consequence, the introduced
N-functional groups may be attached to degraded low-molecular-weight material
or to the original backbone of the polyolefin. Therefore, significant amounts of all
functional groups could be attached to degraded or partially degraded polymer
molecules. This material can be removed by washing in slightly polar solvents. On
the other hand, crosslinking may be also occur by plasma-ultraviolet irradiation
and hinder the removing of all N-functional groups by the wash process. It could
be shown by comparison of washed and unwashed polyolefin surfaces that signifi-
cant amounts of N-functional groups survive the wash process, which can be
interpreted as evidence for strong bonding to polymer chains and/or to the
crosslinked network.

Unfortunately, new undesired side-reactions were initiated by the wash process.
Solvent-induced swelling of the polymer surface layer makes it easier for oxygen
from the air to reach trapped C-radical sites in near-surface layers of polymer.
Thus, the oxygen incorporation is further increased (Figure 5.55).
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Figure 5.56 Positive ToF-SIMS spectra plasma washed with THF. D* (m/z 2.014) and

around m/z 2 of h-PP (a)—(c), h-PE (d)—(f), H," (m/z 2.016) peaks are clearly separated by
and d-PE (g)—(i) films untreated, ND;, or NH; using the high mass resolution
low-pressure rf plasma-treated, and post- (M/AM > 10000) mode of ToF-SIMS.

5.3.6
ToF-SIMS Investigations

Specific information on H-D exchange in polypropylene (h-PP), polyethylene (h-
PE), and deuterated polyethylene (d-PE) foils exposed to ammonia plasma was
obtained by ToF-SIMS (time-of-flight secondary ion mass spectrometry) analysis
(for details see Reference [68]). The introduction of N-functionalities was also
studied by this approach. D-H and H-D exchange was principally proved in terms
of D" and H," secondary ion yields. Figure 5.56 verifies that the positive deuterium
secondary ion (D*) peak was clearly separated from H," ion peak by a mass differ-
ence of 0.002m/z at given SIMS acquisition parameters.

A wide range of characteristic CH,D,", NHD", and CNH,D," secondary
fragment ions were detected, which suggests complex reaction processes at the
polymer—plasma surface. Specifically, the nitrogen incorporation has been found
to be similar for NH; and ND; plasma treatment of PE and PP. ToF-SIMS spectra
for ND; plasma treatment are, semi-quantitatively, rather similar for treated and
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washed h-PE and h-PP samples. Nevertheless, h-PP has been found to be more
susceptible to ND; plasma modification than h-PE, as has been cross-checked also
by XPS (cf. Figure 5.55). Deuterium in d-PE is more efficiently substituted by
hydrogen from NH; plasma than the other way around (hydrogen in h-PE by D
in the ND;-plasma treatment). It is speculated that protons or hydrogen atoms
play such a slightly more important role in the low-pressure ammonia plasma
modification of polyolefins than deuterons or deuterium because of their lower
atomic dimension, which may be also affect the mean free path and electron
temperature in the plasma [69].

As shown by related secondary fragment ions in ToF-SIMS in Table 5.1 the
polymer samples studied here are plasma functionalized with -NH,, -NHD, or
-ND, groups. The existence of mixed H-D fragments suggests complex reaction
pathways in addition to a simple grafting of -ND, or -NH, moieties, which seems
to be rather efficient. Interestingly, a ND," peak was not found in the spectra for
both ND;-plasma treated h-PP and h-PE samples but CD,N* or CD,N* peaks were
present.

5.3.7
ATR-FTIR

The ammonia plasma treated HTC probes were immediately (0.2-1.0h) measured
after plasma processing using the ATR (attenuated total reflectance) technique
with a diamond cell. The wavelength-dependent sampling depth is approximately
2500nm (depending on wavenumber) and contrasted strongly to that of XPS
(ca. 5nm). Figure 5.57 presents results for the untreated h-HTC as well as the NH,
and ND; treated h-HTC. As known from earlier investigations, nitrogen-containing
groups cannot be detected, either in the deformation or in the stretching region.

H-D substitution of CH, groups produces a shift in v,,CH, — CD, = 727cm™!
and v,.CH, - CD, =765cm™ and, approximately, for the deformation signal
6=1383cm™. Common signals in all spectra are rocking pCH, = 724cm™ and
v,sCH; = 2958 cm™. New bands for deuterated methyl groups are not clearly iden-
tified because of their low concentration.

The deuterated hexatriacontane (d-HTC) shows exclusively C-D vibrations, as
documented in Figure 5.58. The ND; plasma treatment of d-HTC also showed
features assigned to CH,-structures, which might be affected through traces of
hydrogen in the plasma chamber or by post-plasma reaction with humidity in the
air. Indications for nitrile or acetylenic bonds in the region 2150-2250cm ™', which
overlaps the C-D stretching bands, were not found (Figure 5.57).

In general, plasma exposure of h-HTC to ND; plasma and d-HTC to NH; plasma
produces the same D-related signals in the IR spectrum.

Considering the 500-fold larger sampling depth of ATR/diamond in comparison
to that of XPS, and also the relative strong absorbance of the CD,-related signals,
it can be concluded that the hydrogen/deuterium reactions in NH;/ND; plasma
have much more significance than the N-incorporation. Obviously, the range of
plasma-induced reactions in the polyolefin materials is about one order of
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Figure 5.57 Hexatriacontane (h-HTC) exposed to NH; or ND; plasma.
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Figure 5.58 Deuterated hexatriacontane (d-HTC) exposed to NH; or ND; plasma.

magnitude higher for hydrogen/deuterium reactions than that for nitrogen. This
might also be due to the smaller dimensions of H/D atoms in comparison to the
N atom.

5.3.8
CHN Analysis

CHN-analysis of d- and h-hexatriacontane did not show any significant changes
in stoichiometry after exposure to ammonia plasma. The nitrogen incorporation
was within the standard deviation of N-analysis. The hydrogen percentage was

1z
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minimally increased, but only slightly above the standard deviation range
(£0.2wt%). It must be considered that the HTC molecule (C3Hy,) is maximally
saturated with hydrogen. Only plasma-induced chain scission may allow a mar-
ginal increase in hydrogen percentage by replacing of two CH,-groups with two
CH; (end) groups:

H;C[CH, 5, CH; +2H (NH;) — 2H;C[CH, ], CH;

This chain scission increases the hydrogen percentage from 14.6 to 14.9wt%.
Actually, an increase of 0.5% was observed, indicating chain scissions. The H-NH,
substitution also increases the hydrogen content (74 — 75%) but only marginally,
from C3Hy, to C36NHs:

H,C[CH, 5, CH; + NH, (NH;) — H;C[CH, ];; CH(NH,)CH,

Following this equation, the amino group incorporation would decrease the hydro-
gen percentage from 14.6 to 14.4wt% but increase the nitrogen percentage from
0to 2.69at.%. This N-concentration is far from the measured values of nearly zero.
Therefore, it can be concluded that the ammonia plasma affects only the HTC
surface. Hence, the only plausible mechanism for additional hydrogen incorpora-
tion in the bulk is chain scission and the formation of methyl groups. However,
the more or less constant, or very slightly increased percentage of hydrogen is
astonishing. It was assumed that short-wavelength vacuum UV radiation (VUV)
of the ammonia plasma with its characteristic hydrogen lines produces dehydro-
genation in analogy to observed dehydrogenation and formation of C=C double
bonds on hydrogen plasma exposure to poly(vinyl chloride) [70] or to polyethylene
[71]. If transferred to HTC the following reaction is proposed:

H,C[CH, };,CH; + VUV (NH; plasma) — H,C[CH, };, CH=CH—CH, + H,

Moreover, observed di-, trimerization, and crosslinking of h-HTC on exposure to
oxygen low-pressure plasma by means of MALDI-ToF mass spectrometry also
produces a slight hydrogen deficiency [29, 72]. In contrast to this MALDI-analyzed
O,-plasma exposed HTC material, the ammonia plasma treated HTC could not
be analyzed using MALDI, possibly due to crosslinking provoked by the ammonia
plasma. A similar observation was made by Hudis, who has investigated the
effect of hydrogen plasma, which may be acting in similar fashion to ammonia
plasma [73].

5.3.9
NMR

Figure 5.59 displays the >C NMR spectrum of d-HTC (top spectrum). Direct excita-
tion was required using a single 90° pulse because d-HTC does not contain any
protons for a CPMAS (charge polarized magic angle spinning) experiment. Hence,
extraordinarily long repetition times of about 6 h between each scan had to be used
because of the extremely long T; times of the CD, groups in the middle section
of chains. In Figure 5.59 the measured resonances at 13.9ppm (CH;), 23.7 ppm
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Figure 5.59 Comparison of the ’C direct The CPMAS spectrum unambiguously proves
excitation spectrum of d-HTC (upper that NH; protons enter the d-HTC structure
spectrum) with the 'TH-"C CPMAS NMR during the plasma process, forming CH,D
spectrum of d-HTC + NH; (bottom spec- and CHD units as indicated.

trum), including line assignment (top right).

(a-CH,), and the strong signals around 32 ppm (residual CH,) are assigned to the
corresponding structural units. To verify whether NH; protons are incorporated
into the d-HTC-structure during the plasma process with NH;, "H-"C cross
polarization was used. There is a simple idea behind this: only if deuterons of the
CD, and/or CDj; units of d-HTC are exchanged by the NH; protons can these
protons cause such CPMAS signals of the plasma modified d-HTC. This is in fact
the case, as shown by the bottom spectrum in Figure 5.59, where a strong middle
group signal was found. Hence, some protons enter the HTC structure, forming
CDH units. Despite the limited signal-to-noise ratio it is also very likely that some
CH,D groups have been formed. The hatched lines in Figure 5.59 serve as a guide
to the eye, and within the S/N-ratio a signal at 14 ppm seems to be present as well
as the 23.7 ppm line for the adjacent CDH group. This means that the protons are
incorporated in a statistical manner. There is no preferential substitution pattern.

The opposite case (exchange of HTC protons by ND; deuterons) was investigated
using ’H NMR (Figure 5.60). The static °H echo spectrum of d-HTC is displayed
at the top of Figure 5.60 for convenience. This spectrum shows at a glance CD;
and CD, signals. Owing to the three site jumps around the C3 axis, the quadrupole
interaction is averaged down to —' [74] and the corresponding peak pattern is
narrower, as shown in Figure 5.60. Furthermore, as only very few deuterons enter
the HTC structure during the plasma process, MAS (magic angle spinning) has
been applied instead for signal-to-noise ratio reasons.
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Figure 5.60 “H solid-echo (top) and HTC + ND; sample allows us to conclude that
corresponding H MAS line shape for d-HTC, ND; deuterons are incorporated into the HTC
showing the presence of CD; and CD, units.  structure during the plasma process to form
The similar 2H MAS line shape of the CH,D and CHD units.

The corresponding MAS spectrum of d-HTC is shown in the middle of the
figure. This time CD; and CD, MAS signals overlap. Nevertheless, a typical MAS
sideband structure is found that ranges over the entire static echo frequency range,
as expected. Again, ’H signals of the HTC sample treated in the plasma process
with ND; can only be observed if ND; deuterons are incorporated into HTC as
CH,D and CHD groups. This is the case, as shown by the bottom spectrum in
Figure 5.60. The observed H MAS sideband structure is very similar to that of
d-HTC, confirming that these two units are at the surface.

5.3.10
Discussion of Hydrogenation and Amination of Polyolefins by Ammonia Plasma

As evidenced by XPS and ToF-SIMS, NH, and ND, groups were introduced onto
the surface of paraffin (HTC) and polyolefins (PP, PE). However, on considering
the different sampling depths of XPS and SIMS (ca. 1-10nm) as well as those of
IR and NMR (2.5 and 10 pm film thickness) and comparing the results, it is clear
that nitrogen species are found only in the topmost nanometres of polymers.
Thereby, ND; plasma achieves a slightly higher introduction of nitrogen than the
NH; plasma and PP shows higher N-incorporation than PE. Whether the small
differences between ND; and NH; plasma are realistic or within the deviations
seen from experiment to experiment is not clearly indicated. However, the higher
amount of incorporated N-species in polypropylene is obvious and can be con-
firmed also in principle.



5.3 Polymer Surface Functionalization with Amino Groups

The time-dependence of N-incorporation onto polypropylene surfaces shows
differences between the efficiency of continuous-wave and pulsed plasma expo-
sure. The pulsation of plasma obviously inhibits the formation of radicals, possibly
by recombination in the plasma-off periods, as shown by the much lower post-
plasma oxidation. Thus, the O-percentage is about twofold higher than the
N-percentage using the cw-plasma and lower or equal when using the pulsed
plasma mode. The N-introduction is slightly higher using NH; and NH; + H,
plasmas than N, plasma. Note that NH, groups cannot be formed in N, plasma
directly. Hydrogen must be removed from the polyolefin backbone, must react
with N-species, and recombine with C-radical sites at polymer surface:

-CH,—CH,- +plasma — -CH=CH- + 2H" (H,)
or:

-CH,-CH,._ + plasma — -CH,-CH"-+ H" (0.5H,)

N, + plasma — 2N*

N°* +2H" — *NH,

-CH,-CH"- — -CH,-CH(NH, -

The additional supply of hydrogen to ammonia plasma did not change signifi-
cantly the N-introduction and the fraction of NH, groups among all N-containing
groups. The mass action rule has no influence on this plasma reaction. The very
low fraction of NH, groups among all N groups is obviously due to the energeti-
cally favored N and NH formation under the conditions of plasma and energy
excess, as shown by standard bond dissociation values. In general, 1-4 NH, per
100 C is the maximum. Referenced to the total introduced nitrogen, a maximal
10% of all N-functional groups appears as primary amino groups. The assumed
nitrile groups were only found using the surface-sensitive SEIRA-FTIR technique
at the surface of ammonia plasma treated aliphatic LB films (traces) and polypro-
pylene (minimal concentration). Extensive CH; group formation by chain scis-
sions and hydrogenation are evident by its v,, stretching vibration at 2960cm™ in
the IR spectrum.

ToF-SIMS-MS measurements of ammonia plasma exposed h-PP, h-PE, and
d-PE show a wide range of differently composed N functional groups with a com-
position of NH,D,. These different N functional groups could not be clearly dif-
ferentiated using XPS. Therefore, only the total N-introduction was determined
by XPS. However, after derivatization of primary amino groups their concentration
could be easily determined within the XPS sampling depths. FTIR did not show
any nitrogen introduction because of its higher sampling depth.

The H or D modification of polyolefins and hexatriacontane achieved much
deeper polymer layers and gave higher quantities. It can be concluded that the
hydrogenation effect of ammonia plasma dominates the nitrogen introduction
strongly. This is also evident by the appearance of strong D-related IR signals in
the respective ATR-FTIR spectra and also by ToF-SIMS and NMR. The spectra

121



122

5 Kinetics of Polymer Surface Modification

suggest a statistic exchange of H«&>D during plasma exposure. This exchange
affects the whole bulk material as NMR results show and ATR-results confirm.
The stoichiometry was not changed significantly, as shown by CHN analysis. Very
small changes might be interpreted as a few chain scissions related to a very small
increase in hydrogen percentage.

The polymer chains became substituted as well as end-groups, forming CD;,
CD,H, CH,D, and CHD groups, as shown by NMR. The IR spectra show the
dominance of CD, groups among all other groups when h-HTC was exposed to
the ND; plasma and, vice versa, CH, groups were found exclusively after exposure
of d-HTC to NH; plasma. Hydrogen might be able to diffuse deeper into the bulk
material than nitrogen, which was found only in the topmost surface layer. This
behavior of hydrogen may be caused by the smaller collision cross section/atomic
volume in comparison to nitrogen. NMR gave no hints of chain scissions. However,
CHN analysis allowed us to assume a few chain scissions, as always observed for
all plasma processes [66].

Thus, ammonia low-pressure plasma exposure of aliphatic structures produces
a complex reaction mechanism with a wide range of structural changes into the
bulk. Penetration of reactive (plasma produced) hydrogen or deuterium species
into deeper polymer layers (>1 um) than N-species and their reaction with the bulk
material by preferential H«>D exchange was not expected. Highly reactive species
react immediately, preferentially at the topmost surface, as observed for nitrogen
and nitrogen-containing species (Figure 5.61).

As mentioned before, ammonia plasma emits strong hydrogen UV irradiation
with lines in the vacuum UV range of the Lyman series from 91 to 121 nm [75-76].
Such wavelengths correspond to 10-12eV, compared to about 3.7 eV necessary to
dissociate C-H and C-C bonds. It may be assumed that this hard radiation also
reaches deeper layers, where it produces C-radical sites. Nitrogen-related emis-
sions are much softer and have wavelengths > 160nm [77]. Aliphatic chains absorb
UV radiation from <160nm [78-80].

Lyman irradiation may be responsible for the formation of double and (possibly)
triple C=C and C=N bonds [81]. Aromatic ring structures formed by dehydrogena-
tion could not be identified as speculated above. In the presence of surplus hydro-
gen only isolated multiple bonds are formed, as shown by SEIRA. Under
low-pressure plasma conditions it is also possible that the oxime dehydrates to
nitrile as mentioned before:

-CH=N-OH — -C=N+H,0

Post-plasma oxidation and rearrangement reactions such as Curtius, Beckmann,
or Lossen may be a source of isocyanate groups, which possibly contribute to the
IR band at 2140cm™.

In general, for formation of hydrocyanic acid, nitrile, and acetylenic groups an
excess of energy is demanded because dehydrogenation steps are necessary and
it results in chain scissions:

>CH-NH, — -C=N + H,T (may be HCN or RCN)
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Figure 5.61 Sketch of ND; and NH; plasma treatment of hydrogen and deuterium-substituted
aliphatic chains, respectively.

>C(CH;)-NH, — -C=N +H, T (may be RCN)
-CH,~C(CH;)H-CH,-R — -C=C-CH; + CH;—R + H,T

5.4
Carbon Dioxide Plasmas

Carbon dioxide plasma oxidizes polymer surfaces. Preferential dissociation of
carbon dioxide in the plasma gives [82]:

CO, + plasma - CO+0O

Thus, several different O-containing functional groups are formed. However, CO,
and CO, as well as O, have ionization potentials in the range 13-14eV. Therefore,
the average electron energy should be high (of the same order). Thus, the electron
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energy exceeds the bond dissociation energies of C-C and C-H bonds. Therefore,
the idea of softer plasma oxidation in the CO, plasma is not realistic.

On the other hand, attachment of the intact CO, molecule onto the polymer
backbone should be also possible and should open a route for the introduction of
carboxylic or carbonate structures onto a polymer surface [83]. Using low-pressure
plasma and low wattage the attachment of electronically excited or ionic CO,
(formal insertion into a C-H bond) to the polymer backbone dominates, as pre-
sented schematically here:

CO,* +-CH,-CH,- — [-CH,-CH(CO,")- + H'] = -CH,-CH(COOH)-

Because of the high energy of the first excitation state of CO, (12eV) the above-
described route may be too simple. More probably, CO, dissociates into atoms and
these atoms form a new COOH group among other O-containing groups. Another
route may be the formation of C-radical sites during the exposure to the oxygen
plasma:

-[CH,-CH,],- plasma — -|[CH,-CH,],_,{CH,-CH"]- + H*
{CH,-CH,],-[CH,-CH"]- + CO, — -[CH,-CH,],_[CH,-CH(CO,")}
{{CH,-CH,],_-[CH,-CH(CO,)"}- + RH —— -[CH,-CH, ],_,[CH,-CH(COOH)]- + R*

Following the reported information, a concentration of 10-12 COOH groups per
100 C atoms were introduced using the CO, plasma [84]. Poll observed gravimetri-
cally the introduction of reactive CO, species from the plasma into PET films [85].
Badyal applied the CO, plasma for the soft oxidation of polystyrene [86], Hoffman
for polyethylene [87], and Gancarz for polysulfone membranes [88]. Inagaki also
treated polyethylene films with the CO, plasma (and other plasmas such as CO,
NO, NO,) [89, 90]. He has used it to oxidize “softly” the polyethylene surface so as
to increase the surface energy. Using the CO, plasma the surface free-energy of
the polymer was maximally increased comparing to other plasma gases (Table 5.2).

Table 5.2 Surface energy of polyethylene after treatment with different plasma gases.

Plasma XPS-measured  Total surface  Dispersive component  Polar component

O per 100 C energy (Yotal) of surface energy of surface energy
(m)m™) (Yaisp) (m)m™) (Yoolar) (M) M)

As received 6 36 30 6

CO, 36 65 18 47

CcO 41 61 20 41

NO, 21 59 23 36

NO 35 56 21 35

0, 19 56 22 34
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Table 5.3 Yield of COOH obtained using different plasma gases.

Plasma Oxygen per 100 C

OH >C=0 COOH
CO, 0 3.1 5.5
Cco 0 0.2 33
NO, 2.5 2.1 1.1
NO 0.6 1.3 0.5
0, 3.2 2.0 1.2

Surprisingly, Inagaki did not find a clear correlation between the percentage of
introduced oxygen and the thus-produced polar contribution (%) to the surface
energy (%ow). The dispersive fraction of the surface energy reflects changes in
polymer structure by plasma modification.

A more detailed inspection of the C1s signal by curve fitting and derivatization
of the different O-functional groups (cf. Reference [91]) showed that about 5.5
COOH groups per 100 C were formed using the CO, plasma (Table 5.3) [92].

Inagaki also had another idea for increasing the yield in COOH groups. He
developed a hybrid method by combination of plasma polymerization in the pres-
ence of CO,, that is, acrylic acid was plasma polymerized in the presence of CO,.
Thus, it was possible to double the yield of COOH groups [93].

As mentioned above, COOH functional groups may be attached to macromo-
lecular chains by substitution reactions, nucleophilic (Sy1 or Sy2) or radical (Sg),
thus replacing a hydrogen atom from the polymer molecule. Alternatively, hydro-
gen is abstracted from polymer by plasma exposure, thus forming a C radical
vacancy. The OH radical can recombine with the C radical and thus form the
desired functional group. However, independently of the actual incorporation
mechanism, COOH groups are not originally present in O, or CO, plasmas. Thus,
they cannot be formed directly by attachment of plasma gas atoms or fragments.
It is necessary to pick up hydrogen in plasma gas phase and form COOH (or OH)
groups. The same is true for the formation of NH, groups in N, plasma. These
functional-group forming intermediates need hydrogen for their formation, which
is abstracted from the polymer chain. Traces of water in the gas phase or in the
adsorption layer may be another source of hydrogen. The following reaction
pathway is assumed:

CO, + ‘H— *COOH
Polymer* + *COOH — polymer-COOH

Insertion of CO, in unactivated C-H bonds of polyolefins by a nucleophilic sub-
stitution (Syx2) is improbable [61]:
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C-H+CO, -» C-COOH?

CO, insertions are very rare but may be occur under plasma conditions.

5.5
SH-Forming Plasmas

Mercapto groups are of interest in biochemistry. Yanagihara [94] claimed the
deposition of mercapto group-containing plasma polymers.

However, hydrogen sulfide plasmas or hydrogen plasmas in contact with solid
sulfur are also able to modify polyolefins:

H, plasma+ Sz — H,S
H,S + polymer-H — polymer-SH + H,

Another way to produce SH groups at a polymer surface by plasma-assistance was
described by Okusa et al. [95]. They equipped mica surfaces with OH groups by
water vapor plasma followed by consumption with mercapto-silane:

Mica + H,0 plasma — mica-OH

Mica-OH + HS-(CH;);-Si(OCH;); — Mica-0-Si(OCH;),-(CH, );-SH + H,C-OH

5.6
Fluorinating Plasmas

Plasma-chemical surface fluorination is usually performed with CF, or SF, plasmas
[96]. Other fluorinating plasma gases are SiF,, BF;, NF;, XeF,, and CICF; [97].
Measured fluorination degrees of PE and PP range from 1.1 to 1.8 F/C using the
CF, or SF, plasma [98-100] and 1.82 on exposure to the NF; plasma (3s). The
highest fluorination ratio comes close to that of pure poly(tetrafluoroethylene)
(PTFE, 2.0 F/C). The maximal fluorination ratio is also dependent on the plasma
parameter and type of polymer: PE-1.82, PP-1.70, PS—1.55, and PMMA
[poly(methyl methacrylate)]—1.14 [96]. The main disadvantage of plasma fluorina-
tion, and also of the chemical fluorination, is the undesired production of C-radical
sites within the polymer due to the strong exothermic fluorination reaction and
the interaction with plasma UV radiation. Thus, a post-plasma oxygen introduc-
tion (C+0-O" — C-O-O" — reaction products) occurs over longer periods of
storage on contact with ambient air [101]. Such undesired side-reactions produce
oxidation, which results in strong polar groups because of the neighborhood of
fluorinated sequences. Such a polar polyolefin surface is in contrast with hydro-
phobic surfaces produced by pure perfluorination. Therefore, oxygen addition
during the fluorination is used to produce highly-adherent polar polyolefin sur-
faces. Perfluorination is used to produce thin barrier layers such as in polymer
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fuel tanks [102]. The idea behind the fluorination is to decrease the polymer free
volume by H — F substitution. The more voluminous F atoms close the routes
for solvent or fuel diffusion.

CF,, SF, BF;, NF;, XeF,, and so on produce fluorine atoms under plasma condi-
tions by dissociation; thus silicon or silica can be attacked (plasma etching in
microelectronics):

CF, plasma — (4 — x)F +CF,_,
nF+Si— xSiF,T

Using polymers as substrate, fluorination of the polymer backbone occurs. Hydro-
gen atoms are replaced by fluorines in an exothermic self-accelerating process
occurring as chain propagation:

nF + H,-polymer — fluorinated polymer + nHF
ArH505 = AxH 1 potymer — ArHnp = 411— 546 k] mol ™ = -135 kJ mol™

Thus, chemical fluorination of the polymer backbone by fluorine atoms is strongly
driven by thermodynamics and does not need any additional plasma energy. Only
the dissociation of the fluorine precursor needs the plasma assistance to disrupt
any bonds to fluorine. Because of the great excess in enthalpy the fluorination
process shows low selectivity towards different polymer units and functional
groups.

However, the ideal perfluorinated structure, for example, presenting the highest
possible oxidation state, is not realized, possibly for statistical reasons, concurrent
chain scissions, and local thermal effects (reaction enthalpy). These thermal effects
lead also to chain scission and the formation of radicals, which are not completely
saturated by fluorine atoms. Metastable C radical sites remain, were trapped, and
react after contact with air to give peroxy radicals and rearrange to carbon acid
fluorides as proposed:

R-CF* + *0-O0* — R-CF-0-O" —» R-COF + 'O

The carbon acid fluorides hydrolyze rapidly to oxygen-containing products (car-
boxylic acids):

-COF+H,0 - -COOH+HF

When neighbored by perfluorinated groups such carboxylic groups become
strongly acidic, comparable to trifluoroacetic acid (CF;COOH), because of the
electron-withdrawing effect of the perfluorinated groups. Therefore, alcoholic OH
in the neighborhood of CF, groups has acidic properties comparable to those of
phenols.

Fluorination proceeds to higher percentages when using the plasma technique
(Figure 5.62).

The time-scale for the plasma fluorination process is much prolonged compared
to those of oxygen or ammonia plasma exposure. Fluorination proceeds over
longer periods as evidenced in Figure 5.62. This may be due to the small
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Figure 5.62 Introduction of fluorine into polypropylene surfaces on exposure to CF, plasma
(100W, 10Pa) in comparison to chemical fluorination with a 2%F,/98%N, gas mixture.

Table 5.4 Electronegativity, dissociation energy, and ionization potential of several
elements [24].

Element Electronegativity = Electronegativity =~ Dissociation energy  lonization potential

(Pauling) (Mulliken) (kcal mol™) for X/X; (eV)
H 2.2 2.1 103 (CH;-H) 13.6/15.4
C 2.6 25 90 (CH;~CHj) 13.0 (CH,)
N 3.0 3.0 75 (CH;-NH,) 14.5/15.6
o 35 35 91 (CH,~OH) 13.6/12.2
F 40 45 120 (CH,-F) 17.4/15.8

dimensions of the fluorine atom, which can migrate within the full sampling
depth of XPS and beyond.

However, the undesired post-plasma introduction of oxygen cannot be hindered,
neither by chemical fluorination nor by plasma fluorination processing (Figure
5.62). At first, this reaction with oxygen in concurrence with fluorination is
astonishing for a chemist. Fluorine is a stronger oxidizing species than oxygen;
moreover, oxygen is not able to replace fluorine chemically. Only, the above given
auto-oxidation process with C-radical sites and their reaction with molecular
oxygen can explain the (post-plasma) co-introduction of oxygen-containing groups.
This behavior is documented in Table 5.4, which presents the relative electronega-
tivity after Pauling [103] and Mulliken [104].

Replacing fluorine with oxygen may be possible under plasma conditions, pos-
sibly by plasma particle bombardment; however, most oxygen is incorporated by
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Figure 5.64 ATR spectra of plasma and chemically fluorinated PP foil.

the auto-oxidation process with oxygen from air and trapped C radical sites. The
acid fluorides play the key role in forming new oxygen- and fluorine-containing
polar groups as shown by the above-cited reactions and in the IR-spectra at about
1800cm™ (Figure 5.63).

The higher concentration of fluorine in the topmost PP surface layer produced
by plasma fluorination (Figure 5.62) and measured by XPS with a sampling depth
of about 5nm contrasts strongly with the intense absorption of the v i vibration
near 1220cm™ (Figure 5.64) after gas-phase fluorination or low-pressure plasma
fluorination as measured by FTIR-ATR.
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The reason for this different behavior and this different penetration depth is the
different diffusivity of fluorinating species under atmospheric or elevated pressure
and under vacuum conditions.

The fluorine precursor gases, such as CF, or SF,, cannot react chemically in
their neutral form with the polyolefin. Plasma-induced dissociation of the precur-
sor is needed to produce F atoms, which can react with hydrocarbon molecules
by H — F substitution or C'+'F recombination. A (self-accelerating) radical
chain-process (auto-fluorination) can only proceed with elemental fluorine, and
not with CF,. This is due to the difference in dissociation energies required to
produce the needed fluorine atoms:

F-F—>2°F 155 k] mol™
CF, — CF" + *F 507 k] mol™

It must be considered that the dissociation energy of CF, is much higher when
all four F atoms were removed from the C atom. The chemically reactive fluorine
molecules and atoms are able to diffuse into the bulk, where fluorination also
occurs. Fluorination with elemental fluorineis exothermic (Ag Hs = =135k] mol™),
and is, thus, self-accelerating. Therefore, the chemical fluorination proceeds with
time into the bulk (Figure 5.64).

Using different ATR crystals with different sampling depths the penetration
depth of plasma and chemical fluorination can be appreciated (Figure 5.65).

The fluorination depth for the chemical fluorination amounts about 2um and
contrasts with that of the plasma-assisted fluorination of a few hundreds of
nanometers at maximum [102-107].
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Figure 5.65 Plasma (SFs) and chemically (F,) fluorinated PP foil measured by ATR using
different crystals, thus varying the information depth.
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Other authors have also measured the fluorination depth by using various tech-
niques such as angle-resolved XPS and measurement of (differential) etching rates
of fluorinated /non-fluorinated polymers and so on for various polymers, as sum-
marized by Egitto [108]. The plasma fluorination of polymers is an attractive
technique by which to fluorinate, perfluorinate, or oxyfluorinate [109] the polymer
surface to produce hydrophobic and water-repellent properties (perfluorination)
[99, 100, 110-113] or hydrophilic surfaces (oxyfluorination, Figure 5.66) [107].

We need to distinguish between post-plasma oxygen implementation when the
plasma-fluorinated polymer is exposed to ambient air (in the range of 5 to 25 O
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Figure 5.66 Cls signal of (a) plasma (SFe) and (b) chemically (F,) fluorinated PP.
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per 100 C) and the purposeful addition of oxygen to the fluorinating plasma gas
to form acid fluorides and other polar O-containing groups. The oxygen addition
to the polymer surface is not clearly visible in the C1s signal because of the super-
position of C-O,-related peaks with dominant C-F,-related peaks (Figure 5.66).
However, the appearance of an intense Ols peak clearly indicates the co-
introduction of oxygen (cf. Figure 5.62).

The plasma-chemical fluorination provokes the dominant formation of CF, and
CF species beside CF;, C-CF, and CO species. The chemical gas-phase fluorina-
tion with 2vol.% fluorine gas shows an incomplete fluorination of polyethylene,
manifest in the intense C1s subpeak at 285 eV, characteristic for C-H components,
and a high concentration of CF; groups, indicating substantial degradation of
polyolefin. The formation of CF; groups is only possible by chain scission and
perfluorination of the newly formed end-group:

-{CH,-CH,],-+(n+1) F, = -[CE-CE],,-CE + EC-[CE-CE |,,_ -

In CF, plasma-treated polymers CF; groups may also be formed by addition of CF;
radicals, possibly by, for example:

-[CH,-CH,],- + CF, + plasma — -[CHF-CH(CE)],-

The F1s peak indicates the existence of covalently bonded C-F, species (binding
energy = 689eV) and traces of F~ anions (binding energy = 686eV).

The inevitable co-introduction of oxygen, causing a more hydrophilic surface, is
often not observed, does not exist, or is not mentioned. Moreover, the presented
high ratio of fluorination or the postulated poly(tetrafluoroethylene) (PTFE)-like
perfluorination needs to be scrutinized. In terms of thermodynamics C-C chain
scissions are obligatory.

Perfluorinated polyethylene is identical to PTFE and possesses after fluorination
200 F per 100 C without any C-C bond scission. However, the authors did not
consider that such high values are indications of polymer degradation, such as is
evident on comparing hexafluoroethane and PTFE with C,Fs, C:F =1:3 (C,Fy)
and 1:2 (-[CF,~CF,],-). Moreover, a proper calibration of the XPS is necessary.

Values near this theoretical limit of C:F =1:2 are given by several workers
[114, 115]. High F/C ratios have been presented by Yagi [97] using different inor-
ganic fluorine precursors (Table 5.5).

As mentioned before, Badyal investigated systematically the incorporation of
fluorine in different types of polymers on exposure to the CF, plasma [96] Yagi
compared the fluorination degree after NF; plasma treatment (Table 5.6) [97].

Strobel et al. also investigated the fluorination of polypropylene with different
fluorinating plasma precursors. He measured much lower fluorine concentrations
than Yagi (around 1.0 F/C) [100]. For the fluoroform plasma (CHF;) the deposition
of a fluorinated plasma polymer film was observed [111]. Thus, the authors differ
between fluorinating plasmas, such as CF, or F,, and film-forming plasmas such
as fluoroform (CHF;) [99]. Fluoroform split off H first because the dissociation
energy of C-H is lower (440 kJmol™) than that of C-F (502 kJmol™). Similar
observations were made by d’Agostino et al. [116]. Strobel also found in the Cls
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Table 5.5 F/C ratio of plasma-fluorinated polyethylene before and after extraction with
CF,CICFCl, [98].

Reactant F/C ratio
Plasma After extraction Loss in F/C ratio (%)
NF; 1.92 1.90 1
BF; 1.12 0.93 17
SiF, 1.12 0.92 19
CF, 1.50 1.05 30
C,F, (polymerizing) 1.44 0.63 57

Table 5.6 F/C ratio of NF; plasma-fluorinated polymers before and after extraction with
CF,CICFCl, [98].

Polymer F/C ratio
Plasma After extraction Loss in F/C ratio (%)
Polyethylene 2.00 1.82 9
Polypropylene 1.85 1.70 8
Polystyrene 1.90 1.55 18
Poly(methyl methacrylate) 2.06 1.14 45

signal of CHF; plasma exposed glass surfaces traces of a CH component in the
deposited film [111]. The F/C ratio amounted to 1.24 and the O/C ratio 0.03; thus,
a large number of carbonaceous, crosslinked, and unsaturated structures must
occur.

Perfluorination (replacing of all hydrogen atoms by fluorines) should be mini-
mize the surface free energy of polyethylene to <20mNm™; thus, values may be
achieved similar to that of poly(tetrafluoroethylene). Such a perfluorinated polymer
surface should be ideally hydrophobic. CF; and CF, groups are responsible for this
hydrophobic character because of the complete shielding of all bonding forces by
the F substituents [92]. However, this perfluorinated structure is not realized with
exposure to fluorinating plasmas; therefore, the shielding is incomplete and a
significant polar component in the surface energy is additionally produced besides
the mentioned co-introduction of oxygen.

Why do these incompletely fluorinated and partially oxidized surfaces show very
high contact angles towards water in some cases? Topography and particularly the
roughening of surface also play an important role besides surface composition
(Figure 5.67) [117].
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Figure 5.67 Wetting behavior of a water drop on the surface of differently modified polymers.

5.7
Chlorination

In contrast to the perfluorination of polyolefins the shielding of all residual binding
forces by chlorine substituents is not complete. Therefore, chlorine functionalities
can enhance the hydrophilicity [118-120]. CCl, plasma chlorination of polymers
has been performed. Depending on the chlorination ratio and the type of activated
hydrogen atom, which is replaced by chlorine, different contributions to the surface
energy are produced [121, 122]. The largest increase in surface energy arises
through the substitution of a hydrogen from a CH; group by Cl. Inagaki used the
CCl, plasma for chlorination [92] and Strobel the CF;Cl plasma [123, 124]. Inagaki
comments that the tetrachloro-carbon plasma is one of the most efficient plasmas
for increasing the surface energy. Under optimum conditions this plasma produces
a surface tension of 67.7m]Jm™. This value is close to that of water (72mJm™),
which is also reflected in the advancing water contact angle of 7°. As reported
for plasma activations generally the chlorination process is also accompanied by
post-plasma incorporation of oxygen. Certainly, this oxygen introduction also con-
tributes to the increase in surface energy. As mentioned before, in discussing
plasma fluorination in the CF, plasma, considerable undesired co-introduction of
oxygen is observed under different plasma conditions (<68 O per 100 C), exceeding
the concentration of grafted Cl [122].

The split C12p peak (near 200eV) in Figure 5.68 shows the existence of cova-
lently bonded C—Cl species and Cl™ anions after CCl, treatment of poly(ethylene
terephthalate) (PET).

As is in also the case with fluorination, two possibilities for chlorination exist
[118, 123, 125]:

1) direct chlorination of the macromolecules of the polymer substrate (CCL);
2) deposition of a Cl-containing plasma-polymer layer (CHCL;, C,H,Cl,, or
CHBry).

Figure 5.69 shows the change in Cls signal of polyethylene after exposure to
CHCI; plasma for different times. Notably, film deposition of plasma polymer is
also possible using this plasma.
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Figure 5.68 Cl 2p peak at PET surfaces after exposure to cw-rf CCl, plasma (605, 20 Pa,
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Figure 5.69 Cls signal of polyethylene after exposure to chloroform (CHCl;) plasma for
different times.
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Other sources of surface chlorination were plasmas in vapors of SOCIL,
POCl;, and PCl;, which were also used to introduce sulfonic- and phosphonic acid
groups.

Plasma chlorination has been applied to the modification of polyester fabrics
[126].

5.8
Polymer Modification by Noble Gas Plasmas

As discussed in Section 4.1, low-pressure noble gas plasmas emit an intense
plasma-vacuum radiation. Moreover, a particle shower of energy-rich and reactive
species such as ions, electrons, and neutral metastable excited atoms bombards
the polyolefin surface. These metastable states exist in high concentration and
possess a long life-time [127]. Therefore, in remote/afterglow plasmas these
metastable species travel long distances. These noble gas metastables are respon-
sible for surface effects on polymer samples. On the other hand, the energy-rich
plasma vacuum UV radiation causes crosslinking in surface-near polymer layers
and in its neighboring bulk. This effect was originally attributed to the action of
metastable species and, therefore, called crosslinking by activated species of noble
gas plasmas (CASING) [128-129]. In 1972 Hudis attributed the crosslinking to the
vacuum-UV irradiation from the (H,) gas plasma [73].

The electron temperature (kinetic energy: m/2v* = 1.5kT) depends on the pres-
sure and ionization potential of the noble gas (Figure 4.4).

Although the heavy particles (positive ions and neutral species) in non-isothermal
low-pressure glow discharge plasmas have very low kinetic energy because of
energy distribution via elastic collisions and energy transfer to the wall (tempera-
ture near room temperature) the electrons accumulate energy up to the threshold
from where inelastic collision are possible. Inelastic collisions cause ionization,
excitation, dissociation, and so on. lons can also initiate chemical reactions at a
polymer surface by ion bombardment (sputtering), adjusted by bias voltage, or
ion—-molecule reactions or neutralization as well as Penning ionization [130]. The
penetration depths of ions and metastables into polymer surfaces are strongly
dependent on their kinetic energy and electronic excitation or charge. The mean
free path of these plasma species was experimentally determined for an oxide layer
(PbO). The following order was found: He > Ne > Ar > Kr. Clark calculated the
penetration depth of argon ions and metastables into a copolymer of ethylene and
tetrafluoroethylene as 0.8 nm, based on a mean free path of 1nm for electrons of
about 960 eV kinetic energy [16]. While the electrons play the dominant role in the
plasma, their role in interactions with the polymer is secondary. The mean free
path of electrons in the plasma near zero kinetic energy is a few 10 nm. Thus,
direct energy transfer in the surface region is likely to be relatively small, domi-
nated by phonon excitation [131]. For electrons with a mean free path of 1.4nm
the penetration depth in the polymer has been estimated as 1.1nm [132]. The
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Table 5.7 lonization potential and metastables energy of four noble gases [134-135].

Noble gas lonization potential (eV) Metastables energy (eV) Resonance radiation (eV)

He 24.58 (°Sy)) 19.82 ('S); 20.61 (’S) 21.2 (He'); 40.8 (He")

Ne 21.56 ( Pm), 21.66 (zPl/z) 16.62 (°Py); 16.72 (°P,) 16.7, 16.8 (Ne'); 26.8, 26.9 (Ne")
Ar 15.76 (*P3); 15.94 (*Py) 11.55 (*Py); 11.72 (P,) 11.6, 11.8 (Ar'); 13.3, 13.5 (Ar")
Kr 14.00 (*P3y); 14.67 (°Pyp) 9.92(°Py); 10.56 (*P,) 10.0, 10.6 (Kr'); 12.8, 13.5 (Kr")

penetration depths of all plasma particles are too low to be responsible for detected
changes in polymer structure and composition in surface-near layers over the
micrometer range. Only for the first few atomic monolayers is direct energy trans-
fer from electrons, ions, and metastables of importance. Here, an ionized polymer
chain produced in the topmost layer of the condensed polymer phase can undergo
several structural transformations such as chain-scission or crosslinking.
Therefore, the multi-line and broad wavelength continuum radiation of the low-
pressure plasma seems to be responsible for the detected effects over the um range
in polymers. Noble gas plasmas show strong resonance line emissions in the
region 20-200nm. Thus, singly charged noble gas plasmas emit in the range
58-110 (He), 74-100 (Ne), 105-155 (Ar), and 148-200nm (Kr). Important (high-
energetic) resonance lines are positioned at 105 and 107 nm (Ar) and 92 and 93 nm
(Ar"), 73 and 74nm (Ne) and 46.1 and 46.2nm (Ne*), and 58 (He) and 30nm (He")
(Table 5.7) [133]. The total attenuation cross sections for the vacuum ultraviolet
radiation passing into the polymer are dominated by the photo-ionization compo-
nent [136], resulting in the production of polymer ions. At slightly longer wave-
lengths, components of the Rydberg transitions near the ionization limits also
have substantial cross sections. Such states are also of importance in discussing
the polymer—resonance radiation interactions. Modifications in the outermost few
angstroms caused by the long-wavelength UV/visible component are small because
of the low attenuation coefficients and low intensity compared with those of the
vacuum ultraviolet component and its much higher intensity [137]. Thus, analyz-
ing noble gas plasma treated ethylene—tetrafluoroethylene copolymers Clark could
identify species that are characteristic for crosslinking of the copolymer [133]. The
concentration loss for the CF, component in the C1s signal and for the F1s peak
decreases exponentially with time of exposure in the order He > Ne > Ar > Kr.
However, for the changes in the subsurface and the bulk a different order was
found caused by the different population of ions and metastables in the plasma
(Kr > Ar > Ne > He) and other factors with Ne > He > Kr > Ar. Clark concludes
that direct energy transfer at the surface produces CF, — CF or CH, - CH — C
and the radiative process CF, - CF — C, or CH, —» CH — C. Thus, ultraviolet
radiation has been demonstrated to have long-range effects in polymeric materials
and in appropriate cases modifications in surface-near layers are detected to a
depth of 10um [25, 73] or in a few cases up to the millimetre range [138-139].
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plasma UV radiation and (b) degradation and

The most suitable method to determine changes in the molar mass distribution
(MWD), such as slight crosslinking, is gel-permeation chromatography (GPC),
which is also known as size-exclusion chromatography (SEC). Figure 5.70b shows
typical changes of MWD on exposure to helium or oxygen plasma. Both degrada-
tion and crosslinking products appear during the helium plasma treatment of
polystyrene.
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The thickness of plasma-modified surface-near layers differs between He- and
O, plasma exposure (Figure 5.70a). After 180s treatment time the He plasma
modifies completely a polystyrene spin-coating film of about 500nm [14]. In con-
trast, oxygen plasma also produced crosslinking, which was very surprising. It is

limited to a thickness of <100 nm.
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6
Bulk, Ablative, and Side Reactions

6.1
Changes in Supermolecular Structure of Polymers

Exposure to oxygen-plasma treatment introduces up to 30% oxygen but also
changes the orientation of macromolecules at the top-most surface and in surface-
near layers. It could be shown that in partially crystalline and/or oriented polymer
systems any orientation diminishes completely [1-5]. In terms of polymer chem-
istry the orientation of molecules is responsible for the extraordinary mechanical
properties of the systems, in particular if the bulk structure is affected. Changes
near the surface demand surface-sensitive methods for identification of such ori-
entation effects. By means of IR spectroscopy using polarized radiation such
effects can be identified. Synchrotron-based X-ray absorption spectroscopy is also
well-suited, for example, angle-resolved NEXAFS (near edge X-ray absorption fine
structure) spectroscopy [6] (Figure 6.1).

This method is complementary to X-ray photoelectron spectroscopy (XPS).
NEXAFS gives information on the orientation of groups, segments, and chains in
the polymer surface layer, and also on the existence of n-electron-containing bonds
such as olefinic, aromatic, or carbonyl species. For identification of changes in
orientation NEXAFS spectra at different angles are recorded. Most often 20°, 55°,
and 90° are used. A transition from the K-shell to an unoccupied molecular orbital
has maximum intensity when the electric field vector (E) of the linearly polarized
X-ray beam points along the direction of maximum orbital amplitude. The transi-
tion is forbidden when E lies in the nodal plane of the orbital. In general, there is
a cos 20 dependence of the transition intensity where O is the angle between the
E vector and the direction of maximum orbital amplitude. Note that for ethylene
a resonance due to transitions to C-H antibonding MOs is observed in addition
to the main m* and 6* resonances associated with the C=C double bond.

The 90-20° difference spectra reflect the orientation (anisotropy) of molecules
[self-assembled or Langmuir-Blodgett layers] or macromolecules (polymers) within
the analyzed layer (3-5nm). The area of the difference spectrum on both sites of
the zero line formed between the measured function and the zero line is the
measure for the orientation (anisotropy). This can be also expressed as an orienta-
tion factor referenced to a defined orientation, which may be a Langmuir—Blodgett

The Plasma Chemistry of Polymer Surfaces: Advanced Techniques for Surface Design, First Edition.
Jorg Friedrich.
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 6.1 Ci- and Oy-edge spectra (NEXAFS) of poly(ethylene terephthalate) (PET) measured
at different angles of incidence and the 90°-20° difference spectra according to the time of
exposure to oxygen plasma.

layer or the highly-oriented original state in a (semi-)crystalline polymer. With
amorphization of the surface layer by plasma exposure the orientation (possibly a
supermolecular structure) becomes isotropic and the difference spectrum tends to
zero, for example, the spectra of all angles of incidence are more or less identical
(cf. Figure 6.1) [6].

In principle, such a near-edge photoelectron spectrum shows the structure of
the element-specific absorption edge for each electron quantum number. Reso-
nance transitions are superposed on this basic absorption as pre-edge sharp and
intense m*-resonances (C=C, C=0) and ¢* C-C and C-H (Rydberg) transitions
(Figure 6.2). The m*-resonances are an excellent analytical feature by which to
detect any unsaturation within the topmost polymer layer of 3-5nm. However,
the different types of unsaturations are often not well-resolved, as is known from
T — T transitions in UV/visible spectroscopy. Similar to XPS, cross-checking is
possible by comparing the results for the absorption edges of elements involved
in the bond, for example, for carbonyl feature information is available from the
Cy and the Oy edge.

As can be seen from Figure 6.1 the Cyx and Oy spectra become like each other
the longer the PET was exposed to oxygen plasma. Therefore, complete amor-
phization has taken place after prolonged exposure. The original (biaxially
stretched) orientation of macromolecules at the PET surface (cf. also Figure 6.2)
diminishes completely. However, this structure withstood in the main the attack



6.1 Changes in Supermolecular Structure of Polymers
14 — 77T
@ o8
12 4 g o9 3¢ L0 8 —
K 5,0 +° & b S
] R R ] |
20 o3 g2
104 955 9, -8 E
5] 5538 B4 ]
© 232 30 i
c 84 TZ5 x5 PET _
5 | \ \ O, edge |
[}
= 64 20° -
c
5 . .
—
© 44 =
8 —— — 7
© 510 520 530 540 550 560 570
ﬁ 25 T T IQS T O T T T T T T
£ §% ¢
© r 568
Q B %
FEI L IS B
N *-g *-g *.g gg“uu g. *bo
g SEgiket
S 15 02 92c6mga S
o 82353y 3 PET
2 | 3iiEEER @
< L" How o C, edge
10
\ 200
5 L

280 290 300 310 320 330
hv of BESSY’'s HE-TGM2 beam line in eV

Figure 6.2 Assignation of * and o* transitions in the C¢ and O spectra of poly(ethylene
terephthalate) (PET) at an angle of incidence of 20°.

of the O, plasma particle bombardment and UV-induced rearrangements up to a
maximal exposure time of 2s (cf. Figures 6.3 and 6.4). PET does not possess well-
suited points for introducing polar groups onto the backbone without its prelimi-
nary scission. Therefore, an increase of polar component of surface energy is
strongly related with degradation and the formation of low-molecular weight oxi-
dized material (LMWOM).

Oxidation of the ethylene gylcol unit produces decay of the ester group and chain
scission. Chain scissions make the PET mechanically defective at the surface (weak
boundary layer). Norrish I and II reactions produce such undesired chain scis-
sions. Cracking of aromatic rings also makes chain scissions, which requires
much more energy; however, the plasma involves sufficient energy. Formation of
phenol and bezoic acid structures at aromatic rings by photo-Fries rearrangement
also makes chain scissions. Thus, there is no defined way to equip the PET mol-
ecule with polar groups without chain scissions.

A similar response to oxygen plasma exposure is seen for highly ordered self-
assembled aliphatic monolayers from octadecyltrichlorosilane (OTS), which is
as an ideal model for polyethylene (PE) surfaces and polypropylene (PP) films
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Figure 6.5 Comparison of NEXAFS measured surface-related orientation factors of PET, OTS,
and PP with exposure time to the oxygen plasma (cw rf, 100W, 6 Pa).

(Figure 6.5). In all cases, under the plasma conditions used in Reference [2], the
orientation was roughly intact up to 2s plasma exposure. Prolonged plasma treat-
ment leads to very fast and complete loss in any orientation. Polypropylene shows
surprising behavior. In addition in this case, the orientation of biaxially stretched
polypropylene is diminished after 4s exposure time but at prolonged exposure a
completely new type of orientation appears (cf. Figure 6.5). This process is known
as “chemi-crystallization” [7]. The high density of newly introduced O-functional
groups into the surface-near layer enables the formation of new interactions
between these groups by hydrogen bonds and other interactions. Polymer seg-
ments having such interacting groups undergo an (new) orientation by shortening
the distances between interacting segments. Thus, the density increases.

More recently, this effect was also evidenced using X-ray wide-angle diffraction
and density measurements [8] showing the same tendency although these methods
are bulk methods. However, obviously, these changes of orientation at longer
oxygen plasma exposure are not strictly limited to the upper few nanometers.
Structural changes may also occur with some polymers in the um range [8]. Using
a X-ray wide-angle scan, the crystallinity of LDPE (low-density polyethylene) always
increased, for example, from 0.69 to 0.75. In contrast, HDPE (high-density poly-
ethylene) most often shows a slight decrease in crystallinity from 0.83 to 0.79.
Thus, an average density of plasma-exposed polyethylene near 0.75-0.79 was
observed [8]. The strong decrease in crystallinity of PET, on exposure to oxygen
plasma, could be confirmed using a bulk method, namely, the density measure-
ment. The density of polymers depends linearly on the crystallinity. All plasma
treatments of PET show, more or less, a decrease of density (Table 6.1).

Another idea was that the amorphous phase of semi-crystalline polymers, such
as PET, PP, or PE (polyethylene), is selectively etched. The remaining polymer
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Table 6.1 Changes in the density of PET with the type of plasma employed.

Plasma Density (g cm™)
As received 1.396
0O, 1.394
Ar 1.394
H,0 1.393
H, 1.392
NH; 1.391
N, 1.390
untreated OTS OTS+2s untreated OTS OTS +2s

O, plasma
¢+ polylayer

O, plasma +
polylayer Cr
20°

N

«#& e a—
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Figure 6.6 NEXAFS C edge spectra of octadecyltrichlorosilane (OTS) monolayers on Si
wafers and also with a subsequent Cr deposition of about four Cr monolayers, both before
and after exposure to cw-rf oxygen plasma.

surface-near layer should consist of pure crystalline polymer, thus increasing the
resulting crystallinity degree (and polymer density) of the whole polymer sample.

The amorphization of the polymer subsurface correlates closely with the oxygen
introduction during oxygen plasma exposure and is enhanced by additional depo-
sition of a few chromium layers (Figure 6.6).

When a steady-state of oxygen introduction is achieved the orientation is zero
(Figure 6.7). It is assumed that at this point a layer of LMWOM [9] is formed that
acts as a weak boundary layer (WBL) and thus strongly weakens the adhesion
between metal and polymer (Figure 6.7). The loss in any adhesion to metal coat-
ings is shown below.
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Figure 6.7 Oxygen introduction, orientation loss, and peel strengths of thermally evaporated
200nm thick Al layers on octadecyltrichlorosilane (OTS), polypropylene (PP), and
poly(ethylene terephthalate) (PET) on exposure to the oxygen plasma (cw rf, T00W, 6 Pa).

To gain an impression of the processes a rough and generalizing scheme of
possible processes on exposure of self-assembled monolayers to oxygen plasma
were designed as shown in Section 6.7.

6.2
Polymer Etching

Polymers without layered structures were uniformly etched under exposure to the
oxygen plasma [10]. Using other etching gases a strong dependence of the etching
behavior on the type of plasma is obvious (Table 6.2) [11]. Thus, the etching rates
are strongly dependent on the chemical reactivity of (dissociated) plasma gas, the
plasma conditions, the reactor geometry, and type of polymer and its sensitivity
towards etching. Therefore, the etching rates of polymers vary strongly with the
above-mentioned influencing factors. Consequently, the measured etching rates
are relative values with strong uncertainty. Nevertheless, the succession of etching
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Table 6.2 Etching rates of poly(ethylene terephthalate) foils (PET) in different gas plasmas
under comparable plasma conditions (cw-rf plasma, T00W, 13 Pa).

Plasma gas 10° X Etching rate
(300W, cw-rf plasma, 13 Pa) (mgem™s™)

0O, 6.4

H,0 3.5

He 1.8

Ar 1.4

H, 0.9

N, 0.8

Table 6.3  Etching rates of different polymers on exposure to oxygen plasma (cw-rf plasma,
10Pa, 300W).

Polymer 10° X Etching rates
(mgem™?s™)
Poly(vinyl acetate) (PVAc) 12
Poly(methyl methacrylate) (PMMA) 11
Low-density polyethylene (LDPE) 6
High-density polyethylene (HDPE) 6
Poly(ethylene terephthalate) (PET) 6
Poly(butylene terephthalate) (PBT) 6
Polystyrene (PS) 2
Natural rubber 1.5

rates can also vary according to the influencing factors. Thus, groups of polymers
can be defined in terms etching behavior (Table 6.2).

Comparing the etching rates of poly(ethylene terephthalate) in oxygen and in
argon plasma the percentage of the chemical contribution to the etching can be
roughly appreciated (6.4-1.4 x 10° mgcm™s™); for example, it can be concluded
that roughly four-fifths of the polymer removal is caused by chemical processes.
Nitrogen, hydrogen, and water vapor plasmas certainly have chemical contribu-
tions to the plasma etching process; however, this factor seems to be negligible
within the material removal.

This type of polymer also plays a dominant role, as shown in Table 6.3, which
lists the etching rates of several polymers [8].

H. Yasuda has measured the etching rates of different polymers in pure low-
pressure helium plasma (Table 6.4) [12].

The etching rates of polymers reflect the sensitivity of polymer units to degrada-
tion under exposure to the O, or He plasma. Moreover, the lowering of etching
rate by aromatic rings and by the tendency of several polymers to undergo
crosslinking (polyethylene, polybutadiene, etc.) is obvious. Especially, alkane and
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Table 6.4 Etching rates of different polymers on exposure to helium plasma (cw-rf plasma,
30W, 13.6Pa).

Polymer 10° X Etching rates
(mgem™?min™)

Poly(oxymethylene) (POM) 17.0
Poly(acrylic acid) (PAA) 16.2
Poly(methyl methacrylate) (PMMA) 15.4
Poly(vinyl pyrrolidone) (PVP) 11.9
Poly(vinyl alcohol) (PVA) 9.4
Poly(ethylene terephthalate) (PET) 1.7
High-density polyethylene (HDPE) 1.2
Polyamide-6 (PA-6) 1.1
Polypropylene (PP) 0.8

rubber-like chains tend to crosslink, thus stabilizing the polymer towards the etch
attack from the plasma [8]. Moss et al. have given a survey of the plasma etching
rates of homo- and copolymers [13].

Hydrogen, water, carbon dioxide, and carbon monoxide are the most prominent
degradation products (as expected) when polypropylene is exposed to the oxygen
plasma. The released neutral degradation products in the off-gas were measured
by means of mass spectrometry. Using gas chromatography and a thermal con-
ductivity detector, on exposure of polypropylene to argon plasma the dominant
degradation product was hydrogen (Section 6.5). Methane and C, products such
as acetylene, ethylene, and ethane were also detected in significant concentrations;
C, products such as butadiene, cyclobutadiene, butane, and butane were present
as well as traces of C,, Cs;, and Cs products (Friedrich, J., unpublished results,
1976) [14].

The etching progress can be also followed by IR spectroscopy. As discussed in
Section 5.11 and demonstrated in Figure 5.11 for the functionalization with
O-containing functional groups in an oxygen plasma and the transition to a
steady-state of plasma etching after a few seconds a constant relation between the
different oxygen products was observed. IR spectroscopy confirms these results
when looking at the etching of a self-assembled monolayer of stearic acid on a
silver target, that is, the lowering of CH,/CH; stretching intensities at 2900 cm™
(Section 6.5).

The increasing oxidation is also obvious if comparing the intensity ratio between
the stretching regions of CH, and C-O, around 2900 and 1100cm™. The decrease
of intensity of the CH,/CH; stretching region reflects the progressive etching
process.

Using gravimetric measurements (micro balance) a linear loss in weight was
measured for polypropylene exposed to oxygen plasma (Figure 6.8).

Etching of polymers begins with chain scissions of the backbone. These frag-
ments are oxidized and degraded to LMWOM and ultimately to CO,, CO, and H,O.
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Figure 6.8 Weight loss of polypropylene on exposure to cw-rf plasma (frequency = 13.56 MHz,
pressure = 10 Pa, wattage = T00W).
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Figure 6.9 Overview of simultaneous degradation and crosslinking of PS bulk (200nm layers
of PS 110000 g mol™) on different exposure times to cw-rf oxygen plasma (wattage = 100W,
pressure = 10Pa, 200 nm layer thickness).

The change of molar mass distribution can be determined using gel-permeation
chromatography (GPC) (also known as size-exclusion chromatography, SEC) as well
as by different types of field-flow fractionation (FFF). Both degradation (SEC) and
crosslinking (FFF) are present if polystyrene is exposed to the low-pressure oxygen
plasma (Figure 6.9). This broadening of the original molar mass distribution is
obvious from a combination of SEC and FFF spectra, as shown schematically in
Figure 5.19.
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Figure 6.10 Loss in molar mass of PMMA 1900 on exposure to cw-rf low-pressure oxygen
plasma (power = 100 W, pressure = 10W) measured by matrix-assisted laser desorption/
ionization time-of-flight (MALDI-ToF) mass spectrometry.

The molar mass distribution function was extremely broadened also at a short
time of exposure to oxygen plasma, evidencing the susceptibility of polymer
bulk and surface-near layers to plasma-induced changes in structure and
composition.

Poly(methyl methacrylate) (PMMA) shows a nearly linear decrease in molar
mass on exposure of 300nm thick layers to the oxygen cw-rf plasma. No indica-
tions of crosslinking were found, which agrees with the general chemical tendency
of PMMA on exposure to high-energy irradiation to decompose by depolymeriza-
tion (Figure 6.10).

A line-scan (Figure 6.11) of oxygen plasma exposed polyesterurethane clearly
shows the formation of C=C double bonds by dehydrogenation up to sampling
depths of several micrometres. It is strongly argued that the dehydrogenation,
crosslinking, formation of C-radical sites, and formation of C=C-double bonds is
caused by the irradiation with plasma-vacuum UV radiation [8, 15].

Summarizing the obtained information (cf. Section 5.2) the course of plasma
functionalization, crosslinking, and etching is as shown in Figure 6.12.

6.3
Changes in Surface Topology

Layered structures in polymers—such as quenched or amorphous surface layers,
trans-crystalline structures at the interface to metals, polymer or paint coated
surfaces, contaminated surfaces, laminated sheets, porous membrane structures,
filled polymer composites, and so on—provoke changes in the etching rate
(Figure 6.13).
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Figure 6.11 Exposure of polyesterurethane to oxygen cw-rf plasma (wattage = T00W, pressure
=10Pa) and consumption of plasma-formed C=C double bonds with OsO, by measuring the
Os-concentration along a line by means of EDX (energy-dispersive X-ray spectroscopy).
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Figure 6.12 Schematics of plasma-induced effects on polymers.

By means of plasma etch gravimetry differential changes of the etching rate
(dR/dt) can be estimated for the detection of such layered structures [16]. The
changes in sample mass were detected by electronic microbalances, quartz
syringes, or quartz microbalances [17]. In the vicinity of inorganic or metallic
surfaces the etching rate of polymers is often strongly reduced. This effect is
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Figure 6.13 Variants of layered structures (gradient layers) in surface-near layers and the

principal course of etching rates with exposure time to the oxygen plasma.
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Figure 6.14 Dependence on etching time of the etching of C;s-OTS chains deposited onto
Si-wafer surfaces by exposure to oxygen cw-rf plasma (power = 100W, pressure = 13 Pa).

caused by the more etch-resistant polymer structures formed through the interac-
tion between metal or inorganics surface and the polymer or by the absence of a
homogeneous closed polymer layer and the remaining isolated polymer islands
on the target surface. An example is the etching of an octadecyltrichlorosilane
(OTS) monolayer deposited on a Si-wafer on exposure to oxygen plasma [4].
Because of the extremely flat Si-surface islands of remaining OTS clusters can be
more or less excluded. In this case the special influence of the wafer surface and
the linkage to the wafer may cause the decrease in etching rate. In Figure 6.14 the
change in etching rate of the OTS layer as it approaches to the surface is plotted,
as measured by using the IRRAS technique [18].
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6.4
Plasma Susceptibility of Polymer Building Blocks

As mentioned before, the most fragile polymer building blocks involve a precursor
or preformed structure for the elimination of a gaseous plasma degradation
product such as CO,, CO, and H,0 (cf. Section 5.2.8). Another indicator is a high
oxygen concentration in the polymer molecule. One example is cellulose, an iso-
tactic B-1,4-polyacetale of cellobiose, (C4H;Os),.. Units with such a high oxidation
degree (83%) are predestined for fast degradation on exposure to oxygen plasma.
This is reflected in high etching rates and the preferred destruction of such units
or groups [19]. Other easily degradable and therefore already highly oxidized
groups that decay to CO,, CO, or H,0 are carbonates [20], peroxyacids, acids, and
esters [21].

An overview of a few polymers and their degradation behavior on exposure to
oxygen plasma is plotted as a set of NEXAFS spectra in Figure 6.15.

'/ n-resonances of aromatic rings

normalized photo electron yield in a.u.

I

' JN_'
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Figure 6.15 Set of C edge absorption spectra of polystyrene (PS), poly(ethylene terephtha-
late) (PET), and poly(bisphenol-A carbonate) (PC) exposed to a DC oxygen plasma (6 Pa).
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Figure 6.16 Changes in the concentration of aromatic rings and carbonyl groups as well as of
total oxygen concentration with exposure time to an oxygen cw-rf plasma (pressure = 6Pa,
power = 100 W).

Evidently, all m-resonances strongly decrease in intensity with prolonged expo-
sure to plasma. This effect is maximal for polystyrene, which is also reflected in
Figure 6.16.

Here, the NEXAFS gives information on the (existence and) concentration of
©- and n-electron (n = free electron pairs) groups in polymers as measured by the
appropriate T-electron resonances in the C and O K-edges, indicating the aromatic
ring systems and manifold carbonyl features in the corresponding functional
groups or units. The changes in concentration were also measured by XPS using
the m — n* shake-up signal. However, this signal is not as sensitive the m-
resonances in the absorption spectra. To complete the picture of oxidation and
degradation of polymers on exposure to oxygen plasma the oxygen uptake of poly-
mers is plotted again (Figure 6.16).

The splitting-off (removal) of aromatic rings from the polymer backbone depends
strongly on the number of chemical bonds to the polymer backbone. Singly-
bonded side groups, known as phenyl groups, are eliminated very easily, as seen
for polystyrene. Rings doubly bonded to the backbone, such as para-bonded rings
in PET, are more difficult to remove. Here, it is more probable that the aromatic
ring becomes destroyed (cracked) than that the intact ring can be removed. The
carbonyl feature within ester or carbonate groups degrades strongly. As expected,
the carbonate group is most sensitive towards the oxygen plasma exposure. T-
Resonance producing groups were affected by their chemical neighborhood. Thus,
plasma exposure produces, generally, broadening of all resonances.
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Figure 6.17 NEXAFS C, edge spectra of poly(ethylene terephthalate) exposed to oxygen
plasma (cw-rf, power = 100W, pressure = 6 Pa). Dotted lines mark the original carbonyl and
the newly formed carbonyl feature.

However, in NEXAFS and XPS spectra the distinction must be made between
the original carbonyl features in the untreated polymer, such as ester or carboxylic
groups, and newly formed carbonyl-containing groups, such as aldehydes or
ketones (Figure 6.17).

As was shown in Figure 5.29 further new O functional groups are formed at the
surface of poly(ethylene terephthalate).

In addition, the time-of-flight secondary ion mass spectrometry (ToF-SIMS) is
a useful tool for investigating the degradation behavior of the polymer building
blocks.

6.5
Plasma UV Irradiation

The plasma vacuum UV (VUV) radiation consists of line (resonance) and continuum
(recombination and Bremsstrahlung) radiation (Figure 6.18).

According to the electron energy distribution in the plasma the corresponding
electron excitations and radiative transitions to the ground state occur. For example,
the helium plasma emits VUV radiation in the range of ca. 5 to 200nm [22-24].
The emitted radiation is produced if an electron switches from an excited singlet
state to the singlet ground state (resonance radiation, fluorescence radiation). This
resonance radiation is associated with discrete emission lines of high energy (low
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Figure 6.18 Schematic presentation of plasma-emitted radiation.
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Figure 6.19 Ar plasma emission in the range 60-160nm.
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wavelength) and high intensity [25]. Figure 6.19 presents an example of Ar plasma
VUV radiation (60-110nm) [23].
Single ionization of atoms and molecules dominates in low-pressure DC, rf, or
microwave-excited glow discharges. Twofold ionized species are seldom found
under glow discharge conditions. Thus, VUV radiation of the wavelength
range 100-200nm is most intense in contrast to the range 10-100nm, which is
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associated with twofold ionized species (extreme ultraviolet = EUV) and energies
in the range 120-12eV. The energy of radiation amounts 6.2V for the wavelength
(A) =200nm and 1239.8eV at A = 1nm, which must be correlated to the ordinary
C-C and C-H binding and dissociation energies in polymers of about 3.7eV.

Low-pressure glow discharge plasmas in noble gases, hydrogen, oxygen, or
metal vapors are usually line radiation emitting plasmas (resonance radiation) [26].
Continuum radiation-emitting plasmas need a high-power input such as arc dis-
charges, but molecular gas plasmas of low-power density also have a background
of continuum radiation.

6.6
Absorption of Radiation by Polymers

Organic molecules and polymers exhibit similar absorption behavior with ultra-
violet radiation, which is summarized in the simplified Jablonski diagram in
Figure 6.20.

At first an energetic photon is absorbed and one electron of the bond occupies
a singlet states (e.g., So — S,). Within S,, vibrational and rotational excited states
are also occupied (Franck—Condon principle). The electron excitation is followed
by an internal conversion characterized by transition to the vibrational ground
state of the excited electronic state (S;) under release of heat. In a few cases, transi-
tion to the triplet system by spin conversion (intersystem crossing) occurs:

So +hv — S,* radiation absorption
S,* — S,° + AE internal conversion
S;® = Sy + hv resonance radiation (fluorescence radiation)

S,° = T,* intersystem crossing

S excited vibrational states
n
Sz internal conversion
S1 H intersystem crossing
E T2
absorption fluorescence internal .
H é conversion
; 5 T
: : phosphorescence
So \ Y

electronic ground state

Figure 6.20 Simplified Jablonski diagram (S = singlet state, T = triplet state).
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T,* — T, + AE internal conversion

Ty — S + hv phosphorescence radiation

Figure 6.21 shows a typical absorption—fluorescence spectrum. The emission is
shifted bathochromically by 123 nm.

The phosphorescence transition (T; — S,) is forbidden by known selection rules
and shows therefore a time-lag. From S, or T, states radical formation occurs or
energy transfer from the excited donor to the acceptor takes place. Moreover,
complexation of phenyl rings leads to the formation of excimers and excimer
singlets and, therefore, to emission of excimer radiation, as shown in Scheme 6.1.

B K0406021.txt-K040634.txt
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2,336 nm A 459 nm 41814; 41814
fl PC, 90°; Pol 0°
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Figure 6.21 Absorption—fluorescence spectra of dansyl hydrazine grafted onto surface amino
groups at PP surfaces.
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Scheme 6.1 Excimer formation.
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Carbonyls play the most important role in light emission of polymers. Absorp-
tion of photons can produce singlet S* (n — m* transition) or triplet T* (m — *
transition).

The excited triplet state exists as a biradical:

>C=0+hv — >C"-0"]

Figure 6.22 shows the chemiluminescence resulting from an oxygen-plasma
treated piece of rubber that was heated.

Typical photochemical reactions of carbonyl-containing polymers based on such
radiation-excited triplet states are Norrish I and Norrish II rearrangements
(Scheme 6.2).

At A <200nm (>6.2eV) bond scissions are potentially able to occur (C—Cpy
=3.6eV and C-H;; = 3.7¢eV) in the polymer, including the scission of backbone

Figure 6.22 Chemiluminescence of a piece of rubber exposed to oxygen plasma.

hv
—CH,—C—CH,~ —> —CH,—CHe + ¢CH,— —> —CH,® + CO + @CH;y—
” Norrish |
CH O OH
/ \\ hv B _
—CH /C— —> —CHy=CH, + CH,=C— Norrish Il
CH,-CH» l
(0]
|
CH3—C—

Scheme 6.2 Norrish | and Il rearrangements.
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Figure 6.23 VUV absorption spectra of PS, PE, and PMMA.

and the formation of radical sites by hydrogen abstraction or C-C bond dissocia-
tion, as well as formation of C=C double bonds [27]. Last but not least these
radiation-induced ¢ — o*-transitions also contribute to the crosslinking of the
polymer [15]. Figure 6.23 presents a few absorption spectra of polymers. Werthe-
imer and other authors investigated systematically the absorption behavior of
polymers [28-31].

Figure 6.24 presents the electron distribution within the MO scheme for most
important bonds in polymers.

6.7
Formation of Unsaturations

Polymers tend to hydrogen abstraction, formation of radicals and double bonds,
and crosslinking if exposed to oxygen plasma. Such behavior was found with
polyolefins [32], poly(vinyl chloride) (PVC) [33] and other polymers (Figure 6.25).
PVC shows an intense brown-violet discoloration after exposure to oxygen-free
plasmas due to the formation of a topmost thin conjugated polyene layer:
{CH,~CHClI],_ +hv — -{CH=CH],{CH,~CHCI],__ +mHCl

n—

The degree m of polyene conjugation amounts to 10, as identified by the longest
wavelength of superposed fine structure [33-35]. Using the oxygen plasma these
polyenes are successively oxidized similar to their oxidation on exposure to air [36].
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Figure 6.25 Changes in UV-spectra of poly(vinyl chloride) after exposure to different types of
plasmas (each 60min).

Polyurethanes show an intensive brown discoloration up to hundreds of microns
or even millimetres [35, 37]. Octadecyltrichlorosilane (OTS) self-assembled layers
(SAM) also show the formation of C=C double bonds (Figure 6.26).

Changes to polypropylene after oxygen plasma exposure can be seen using
NEXAFS spectroscopy (Figure 6.27). NEXAFS (ca. 3nm for the Cy edge and ca.
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Figure 6.27 NEXAFS Cy-edge spectra of polypropylene exposed to O, plasma (cw-rf plasma,

exposure time = 180s, pressure = 6 Pa, power = 100 W).

5nm for the O edge) clearly identified m-electron containing bonds such as C=C
double bonds and C=0 carbonyl features for polypropylene after its exposure to

the low-pressure oxygen-plasma (Figure 6.27).

For this purpose Cy edge spectra were recorded at the glancing angle (ca. 55°)
and the difference spectra of the polymer sample before and after plasma exposure

were calculated [1, 5, 38, 39].
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Figure 6.28 Thermal field flow fractionation (ThFFF) of oxygen plasma-treated polymers (cw rf
plasma, 100\, 180s, 6 Pa).

In Figure 6.27 this difference spectrum of polypropylene as received and
after 180s exposure to the oxygen plasma shows two new features, which are
assigned to the plasma-induced formation of C=C and C=0 bonds. The splitting
of the Cls — m*c_c resonance indicates the existence of conjugated double bond
systems [6].

The formation of double bonds and the occurrence of crosslinking are the most
prominent structural changes in near-surface layers and in the bulk of polymers.
Considering the absorption property of polyethylene in the VUV region and also
the spectral distribution of the emitted plasma radiation Hollinder calculated the
depth of radiation-induced defects in the polymer to ca. 100nm [40].

Using the thermal field flow fractionation (ThFFF) results of polymer films with
different thickness, each exposed for 180s to an oxygen plasma, the crosslinking
depth in poly(bisphenol-A carbonate) and polystyrene was estimated roughly to at
least 300nm. Thicker polymer layers did not show an increasing fraction of
(crosslinked) gel fraction of ultrahigh molar masses (Figure 6.28).

After prolonging the exposure time more crosslinking was found (Figure 6.29).

After intensifying and prolonging the plasma conditions deeper zones in
the bulk of polymers were branched or crosslinked as shown in Figure 6.30 for
oxygen-plasma exposed polystyrene and using polystyrene standards of different
molar mass.

It can be concluded from this plot that “harder” plasma conditions influence
near-surface layers of the polymers up to the micrometer range, as exemplified
with PS (further details of the crosslinking and its detection are given in
Section 6.10).
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Figure 6.29 ThFFF of oxygen plasma-treated polystyrene (cw rf plasma, power = 300 W,
time = 6005, pressure = 6 Pa).
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Figure 6.30 ThFFF of oxygen plasma-treated polystyrene (cw rf plasma, power = 100W,
time = 180s, pressure = 10 Pa).

6.8
Formation of Macrocycles

The formation of macrocycles in polymers during their exposure to plasma is
a very important process, but it was not considered up to now. A distinction must
be made between linear chains, with perhaps 100 or 1000 monomer units, and
two end-groups and macrocycles with approximately 3-20 monomer units without
end-groups, cyclic polymers with infinite polymer cycles, and other polymer archi-
tectures (Figure 6.31).
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Figure 6.31 Examples of molecular architecture in polymer chemistry.

The formation of macrocycles is a thermodynamic problem. The shorter the
chain the more bending of all participating bonds is necessary to form a cyclic
compound. Therefore, the formation of three- or four-membered cycles is not
very probable. At the other extreme, the coming together of end-groups of infi-
nitely long chains has no probability. Therefore, the above-mentioned maximum
exists, which, however, depends on the type of polymer. Macrocycles possess no
polar end-groups and have therefore different properties to the linear species.
Moreover, the average molar masses of macrocycles are much lower than those
of the linear species. Therefore, the more hydrophobic macrocycles tend to migrate
to the polymer surface. This macrocycle-enriched surface has insufficient wettabil-
ity and the loosely bonded low-molecular-weight macrocycles exhibit as a weak
boundary layer.

Because of the thermodynamic equilibrium between linear and cyclic species,
macrocycle formation occurs when activation energy is available to adjust this
equilibrium. Therefore, macrocycle-free oligo-ethylene terephthalate (before chro-
matographic separation of macrocycles) undergoes a rapid reformation of macro-
cycles when exposed to oxygen plasma (Figure 6.32) [41].

The poly(ethylene terephthalate) forms different ring structures and also several
different end-group combinations in the linear species.
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Figure 6.32 MALDI-MS measured bimodal molar mass distribution of poly(ethylene
terephthalate) (4500gmol™) exposed to an oxygen plasma (cw-rf plasma, 100W,
6Pa, 6005s).

Polyoxymethylene shows similar behavior. Among linear species with different
end group combinations, macrocycles with a different number of monomer units
are also found, again using MALDI-ToF MS (Figure 6.33). Most other polymers
also show the formation of macrocycles [3, 42].

6.9
Polymer Degradation and Supermolecular Structure of Polymers

The etching rate of polymers also depends on the supermolecular structure. The
supermolecular structure is formed from crystalline, semi-crystalline, transition
zones, and amorphous regions. However, in the crystalline regions the macromol-
ecules may be folded as regular crystals but the loops at the margins of such a
“crystal” are points of preferred plasma attack. These folds may be assigned to the
amorphous region and they are preferably oxidized when exposed to oxygen
plasma. The etching rate of a polymer depends on the supermolecular structure
because of the different susceptibility towards the plasma (Figure 6.34).

Such a supermolecular structure is a feature with increased orientation
degree (cf. Figure 6.34 and other supermolecular and molecular structures), for
example, the polymer chains have a near molar mass distribution and arrange
themselves in microcrystallites, liquid crystalline, or supermolecular structures.
In contrast to them amorphous regions also coexist in such semi-crystalline

7



172 | 6 Bulk, Ablative, and Side Reactions

a) HO-CH,-CH,-O {CHz—CHz-O}H
n

+rf./0z

+rf. /0Oy
- HO-[-CH,-CH2-0 -H

- ROH/CO,,

+1£./0, *+rf./0; !
heo - CH;0
CH3-CH,-O {CHz-CHz-O} H HO-CH,-CH>-O {CHZ‘CHQ‘O} H
n-1 n-m

5

LCHZ CHz CH3-O {CHQ-CHZ—O}H 4

CH>-CH,

6

CH=CH-O {CHZ—CHQ—O}H
n

2/3

IS

T T T T T T T T T
1600 1620 1640 1660 1680 1700 1720 1740 1760
Mass / Charge [amu]

Figure 6.33 (a) Formation of macrocycles within all reactions of poly(ethylene glycol) (PEG
4000) on exposure to O, plasma and (b) the corresponding MALDI-ToF spectrum.

polymers, such as in polyethylene, polypropylene, poly(ethylene terephthalate), or
poly(tetrafluoroethylene). There are also several completely (100%) amorphous
polymers characterized by transparency [polystyrene, polycarbonate, poly(methyl
methacrylate)]. The random folded polymer chains that form a coil are loosely
packed and possess a much lower density than the crystalline fractions, which are
more densely packed with strong inter- and intra-actions. In such a way, HDPE
(high-density polyethylene) shows differences in density ranging from 1.0 to
1.1gem™. The crystallinity can be determined by IR, XRD (X-ray diffraction),
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Figure 6.34 Highly ordered structures in polymers, which influence the degradation and aging
behavior.

density measurement, DSC (differential scanning calorimetry), and NMR (nuclear
magnetic resonance) spectroscopy [8].

Thus, the co-existing structures have different etching rates [43-45]. Therefore,
the oxygen plasma etching of such polymers allows selective removal of amor-
phous phases or phases with lower orientation. The crystalline and the ordered
structures should survive and remain. Thus, such an etching process should be
an appropriate preparation method for excavation of buried supermolecular struc-
tures of polymers used for electron microscopy [46—48]. Figure 6.35 shows a typical
example. Impact-resistant polystyrene (10% polybutadiene) was etched in a oxygen
low-pressure cw-rf plasma.

The spheres in the micrograph can be assigned to poly(butadiene). However,
the plasma etching produces many artifacts, and thus this method could not
achieve acceptance.

It should be clearly stated that the establishing of plasma etching as a prepara-
tion method for specimens investigated by electron microscopy was not successful.
The specimens were changed in structure during the plasma etching process. The
plasma particle bombardment of the topmost layer, unspecific oxidation, and
the secondary changes on a few 100nm scale by energetic VUV radiation were
responsible. It could be shown that plasma etched reliefs are formed by secondary
plasma effects and are not produced by simple excavation of crystalline regions
(Figure 6.36).



174

6 Bulk, Ablative, and Side Reactions

Figure 6.35 Micrograph of impact-resistant polystyrene after 300s exposure to O,-plasma
(1:8600).
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Figure 6.36 Secondary amorphization of crystalline structures in polymers by particle shower,
oxidation, and VUV irradiation from a plasma.
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6.10
Crosslinking versus Degradation of Molar Masses

As mentioned before, any plasma treatment of polymers is associated with a
broadening of the molecular weight distribution (MWD), which is specific for each
polymer and its synthesis (Figure 6.37). This means, on the one hand, lower
molecular weight polymer molecules and newly formed low-molecular-weight
polymer derivates appear and, on the other hand, chain-extended as well as random
crosslinked and branched polymers occur [49].

As can be seen in Figure 6.37 He-plasma produces crosslinking of the polysty-
rene (37000gmol™) up to molar masses of at least 100000gmol™. Molar
masses > 100000 gmol™ were removed by filtering, which is necessary to avoid
the obstruction of chromatographic columns. Small fractions of low molecular-
weight PS appear also after helium plasma treatment, in the range of a few
1000 g mol™.

The oxygen plasma produces a significant degradation of the polymer. However,
dimers, trimers, and other fragments occupy the region of a few 100 gmol™. There-
fore, it was very surprising to find by means of MALDI-ToF mass spectrometry
that crosslinking also takes place during the often applied oxygen plasma treatment

of polymers. It could be shown that the archetype of aliphatic polymers, hexatriac-
ontane (HTC, Csq), characterized by the defined molecular weight, exhibits the
formation of dimers and trimers when exposed to the oxygen plasma, as shown by
MALDI mass spectrometry (MALDI MS) (Figure 6.38) [32]. It was therefore pro-
posed that oxygen plasma exclusively produces degradation (fragmentation) and
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Figure 6.37 Size exclusion chromatography (SEC; also known as GPC, gel permeation
chromatography) chromatogram of PS (37000 Da) after exposure to O,- and to He-plasma

(cw-rf plasma, pressure = 10 Pa, wattage = 100W).
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Figure 6.38 MALDI-MS spectrum of hexatriacontane products formed on exposure to O,
plasma (time = 180s, power = 100W, pressure = 10Pa).

not any dimerization or crosslinking. The unexpected crosslinking was investigated
in detail by field flow fractionation (FFF) and is discussed below.

The polymer degradation was measured using SEC, which produces the mantle
curve of the molecular weight distribution (MWD). MALDI MS detects single
molar masses up to a few 10000gmol™. At higher molar masses only the mantle
curve of the MWD is recorded. It must be added that both SEC and MALDI MS
are only applicable to soluble polymers, consequently even only slightly crosslinked
polymers cannot be measured. Moreover, MALDI has a cut-off for masses
<500gmol™. Lower masses were superposed by matrix-related signals. A further
precondition for MALDI is a low polydispersity (Q) (Mw/My, small distribution)
of the investigated polymer (<1.3), for example, the quotient of the weight average
and the number average of the polymer must be low (Q = My/My < 1.3).

The polymer degradation is dependent on the type of polymer, as shown in
Figure 6.39. Poly(ethylene terephthalate) (PET), polystyrene (PS), and bisphenol
A-polycarbonate (PC) were exposed to the oxygen rf and microwave low-pressure
plasma and to an atmospheric-pressure plasma of a dielectric barrier discharge
(DBD). The degradation of polymers to lower molar masses shows differences.
PET was quite stable and showed the occurrence of discrete low-molecular-weight
species. This behavior was concisely pronounced for PS. It tends to form monomer,
dimer, and trimer when exposed to oxygen plasma. In contrast, polycarbonate
shows a continuous shift in its MWD to lower molar masses.

The distribution functions of ultrahigh molar masses of linear, branched, and
weakly crosslinked polymers were measured by FFF. Thermal field flow fractiona-
tion (ThFFF) was often used and also asymmetric (cross-)flow-FFF (AFFF or F¥)
[49]. FFF is related to chromatography but, however, works without separation
phase. It is a simple channel. The polymer solution flows through the channel.
Perpendicularly to the flow direction the thermal field or the cross-flow of the
solvent to a membrane acts. Using the signal of multi-angle laser light scattering
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Figure 6.39 GPC (SEC) chromatograms of PET, PS, and PC (250nm thick spin-coating films)
after exposure to low-pressure O, plasma and to atmospheric DBD plasma.

(MALLS) as detection signal the significance of the crosslinking process during the
oxygen plasma treatment of polymers becomes obvious. Surprisingly, the oxygen
plasma also causes crosslinking and not only degradation [41]. As mentioned
several times before, the reason for this is the short-wavelength UV from the
plasma (and is not due to crosslinking by activated species of inert gases— CASING
as originally postulated by Hansen and Schonhorn) [50]. This crosslinking effect
was used to promote the adhesion and sticking ability of polymer surfaces [51].

6.11
Radicals and Auto-oxidation

As noted in Section 6.10, irradiation with UV radiation from the plasma leads
to strong changes in polymer structure. The result of this interaction between
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radiation and macromolecules is the degradation and/or crosslinking processes
and the post-plasma (auto-)oxidation. However, the first step of these processes
is the abstraction of hydrogen from the polymer chain or the scission of C-C
bonds (irreversible ¢ — o*-electronic transitions), as shown below for the most
probable processes of polyethylene, polytetrafluoroethylene, polypropylene, and
polystyrene:
Polyethylene:

-CH,-CH,- + plasma-VUV — -CH,-CH"- + “H (0.5H,) H-abstraction

-CH,-CH,- + plasma-VUV — -CH," + *CH,- C—C scission

-CH,s + ("O-O" from air) — -CH,-O-O" post-plasma peroxide formation
Polytetrafluoroethylene:

-CE-CE- + plasma-VUV — -CE-CF*- + °F (0.5F2) F-abstraction

-CE-CE- + plasma-VUV — -CF2° + *CE- C-C scission

-CE# + ('0-O° from air) — -CE-O-O° post-plasma peroxide formation
Polypropylene:

-CH,-CH(CHs;)- + plasma-VUV — -CH,-C*(CHj;)- + "H (0.5H,) H-abstraction
Polystyrene:
-CH,-CH(phenyl)- + plasma-VUV — -CH,-C’(phenyl)- + *H (0.5H,) H-abstraction
-CH,-CH(phenyl)- + plasma-VUV — -CH,-CH"- + *phenyl (0.5 biphenyl)
phenyl-abstraction

In all cases primarily radicals are formed, which undergo post-plasma auto-
oxidations, molar mass degradation, crosslinking, formation of double bonds, and
so on. Nevertheless, in deeper layers of the polymer (up to a few micrometres [37])
a significant concentration of free but confined and therefore metastable radicals
remains. Over the course of some weeks or months these radicals react with
interdiffusing oxygen from the air to peroxy radicals and further products. An
example of long-term reactivity is the exposure of PP to low-pressure ammonia
plasma and its oxygen-uptake during 24 h exposure to the air (Figure 6.40) [8].

Figure 6.41 presents the post-plasma attachment of oxygen and also the incor-
poration of the radical scavengers Br and NO:

C*' +'0-0* = C-0-O0* (+RH) = C-O-OH
C* +Br, > C-Br+Br*
C* + 'NO = C-NO (+0,) = C-NO,

Kuzuya has investigated the formation of radicals in different polymers under
plasma exposure by means of electron spin resonance (ESR) [52, 53]. These peroxy
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Figure 6.41 Secondary oxygen (air), Br (Br,), and NO incorporation into PP after argon

plasma treatment.

radicals are formed preferentially in the amorphous phase of semi-crystalline poly-
ethylene because the oxygen diffuses into the amorphous phase ten-times faster
than into the crystalline phase [35]. Radicals at dangling bond sites in the amor-
phous phase react faster with oxygen to give peroxy radicals than do alkyl- and allyl
radicals in the crystalline phase of polyethylene. These three radical types were
also detected in PTFE; however, the formation rate of radicals was much slower
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than in PE [52]. This was explained by the much higher dissociation energy of the
C-F bond compared to C-C and C-H bonds [53]. Two different radical types were
identified in polystyrene, one of the cyclohexadienyl type formed by the attachment
of hydrogen to the aromatic ring and the other radical species was unspecific for
radicals at branching points [53]. Using the reaction of radicals with DPPH (diphe-
nylpicrylhydrazil), the (post-plasma) formation of peroxy radicals in polyethylene
exposed to argon plasma was determined by Suzuki (Figure 6.42) [54]:

C® +(aryl),N-N*-(aryl)(-NO,); — (aryl), N-N(C-)-(aryl)(-NO,);

Poll et al. also used the DPPH-method to evaluate the efficiency in radical forma-
tion of several different gas plasmas on PE [55]. They found the following suc-
cession: N, < Kr < Ne < He = H, < air. This sequence lets us again assume that
the energy of UV lines plays an important role. Especially, the He, Ne, and H,
plasmas exhibit (line) radiation of high energy content (20-120nm). The ten-
dency to enhance the yield in radical formation seems to depend on the energy
of radiation as the most important factor. The special position of air in this suc-
cession is due to the stabilizing action of peroxide formation upon the DPPH
derivatization.

Radicals were also determined by gasification with nitric oxide (NO) [56]. Nitric
oxide reacts with radicals to give nitroso groups and higher oxidized products.
Nitrogen can easily be determined by XPS analysis [40]. NO is a permanent radical
and can be also written as ‘NO. Therefore, it reacts preferentially and rapidly with
C-radical sites as shown before and also with peroxy radicals to give nitrates:

C-0-0° + °NO — CO-O-NO - CONO,

NO reacts also with hydroperoxides and hydroxyl groups [35]:
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Figure 6.42 Variation of peroxy radical concentration at PE surfaces, as determined by
reaction with DPPH, with exposure time to an argon plasma.
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C-O-OH + *"NO — CO-0O* + HNO
C-OH+2°NO — C-ONO+HNO

The NO molecule is very small and is able to easily penetrate into polymer layers
far from the surface and react with radicals within the bulk.

Bromine acts more efficiently, as demonstrated in Figure 6.41. However, Br also
reacts with other groups in the polymer (olefinic double bonds, possibly substitu-
tion to aromatic rings, etc.).

In contrast, the above-mentioned labeling with DPPH affects only the radical
sites directly located at the polymer surface. This is true because of the larger
volume of the DPPH molecule. The product of any auto-oxidation, the hydroper-
oxides, may be quantified by reactions using iodine, thiocyanate, SO,/Fe*, or
triphenylphosphine [35]. Gassing with NO is also used for permanent stabilization
of any plasma-treated polymer against auto-oxidation.

6.12
Plasma-Induced Photo-oxidations of Polymers

The plasma-emitted VUV radiation also initiates several ordinary photochemical
processes [35] such as Norrish II rearrangements or photo-Fries reactions [57].
Among all polymers, poly(ethylene terephthalate) especially undergoes on oxygen
plasma exposure a chemically defined degradation following a mechanism known
from photochemistry (Scheme 6.3) [41].

Chain scissions were observed with corresponding loss in molar masses due to
Norrish I and II rearrangements, decarbonylation (COT), decarboxylation (CO,T)
of the ester group, formation of phenols (aryl-OH, photo-Fries rearrangement),
branching, side-group scission, and formation of polyenes [21]. These ordinary
classic reactions dominate. However, a few unspecific plasma products are also
detected that are caused by the excess of energy in the plasma. Such plasma-
specific reactions are the cracking of aromatic rings (producing polyenes or
branched/crosslinked polyenes) and the formation of peroxyacids [C(O)-O-OH].
Another plasma-specific reaction is the formation of different types of macrocycles
(cf. Section 6.8).

Using MALDI-ToF MS these products could be detected together with all pos-
sible end group combinations (Figure 6.43).

6.13
Different Degradation Behavior of Polymers on Exposure to Oxygen Plasma

If polymers are irradiated with ionizing radiation three categories of degradation
behavior are known, depolymerization, pyrolysis, and crosslinking [58, 59]. Sur-
prisingly, the behavior of polymers on exposure to the oxygen plasma could also
be divided into categories. All polymer behaviors could be assigned to one of these
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Scheme 6.3 Reaction products of PET when exposed to oxygen plasma (cw-rf plasma,
power = 300 W, pressure = 6 Pa).

macrocycle [G-T],

macrocycle [G-T],-G

categories [60]. The sensitivity towards the oxygen plasma is not an integral
polymer property but differs from unit to unit and group to group. The oxidation
and crack stability of the backbone, the tendency to branch and crosslink, the
supermolecular structure including crystallinity, stretching, orientation, the molar
mass, the polydispersity, and so on lead to the specific behavior of each polymer.
An integral measure of this behavior in the oxygen plasma is the etching rate.
Yasuda measured this etching rate for several polymers. He found that POM
[poly(oxymethylene)] and PET [poly(ethylene terephthalate)] have high etching
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Figure 6.43 MALDI-ToF MS of poly(ethylene terephthalate) before and after O, plasma
treatment (cw-rf plasma, power = 100W, pressure = 6 Pa, abbreviations = G—glycol unit,
T—terephthalate unit, H—hydrogen).

rates. It must be added that the etching rates of polymers are strongly dependent
on the type of plasma reactor, plasma parameters, type of plasma, and so on and
thus also the order of polymer etching rates can be changed. Chemically, non-
active plasmas from inert gases, such as the helium plasma, act only by their
vacuum UV radiation and the particle bombardment (sputtering) from the plasma.
Chemical reactions are limited to hydrogen abstraction, chain scissions, rearrange-
ments, and reaction with traces of leak gases and adsorption layers in the reactor.
Therefore, the inert gas plasmas also weakly degrade polymers. In this case, POM,
poly(acrylic acid) (PAA), and poly(methyl methacrylic acid) (PMAA) possess the
highest etching rates [12].

The general behavior of polymers in the oxygen plasma has been studied by
MALDI-ToF MS [3, 49, 61]. For this purpose low-molecular-weight polymers were
used (2000-6000gmol™), such as poly(ethylene glycol) (PEG, Figure 6.44), PET
(Figure 6.45), and PMMA (Figure 6.46). They were exposed to the oxygen plasma
and subsequently analyzed.

Poly(ethylene glycol) shows a random degradation of molar masses. During
oxygen plasma exposure a second irregular and broad molecular weight distribu-
tion occurs. The peak-to-peak distances are randomly distributed and positioned
close together in this second distribution. This type of polymer degradation on
exposure to the oxygen plasma was called random degradation.

As all the MALDI spectra are well-resolved, single masses can be unambigu-
ously identified and assigned. PET shows the above-mentioned photo-oxidative
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Figure 6.44 Changes in intensity of MALDI detected maxima of a bimodal mass distribution
of PEG after oxygen plasma exposure (15-120 s).
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Figure 6.45 Changes in intensity of MALDI detected maxima of PET mass distribution after
oxygen plasma exposure (10-30 s).

degradation behavior. Thus, all peaks of degradation products could be assigned
to defined products (cf. Figure 6.45).

For PMMA the peak-to-peak distances remain constant at A = 100gmol™ (Da)
after oxygen plasma exposure. However, the molecular weight distribution func-
tion shifts successively to lower molar masses during oxygen plasma treatment.
Such behavior is typical for a polymer depolymerization, for example, the polymer
chain loses monomer units step by step.
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Figure 6.46 Intensity loss and shift of molar mass distribution in MALDI mass spectra of
low-molecular-weight PMMA after oxygen plasma exposure (15-60 s).

Table 6.5 Categories of polymers that can be distinguished following exposure to oxygen
plasma.

Category Polymers

Crosslinked PE, PP, polybutadiene
Randomly degraded PEG, PPG, cellulose
Photo-oxidatively degraded PET, PBT, BPA-PC
Depolymerized PMMA, PAA, PS

A fourth class of polymers is those that tend to preferentially crosslink upon
exposure to the oxygen plasma. Polyolefins (polyethylene and polypropylene) and
polybutadienes show such a tendency.

Summarizing the results, especially those obtained from MALDI MS, Table 6.5
shows the prototypes of polymer response that can be distinguished following
exposure to oxygen plasma.

6.14
Derivatization of Functional Groups for XPS

The derivatization of functional groups, bonds, or radicals by markers or labels
allows their unambiguous identification on measuring the labeled sample using
XPS. Several functional groups show the same analysis pattern, which hinders the
exact determination of their existence and their concentration. Groups, bonds, or
radicals have a specific new signal presented by the newly introduced atoms or
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groups of the label [56, 62, 63]. Most often the bond or functional group (X) is
derivatized by a label (Y) that includes one or more fluorine atoms [64], such as:

C:X + YF3 4 C-X-YF3

Fluorine is easily and unambiguously measurable using XPS as the F1s peak in
the photoelectron spectrum. On introducing more than one fluorine atom in place
of one bond or group the XPS signal becomes additionally increased. Quantitative
analysis can be attained when three to five fluorine atoms substitute one bond or
group. Thus, the specific signal is also amplified three- to fivefold in comparison
to the original (unspecific) signal. However, replacing a functional group by attach-
ing the marker molecule changes the stoichiometry at the top-most surface layer
[65]. The following preconditions must be fulfilled:

 selective reaction (100%);
 replacing the group by a marker with a new element;

e fluorine-containing labels are used because they are often small, can achieve
a high sampling depth, and do not disturb the polymer structure too much;

e the group or bond should be marked but not the polymer structure unspecifi-
cally, such as by enrichment of markers at interfaces, phase boundaries, and
so on;

e the marker should possess more than one F, possibly three or five;
e reaction must be complete (yield = 100%) and stoichiometric;

e rapid derivatization process;

e gas-phase reactions may be favored;

e no other reaction products; if there are such products they must be (easily)
removable;

o the label should not possess too many carbon atoms because these carbon
atoms go into the calculation;

e the sampling depth of XPS should be, preferably, homogeneously derivatized
(no gradient);
e the derivatized product should be stable to XPS measurement and also during

X-ray exposure;

e low-molecular-weight material may disturb the analysis because of removal by
solvents or condensed solvent vapors during the derivatization process;

e low-molecular-weight material generally adulterates the result because it is not
clear what is important, the concentration on a degraded unstable surface or
the concentration on intact macromolecules.

Derivatization is necessary for distinguishing different oxidation or binding states
of the investigated element that otherwise cannot be differentiated by XPS. Carbon
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Figure 6.47 Binding energies of groups that contain carbon in the same oxidation state but
have different functional groups.
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Scheme 6.4 Derivatization reactions of OH, NH,, and COOH groups using trifluoroacetic
anhydride (TFAA), for the application of XPS.

possesses nine oxidation states. In polymers, these oxidation states are realized by
different numbers of bonds to oxygen or fluorine as well as to metals. Figure 6.47
lists characteristic groups of bonds that cannot be measured in isolation by XPS.
Here, the labeling helps to distinguish groups with the same oxidation state (same
number of bonds to oxygen):

Scheme 6.4 lists typical derivatization reactions for labeling OH groups.
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Scheme 6.5 Derivatization reactions of NH, and NH groups using benzaldehydes and
trifluoroacetic anhydride (TFAA), for the application of XPS.

For example, poly(vinyl alcohol) has an elemental composition of C,H,O, for
example, for the C/O ratio it is 67at.% C and 33at.% O (hydrogen cannot be
measured by means of XPS) or referenced to 100 carbon atoms 50 O per 100 C.
Notably, the presentation of values referenced to 100 C or % O/C is the most
exciting presentation for statistical processes. Atomic percent may be preferred
for characterization of defined stoichiometries of low-molecular-weight species.
After consumption of the OH group with trifluoroacetic anhydride (TFAA, cf.
Scheme 6.4):

[CH,-CH(OH)],— + C,04(CF;), — {CH,-CH(0-CO-CF,)],— + CE-COOH.

Thus, from 50 O per 100 C the elemental composition was changed to 50 O and
75 F per 100 C.

More problems exist with NH, groups. The plasma-produced amino groups
undergo oxidation, side- and post-plasma reactions. Scheme 6.5 lists the labeling
reactions [56].

Ketones or aldehydes are labeled by the reactions shown in Scheme 6.6 [66].

Carboxylic acids are consumed to give esters by reaction with trifluoroethanol
(TFE) (Scheme 6.7).
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Scheme 6.7 Derivatization reactions of COOH using trifluoroethanol, for the application
of XPS.

As mentioned before, radicals can also be derivatized and, thus, analyzed by
XPS (Scheme 6.8).

To detect very low concentrations of functional groups, derivatization with fluo-
rescence labels is advantageous [63, 65, 67-69]. Mix et al. tested several different
labels attached to OH groups of plasma-modified polymer surfaces (Scheme 6.9)
[67, 69]

Then, the fluorescence labels were grafted (Scheme 6.10).

Everhart and Reilley [64], Briggs and Seah [56] as well as Hollinder [65] have
published summaries of different derivatization techniques of functional groups
at polymer surfaces. For all surface functional groups specific derivatization labels
and reactions exist.
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Scheme 6.8 Derivatization of various radicals and oxygenated groups, for the application

of XPS.
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Scheme 6.9 Attachment of labels to OH groups; abbreviations: toluene-2,4-diisocyanate
(TDI), (80/20 isomer mixture, methylene-di-p-phenylene isocyanate (MDI), and dibutyltin

dilaurate (DBTL).

For non-defined statistical surface functionalizations the derivatization reactions
must be calibrated using a well-defined reference material. Such reference materials
may be poly(vinyl alcohol) for OH groups and poly(allylamine), 4,4’-diaminodiphe-
nylmethane for NH, groups as well as poly(acrylic acid) for COOH groups. However,
such reference materials are not as well-defined as desired because of the enrich-
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Scheme 6.10 Grafting of fluorescence labels; abbreviations: dansyl chloride (DNS), dansyl
cadaverine (DNS-Ca), dansyl hydrazine (DNS-H), 5(6)-aminofluorescein (AF), and rhodam-
ine110 (RHO).

(RHO)

ment or deficiency of functional groups by diffusion or reaction (acetal, N-oxide,
amide, anhydride formation, etc.).

In addition, derivatization not only introduces new elements such as fluorine,
which can be detected and quantified via the F1s signal, but it is also possible to
reference internally changes in the C1s signal (Figure 6.48).
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Figure 6.48 Derivatization of oxygen-plasma modified polypropylene and poly(vinyl alcohol)

reference material derivatized with trifluoroacetic anhydride (TFAA).

Considering the derivatization technique for the estimation of the concentration

of functional groups, one, two, or three gradients from polymer surface towards

the polymer bulk exist or are superposed:

1) A gradient density of functional groups is present after plasma surface modi-
fication but it is not present after deposition of homogeneous layers carrying

functional groups.
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Figure 6.49 Schematic of gradients from polymer surface to bulk caused by enrichment of
functional groups at polymer surface, along with sampling depths of XPS and labeling depth.

2) The sampling depth function of the XPS method shows that more than 60%
of the signal is produced by incidences within the first 1 nm.

3) Gradient of marker fixing from surface towards bulk; voluminous labels are
attached exclusively onto the topmost surface, small markers also in surface-

near layers.

Figure 6.49 depicts schematically a superposition of all gradients. The resulting
gradient should be very strong; thus, only the first atom layers are detected. A
homogeneous distribution of functional groups at the surface and in the bulk
eliminates one gradient, which is the case for homogeneous layers or polymers.
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7
Metallization of Plasma-Modified Polymers

7.1
Background

A prominent application of polymer surface modification of polymers by exposure
to plasma is the production of highly adherent metal-polymer composites. The
adhesion of metal layers deposited onto polymer surfaces is determined by the
concentration and the bond strength of chemical and physical interactions between
the metal atoms and the functional (polar) groups at the polymer surfaces. Each
type of functional group produces individual metal-polymer interactions, making
a specific contribution that depends on its concentration to the interfacial adhesion
and, consequentially, to the related shear or peel strength of metal-polymer
systems (Figure 7.1).

Each type of functional group makes an individual contribution in terms of
interaction with the metal. The interfacial adhesion is the sum of all specific metal-
group contributions, depending exclusively on the respective functional group
concentration as seen above (Figure 7.1). There are many different functional
groups and therefore many different types of metal-groups interactions with dif-
ferent bond strengths, each interaction contributing its bond strength and partial
concentration to the total adhesion of the metal-polymer composite. However,
additional unspecific contributions to the adhesion strength due to van der Waals
interactions, hydrogen bonding, and interdiffusion processes must be also consid-
ered [1]. Thus for each type x of metal-functional group interaction (o,), the work
of adhesion (W) is calculated by:

W*, = ALc;o,

where
A = area,
L = Loschmidt constant,
¢; = concentration.

The total work of adhesion (W,) follows by summation over all types of
interaction:

The Plasma Chemistry of Polymer Surfaces: Advanced Techniques for Surface Design, First Edition.
Jorg Friedrich.
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 7.1 Schematics of metal-polymer interactions.

W, = ALi Cio;

i=1

which presents a correlation to the macroscopically measured adhesive bond
strength, which might be the peel strength.

7.2
Polymer Plasma Pretreatment for Well Adherent Metal-Polymer Composites

Adhesion improvement of metal-polymer composites by plasma pretreatment of
the polymer component was often announced in the past [2-7]. The most impor-
tant effect of plasma treatment is the incorporation of functional groups, which
can interact physically or chemically with metal atoms [8-9]. Another possibility
is the roughening of a polymer surface by plasma exposure [10] or by crosslinking
and therefore by changing the surface properties, which is known as CASING
(crosslinking by activated species of inert gases) (cf. Figure 7.2) [11].

Modification of metal substrates by plasma pretreatment is also possible. It
could be shown that cleaning, oxide conditioning, and formation as well as plasma-
assisted primer deposition can improve the adhesion of polymer coatings on metal
substrates [12]. Reductive as well as oxidative acting plasmas could enhance
the peel strength between steel and polyurethane coatings. Soft copper oxidation
by O, plasma improves strongly the adhesion of poly(phenylquinoxaline)s to
copper foils [13]. Often, plasma polymers were used as adhesion-promoting inter-
layers in metal-polymer composites [14-19]. A special problem is the well-adherent
metallization of polytetrafluoroethylene (PTFE) using plasma surface modification
[20-21].
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Figure 7.2 Schematics of different adhesion mechanisms.

7.2.1
Surface Cleaning by Plasma for Improving Adhesion

Two types of contaminations are found at polymer surfaces, organic and inorganic
impurities. Using a plasma process, the nature of contaminants must be con-
sidered. Inorganic components often remain after exposure to plasma. Most
often oxygen or other oxidizing plasmas are applied. Metal oxides or silica-like
residues remain. Therefore, two different plasma processes must be used to
remove all contaminations. Silicones are partially oxidized and form siloxane-like
compounds:

-[Si-O(CH,), ],- + O-plasma — -[Si-0,],- + 2xCO,T +3xH,0T
-[Si-0, ],- + CF,-plasma — xSiF,T +xCO,T

However, it must be considered that intense plasma exposure also affects the
properties of polymers by etching, degradation, radical formation, oxidation, and
crosslinking. Therefore, the thickness, thickness distribution, chemical nature,
and topography of contamination layers play an important role. Sources of con-
taminations are fingerprints, lubricants, oils, mold release agents, air pollutions,
vapor precipitates, traces of foods, beverages, blood, tissue, and so on. Thick con-
tamination layers should be removed as much as possible by mechanical abrasion
or by solvent extraction. Remaining inhomogeneously distributed contaminations
(agglomerates) are difficult to remove by plasma etching. The duration of plasma
exposure must be sufficient to remove the thickest spots of contamination;
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Oxygen plasma Plane
" contamination
Oxygen plasma Drop-like
> contamination

Figure 7.3 Homogeneous and inhomogeneous contaminations at polymer surfaces both
before and after exposure to oxidative plasma treatment.

however, uncontaminated and uncovered areas are then exposed intensely to the
plasma without any need. Indeed, these areas are “over-etched” and the polymer
material becomes degraded (Figure 7.3).

Contamination films act also as anti-adhesives and adulterate the adhesion.
Low-pressure oxygen plasma was the most efficient for removing organic contam-
inations [22]. Removing or reducing inorganic contaminations, such as oxide
layers, hydrogen, and tetrafluoromethane plasmas have proved to be best
achieved as:

Fe;0, + H, plasma — 3Fe + 2H,0T
Si0, + CF, plasma — SiF,T +CO,T

Fluorine-releasing plasmas for cleaning surfaces (CF,, BF;, XeF,, NF;, SF;, OF,,
etc.), however, also etch the material and the reactor strongly. The waste gases are
toxic. Acidic components in waste gases can be easily and cheaply neutralized
(CaCO;, Ca0), while other toxic gases can be removed by use of catalysts. Such
waste gas processing is found in the microelectronic industry. Strong toxic and/
or etching products are hydrofluoric acid, perfluoroisobutene, hexafluoroacetone,
perfluoroacetic acid, and 1,1-difluoroethene.

The main reaction pathways during removal of organic contaminations to the
above-mentioned products are:

0, plasma — H,0+ CO + CO,
H, plasma — CH, + H,0

N, plasma — NH;, HCN, NO...
CF, plasma — HF, R-CFO, NE,...

Figure 7.4 shows the influence of various cleaning procedures of stainless steel
with different efficiencies on lap-shear strength of thick layers (10mm) of poly-
urethane (PU) [8, 23].

Figure 7.5 presents the variation in cleaning of glass bulbs of lamps by exposure
to low-pressure oxygen plasma with the time of the process.

After cleaning with aqueous solutions a glass surface of an electrical bulb has
about 50ng cm™ residual hydrocarbon contaminations. After 360-s exposure to the
low-pressure oxygen plasma only 2ngcm™ was found. Then, a thin lacquer film
can be deposited with sufficient adhesion.
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Figure 7.5 Residual carbon contaminations at glass surfaces during O, plasma etching.

Polymer surfaces are also often contaminated with additives, catalysts, finger-
prints, dust, oil, and water from ambient air pollutions. Such a contamination
layer blocks the interactions between metal and polymer and must, therefore, be
avoided or if present removed by solvent washing, sonication, or plasma etching.
The contamination of an industrial polyethylene foil was analyzed and then
removed by solvent extraction because the prior metallization cleaning did not
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Figure 7.6 Contamination of polyethylene foils with eruca acid amide measured by FTIR
before and after solvent washing.

produce significant adhesion. The covering with a slip agent [eruca acid amide =
H,;CCH,),CH=CH(CH,),;;CONH,] was determined as the reason for poor adhe-
sion (Figure 7.6).

7.2.2
Oxidative Plasma Pretreatment of Polymers for Adhesion Improvement

Oxidation of polyolefin surfaces by low-pressure oxygen plasma produces a broad
variety of different O-functional groups at concentrations near the steady-state
limit between maximal surface functionalization with O-functional groups and the
etching of the polymer and production of gaseous etching products. The maximal
oxygen percentage fixed as functional groups at polyethylene or polypropylene
surfaces amounts about 28 O per 100 C, and for poly(ethylene terephthalate) (PET)
about 42 O/100 C. While PE (polyethylene) and PP (polypropylene) can incorpo-
rate high concentrations of oxygen at their surface without complete degradation
and rapid etching, the basic percentage of oxygen in untreated PET is 40 O/100
C. Marginally exceeding this value by 2% accelerates the etching and formation
of gaseous degradation products. Higher O-concentrations are not realistic and
were affected by simultaneous deposition of metal oxides from electrodes or from
similar undesired reactions.

High oxygen concentrations and therefore the presence of O-containing polar
groups at polyolefin surfaces increase the surface energy and make the polyolefins
wettable by polar liquids and also by metal layers. High surface energy and high
polar contributions to surface energy are preconditions for strong adhesion.
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Figure 7.8  Polar contribution of surface energy versus concentration of OH groups of
ethylene—allyl alcohol copolymers produced under low-pressure plasma exposure.

Polyolefins are characterized by the absence of any functional groups and, there-
fore, by low surface energy and low or zero polar contribution to it. Oxidation of
the surface increases the surface energy linearly to 20 O/100 C; it then reaches a

plateau with constant surface energy (Figure 7.7).

The same type of dependence also exists for the polar contribution of OH groups
to the surface energy at the surface of plasma-produced ethylene-allyl alcohol of
varied composition (Figure 7.8). The OH concentration was measured by XPS
(X-ray photoelectron spectroscopy) and derivatization with trifluoroacetic anhy-

dride (TFAA).

10

203



204

7 Metallization of Plasma-Modified Polymers

These dependencies of surface energy (0), (Gpolar) =f{O or OH), do not consider
the existence of low-molecular-weight oxidized material (LMWOM) at the polymer
surface [24]. These degradation layers affect high polarity but are only weakly
bonded to the non- or weakly modified polymer substrate. Moreover, Bikerman
has found that such degraded molecules at the surface form a weak boundary layer
(WBL), which decreases the adhesion to metals because of the weakened bonding
of these molecular fragments to the intact macromolecules of the polymer bulk
[25]. Such layers of polymer degradation products may also be partially dissolved
in the drops of test liquids used, thus influencing the measurement.

The surface energies of metals and inorganics are higher by about two orders
of magnitude than those of polymers. This strong difference reflects the weak
interactions between metals and polymers, such as between aluminium and poly-
ethylene or polypropylene. It is a common approach to increase the surface energy
of polyolefins by oxidation for improved interactions between metal and polymers
along their interface and for stronger adherent composites. However, after poly-
olefin oxidation the low surface energy of the untreated material is only marginally
increased, by 50-100% (Figure 7.7). Therefore, the large difference in surface
energies of metals and polymers remains nearly unchanged (28mNm™ «> <1000
Al and after pretreatment — 38 mNm™ <> <1000 Al). This nearly unchanged dif-
ference is the driving force for further (redox) reactions as reported below. There-
fore, the interactions between metals and oxidized polyolefin surfaces have to be
characterized as metastable. The chemical bonds formed (covalent bonds with
high polar contribution) between metal and polymer are not the final reaction
product; they are only an intermediate (metastable) step. Therefore, they undergo
further reactions when additional activation energy is present. In conclusion:

¢ The desired (most efficient) chemical bonds must be stabilized to preserve
them from hydrolysis, because these bonds are polar covalent ones, which tend
to hydrolyze.

e They are, however, unstable for long runs because of the thermodynamics
involved, which requires full balancing of surface energy at interface by redox
reactions.

The peel strength of aluminium on polyolefins and poly(ethylene terephthalate)
increases very strongly with the introduction of only low concentrations of
O-functional groups. Further increase in peel strength was moderate. Thus, the
peel strength versus plasma exposure shows another characteristic than the
surface energy versus exposure time. It was argued that in contrast to test liquids
for contact angle measurements (surface energy) low-molecular weight products
(LMWOM) at polymer surface produced by the plasma exposure cannot be toler-
ated by metal layers. Such metal deposits are solid phases, which cannot dissipate,
dissolve, or distribute such LMWOM in the metallic phase as is possible by the
test liquid. The low-molecular weight products remain at metal-polymer interface
as weak boundary interlayer and thus weaken the peel strength. For this compari-
son, the measured peel strength of Al-polyolefin and Al-poly(ethylene terephtha-
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Figure 7.9 Dependence of Al peel strength of Al-polymers on XPS-measured O-concentration
introduced by low-pressure oxygen plasma exposure (rf plasma, 6 Pa, 100W).

late) composites [18] as well as tensile shear strengths of polypropylene-polyurethane
composites [19] were also referenced to oxygen percentage at the surface of oxygen-
plasma exposed polymers (Figure 7.9).

Indeed, differences between surface energy and peel strength are obvious. A
strong deviation from the theoretical elemental composition of PET (C,,04 = 40
0/100 C) produced low peel strength, which may be also due to destruction of the
original PET structure and formation of a weak boundary layer at the interface.

Oxygen plasma exposure of polyolefins may also produce extensively LMWOM,
for oxidation degrees >20 O/100 C, that is not bonded to the polymer bulk. There-
fore, metal deposits are not linked to the polymer substrate and the measured peel
strength becomes lower for >20 O/100 C. However, this LMWOM can be removed
before metal deposition by washing with solvents. The thus cleaned polymer
surface shows a much lower concentration of functional groups. Comparison of
both functions, the surface energy of PE and the Al peel strength of Al-PE versus
oxygen concentration (Figure 7.9b), shows characteristic differences.

The removal of oxygen-plasma produced LMWOM from a polypropylene surface
by diffusion and dissolving into the viscous phase of a polyurethane adhesive was
expected for polyurethane—polyolefin composites. Indeed, such composites show
another type of adhesion dependence on oxygen percentage (Figure 7.10).

Not until 20-25 O/100 C at polypropylene surface was a decrease in lap shear
strength observed. The peel strength increases rapidly with O-concentration and
achieves a maximal plateau from 5 to 25 O/100 C. The dielectric barrier discharge
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Figure 7.10 Tensile shear strengths of PU-PP specimens as a function of oxygen percentage
at polypropylene surfaces introduced by atmospheric and low-pressure plasmas.
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(DBD) treatment produced lowest tensile shear strength. It is assumed that much
degradation to LMWOM occurs using this type of atmospheric-pressure plasma,
thus forming a pronounced WBL, as demonstrated by Strobel [24].

Figure 7.11 presents a general trend for plasma surface treatment of polymers
with oxygen low-pressure plasma [10].



7.2 Polymer Plasma Pretreatment for Well Adherent Metal-Polymer Composites

An increase in adhesive bond strength with concentration of O-functional
groups is compensated or weakened by increasing oxidation and formation of
loosely bonded LMWOM. This slight decrease in adhesive bond strength can be
partially compensated by plasma etching and subsequent polymer roughening,
thus allowing mechanical interlocking.

7.2.3
Reductive Plasma Pretreatment of Perfluorinated Polymers

Perfluorinated polymers cannot be oxidized by any plasma exposure chemically
because fluorine is the strongest oxidation agent. Possible ways of removing fluo-
rine are by sputtering or, more efficiently, by reducing the system followed by
introduction of adhesion-promoting functional groups. Thus, fluorine-containing
polymers can be roughened by exposure to noble gas plasmas (He, Ar) or can be
reduced by plasmas (Na, K, H,, NH3) to carbon or hydrocarbons. The main disad-
vantage of all chemical and physical modification is the degradation of polymer
backbones by C-C scissions:

-CE-CE- + Ar plasma — 2C + 2F,
-CE-CE-+ H, plasma — -CH,-CH,- + 4HF
or:
-CE-CE-+ H, plasma — 2CH, + 4HF
or:
-CE-CE- + Na plasma — 2C + 4NaF

A few pretreatments of polytetrafluoroethylene (PTFE) for producing well-adherent
Al-PTFE composites have been tested (Figure 7.12) [26]: (i) deposition of mono-
type functional group-carrying plasma polymers as adhesion promoters on
untreated PTFE, (ii) H, plasma pretreatment of PTFE followed by deposition of
an adhesion-promoting plasma polymer layer, and (iii) H, plasma pretreatment of
PTFE alone. Process (i) did not give any AI-PTFE bond strength because of the
poor adhesion of the plasma polymers to the PTFE surface. Processes (ii) provided

gy ) = -

PTFE PTFE PTFE PTFE
+ H; plasma + plasma-deposited + H, plasma
poly(acrylic acid) + plasma-deposited

poly(acrylic acid)

Figure 7.12  Different plasma pretreatments of polytetrafluoroethylene (PTFE) for coating with
aluminium.
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Figure 7.13  Fluorine removal and oxygen incorporation as a function of exposure time to H,
plasma (power = 100W, pressure = 6 Pa, mode = cw).

adequate and strongly adherent AI-PTFE systems, whereas process (iii) produced
moderately to highly adherent AI-PTFE systems.

Similar to the results described in References [27-29], defluorination in a
continuous-wave or pulsed (0.1ms plasma “on,” 0.9ms plasma “off,” 1000 Hz
pulse frequency) hydrogen rf plasma leads to a minimum of fluorine atoms at the
PTFE surface of 17 F/100 C (35 F/100 C in Reference [30]) and to 55 O/100 C (6.4
0/100C in Reference [31]) (Figure 7.13).

The introduction of oxygen is most likely due to post-plasma reactions of plasma-
produced C radical sites at the PTFE surface with molecular oxygen from air
during sample transfer from the plasma reactor to the XPS spectrometer [31, 32].
This post-plasma reaction cannot be avoided. The O/C ratio (ex situ XPS measure-
ments) also increases with exposure time to the plasma, in particular for treatment
times longer than 120s (Figure 7.13). An explanation for the residual fluorine after
prolonged plasma pretreatment may be the increasing temperature and, therefore,
enhanced hydrophobic recovery [33]. On the other hand, a simple abrasion test
(wiping with a cotton cloth) and the solvent stability test (6h rinsing in tetrahy-
drofuran—THF) of the defluorinated PTFE surface show that this near-surface
layer became unstable when exposed for longer than 10s to hydrogen plasma. The
respective XP spectra became very similar to the spectrum of untreated PTFE.
Therefore, for further plasma-chemical processing and metal deposition a H,
plasma treatment time of 10s was chosen.

Characteristic changes in the bimodal shape of the C1s signals (CF, and CH,)
can be observed by prolonging the time of exposure to the hydrogen plasma
(Figure 7.14). Indications of C-N related bonds are also found (10N/100 C).

The C1s peak shift to lower binding energy is characteristic for hydrocarbon and
O bonded C species. This interpretation was also given in Reference [1, 34-37].



7.2 Polymer Plasma Pretreatment for Well Adherent Metal—Polymer Composites

H,-30 min +
NH3-1O min

H,-60 min
‘G
Q
S,
2
G
<
2
£ H,-30 min

PTFE as received

T T T T T T T T
294 292 290 288 286 284 282 280 278
binding energy [eV]

Figure 7.14 Cls peaks of PTFE after different exposures to hydrogen (and ammonia) plasma
using the cw-rf mode (pressure = 6 Pa, wattage = T00W).

Hydrogen plasma reduction of PTFE produces preferably a CH, component
with a Cls electron binding energy (BE) of 285eV. A graphite-like species at
BE = 284.5€V or lower binding energies could not be detected. Therefore, it was
concluded that a complete reduction of the PTFE backbone to loosely bonded
graphite did not take place as sometimes is the case with alkaline metal reduction.
It can be speculated that the hydrogen reduction at short treatment times (<105s)
is much gentler and, therefore, avoids the formation of a pronounced weak bound-
ary layer.

The Al peel strength to hydrogen plasma pretreated and then metalized PTFE
is shown as a function of plasma treatment time in Figure 7.15.

In comparison to metalized untreated PTFE the peel strength is significantly
increased. Only 10s pretreatment is sufficient to increase the Al peel strength to
the maximum. However, very prolonged hydrogen plasma pretreatment (>10005s)
results in slightly lower peel strength. Then, failure was observed between Al
and PTFE.

The introduction of an adhesion-promoting pulsed-plasma polymer interlayer
onto the H,-plasma pretreated (each 10s) PTFE substrate improved the peel
strength further to a range of 350-400 Nm™, limited by the adhesion measure-
ment conditions. The real bond strength is much higher.

The locus of failure during peeling was identified by analyzing the peeled
200nm thick Al layer and the peeled PTFE surfaces using XPS. At maximum peel
strength, the peeled PTFE surface showed an XPS Cls signal at a binding energy
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Figure 7.15  Aluminium peel strength as a function of pretreatment time and type of
modification; filled symbols = interface failure between Al and PTFE, open symbols = interface
failure between tape and Al, and half-filled symbols = mixed failure.

of 291eV, which is characteristic for unmodified PTFE, and the peeled metal
surface exhibits a signal near 285eV, which was assigned to CH, components.
Thus, the peel front should have propagated along the interface between unmodi-
fied PTFE and a H, plasma modified PTFE near-surface layer. Adhesion-promoting
poly(acrylic acid) interlayers between Al and hydrogen plasma pretreated PTFE
also provoke peel propagation along the plasma polymer and the unmodified PTFE
(Figure 7.16).

7.2.4
Adhesion Improvement Using Homo- and Copolymer Interlayers

The pulsed plasma-initiated radical polymerization of functional group bearing
monomers was used to produce such a model surface. Table 7.1 presents the peel
strengths of Al-plasma homopolymer—-PP systems.

It was confirmed that layers of pulsed-plasma polymerized ethylene homopoly-
mer did not promote adhesion to Al when applied in AI-PP systems as an
adhesion-promoting interlayer. With NH, group-containing layers, very weak peel
forces were produced, in contrast to the high peel strength using OH and espe-
cially COOH group-containing interlayers (Table 7.1 and Figure 7.17).

In the case of CH, and NH, groups, failures occur at plasma polymer—PP inter-
face, as was shown by XPS of peeled surfaces. With OH groups the peel front
propagates within the allyl alcohol plasma polymer. The adhesion of acrylic acid
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Figure 7.16 Schematics of the locus of failure during peeling of aluminium in different
Al-PTFE composites.

Table 7.1 Variation of Al peel strength at PP with the nature of the adhesion-promoting
plasma homopolymer interlayer.

Functional ~ Peel strength  Concentration Type of failure  Location

group (Nm™)

CH, 0-10 - Interface Plasma polymer—PP
NH, =30 18 NH,/100 C Interface Plasma polymer—PP
OH =85 31 OH/100 C Cohesive Inside plasma polymer
COOH =650 24 COOH/100 C Cohesive Inside PP

layers to PP as well as to Al was so strong that peeling occurs within the PP
substrate, as demonstrated by XPS analysis of both peeled surfaces. Thus,
the interactions between aluminium and the monotype functional groups of
homopolymers depend strongly on the type of functional group in the order
COOH >> OH >> NH, > CH,.
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Copolymers made from co-monomers with and without functional groups allow
us to vary the concentration of functional groups in accordance with the co-
monomer ratio. Allyl alcohol-ethylene plasma copolymers show the maximum in
adhesion (650 Nm™) at a concentration of 27-29 OH per 100 C atoms. Therewith,
this copolymer produces a significantly higher peel strength than the allyl alcohol
homopolymer (85Nm™) (Figure 7.18).

A nearly linear dependence of peel strength on the density of OH, NH,, and
COOH functional groups was observed in the range of 0-27 OH, 0-15 NH,, and
0-5 COOH/100 C (Figure 7.18). Using poly(allyl alcohol) copolymers, the peel
front propagates along the interface plasma-polymer—PP (interfacial failure) at OH
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concentrations of 1-25 OH/100 C. A plateau of maximum peel strength (650 Nm™)
at concentrations of 27-29 OH groups/100 C atoms was observed. At these con-
centrations, partially or complete cohesive failures (inside the plasma copolymer)
occurred at peeling. The pure allyl alcohol plasma polymer is tacky and weak and
shows a low cohesive strength, resulting in low peel strength and a pure cohesive
failure within the allyl alcohol homopolymer layer. NH, groups also showed a pure
interfacial failure at the Al-plasma polymer interface and the lowest maximum
peel strength to Al

COOH groups produce the highest peel strength to Al (Figure 7.18). The Al peel
strength depends linearly on the concentration of functional groups in the range
0-5 COOH/100 C. Higher concentrations of COOH groups (>5 COOH/100 C) do
not increase the peel strength further. This is characterized by pure cohesive fail-
ures within the polypropylene substrate [38]. This was also confirmed by produc-
ing copolymers of different composition made from poly(vinyl chloride) and
maleic anhydride. These copolymers show a characteristic dependence of peel
strength of evaporated aluminium topcoats on the concentration of carboxylic
groups in each copolymer [1]. However, such bulk-modified copolymers of differ-
ent composition also vary in their bulk properties, which also influence the meas-
ured peel strength. In contrast, polymer surface functionalization of polyolefins
or deposition of ultrathin adhesion-promoting layers on them does not change the
bulk properties of the polymer substrate.

Remember that in the case of O, plasma treatment OH, COOH, and other O
species are produced. There is a difference between peel strength using O, plasma
treatment (400-450Nm™) and OH-group containing plasma polymer interlayers
(600-650 Nm™). Moreover, increasing the yield of OH groups of the O, plasma
treatment by post-plasma reduction using diborane to a maximal 14 OH/100 C
(after O, plasma treatment 3 OH/100 C) could be realized, which is much lower
the 30 OH/100 C of the allyl alcohol copolymer. However, the maximum peel
strength was not further improved.

It can be assumed that excessive O, plasma modification causes polymer deg-
radation at the surface, thus forming a weak boundary layer. This was concluded
by the abrupt decrease in peel strength when the O concentration exceeded 20
0/100 C. Polymer degradation starts with the beginning of plasma exposure [10]
and is caused by irradiation with vacuum UV (VUV) radiation (A < 200nm, photo-
oxidation) and to a much lower extent by plasma particle bombardment [38].
Consequently, the adhesion-improving effect of introducing functional groups
and the polymer degradation superpose. Plasma polymer deposition avoids more
or less such degradation.

7.3
New Adhesion Concept

Adhesion problems between metal layers and polymers exist in various electronic
or decorative assemblies or other types of metal-polymer systems. The reasons
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Figure 7.19 Schematics of adhesion promotion in metal-polymer systems.

are the different natures of materials and the absence of adhesion-promoting
functional groups, the very different thermal expansion coefficients of polymers
and metals, and the water ingress along the interface. The dominance of weak
physical interactions and the deficiency of strong covalent bonds often lead to
interface failures during mechanical loading (shearing or peeling). Here, the
introduction of covalently bonded organic spacers of different chain lengths, stift-
ness, and end-groups into the metal-polymer interface was realized to improve
the adhesion bond strength. The spacer molecules compensate the mechanical
stress along the interface and flexibilize and lower the migration of moisture along
the interface by introduction of hydrophobic, water-repellent spacers such as pure
aliphatic chains or siloxane units.

To introduce spacers the polymer surface was plasma-chemically functionalized
and then grafted under wet-chemical conditions. To establish chemical bonds
between metals, such as aluminium, and non-polar polymer (polyolefin) surfaces,
such as polypropylene (Figure 7.19), chemically reactive groups must be intro-
duced onto the polymer surface. Such groups for enhancing the adhesion to alu-
minium were found to be COOH and OH groups, which can react with metallic
aluminium by formation of covalent (bidentate) or ionic bonds [39].

Even unmodified PP and PE surfaces react with evaporated Al atoms by charge
transfer from Al to carbon (Al-C) [40-42]. The role of chemical interactions
between Al and primary amino groups is more controversial. Amino groups form
a ¢ complex Al->NH,, which may re-arrange to Al-N [43]. OH groups in poly(vinyl
alcohol) (PVA) react with (CHj;);Al and also with metallic Al to form Al-O-C
complexes [44—46]. It could be shown that all OH groups present at the PVA
surface were consumed by Al-O-C formation. In terms of metal-organic chem-
istry Al-O-C bonds are alcoholates. Other authors interpret the electron transfer
from Al to different functional groups present at a polymer surface as acid-base
interactions [47]. Moreover, Al undergoes a redox reaction with O functional
groups present at O, plasma-modified polypropylene surfaces and forms Al,O;
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and thus reduces the O functional groups along the metal—polymer interface [48].
Aluminium adheres very strongly to COOH group-modified polymers as Al-O-
CO groups [38, 42, 49-51] in mono or bidentate form [42, 49-51]:

Al+HOOC-R — AlI-O-CO-R monodentate
2A1+HOOC-R — (Al-0),CO-R Dbidentate
2A1+HOOC-R — Al(0),CO-R chelating bidentate

At low pressure, evaporated Al atoms (in statu nascendi) are very reactive towards
the monotype functional groups. Therefore, the goal was to replace weak physical
interactions with strong chemical interactions but hinder any extensive redox reac-
tion or hydrolysis of formed metal-polymer bonds.

Metal-polymer interfaces are characterized by the abrupt transition of the metal
phase with it specific properties (surface energy, thermal expansion coefficient)
to that of the polymer as mentioned before. Now, all mechanical stress under
mechanical load or caused by the strongly different thermal expansion coefficients
of metals and polymers (two orders of magnitude) is focused on the chemical
bonds across the interface and neighboring polymer layers. Direct linking of metal
to polymer by covalent bonds makes the interface inelastic, stiff, and, therefore,
brittle (cf. Figure 7.19). All mechanical stress is transferred to the interface-near
polymer molecules. In addition, these interface-near molecules are often degraded
by pretreatment or redox reactions. Obviously, therefore, this stress should be
distributed and compensated by inserting long and flexible spacer molecules
instead of direct chemical bonding (Figures 7.19 and 7.20).

By using flexible spacer molecules along the metal-polymer interface a mechan-
ical failure caused by thermal expansion or shrinking can be partially avoided.

With growing length of spacer molecules, the adhesion was increased (as dem-
onstrated later). Simultaneous attachment of spacers with two different chain
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Figure 7.20  Shrinking—expanding of a metal—polymer at the interface, with or without spacers.
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lengths may produce a two-step breaking under mechanical load, thus, hindering
abrupt failure.

Introduction of additional water-repellent elements within the flexible spacer
hinders the hydrolysis of metal-polymer bonds, which is essential for the long-
term durability of metal-polymer composites (Figures 7.19 and 7.21).

These water-repellent units should preferably consist of siloxane units equipped
with methyl, isopropyl, or tert-butyl groups. Fluorine-containing segments may
undergo redox reactions with metal atoms:

-CE-CE-+ Al - AlE + G,F

Since redox reactions are associated with ion transportation from metal to polymer
(across the interface) an intermolecular linked siloxane-containing barrier layer
was introduced to hinder such ion diffusion across the interface (Figure 7.21b,c).
This architecture was achieved by coupling of aminosilane onto aldehyde-modified
polymer surfaces or by coupling of aminosilane to the brominated polyolefin
surface as described later.

Different types of spacer molecules were grafted onto the polyolefin surface. The
plasma-introduced monosort functional groups such as NH, or Br groups were
used as anchoring points. Ethylene glycols, diols and alcohols, and diamines and
amines with different end groups, chain length, and branching degree were intro-
duced as spacers. Thus, the number of CH,- or CH,-CH,-O- units in ethylene
glycols were varied from 1 to about 100, and those of diols and diamines from 2
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to 10 [52]. Different spacer end-groups were used (NH,, OH, COOH, CHO, SH,
phenol, methoxy) and the spacer structure was varied from stiff to flexible or
branched (Figure 7.22).

It should be remembered that C-Br groups can be converted into other func-
tional groups, such as OH, NH,, CN, NO,, and so on, in a simple chemical way.
Azide groups (CN3) introduced by consumption of C-Br with NaN; have served as
the starting point for click-chemistry [53-54]. Moreover, atomic transfer radical
polymerization (ATRP) was achieved and substitution by organic—inorganic POSS
(polyhedral oligomers of silsesquioxanes) molecules in noticeable quantities (cf.
Figure 7.22).

All spacer molecules were introduced by nucleophilic substitutions onto poly-
olefin surfaces or by electrophilic addition onto (fully substituted) aromatic double
bonds of graphene (absence of H, which can be substituted).

At most, each fifth carbon atom of polyolefin surface is spacer-substituted with
small molecules and large-volume molecules are linked to each 100th carbon.
The largest molecules linked to the surface were poly(ethylene glycol) 5000,
octaaminophenylene-T8-POSS, and PAMAM [poly(amido amine)-amino group-
carrying dendrimers of third, fourth, and fifth generation)].

POSS was introduced for water repellence. However, the bonding of aminosi-
lane (3-aminopropyltrimethoxysilane) was simpler and more efficient than POSS
introduction. For this purpose the polypropylene was coated with a thin layer
(50nm) of plasma-deposited poly(allylamine). The primary amino groups could be
grafted by glutaraldehyde:

| + allylamine + plasma polymerization —

| NH,+OHC(CH,),-CHO — | -N=CH-CH,);-CHO
[ N=CH-(CH,)-CHO + H,N-R-Si(OCHj,);,

N=CH-(CH,);-CH=N-(CH,)-Si(OH),

[ N=CH-(CH,),-CH=N-(CH,)s-Si(OH); + Al
N=CH-(CH,);-CH=N-(CH, )-Si(OH),-0-Al

Intermolecular condensation of the Si(OH) groups can also occur:
Si(OH), — Si-O-Si + H,0

Alternatively, the plasma bromination of polypropylene is simpler and produces
the same result:

| Br + H,N-CH,),-Si(OCH,); — | NH-(CH,);-Si(OCH;);
| NH-(CH,),-Si(OCH;); + H,0 — | NH-(CH,);-Si(OH); —
| NH-R-Si(OH),-0-Al

The formed silanol groups may be responsible for extra strong adhesion-promotion
to aluminium coatings [55]. The remaining silanol groups can react intermolecu-
larly to form Si-O-Si bonds. The thus-modified Al-PP composites could not be
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7.3 New Adhesion Concept
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Figure 7.23 Maximal achieved spacer densities (concentration) at polyolefin and graphene
surfaces by nucleophilic or electrophilic substitution.

peeled because of the strong adhesion. Moreover, the adhesion was durable for 6
months on exposure to ambient air with 60% humidity. It is assumed that after
hydrolysis the formed silanol groups are responsible for interactions with the
metal (possibly Al-O-Si bonds) and for barrier formation by partial condensation
(Figure 7.21c).

The concentration (graft density) of wet-chemically grafted organic spacer mol-
ecules on brominated polypropylene or polyethylene surfaces shows a variance.
Averaging gives a linear dependence of spacer concentration/density on spacer
length/molecular volume as depicted in Figure 7.23.

The peel strength of aluminium from spacer-equipped polypropylene surfaces
was maximal for COOH end-groups (Figures 7.24 and 7.25). About two C,, spacers
with COOH end groups per 100 C on a polypropylene surface produced high peel
strength and cohesive failure, when aluminium layers were peeled off. Linear,
branched, and dendrimer structures show the same results if equipped with
COOH end groups (Figure 7.24). OH groups containing spacers also promote
adhesion but are best in long-chain spacers.

Moreover, the stiffness of spacer molecules were changed from flexible aliphatic
chains to stiff molecules, thus showing the advantage in measured peel strength
of using flexible molecules as spacers in Al-polyolefin composites [52]. The
concentration of grafted POSS and PAMAM-dendrimer molecules as well as
PEG oligomers (500-5000 gmol ™) amounts to 1-2 molecules per 100 C or 0.4-0.8
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Figure 7.24 Schematics of the density of functional groups or spacers at a polypropylene
surface that is necessary to produce maximal peel strength of thermally evaporated alumin-
ium thin films (cohesive failure during peeling).

moleculesnm™. Incorporation of SiO, structures by grafting of POSS enhanced
the durability of AI-PP composites. POSS molecules covalently bonded to the
polyolefin surface are water-repellent, in particular when the SiO, cage is substi-
tuted by isopropyl or tert-butyl groups, as shown by enhanced durability towards
moisture.

7.4
Redox Reactions along the Interface

Evaporating metal atoms in vacuum and depositing them onto the polymer surface
produces direct contact between metal atoms and functional groups or building
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Figure 7.25 Contribution of spacer molecules with the shown architecture and end group to
the measured peel strength; PAMAM dendrimers (5) and octaaminophenylene-T8-POSS (6).

blocks of the polymer, as already shown for hydrogen plasma exposure of poly-
tetrafluoroethylene (PTFE). Strong electronegative metals, such as aluminium,
magnesium, or alkalines, are very reactive towards functional groups and tend to
form M—O-C or M—Hal bonds or oxides (M,0,) or halides (M,Hal,). In this way,
functional groups and building blocks were destroyed [13, 48, 52, 56]. Redox reac-
tions are often accompanied with scission of covalent bonds of the polymer back-
bone. A further example of redox reactions at metal-polymer interface is that
between alkaline metals and PTFE:

{CF,-CE],- + 4nK — 2nC + 4nKF

This can be seen from the C1s XPS signal (Figure 7.26) [56, 57].

As mentioned before aluminium picks up oxygen from the polymer to form
Al,O;, and also attacks PTFE to form AlF; (Figure 7.27) [48].

Conversely, noble metals with positive redox potential have the tendency to
convert their oxide or sulfide layers into inferior oxides or to metal under oxidation
of the polymer interface, such as CuO on Cu in contact with PE [57-59]:

2CuO + polyethylene — Cu,0 + polyethylene-O or 2Cu + polyethylene-O,

Typical oxidation products contain carboxylic groups, such as copper carboxylates
[58]. CuO from printed circuit boards also had oxidized polyimide [59] and
poly(phenylquinoxaline) [13], including its aromatic rings, at the interface.
Aromatic rings and other m-electron-containing bond systems in polymers can
be attacked oxidatively [13] or by transition metals under preliminary formation of
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Figure 7.26 Cls signals before and after thermal K evaporation onto PTFE [18].
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Figure 7.27 Examples of reduction reactions along the aluminium—polymer interface,
evaporating thin films of aluminium.

d.—pr interactions [56]. Transition metals, such as chromium, form such com-
plexes. Poly(ethylene terephthalate) formed such complexes, which were converted
into o-bonded Cr to the ring and finally converted into chromium carbide (Scheme
7.1) [56]. Additionally, a redox reaction between PET and the Cr was also observed
(Scheme 7.1).
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Scheme 7.1 Proposed reactions between Cr and aromatic rings of poly(ethylene
terephthalate).

Using polystyrene the formation of sandwich-complexes with aromatic phenyl
rings was evidenced on employing commercial Cr complexes as reference and
near-edge X-ray absorption fine structure (NEXAFS) spectroscopy for their iden-
tification (Scheme 7.1) [60, 61].

Moreover, conversion of the Cr-complex into chromium covalently bonded to
aromatic rings at two positions to afford a two-ring system is shown schematically
in Scheme 7.1 for PET and in Figure 7.28 through NEXAFS spectra for polystyrene
[56].

The appearance of a new Cls peak of Cr-evaporated polystyrene at a binding
energy of 283.1eV as well as 283.5eV for bisphenol-A polycarbonate and 283.4eV
for poly(ethylene terephthalate) (not shown) were assigned to the formation of
chromium carbide, the end-product of all Cr attacks on aromatic systems [62].

The methyl side-groups at the aromatic ring hinder the attachment of Cr as
side-gated second cycle. This was evidenced by blocking such groups using
poly(2,6-dimethyl-1,4-phenylene oxide) (PDMPO; Figure 7.29).

Independently of these d,—p, interactions redox reactions also occur, as seen by
the pick-up of oxygen from the polymer associated with Cr(III) oxide formation
(observed in the O1s peak) (Scheme 7.1).
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Figure 7.28 NEXAFS spectra C1s—m* transitions of virgin, mono-, and poly-atom Cr layers at
the surface of polystyrene.
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Figure 7.29 XPS Cls and OTs signals of poly(2,6-dimethyl-1,4-phenylene oxide) (PDMPO),
with and without Cr monolayers.

7.5
Influence of Metal-Polymer Interactions on Interface-Neighbored Polymer
Interphases

Polymer surfaces in contact with metals show often a new supermolecular struc-
ture that differs from both the original and the remaining and unaffected bulk
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Figure 7.30 Variation of NEXAFS C, and O edge spectra with chromium mono- and
poly-layers.

structure. A prominent example is the “trans-crystalline structure” of polymers
along the metal-polymer interface, as assigned by Schonhorn and coworkers and
occurring on the micrometer scale [63, 64]. Such a special surface orientation
in micrometer dimensions, provoked by orientation affected by the interface,
was also detected using “etch gravimetry” by manifesting more etch resistance
(lower etch rate) towards oxygen plasma than the unaffected polymer bulk
material [65].

However, sometimes more dramatic changes in molecular orientation occur on
the nanometer scale, caused by interfacial reactions, as discussed already when
looking at interfacial redox reactions. Thus, it could be shown by means of
NEXAFS spectroscopy that biaxially stretched poly(ethylene terephthalate) (PET)
loses macromolecular orientation in the approximately 3nm thick contact zone
with chromium or potassium (Figures 7.30 and 7.31) [56].

The difference spectrum 20°-90° characterizes the molecular orientation and
the greater the difference is (area in difference spectrum) the higher is the anisot-
ropy. It should be considered that the information depths are about 3nm for the
Cy-edge and 5nm for the O-edge (cf. Figure 7.31).

Interestingly, the loss in orientation near the interface (nm range) to metals is
similar to that of oxygen-plasma exposure used for increasing the adhesion prop-
erty (polarity) of a polymer surface. Both processes produce fast and complete loss
of polymer orientation in the direct neighborhood of the interface (Figure 7.31).
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Figure 7.31 Variation of NEXAFS-determined order parameter of biaxially stretched PET with
metal thickness and oxygen plasma exposure.
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Figure 7.32 Loss of orientation and oxygen introduction of self-assembled monolayers of
octadecyltrichlorosilane exposed to oxygen plasma and Cr deposition.

The changes in structure and orientation become maximal when the oxygen
plasma pretreated polymer surface meets aluminium atoms during thermal evapo-
ration under low-pressure conditions [66].

Using self-assembled monolayers (SAMs) made from octadecyltrichlorosilane
(OTS) as models of paraffin or polyolefin surfaces strong disorientation is caused
by short-time exposure to low-pressure oxygen plasma (Figure 7.32).
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Figure 7.33  Cyg-self assembled monolayers (OTS) on Si-wafer surface before and after
exposure to oxygen plasma and chromium vapor.

Much more enhanced disorientation of the OTS-SAM film is observed after
additional evaporation of Cr, which causes redox reactions with the oxygen plasma-
introduced O-functional groups. This was demonstrated by evaluation of angle-
dependent NEXAFS Cy-edge spectra (Figure 7.32) [67].

The NEXAFS spectra show the complete loss of orientation of OTS molecules
after combination of both 2s oxygen plasma exposure + 1 monolayer Cr-coating.
Thus, extraordinarily strong redox reactions were initiated between plasma-
introduced O-containing groups and metallic chromium to give Cr,0; and reduc-
tion of plasma-introduced O-functional groups (Figures 7.32 and 7.33) [68].

7.6
Metal-Containing Plasma Polymers

Metal-containing plasma polymers have been produced by simultaneous thermal
evaporation of metals and deposition of plasma polymers, thus simultaneously
embedding metal clusters into the plasma polymer [69-71]. In this way plasma
polymers with special properties were produced, such as highly unsaturated con-
ducting plasma polymers with simultaneous embedding of dopants. Another
variant of producing metal-containing plasma polymers consists of plasma polym-
erization of metal-organic precursors [72-76]. Kay and Dilks [77] or ]. W. Coburn
[78] may have been the first to describe metal-containing plasma polymers pro-
duced by sputtering of metal from the inner electrode of the plasma system. One
example is the plasma polymerization of the C, hydrocarbons in the presence of
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Fe(CO)s vapor, which can lead to the formation of soluble cluster complexes (I)
and/or high oxidation state iron both in the form of the oxide (II) and associated
with the carboxylate or -diketonate iron (III). The relative yield of (I) with respect
to (II + III) can be controlled, at will, by variation of the Yasuda factor W/FM [79].
In another example the metals tellurium and bismuth, dispersed in plasma poly-
mers derived from CS, and styrene, were incorporated in the amorphous state
[80]. An overview on metal-nanoparticles in polymers has been presented by Heil-
mann [81]. Munro et al. had investigated the structure of such plasma deposits of
metal-polymer combinations by means of XPS [82, 83].

Another way to produce metal-containing plasma polymers is the combination
of polymer and metal sputtering [84, 85].

7.7
Plasma-Initiated Deposition of Metal Layers

PECVD (plasma chemically enhanced vapor deposition) was used to deposit metal
layers from metal-organic precursors. The first reported deposition was that of Ni
from nickel tetracarbonyl [86, 87]. The Ni(CO), was plasma chemically dissociated
to deposit a Ni metal layer:

Ni(CO), + plasma — Nil +4COT

Silver- [88], boron- [89], copper- [90], barium-, yttrium, erbium-, and europium-
[91], high-temperature superconductors [92], and tin-containing layers [93] were
prepared in Suhr’s group at the University of Ttibingen by synthesis of numerous
volatile metal-organic precursors and their decomposition under plasma exposure
to metal films.

7.8
Inspection of Peeled Surfaces

After peeling, the peeled polymer and metal surfaces were analyzed to recognize
the locus of peeling. Figure 7.34 shows a schematic sketch of interface analysis.

Figure 7.35 shows the peeling of two composites made of Al top layer—plasma-
poly(allyl alcohol)-polypropylene substrate and Al top layer—plasma-poly(allyl
alcohol)—ethylene copolymer—polypropylene substrate.

The peel failure in the composite Al-copolymer—PP propagates along the
copolymer-PP interface. Using pure plasma poly(allyl alcohol) as primer the peel
front propagates within the primer layer.

Using pulsed-plasma polymerized poly(acrylic acid) (pp-PAA) as adhesion-
promoting interlayer the composite fails within the polypropylene substrate
(Figure 7.36). Both the PP surface and the Al surface of peeled composite show
the C1s peak of pure PP and no indications for the occurrence of the characteristic
Cls signal of poly(acrylic acid).
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Figure 7.35 Locus of peeling in Al-copolymer (homopolymer)—PP composites.

7.9
Life Time of Plasma Activation

In particular, plasma polymers undergo extensive aging when exposed to ambient
air. This problem has been mentioned in different sections of this book. Therefore,
only one example is presented here, namely, the incorporation of oxygen from air
by exposure of pulsed-plasma polymerized allylamine to air (Figure 7.37) [94].
The surface energy often decreases during storage and the contact angle re-
increases. This unexpected behavior is in contrast to the post-plasma oxidation,
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Figure 7.36 Locus of peeling in Al-pulsed-plasma polymerized acrylic acid-PP composites.
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Figure 7.37 Oxygen incorporation of plasma-polymerized allylamine during exposure to air.

which produces additional polar groups. This phenomenon, as stated above, is
attributed to “hydrophobic recovery.” Figure 7.38 shows that this characteristic
“hydrophobic recovery” was not found on exposing a special PP film to the dielec-
tric barrier discharge in air.

Short exposure to discharge shows a slight decrease in water contact angle
during exposure to air, while long-time exposure shows a very slight increase in
contact angle.
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Figure 7.39 Different behavior of surface energies of two different polypropylene foils that
were exposed to dielectric barrier discharge (0.1s) at atmospheric pressure.

The missing re-increase of water contact angle was ascribed to the presence of
an unsaturated slip agent at the polypropylene surface and its post-plasma auto-
oxidation, which compensates for the “hydrophobic recovery.”

The nearly constant remaining surface energy during exposure to air as
shown in Figure 7.39a was confirmed for low-pressure cw-rf oxygen plasma
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Figure 7.40 Comparison of surface energy during storage of polypropylene treated by
low-pressure oxygen plasma, atmospheric-pressure plasma-jet, and dielectric barrier discharge
plasma.

treatment as well as exposure to plasma jet and dielectric barrier discharge in air
(Figure 7.40).

The PP film in Figure 7.39a shows a very low decrease in surface energy
(increase in water contact angle) during exposure to air. The other film (Figure
7.39b) produces a strong auto-oxidation after long-time storage and a strong
increase in surface energy (decrease in water contact angle). Here, auto-oxidation
of the slip agent was responsible for the extraordinary increase in surface energy.
Nevertheless, the oxidized slip agent shows high surface energy but no adhesion
to aluminium because it works as a weak boundary layer.

Figure 7.40 compares the changes in surface energy during exposure to ambient
air of polypropylene films treated in low-pressure oxygen plasma, atmospheric
low-temperature plasma jet, and atmospheric dielectric barrier discharge. In all
cases a slow decrease in surface energy was determined for all treatments.

In most cases the surface energy decreases slightly or sometimes remains
nearly constant; nevertheless, the adhesion is strongly decreased after very short
storage. Thus, the surface energy does not give decisive information on expected
adhesive bond strength. This can be evidenced as shown in Figure 7.41. PP was
pretreated with an atmospheric plasma jet. A rapid loss in lap shear strength of
polyurethane—polypropylene composites is evident, when the pretreated PP was
exposed to air for more than a few minutes before gluing it with polyurethane
(Figure 7.41) [95].

Low-pressure oxygen plasma treatment of PP shows only a slight increase of the
O/C ratio during exposure to air for 1 year, that is, the post-plasma auto-oxidation
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Figure 7.42 Oxygen plasma treatment of PP and reduction with B,Hs and the dependence on
storage in air.

is minimal. The same oxygen plasma treatment combined with the post-plasma
chemical reduction (B,Hs) of carbonyl species to OH groups shows a constant O/C
ratio also after one year exposure to ambient air. This means that the post-plasma
wet-chemical reduction has quenched all trapped radicals in the polymer surface
layer. Trifluoroacetic anhydride (TFAA) labeling of OH groups also shows a
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constant OH concentration over a period of one year. However, immediate labe-
ling with TFAA after plasma pretreatment and storing the labeled sample for one
year shows a strong decrease in F/C ratio due to hydrolysis of the ester during
storage and the re-elimination of TFAA (Figure 7.42).
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8
Accelerated Plasma-Aging of Polymers

8.1
Polymer Response to Long-Time Exposure to Plasmas

In contrast to plasma particle bombardment with electrons, ions, excited states,
and other reactive neutrals the vacuum UV (VUV) radiation of the (oxygen) plasma
modifies a few tens of nanometres up to a few micrometres or sometimes milli-
metres of polymer top-layers depending on the polymer type and plasma condi-
tions [1, 2]. The usual plasma conditions with short exposure time do not influence
the bulk properties of polymers. Only a very thin surface layer of a few nanometres
becomes modified during short plasma exposure time. To produce long-range
effects in the polymer bulk by plasma exposure, irradiation for several hours is
needed (4-48h). Moreover, using the oxygen plasma treatment a penetration of
plasma-induced modification into the bulk cannot be expected because of simul-
taneous propagation of the irradiation-modified layer into the bulk as well as the
etching front. A steady-state between radiation modification and etching is estab-
lished, resulting in a thin radiation-modified layer of thickness (A), which is per-
manently produced during plasma exposure (Figure 8.1).

Much greater A is to be expected using hydrogen or noble gas plasmas because
they emit more energetic VUV radiation [3] and have lower etching ability than
oxygen plasma (Figure 8.2). However, one important ingredient for polymer aging
is then missing, namely, the presence of oxygen to simulate oxidative, photo-
oxidative, and thermo-oxidative processes.

Changes in bulk and in the surface top-layer have been followed by both surface
(XPS = X-ray photoelectron spectroscopy, ATR = attenuated total reflectance IR)
and bulk-sensitive (ESR = electron spin resonance, transmission FTIR, chroma-
tography, thermogravimetry, etc.) analytical methods [1].

Very surprisingly, the analytical indications for polymer outdoor weathering,
artificial and accelerated aging, thermo-oxidative degradation, and photo-oxidation
are the same or are similar to those produced by exposing the polymer to plasmas
for very long exposure times. The most important characteristics for polymer
aging are the increase in carbonyl concentration (carbonyl index), occurrence of
photo-oxidations, yellowing, molar mass degradation, formation of polyenes, and
so on [4].

The Plasma Chemistry of Polymer Surfaces: Advanced Techniques for Surface Design, First Edition.
Jorg Friedrich.
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 8.1 Steady-state behavior during oxygen plasma exposure.
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Figure 8.2 Proposed growth of a plasma-UV modified polymer layer during plasma exposure
schematically presented for oxygen and noble gas plasmas.

The most important indications for polymer aging are loss in mechanical
strength and, possibly, tensile strength and the elongation at break as well as
worsening of surface properties such as gloss, haze, and yellowing. A strongly
accelerated simulation of these surface-related aging factors is easy to achieve by
plasma treatment [5], such as yellowing by hydrogen plasma exposure of poly(vinyl
chloride) [6] or an increase of haze and loss in glance [7].

The mechanical properties of some polymers were also significantly decreased
during plasma exposure [8-10].

However, to develop a new artificial aging process with a high acceleration factor
it is necessary to have the same characteristic dependence on exposure time for
mechanical strength (and surface properties) as found for outdoor weathering. The
loss in mechanical strength as a function of exposure to oxygen plasma should
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(must) be the same as using the outdoor weathering or more intensified to aggres-
sive climates such as present in Florida. Photo-oxidative artificial aging simulating
such a climate can further shorten the exposure time. UV-C irradiation, higher
temperature, high humidity, and the presence of aggressive gases such as SO, or
NO, can further increase the polymer aging. However, there is the danger of
initiating new degradation mechanisms that are not present during the usual
application conditions of polymers. The oxygen plasma exposure of polymers can
be regarded as an ultra-accelerated artificial aging of polymers. Especially, aromatic
polyesters such as poly(ethylene terephthalate) or poly(butylene terephthalate)
show the same characteristic course of mechanical strength with aging time as
found for outdoor weathering. Looking to the outdoor-analog aging of PET foils
(200 um) the exposure to low-pressure oxygen plasma leads to the same character-
istic aging behavior as found for outdoor weathering, as exemplified by the tensile
strength (Figure 8.3).

The acceleration factor of plasma exposure compared to the outdoor exposure
was about 311. This behavior is also comparable to the outdoor aging found
for polycarbonate, polyurethane, epoxy resins, polystyrene, and polyacrylates
as schematically presented in Figure 8.4 for the top row of polymer etching. In
contrast, aliphatic polyolefins and poly(vinyl chloride) show inadequate behavior
(Figure 8.4, bottom row). They tend to strong crosslinking and the formation of

time of outdoor weathering in Berlin measured in h

0 2000 4000 6000 8000 10000 12000 14000
200 T T T T T T T T T T T T T

1804 - 1 year |

120+ . i
1 =1—0, plasma |

H, plasma —

] —x— outdoor ]

weathering

tensile strength in MPa
S
1

0 T T T T T T T T
0 10 20 30 40
plasma exposure time in h

Figure 8.3 Comparison of changes in tensile strength of PET foils (200 um thick) versus time
of exposure to oxygen and to hydrogen plasma (cw-rf plasma, 500W, 10Pa) and on outdoor
weathering.
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Figure 8.4 Two types of steady-state behavior during oxygen plasma exposure and
polyene formation.

a surface-near polyene layer, which shields the bulk against further UV irradiation.
The consequence is the strong degradation and etching of a very thin surface-near
layer and survival of the nearly unchanged polymer bulk structure (Figure 8.4) [2].

Other investigators have observed similar changes in mechanical strength
during plasma exposure. For example, Arefi-Khonsari and Amouroux detected
after less than 10s exposure of a 8 um thick polypropylene film to oxygen plasma
(kHz glow discharge) a loss of about 60% in elongation at break [11].

The mechanism of accelerated (oxygen) plasma weathering is much different
from those of outdoor-weathering, UV-induced photo-oxidation, Xenotest irradia-
tion, and so on. Pure weathering uses chromophores, natural “defects” in poly-
mers, arising from contaminations. Accelerated aging processes uses radiation
sources with a spectral distribution of radiation similar to that of the Sun’s irradia-
tion on Earth (Figure 8.5) [4].

These artificial plasma-radiation sources emit superposed resonance (line) and
continuous recombination irradiation with additions of Bremsstrahlung, and thus
more or less strongly differ from the spectrum of sun.

UV-A radiation and visible light (violet-blue) are only able to excite reversible
T — m* and n — 7* transitions of conjugated double and carbonyl bonds, which
most often arise from defects or contaminations (chromophores). The transition
from reversible excitation processes to irreversible chain scissions is indirect,
follows a special mechanism, and is slow. Two general possibilities exist, C-H or
C—C bond scission by radiation of sufficient energy or excitation of chromophores
such as a Norrish-I reaction (o-scission):
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Auto-oxidation Norrish-I

The material-changing process is the subsequent auto-oxidation [12, 13].

Plasma-induced polymer aging attacks directly C-H and C-C bonds in the
polymer. The energy dose in plasmas is generally high and numerous covalent
bonds can be broken at the same time. Figure 8.6 presents the possible energetic
effects in polymers, considering simple processes that depend on the wavelength
of UV radiation.
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Figure 8.6 Energetic location of the most important chemical reactions according to the
causative radiation.

The so-produced fragments are radicals, which can also continue the polymer
degradation by auto-oxidation (Scheme 8.1).

8.2
Hydrogen Plasma Exposure

The hydrogen plasma modifies polymers differently. Chemically, it should be an
ideal hydrogenation/reducing medium for any chemical processes because the
plasma should be the source of H atoms (in statu nascendi):

H, + plasma — 2H*

The high concentration of hydrogen atoms in the plasma predestines it as a chemi-
cal tool for reducing oxidized functional groups and hydrogenating any C=C
double bonds. First, the bombardment with energetic particles from the (hydro-
gen) plasma removes functional groups and also hydrogen from the backbone. In
such a way crosslinking is possible:

H*+RH—R'+H,
Rl. + RZ. - Rl-Rz
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Scheme 8.1 Direct scission of covalent bonds by energetic UV radiation emitted from plasma.

or, which was not undoubtedly found, formation of double bonds:
2H* +-CH,-CH,- # -CH=CH- + 2H,

However, any hydrogen deficiency in top-most polymer layers was not found after
exposure to hydrogen plasma.

Such dehydrogenation is possible, though, by irradiation of deeper polymer
layers:

-CH,-CH,-+UV — -CH=CH-+H,

Therefore, the maximal possible hydrogen concentration in polymers is a steady-
state between its hydrogenation and dehydrogenation. The kinetic energy of hydro-
gen atoms and the released energy at recombination with a radical site hinder
the achievement of complete hydrogenation because of the concurrence of re-
dissociation, of crosslinking, or the formation of C=C double bonds. The energy-
rich UV radiation of the hydrogen plasma reaches a few um of the bulk in many
polymers and thus it produces unsaturations, radical sites, and crosslinking. Using
a deuterium precursor H-D exchange in the range of 2um was found in polyeth-
ylene [14, 15].

The radiation-induced formation of double bonds depends on the wavelength
of irradiation (from plasma) and the wavelength-dependent absorption properties
of the polymer. Hudis first found this strong polymer-changing effect of hydrogen
plasma and measured the gelation (crosslinking) of polymers by size exclusion
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chromatography (SEC) [3, 16]. Looking to the well-known UV spectrum of the
hydrogen plasma with its Lyman, Balmer, Paschen, Brackett, and Pfund series,
enough intense and energy-rich lines are present in the spectrum to produce the
above-mentioned effects. The Lyman series covers energies from about 10.2 to
12.8¢eV [17]. The transition from an excited state (E*) to the ground state (E°) pos-
sesses the highest energy (resonance energy):

hv = E¥* - E°

Considering the basics of spectroscopy the wavenumbers of all lines of an atom
can be described by:

Vic=1/A=T° —T*
This results in:
E*=—hcT*
For hydrogen, the Rydberg equation is valid:
T*=R/n’
and therefore the energy is:
E*=—hcR/n?

where R = Rydberg constant and n =e — E=0.

It should be added that noble gas plasmas also emit line radiation of high energy
content. Under plasma conditions all possible electron transitions were excited
and resonance radiation is emitted. Organic contributions to the plasma emit fluo-
rescence (resonance) radiation that is most important because of its high energy
(Jablonski diagram).

Electronic excitations occur by inelastic collision with electrons. Electrons have
kinetic energy (Eyy,), which can be expressed in terms of the exposed voltage (U)
and the elemental charge of an electron (e) as E, = Ue. Considering the Maxwell
equation it follows:

Ue = m/2v*?

For a voltage of 1V the kinetic energy is defined as 1eV.

Considering the series limit or the ionization energy of hydrogen (13.5eV) all
emitted radiation has energy lower than that value. Thus, the resonance (Lyman)
radiation has lines from 10.2 to ca. 12.8eV. The intensity of the emitted radiation
or the probability of a transition depends on a few parameters. Apart from the
pressure in the plasma and the density of particles in the volume the probability
of an exciting inelastic collision depends also on the size of the atom. Hydrogen
is the smallest atom and, therefore, the probability of collision with an electron is
generally low (mean free path is high). Therefore, the kinetic energies of electrons
are relatively high because they have more time for acceleration in the electrical
field of the plasma, thus exciting the Lyman transitions. In summary, the hydro-
gen plasma emits very intense and energetic radiation that is responsible for
several effects in surface-near layers or in the bulk of polymers.
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Table 8.1 Energy of ionization (Einizaion), lowest excited state (E,), triplet state (Eyn), and
lowest excited state of the single ion (E,n1) of noble gases.

Plasma gas Eionization (ev) Emin (ev) Etripl (ev) Eion'l (ev)
Helium 24.5 19.8 21.1 54.2
Neon 21.5 16.6 17.0 40.9
Argon 15.7 11.5 11.8 27.8
Krypton 14.0 9.9 9.9 26.4
Xenon 12.1 8.3 8.4 21.2

8.3

Noble Gas Plasma Exposure, CASING

Noble gas plasmas cannot react chemically with polymers. Their action is pure
physical (sputtering). lons, electrons, and excited atoms are the acting species.
Special attention was focused on the metastable states of noble gas atoms. For
plasma UV radiation and for modification of polymers the energy of ionization
(Eionization), the lowest excited state of the atom (E,;,), the metastable (E,), and
the lowest excited state of singly charged (E, ) ion are of special importance
(Table 8.1).

All species listed in Table 8.1 are present in the plasma, for example, He*, He™,
H*!, He™, He**, and so on [18]. Schonhorn and Hansen had assigned metastable
species as responsible for the crosslinking effect because of their frequent occur-
rence [19, 20]. Therefore, they called this effect crosslinking by activated species
of inert gas plasmas (CASING).

A few years later Hudis found that the particle stream from the plasma only
influences the topmost nanometres of the polymer surface and, therefore, the
particle bombardment or diffusion of energetic particles could not be the source
of crosslinking over the dimensions of micrometres. He could show that the VUV
radiation is the reason for the crosslinking of polymers [3, 21]. However, the effi-
ciency of the plasma-UV irradiation was 100-500 times higher than conventional
UV irradiation. It was claimed that the plasma radiation is of polychromatic nature
and therefore much more efficient (cf. Section 6.5).

Wertheimer et al. have investigated in detail the role of plasma UV irradiation
in polymer surface modification during plasma exposure [22].
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9
Polymer Surface Modifications with Monosort
Functional Groups

9.1
Various Ways of Producing Monosort Functional Groups at Polyolefin Surfaces

If a polyolefin surface is covered with monotype-functional groups chemical syn-
thesis can be performed on them. In this way the polyolefin surface structure and
functionality can be tailored and specified by grafting of molecules of different
chain length, complexity, and function. Such surfaces are applied in biochemistry
and medicine and used for biochips, microfluidics, or for enhancing the printabil-
ity, gluability, or adhesion to metal coatings. A precondition is the existence of
chemically reactive anchoring points for such graft synthesis, or radical sites and
grafting via peroxy radicals (Figure 9.1).

These anchoring points for the more reproducible grafting via functional groups
are monotype (monosort) functional groups, which must occur in sufficient
density at the surface. Typical densities of such monotype functional groups for
graft synthesis range from 3 to 30 groups per 100 C atoms. To produce these
functional groups two different methods are used:

1) direct bonding of the monosort functional group onto the polymer
backbones;

2) deposition of a well-adherent thin plasma polymer layer, which carries the
desired monotype functional group. Four types of plasma-enhanced polymer
surface functionalizations are in focus here (Scheme 9.1 and Table 9.1).

To fulfill the technical demands a simple unspecific plasma treatment of polyolefin
surface is often not sufficient, as explained by the co-existence of different types
of O-functional groups at the surface. Therefore, plasma treatments or plasma-
assisted processes must be developed to produce a high density of monosort
functionalizations at polyolefin surfaces, such as listed here:

1) Oxygen plasma treatment — reduction of C=O groups — OH-groups;

2) selective plasma treatment producing monosort functional groups (unknown,
exception — plasma bromination) — C-Br bonds;

3) chemical conversion of C-Br groups into OH, NH,, CN, and so on;

The Plasma Chemistry of Polymer Surfaces: Advanced Techniques for Surface Design, First Edition.
Jorg Friedrich.
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Scheme 9.2 Various means of polyolefin modification with monosort functional groups and
chemical grafting via functional groups.

4) grafting of vinyl or acrylic monomers carrying functional groups (OH, COOH,
NH,. . . . ) onto C radical sites or peroxy radicals at the polymer surface;

5) deposition of plasma polymer layers made of functional group carrying mono-
mers (allyl alcohol, acrylic acid, allylamine. .. .); variation of density is
possible by plasma-initiated copolymerization of functional group bearing
co-monomers and “chain-extending, neutral” co-monomers [1].

In turn, these possibilities of producing monosort-functionalized polymer surfaces
and chemical grafting onto these functional groups are discussed by reference to
a few examples.

The above-listed variants of polyolefin surface modification with monotype-
functional groups are presented schematically in Scheme 9.2.

9.2
Oxygen Plasma Exposure and Post-Plasma Chemical Treatment for Producing
OH Groups

Polyolefins do not possess functional groups. As described in Chapter 5 oxidation
processes can introduce polar O-functional groups onto the surface. On exposure
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of polymers to an oxygen plasma a broad variety of O-functional groups is pro-
duced (C-O-C, C-OH, CHO, >C=0, COOR, COOH, CO;, etc.), which is a hin-
drance for defined chemical processing [2, 3]. For subsequent chemical reactions,
accompanied by formation of azomethine, ether, ester, urethane, or urea bonds,
only one sort of functional group is needed at polyolefin surface. Such monosort
functionalities may be hydroxy, amino, epoxy, or carboxy groups. However, if dif-
ferent O-functional groups are present it is not possible to consume all functionali-
ties. The O-functional groups can be assigned to different kinds of C-O bonds,
namely, one, two, three, or four bonds between carbon and oxygen, as it can be
differentiated by XPS (X-ray photoelectron spectroscopy) for groups located at the
polymer surface.

In general, there is the possibility of applying oxidative or reductive wet-chemical
processes for transferring all the bonds to, respectively, the highest oxidation ratio
(C*, O-CO-0) or to the lowest (C*” = CH;~OH; C'=-CH,~OH, C’=>CH-OH,
C" = C-OH) state of oxidation ratio. These oxidation states are assigned the fol-
lowing the oxidation rules in organic chemistry [4]. Other medium oxidation ratios
are difficult to obtain and, also, the C* ratio is characterized by degradation (car-
bonate or CO, formation), auto-oxidation, and etching, that is, the process cannot
be stopped. Moderate oxidations, such as using SeO,, also do not have enough
selectivity to produce exclusively one oxidation state or one type of C-O bond.
Therefore, selective oxidation, such as to COOH (carboxylic) groups, is not
realistic.

Such chemical oxidation processes often produce decay of the functional
group or scission of the polymer backbone. The dissociation energies of C-H
and C-C bonds in polyolefins are nearly the same (AHycn=396k]mol’,
AHep i, = 370k] mol™), as are the entropy terms TAS. Therefore, chain scissions
should occur very often. However, in fact, such chain scissions do not occur very
often because the C-C backbone is shielded by its H-substituents [4].

Reduction can be limited to the C*-C" oxidation ratios, that is, to the formation
of OH groups, to CHy-OH. Such chemical reductions are more selective and
easier to handle; however, a total reduction of the O-containing functional group
to C-H species (C* to C*, =CH, to CH,) is possible as a side-reaction. By using
strong reduction agents such as LiAlH, or Zn/HCI, C-O-C ether structures were
also broken and transformed into OH groups. However, a few polymers possess
these ether bonds in their polymer backbone, such as polyethers (POM, PEG), and
may therefore be degraded during chemical reduction [5]:

-C-O-C-+LiAlH, — -C-OH + HC-

HI and HCl/Zn also attack C-O-C bonds quantitatively [4]:
-C-O-C-+2HI — 2C-1+ H,0
C-I+OH — C-OH

The process using diborane (B,H,) reduces only carbonyl features and does not
attack ether structures, therefore chain scissions are minimized [6-8]. The dibo-
rane reduction was developed by Brown [9]:
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| coor +B,H; - JCHOBH, (H,S0,) — }-CH,~OH slow
J cooH +B,H; — }COBO+H, (H,SO,) — |-CH,~OH fast
| c=0+B,H, —» | CHOBH, (H,SO,) — |-CH,~OH fast

A similar reduction process of carbonyl features to OH groups can be performed
using Vitride® (Na-bis [2-methoxyethoxyJaluminium hydride) [10]. By employing
diborane in combination with hydrogen peroxide, as well as special hydrolysis all

olefinic double bonds in the polymer can be additionally hydroborated, that is,
changed to OH groups [11]:

>C=C< + B,H; — adduct + H,0, — >CH-C(OH)< very fast

Scheme 9.3 and Figure 9.2 present the above-mentioned reduction and the cor-
responding labeling reaction of OH groups with trifluoroacetic anhydride (TFAA)
schematically and by respective XPS spectra. Polypropylene was exposed to oxygen
plasma for 2 s. In this way about 22 oxygen atoms per 100 C-atoms were introduced
to its surface. Labeling with trifluoroacetic anhydride (TFAA) and XPS measure-
ment following [8] the introduction of fluorine showed that less than 10% of all O
functional groups were OH groups after this oxygen plasma treatment [5, 6].

The formation of OH groups demands prior hydrogen abstraction from the
polymer, for example:

-CH,—CH,- + plasma — >CH=CH< + 2°H (H,)
|
O, plasma

OH COOH O CHO O

INVANI

CF;
TFAA C|:O
Lo - |
diborane reduction G COOH O CHO O
OH OH OH
OH CH, O CH, CH,
(|:F3 CF3 TF3
I TEAA CF; CO (|:O Cco
LA — - ] [ ]
Clo
O CH, 0O CH, CH,

Scheme 9.3 Reduction of O-functional groups to OH groups and their labeling with TFAA.
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Figure 9.2 XPS survey scans of polypropylene surfaces, after exposure to oxygen plasma
[continuous wave (cw)-plasma, 6 Pa, 2], after additional labeling with TFAA, and after
additional reduction with diborane and TFAA derivatization.

Such produced hydrogen is now present in the plasma. Therefore, in the oxygen
plasma OH species (radicals) can be formed, possibly by:

‘0O*+ *H— "OH

These "OH radicals can recombine with surface radicals sites at the polymer back-
bone and form hydroxy (alcohol) groups:

-CH,-CH,- + plasma — -CH,-C*H- + *H (0.5H,)

-CH,-C'H- + *OH — -CH,-CH(OH)-
As demonstrated before, the auto-oxidation also produces alcohol groups at
polymer surfaces. The thus-produced hydroperoxides may decay [12-14]:

R-O-OH - R-O* + "OH
The OH radicals may recombine with C radical sites and the alkoxy radicals may
tear hydrogen from neighboring alkyl chains and form alcohols:

R-O° +R*-H — R-OH + ‘R¥
Besides this introduction of OH groups, auto-oxidation also produces ketones,
aldehydes, carboxylic groups, ethers, peroxides, peroxy acids, and so on [14]. Table
9.2 compares the efficiency and side-reactions of all methods.

Starting point for each reduction was an oxidation ratio adjusted to 27% O/C
at a polyethylene surface [5]. As a recurring theme, the stronger the reduction
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Table 9.2 Efficiency in conversion of all O-functional groups into OH groups.

Reduction Efficiency

Side-reactions

Chemical reduction

Na/NH; All O-functional groups
reduced

Zn/HCl All O-functional groups
reduced

LiAlH, All O-functional groups
reduced

NaBH, All O-functional groups
reduced

B,H; O-functional groups
reduced without ether
groups

Vitride (Na-complex) O-functional groups
reduced without ether
groups

Plasma-chemical reduction

H,-plasma All O-functional groups
reduced
NH;-plasma All O-functional groups

reduced and N-functional
groups introduced

Reduction C-F bonds to carbon
[polytetrafluoroethylene (PTFE)]

Partial reduction to hydrocarbons

Ether groups scissioned, also
ether groups in polymer
backbones [polymer degradation,
such as poly(ethylene glycol)]

Also ether groups in polymer
backbones [polymer degradation,
such as poly(ethylene glycol)]

Reduction is incomplete

Reduction to hydrocarbon, strong
change of polymer structure,
strong post-plasma oxidation

Reduction to hydrocarbon, strong
change of polymer structure,
strong post-plasma oxidation

power of the agent the higher the conversion percentage but also the loss in
O-functional groups (Oy). This means that oxygen was removed from polyethyl-
ene surface and the remaining Oy,,) was much lower than 27% O/C. Using LiAlH,
the highest concentration of OH groups was achieved and 66% of all O-functional
groups were converted into OH functionalities. However, only 75% of the original
O-functionalities survived the reduction process. The missing 25% are reduced to
hydrocarbons or may be dissolved within the process (Figure 9.3).

Using LiAlH,, 11-14 OH/100 C-atoms could be produced in comparison to
diborane reduction (8-11 OH) and Vitride (7-10 OH) (Figure 9.3). Application of
Vitride (Na bis[2-methoxyethoxy]aluminium hydride) did not produce a higher

yield in OH group formation.
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Figure 9.3 Yield in OH-group production using post-plasma chemical reduction (original O
concentration ca. 27 O per 100 C).

9.3
Post-Plasma Chemical Grafting of Molecules, Oligomers, or Polymers

9.3.1
Grafting onto OH Groups

Hydroxy groups are consumed with silanes (SiOCH; or SiCl), isocyanates (CNO),
or acids (COOH). A few examples are listed below [5]:
Nonylenesilane was grafted.

J oH +(CH,0),-Si-(CH,),-CH=CH,
— |-0-(CH;0),-Si{(CH,),-CH=CH,

The thus introduced C=C double bond was changed by electrophilic addition of
bromine, ammonia, or hydrogen peroxide:

— [|-0-(CH;0),-Si-(CH,),-CHBr-CH,Br

Another example is the grafting of different amino acids onto polyolefin surfaces
[15]. Here, alanine or cysteine is attached using the reaction pathway of consuming
3-aminopropyltriethyoxysilane with OH groups at polypropylene surfaces pro-
duced by oxygen plasma treatment and subsequent diborane reduction:

J OH + (CH;0),-Si-(CH,),-NH, — J-O-(OCHj),Si-(CH,),-NH, + CH,-OH

The thus introduced amino end-groups were reacted with a chain-extender (glu-
taraldehyde) to produce new reactive end-groups (CHO):
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J-0-0CH.,),Si-(CH,),-NH, + OHC~CH,);-CHO —
J-0-(0CHj;),Si<(CH,),-N=CH-(CH,);-CHO

The amino groups of amino acids reacted with the aldehyde end-groups:

J-0-0CH.,),Si-(CH,),-N=CH-(CH,);-CHO + NH,-CH(CH,)-COOH —
J-0-(OCHj,),Si-(CH,);-N=CH-~(CH, );-CH=N-CH(CH,)-COOH

The OH groups are also easily consumed with isocyanates [16, 17]:

J OH + OCN-R-NCO — J-0-CO-NH-R-NCO
The NCO end-group can be consumed with diols:

J 0-CO-NH-R-NCO + OH-R"-OH — J-0-CO-NH-R-NH-CO-O-R"-OH
or hydrolyzed:

] 0-CO-NH-R-NCO + H,0 — |-O-CO-NH-R-NH, + CO,

Another interesting example, using OH groups at polymer surfaces for chemical
modification, is the bonding of radical-chain starters for subsequent initiation of
photopolymerization [18]:

J-OH + CICO-R-N=N-R-COCl — ]-0-CO-R-N=N-R-COCI + HCl
9.3.2
Grafting onto NH, Groups

Three methods have been described to produce monosort primary amino groups:

1) Ammonia plasma treatment with low selectivity, yield, and strong aging
effects [19, 20];

2) plasma polymerization of allylamine [21-23];

3) bromination followed by reaction with ammonia or ethylenediamine [24]:

| Br+NH;, - |NH, + HBr
| Br + H,N-CH,-CH,-NH, — | NH-CH,-CH,-NH, + HBr

Amino groups react easily with aldehydes:

| NH, + OHC-(CH,);-CHO — |N=CH-(CH,);-CHO
Reactions of amino groups with isocyanates to form urea bonds have also been
described [25]:
| NH, + OCN-R-NCO — NH-CO-NH-R-NCO
| NH, + OCN-R-NCO — |NH-CO-NH-R-NCO + H,0 — |-NH-CO-NH-R-NH,

The obtained NCO-terminated polymer surfaces are useful materials for further
grafting procedures. Subsequent reactions of these films with amino-terminated
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fluorescent labels like, for example, dansyl cadaverine (DNS-Ca-NH,) and dansyl
hydrazine (DNS-Hy-NH,) result in fluorescent PP surfaces [26]:

I—NH-CO-NH-R-NCO +H,N-Ca-DNS — I-NH-CO-NH-R-NH-CO-NH-Ca-DNS
I-NH-CO-NH-R-NCO +H,N-Hy-DNS — I-NH-CO-NH-R-NH-CO-NH-Hy—DNS

9.3.3
Grafting onto COOH-Groups

Esterification of COOH groups is possible in the presence of carbodiimides that
are added to bond the released water [16]:

| COOH + HO-R (di-tert-butylcarbodiimide and pyridine) — J-COOR + H,0

Peptide (or amide) bond formation is also possible and can be used for grafting
to the polymer surface:

| COOH + NH,-R-COOH — } CO-NH-R-COOH +H,0

9.4
Selective Plasma Bromination for Introduction of Monosort C-Br Bonds to
Polyolefin Surfaces

9.4.1
General Remarks

This section introduces selective plasma processes for specific (monosort) polymer
surface functionalization. The general lack of selective plasma processes is due
to the available energy excess in low-pressure plasmas. The absence of any selec-
tivity in a chemical reaction proceeding in plasma and at a polymer surface is
a strong handicap in terms of introducing monotype functional groups of suffi-
cient density onto polymer surfaces. This hinders the broader application of
plasma processes.

Such monotype functional groups are the anchoring points for further chemical
processing such as covalent grafting of any spacers, prepolymers, or functional
biomolecules onto the polymer surface and, therefore, are badly needed. Selective
monotype functionalizations should possess NH,, OH, COOH, epoxy, carboxylic
acid, sulfonic acid, double bonds, aldehyde, or other groups. At the beginning of
this section a few ways are shown to produce them by plasma polymer and copoly-
mer deposition. Selective plasma processes are characterized by the dominant
production of one type of functional group. Only low concentrations of other types
of functional groups are accepted and post-plasma oxidations should be absent
[23, 26]. Selective plasma processes are rare with the plasma technique. The is due
to the permanent excess of energy, the high degree of freedom for sticking plasma
species from the gas phase onto the surface, and the unavoidable, permanent, and
energy-rich plasma UV irradiation.
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Scheme 9.4 Types of polymer surface functionalization.

Nearly all plasma-activated processes are radical reactions and additionally
plasma UV irradiation further produces radicals at the surface, in surface-near
layers, or even in the bulk of polymers [14]. However, not all C-radical sites are
consumed during the plasma process. Thus, unsaturated and metastable trapped
free radicals remain. They are the reason for post-plasma oxidation. This auto-
oxidation is also not selective. It is responsible for the observed broad spectrum
of O-functional groups. Thus, the need for a selective and specific surface (oxygen)
functionalization was demonstrated (Scheme 9.4).

Unspecific (non-selective) surface functionalization is the normal situation. At
this stage, the amateur begins to optimize the plasma parameters and hopes to
achieve more selectivity in the formation of monosort functional groups. However,
this does not make sense because the selectivity can only be marginally improved.
There is the general conflict between the too-high energy in the plasma and the
needed low energies for bond dissociation such as H-abstraction from the polymer
backbone. In particular, the high-energy tail of the electron energy distribution
function exceeds the binding energies in polymers significantly. The high ioniza-
tion energies of atoms and molecules (>10eV) and also the corresponding energies
of other plasma-relevant features such as metastables, the short wavelength of the
radiation (A < 200nm), the permanent power input, and the need to sustain the
discharge make it impossible to converge the energy level in the plasma to that of
chemical bonds (AgH = 3.0-4.5eV). This fundamental discrepancy between
plasma physics and chemical processing must be accepted. Pulsed plasma and
remote plasma as well as lowering the wattage as much as possible may improve
the situation marginally.

Nevertheless, surprisingly, one plasma-initiated functionalization reaction is
more or less selective because of special circumstances. The reason for this lies
in the thermodynamics of these reactions and in the absence of any possibility
for side-reactions. Such a very rare case is plasma bromination using bromine
(Br;) or bromoform (CHBr;) as precursors for the production of bromine
atoms [27, 28]. This bromination produces monosort functionalization with C-Br
groups. Bromine aims to fill the outer electron shell with electrons to adapt to the
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energetically favorable noble gas structure. Therefore, all halogen X (bromine)
introductions have the same tendency to form exclusively C-X(Br) or X~ (Br).
X~ can be removed easily from surface by any wash process. Only C-X groups
remain. Other side-reactions, such as the trapping of radicals and their slow auto-
oxidation, are present in the process of plasma fluorination (and chlorination) [29]
but are absent in bromination with bromine or bromoform precursor [30]. Bromi-
nation is endothermic and does not produce additional enthalpy, which produces
thermally initiated chain scissions and new radical sites.

Bromine-functionalized polyolefin surfaces have been used for wet-chemical
graft reactions following nucleophilic substitution reactions (e.g., Williamson
ether synthesis) to modify the polymer surfaces so as to improve adhesion to
metals and to compatibilize them with biological systems.

9.4.2
History of the Plasma Bromination Process

Bromination was introduced by Friedrich et al. in 1989 (J. Friedrich, and Y. Novis,
unpublished results, 1989) [31-34]. Later, the bromination process was investi-
gated in more detail [35]. Then, the pulsed plasma technique was applied to bro-
minate polyolefin surfaces using bromine and bromoform as plasma gas (vapor)
and Br-containing monomers for depositing Br-carrying plasma polymer layers
onto polyolefin surfaces [23].

9473
Theoretical Considerations on the Plasma Bromination Process

The average electron energy and, therefore, position of the energy distribution
function within the energy scale in the plasma depend on the ionization energy of
the plasma gas molecules. The lower the ionization energy the lower is the average
electron energy in the plasma. The ionization energies of the halogen-containing
precursors decrease in succession from fluorine to iodine (Table 9.3) [36].

Table 9.3 lonization potentials of halogen-containing plasma gases (and methane).

Precursor lonization potential (eV)
CF, 17.8

F,/F 15.8/17.4

CCl, 11.5

HCCl, 11.4

Cl/Cl 11.5/13.0

CHBr; 10.5

Br,/Br 10.5/11.8

CH,I, 9.3

CH, 13.0
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From Table 9.3, it can be expected that the average electron energy or electron
temperature of bromine and iodine plasmas are more moderate than those of
fluorine or noble gas plasmas such as from He, Ne, and Ar. It is assumed that an
electron energy level nearer to the binding energies in polymers produces less
degradation and crosslinking. Moreover, the radical formation and the associated
auto-oxidation during the subsequent weeks or months may be lessened [20].
Bromoform (CHBr;) and bromine (Br,) have a sufficient vapor pressure for easy
processing in plasma technology.

Under plasma conditions the bromoform molecule dissociates as proposed,
thereby, on considering the different bond dissociation energies in the bromoform
molecule:

CHBr; — H' + "CBr; ApH® =389 k] mol™
CHBr; — HCBz," + *Br and so on ApH® =230 k] mol™

Bromine atoms (and also CBr; radicals) can add to olefinic double bonds:
2°Br (B,) + >C=C< — >CBr-CBr<

and can attack aromatic rings or aliphatic chains by electrophilic or nucleophilic
substitution as follows:

2°Br (Bp,) + C¢Hy — C¢Hs-Br + HBr
‘Br+R-H—>R*+H-Br
‘Br+R* — CBr
or attack the C-H bond at allyl position:
2°Br (Br,) + CH,=CH-CH; — CH,=CH-CH,Br + HBr

Using ethane as a model for polyethylene, the following thermodynamic calcula-
tion of the heat of reaction is possible considering Hess’ rule and also entropy
influences:

ARH® = ApHPips_cint — ApH%_p, = 411—363 = +48 k] mol !

The positive reaction enthalpy shows that the reaction needs additional activation
enthalpy (irradiation, plasma), in contrast to fluorination (AgH® = —155k] mol™)
37].

The electrophilic addition of Br to aromatic double bonds does not work:
Br, + C=C # CBr—CBr
unless additional activation energy is supplied:
2°Br + C=C — CBr—CBr
and may also occur in graphite [38]:

2°Br + >C=C< — >CBr—CBr<
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It must be mentioned that chemically neutral bromine precursors are preferred
for industrial processing because elemental halogens are chemically very aggres-
sive. In particular, fluorination (of polyolefins) is thermodynamically preferred
and therefore strongly exothermic so that it is difficult to control and not selective
using gas-phase processing instead of liquid-phase processing [39]. Thermal
control of fluorination is possible for processing in Freon® liquids under reflux
conditions [40].

Otherwise, under self-heating conditions, fluorination with F, produces chain
scissions and radical formation. For a given aromatic or aliphatic polymer the
reactivity of radicals with it shows following succession [4]:

F*>HO* >Cl’' >CH;' >Br* >R-0-0°

To minimize the energy excess further and to avoid more efficiently any side-
reactions, such as radical formation and auto-oxidation, the use of iodine instead
bromine would seem evident because of the lower ionization energy and, there-
fore, because of the softest halogenation conditions. The C-I groups are also
well-suited for further chemical reactions. Elemental iodine has a lower dissocia-
tion energy than bromoform and other neutral precursors. However, the energy
profit from the formation of the H-I bond is too low:

I'R-H—>I-H+ R
ARHezgg = ARHOR_H - ARHGI_H =411- 295 =116 k] mol_l

Therefore, this reaction is endothermic and thermodynamically not possible. It
may be that under plasma conditions this reaction occurs but it would be possess
an insufficient yield. In contrast, iodine is well-known as a good inhibitor of radical
reactions.

Thus, bromine is the best candidate for selective introduction of covalently
bonded halogen atoms onto polymer surfaces. The bromine atom does not give
energy profit; it is endothermic but only little additional plasma energy is needed.
Therefore, the kinetic chain length of bromination is low. However, it shows the
highest specificity (selectivity) in attacking different carbon C-H features. Bromine
has an electrophilic character. Therefore, it attacks concentrations of high electron
density. Tertiary C-H bonds reacted 1600 times faster and secondary C-H 32
times faster than primary C-H bonds (= 1), which is important if polypropylene
is treated [4]. Under mild plasma conditions (low power input) the bromination
of aliphatic polymers with bromoform is a selective reaction. Plasma bromination
is dominated by the chemical reactions of free bromine atoms and only slightly
superposed by reactions caused by the plasma energy excess. Among all other
plasma processes for introduction of functional groups bromination is the most
selective process and chemically useful and reactive C-Br groups are formed.

Bromoform as precursor is easy to process, bromine is difficult to dry (more
side-reactions because of humidity traces) and it is chemically aggressive and cor-
rodes the metal of the plasma reactor. Bromoform tends additionally to form Br-
containing plasma polymer films. Therefore, the bromination process is dominated
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Scheme 9.5 Differences between bromoform and bromine plasma.

by Br-substitution at polymer substrate but is also accompanied with polymer
deposition depending on plasma conditions and sample location in the plasma
(Scheme 9.5) [33].

The plasma serves as source of free bromine atoms, as shown before, and film-
forming CBr-fragments. Under specific conditions of plasma-induced bromoform
dissociation the substitution process blocks the film formation process. Generally,
elemental bromine is only suitable for substitution or addition and not for film
formation [23].

Plasma-assisted bromination of polypropylene with elemental bromine yields
60 Br/100 C and with bromoform 100 Br/100 C:

Br, + plasma — 2°Br
-CH,-CH(CHs;)- + 2°Br — -CH,-CBr(CH;)- + HBr
or:
-CH,-CH(CHs;)- + plasma — -CH,-C*(CH;)- + H*
-CH,-C*(CH;)- + *Br — -CH,-CBr(CHj)-
Using bromoform alternative reactions are possible such as attachment of CBr;:
-CH,-CH(CH,)- + *CBr; — -CH,-C(CBr;)(CH,)- + H"

or the formation of a thin plasma-polymer layer C,H,Br, by polyrecombination of
bromoform fragments roughly as (cf. Scheme 9.5):

‘CBy +n°CBp," + "CBr; = B;C-[CBr, ],-CBr3

The loss in Br concentration of plasma-brominated polymer samples during
rinsing with tetrahydrofuran (THF) to remove low-molecular weight components
confirms the above-assumed reaction to low-molecular weight linear species.
Moreover, plasma-induced degradation to low-molecular weight components
during bromination may also contribute to the soluble fraction (Scheme 9.6).

Br Br
/m
/
]
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substitution of polymer backbone and plasma polymer deposition
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Scheme 9.8 Removal of loosely bonded material by solvent extraction.

Another possibility of polyolefin surface bromination is the deposition of
bromine-containing plasma-polymers [23, 29]. Vinyl bromide and allyl bromide
are suitable precursors of bromine-rich polymer thin film deposits (Scheme 9.7)
[24].

For further wet-chemical processing it is necessary to remove loosely bonded
bromine-containing fragments at the brominated polyolefin surfaces by an intense
wash process using solvents (Scheme 9.8).

Some 50-75% of plasma-inserted C-Br groups could be removed from polyolefin
surfaces by extraction with solvents [24].
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Because the C-H and the C—C binding energies in aliphatic polymer backbones
(PE, PP, PS...) are nearly identical (e.g., -CH,~H =411, >CH-H = 396, =C-
H = 389, and -CH,~CH,- = 370k] mol ™) [4] and the entropy of the process should
be have no influence (same number of educts and products), selective abstraction
of H atoms from the polymer molecule is not possible (shown here for ethane):

H3C-CH2'H + Brz - H3C'CH2'BT +HBr
and:
H;C-CH; + Br, —» 2H;C-Br

Thus, the C-C bond scissions and C-H substitution have similar probability or
the C—C bond scission should dominate. As mentioned before, however, the C-C
backbone is slightly shielded from too extensive chain scission [4]. In conclusion,
the message is that the functionalization process is principally accompanied with
the occurrence of a moderate number of chain scissions (polymer degradation).
However, this fact can be generalized to all functionalizations and to all methods
used for them—polyolefin surfaces cannot be functionalized without scissions of
backbone. In contrast, poly(vinyl chloride) can be additionally chlorinated; however,
here activated H-C bonds are available and chlorine atoms shield the backbone
from the thermodynamically favored chain scissions.

Bromine-functionalized polyolefin surfaces can be used for several wet-chemical
graft reactions.

9.4.4
Bromination Using Bromoform or Bromine Plasmas

The direct substitution of hydrogen from polymer backbones by bromine atoms
was dominated by the use of bromine, bromoform, and tert-butyl bromide, select-
ing a special sample location in the reactor far from wall. This was roughly con-
firmed by co-exposure of Si-wafer surfaces, which did not show any or only
marginal deposition of plasma polymers. The bromoform plasma was most effi-
cient for introduction of bromine to a polypropylene surface in comparison to
plasmas with elemental bromine or tert-butyl bromide as well as polymer-forming
plasmas (Figure 9.4) [1].

The often-occurring post-plasma oxygen introduction amounts only 1-3% O/C,
whereas more than 100 Br per 100 C could be introduced into the polypropylene
surface. Obviously, from Figure 9.4, direct bromination of the polymer substrate
has a higher yield in C-Br groups and less oxygen incorporation. The plasma
polymer deposition can be made more efficient by addition of elemental bromine
to the allyl bromide monomer, tentatively proposed as:

nCH,=CH-CH,Br + nBr, + plasma — {CHBr-CBr(CH,Br)],-

The high yield in Cl-introduction using chloroform may be attributed to the
enhanced formation of a Cl-containing plasma polymer. Notably, the C-Cl bond
is stronger than the C-Br bond and C-H contrawise. Therefore, the following

265
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Figure 9.4 Efficiency of different bromination processes on polyethylene surfaces (each cw-rf
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7000

6000

In a.u.

5000

intensity
iy
o
8
1

3000

2000

T T T T T T
300 295 290 285 280 275 270
binding energy in eV

Figure 9.5 Cls peak of PP after bromination with bromoform using the pulsed rf plasma
(100W, 30s, 6 Pa, duty cycle 0.1).

reaction also becomes probable, which may be responsible for high the yield in
C-Cl by preferred attachment of CCl; instead of Cl:

CHCI; + plasma — *CCl; + "H
CH" + *CCl; — CH-CCl,4

XPS spectra show an unspecific broadening of the Cls signal (Figures 9.5) and
the expected doublet of the Br2p peak (Figure 9.6).

The O1s peak only slightly rises above the noise. The existence of only each
two bromine peaks (Br3p;;, and Br3ps,; Br3ds, and Br3ds,) clearly indicates the
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Figure 9.6 Br3p,; and ;, peak of PP after bromination with bromoform using the pulsed rf
plasma (100W, 30s, 6 Pa, duty cycle 0.1).
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Figure 9.7 Br and O introduction onto (optionally) a post-plasma immersion of the

polypropylene or polyethylene surfaces using  sample in THF under ultrasonic exposure (b)
the bromoform (tribromomethane) cw plasma (lines are guides for the eye only).
process (8 Pa, 13.6 MHz, 100W) (a) and

exclusive existence of only C-Br species at the surface of the brominated
polypropylene.

The bromination depended on the plasma parameters. The introduction of
bromine atoms onto the polypropylene surface increased linearly with time (Figure
9.7). The oxygen content did not exceed after intense extraction with tetrahydro-
furan (THF) 4 O per 100 C atoms. This washed surface was the base for further
chemical graft synthesis.




Br and O concentration [per 100 C]

50

40

30

20

268 | 9 Polymer Surface Modifications with Monosort Functional Groups
b)
Br (CHBr,) 55
50
unwashed

Br (Br,) 451 after washing with THF

Br (CHB,)

O (CHBr,)

C and O concentration [per 100 C]

T T T T T T T T
10 20 30 40 50 60 0 10 20 30 40 50 60

exposure time [s] exposure time [s]
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polypropylene surfaces using the bromoform  immersion of the sample in THF under
(tribromomethane) and bromine pulsed ultrasonic exposure (b) (lines are guides for

plasma process (8 Pa, 13.6 MHz, 100W, duty  the eye only).

The maximal yield in Br introduction of the bromoform cw-plasma was 100
Br/100 C, after 180s treatment, applied to polypropylene and 120 Br/100 C, after
180s treatment, applied to polyethylene (cf. Figure 9.7), or in the case of elemental
bromine cw-plasma the yield in both instances was 50 Br/100 C atoms (60s). The
post-plasma wash process in THF (30°C) intensified the entrance of oxygen to the
plasma-treated polymer foil, but only marginally.

Remember that the washing was used to remove plasma-produced mechanically
unstable and therefore loosely bonded fragments, which may hinder a permanent
chemical grafting of spacer molecules onto the polymer substrate. However, the
wash process removed up to 50-75% of the polymer fragments with attached Br
from the polyolefin surface (Figure 9.7). Notably, the remaining Br density (20-25
Br/100 C) is high enough to perform all grafting synthesis with high yield.

Using the pulsed plasma mode (duty cycle 0.1, 1000 Hz) the time-dependence
of the Br introduction into polyolefin surfaces is similar to that of cw plasma, with,
however more (post-plasma) oxygen introduction than with use of cw mode
(Figure 9.8).

The bromination rates are comparable for the two modes. Pure bromine vapor
plasma shows the same bromination rate as bromoform plasma.

As shown in Figure 9.9 the Br concentration at the washed polymer surface is
strongly increased with growing power input to the plasma. It can be assumed
that the dissociation rate of bromoform molecules increases with growing wattage
and also that a stronger crosslinking appears and, therefore, the solvent resistivity
of the brominated topmost surface layer should be improved. The very high Br
concentrations measured after bromoform plasma exposure at polyethylene and
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Figure 9.9 Comparison of the surface bromination of PE and PP using the cw mode of the rf
bromoform (tribromomethane) plasma (13.56 MHz, 8 Pa, 180s) unwashed (a) and after
washing the samples in THF (b) according to the power input (lines are only guides for eyes).

polypropylene surfaces for low power input (<100 W) were attributed to the intensi-
fied deposition of a Br-rich plasma polymer under such special plasma conditions,
as measured also using a quartz microbalance. This deposit was easily removed
by washing with THF (Figure 9.9).

It was confirmed by Langmuir probe measurements of electron temperature in
Br-containing plasma that a relatively low energy level is present in the bromoform
plasma (3.1eV average electron energy, 1.1 X 10" cm™ electron density at 100 W).
Besides the radical scavenging property of Br atoms (C' + ‘Br — C-Br) this may
be an additional reason for the observed absence of excessive auto-oxidation
reactions.

9.4.5
Bromination Using Allyl Bromide Plasma

Another general possibility for producing bromine-rich surfaces is the deposition
of thin bromine-containing plasma polymers. Vinyl bromide and allyl bromide are
suitable candidates for thin film deposition. The highest yield in bromine concen-
tration was achieved using allyl bromide (Figure 9.10).

This polymer deposition process is limited by the stoichiometry of the precursor
molecule, for example, the resulting bromine concentration at the polymer surface
correlates with the C/Br ratio in the precursor molecule. This threshold C/Br ratio
for allyl bromide is 33 Br per 100 C. While passing through the plasma zone and
depositing onto the polymer substrate about 20% of all bromine atoms are missed,
so that a maximal 27 Br per 100 C remain (Figure 9.10). However, two disadvan-
tages must be emphasized. First, the adhesion of allyl bromide plasma-polymer
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Figure 9.10 Bromination of polypropylene surfaces by deposition of an allyl bromide plasma
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Scheme 9.9 Proposed model of plasma polymerized allyl bromide.

film to the polymer substrate was moderate and, second, the high concentration
of trapped radicals within this layer. These radicals, responsible for the pick-up of
oxygen from air, start the auto-oxidation. Some 5-7 undesired oxygen functionali-
ties per 100 C were introduced, thus increasing the quantity of by-products
(Scheme 9.9) [1].

A maximum in Br-introduction was estimated at about 100 W rf power input
using the continuous-wave (cw) mode (Figure 9.10). However, this maximum of
Br introduction was accompanied by the undesired maximum of about 7 co-
introduced O species per 100 C. The optimum pressure ranges from 4 to 7Pa
under the given conditions of wattage (cw mode, 100 W) and reactor geometry.
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9.4.6
Grafting onto Bromine Groups

The C-Br groups can be easily consumed by nucleophilic substitution reactions
using diols and glycols (Williamson’s ether synthesis) or diamines:

| Br+(Na*)O~-R-OH — J-O-R-OH + NaBr

| Br + (Na*)0-CH,-CH,{O-CH,-CH, ],-OH —
J 0-CH,-CH,-[0-CH,-CH,],-OH + NaBr

| Br+(Na*)NH-R-NH, — |- NH-R-NH, + NaBr

Using the bromoform plasma and thus brominated polypropylene surfaces with
20 Br per 100 C different amounts of (poly(ethylene glycolate)s (PEGs or
poly(ethylene oxide) = PEO) could be grafted depending on the length of grafted
chains (3-8 glycol spacer per 100 C) and 5 diamines (H,N-[CH,],~NH,) per 100
C (Figure 9.11). PEG 1000 was grafted as 1 PEG per 100 C atoms.

Because of the higher nucleophilicity these diamines also react without Na-
assistance as shown for ethylenediamine:

| Br + NH,-CH,-CH,-NH, — |- NH-CH,-CH,-NH,

The yield in this reaction amounts to 20 ethylenediamines or using larger mole-
cules 5 diaminohexane/100 C.

This sodium-free reaction allows the gas-phase reaction of ethylenediamine
immediately after ending of plasma bromination by exposure of the brominated
polyolefin surface to diamines. Using ethylenediamine, 22 ethylenediamine/100
C were permanently bound after a short extraction in THF [37].

mNH, mBr [0

concentration [X/100 C]

Figure 9.11  Maximal yield in grafting of glycols and amines onto bromoform-modified
polypropylene surfaces.
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Figure 9.12  Yield in grafting of glycols starting from allyl bromide plasma-polymer.

Starting from plasma polymer layers made from allyl bromide with 24 Br/100
C and, however, characterized by the relatively high percentage of post-plasma
introduced oxygen, 3.7-15 OH-terminated spacer molecules could be chemically
grafted onto the brominated surface (Figure 9.12).

About 4 PEG200 chains were grafted onto C-Br, as also shown in Figure 9.12.

Similar yields were achieved using aliphatic diols (di-alcohols) of different chain
lengths (Figure 9.13); 2-12 alcoholic spacers could be grafted, depending on chain
length, using sodium assistance (Williamson synthesis).

Atomic transfer radical polymerization (ATRP) and click chemistry were also
performed using brominated polyolefin substrates (Scheme 9.10) [37].

Other graft reactions of complex structure such as burst or comb are depicted
in Figure 9.14. Applications in adhesion-promotion, new sensor structures, and
new tribological surface properties of implants have been synthesized [37].

9.4.7
Yield in Density of Grafted Molecules at Polyolefin Surfaces

The grafting yield depended on the density of Br-anchoring groups at the polypro-
pylene surface, their accessibility (depending on the size of the grafted molecule),
on reactivity, on the general yield of the graft reaction, and so on. Thus, starting
from about 10 C-Br groups per 100 C atoms about 4-9 molecules per 100 C atoms
were grafted for small substituents, 1-4 for oligomeric substituents/100 C, and
starting with 20-25 Br/100 C 15-18, and as record 22, small molecules (ethylenedi-
amine) were grafted. Using voluminous molecules the graft yield was independent
of the starting concentration of C-Br. The yield of C-Br consumption therefore
depends on the volume of the grafted molecule and ranges between 10% and 90%.
Table 9.4 compares grafting onto brominated and grafting onto oxygen plasma
treated—diborane reduced polypropylene surfaces.
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Figure 9.13  Yield in grafting of diols starting from allyl bromide plasmapolymer.

Scheme 9.10 Click reaction at brominated PE, then CBr converted into azide and consumed
with substituted acetylene.

It is also possible to graft large cumbersome molecules with a dendrimer struc-
ture onto brominated polypropylene and polyethylene surfaces. Such molecules
are needed to tailor metal-polymer interfaces. Such a spacer in metal-polymer
interfaces should introduce covalent bonds, flexibilization, and water-repellent and
barrier character. The spacers were bonded covalently to both the polymer and the
metal and, thus, they are well-adherent, balancing mechanical stress along the
interface, making it more durable against diffusion of humidity. To avoid redox
reactions of evaporated electronegative metals with fluorine the use of hydropho-
bic siloxane-forming or containing molecules seems to be advantageous as water-
repellent spacers (Chapter 7).

SiOSi-cage containing molecules such as POSS (polyhedral oligomers of
silsesquioxanes) equipped with reactive functional groups positioned at side-
groups offer the desired hydrophobic properties for interface tailoring. Here, as
model, octa(amino-phenylene)-POSS (C,sHsNgO1,Sis, molar mass: 1152 Da) was
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Figure 9.15 Octa(amino-phenylene)-POSS (a) and calculated configurations (b) after grafting
onto partially brominated polyethylene surfaces by one or by two covalent bonds (black = Si,
light shading = O).

grafted onto C-Br groups introduced onto polypropylene surfaces by exposure to
bromoform plasma:

JC-Br + (H,N-phenylene),-POSS —
Jc-NH-phenylene-POSS-(phenylene-NH, ), + HBr

XPS analysis confirmed the grafting of about 1.2 POSS molecules per 100 C atoms
(Figure 9.15).

Considering the original number of about 20 Br per 100 C and the remaining
number after reaction of 6-9 Br/100 C the linking of the amino-POSS to more
than one C-Br group is probable. The single bonded and the multiple bonded cases
are presented schematically in Figure 9.15b. Simple molecular dynamic calcula-
tions (MM2) generate these plots [37].

The diameter of this POSS molecule is about 1.9nm. It occupies a volume of
about 3nm?’. Using this value and considering the graft density it can be roughly
appreciated that ca. 80% of the polypropylene surface is covered by these POSS
molecules. It must be remarked that this octamino-POSS was used only as model
because unreacted NH, groups do not show the wanted hydrophobicity. To modifiy
the interface only two functional groups are necessary, for bonding to polymer
and to metal. The other side-chains of the siloxane cage may preferably consist of
CH; or phenyl groups, thus producing more hydrophobicity.

The graft density of all diamines, glycols, and diols were determined by end-
group derivatization with a fluorine-containing marker and measuring the intro-
duced fluorine concentration using XPS as described before. Plotting the graft
density versus molecule length, given by the number of CH, groups in the mol-
ecule, the correlation given in Figure 9.16 can be presented.

As mentioned before, extra-large molecules (molar mass 1000-5000 Da) can be
grafted with 1 or 2 molecules per 100 C atoms; such grafted molecules are linked,
for example, to about 4nm? of the surface area. Smaller molecules can be grafted
more densely (10-20 grafted molecules per 100 C atoms) to the same 4nm?, for
example, 2-5 grafted molecules per 1nm? It is assumed that nearly complete
surface coverage is reached for small as well as for large molecules.
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Figure 9.16 Dependence of the concentration of grafted spacer molecules on the length of
spacer molecules (measured in terms of CH, groups).

9.4.8
Change of Surface Functionality

Because of the high density and long-time stability of plasma bromination the idea
arose of re-functionalizing the C-Br group into the amino group in a simple chemi-
cal way, for example, to change the C-Br group into the NH, group. Notably, the
plasma production of amino-group containing polymer surfaces is difficult, pro-
duces a low yield in NH, retention, shows several side-products, and is subject to
undesired strong oxidation when exposed to air [41]. The substitution of Br in C-Br
groups with NH, may be an alternative. Consumption with ammonia, though, was
difficult. The best yield was 12 NH, per 100 C:

| Br+NH; — |NH, + HBr

A higher yield in NH,-groups was produced by grafting of ethylenediamine (20-22
NH,/100 C):

| Br + NH,-CH,-CH,-NH, — |NH-CH,-CH,-NH, + HBr

The reaction with NaNO, followed by reduction to amino groups had a yield of
about 4 NH, per 100 C:

| Br + NaNO, - |-NO,
| NO, + NaBH, — |NH,

NaN; also generates 4 NH, per 100 C, by coupling the bromine with sodium azide:
| Br+NaN; — |,

and exposing it to low pH:

N, +H) = |NH,
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Another route consists of consumption with potassium cyanide:

| Br+KCN - fc=N

and reduction of the formed nitrile group with LiAlH,, leading to yields in NH,
groups of about 3 NH, per 100 C:

Jc=N— | cH,-NH,

It was found that a stable brominated polymer surface can easily be converted into
a stable functionalized amino group. The chemical change from Br to NH, offers
a new solution for stable amino-groups bearing polymer surfaces because amino
group introduction via the ammonia plasma has no relevant yield [20] and the
deposition of allylamine plasma-polymers produces only a yield of 8-18 NH,
groups 100 C (e.g., 30-55% of the introduced amino groups remain in the respec-
tive allylamine plasma-polymer) connected with 10-20% post-plasma introduction
of oxygen [21, 42—44]. After storage of the chemically converted NH, group con-
taining polypropylene surface in air via bromination no relevant oxygen pick-up
was measured (e.g., the surface functionalization was stable towards oxygen from

ambient air).

Scheme 9.11 presents a schematic overview of chemical refunctionalizations
starting from about 20 Br/100 C atoms at the polyolefin surface after plasma
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Schematics of polyolefin refunctionalization after plasma bromination.
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9.4.9
Surface Bromination of Polyolefins: Conclusions

It was possible to present the bromination as a selective plasma-chemical route to
produce monotype functionalized polymer surfaces using the one-step bromoform
(or bromine) plasma process. More than 50 bromines (Br,) and >120 Br (bromo-
form) per 100 carbon atoms were introduced, of which about 20 Br per 100 C were
permanently bonded to the polymer substrate. The low ionization potential of
bromoform is responsible for the “soft” plasma conditions used during the bro-
mination as well as the strong radical quenching property of bromine atoms. The
alternative process, the deposition of thin plasma polymer top-coatings made of
allyl or vinyl bromide, results also in 20-25 Br/100 C. Additional Br, increases the
yield in Br to 60 Br/100 C but generally this process was accompanied by a very
high post-plasma introduction of oxygen as undesired by-product.

Plasma bromination produces the highest yield in monosort functional
groups and the highest selectivity in their production as compared with other
types of polyolefin pretreatment for the formation of monosort functional groups
(Figure 9.17).

Up to 80-90% of all bromines could be used for grafting reactions of small
molecules of diols, glycols, and diamines independently of the production route
if using bromoform, bromine, or allylamine. The larger the grafted molecule the
lower was the consumption degree of bromine sites at the polymer surface. It was
also possible to graft polymer chains onto the bromine sites in respectable yields.

functional groups/100 C
120

[I:I demanded functionality per 100 CO total number of introduced atoms per 100 C

100 |- oo e e

8O0 [-| fmmmmmmm e

L B

Br
98

Figure 9.17 Comparison of different plasma-assisted polymer surface functionalizations in
terms of yield and selectivity (B,Hg-post-plasma reduction); UWP—underwater plasma;
corona—dielectric barrier discharge.

279



280

9 Polymer Surface Modifications with Monosort Functional Groups

Nearly all bromine atoms were removed from the surface by the graft process,
thus only traces of Br remained. However, during chemical processing additional
anchoring groups were lost. It is assumed that after washing with THF also during
chemical processing additional Br-containing debris is dissolved and removed.

Another application of the highly selective plasma bromination may be the
change from bromine functionalization to amino functionalization using ammonia
gas, liquid ammonia, or diamines. Here, the way to a stable and dense amino-
functionalized polymer surface is opened up, which promises more stable amino
surfaces and a minimum of by-products.

The applications in focus are a new elastic type of metal-polymer bonding by
introduction of flexible spacer via bromination and the use of amino-group-bear-
ing polymer surfaces in biochips as well as biocompatible material surfaces.

9.4.10
Bromination of Poly(ethylene terephthalate)

XPS spectra show an unspecific broadening of the Cls and Ols signals of
poly(ethylene terephthalate) (PET) and the disappearance of their fine structure
(Figure 9.18). This PET had been exposed to the bromoform plasma for 180s and
shows the introduction of up to 23 Br/100 C-atoms. Detailed inspection of the
structure of brominated PET was not possible using exclusively XPS. The appear-

Plasma Bromination (HCBr; ) of PET

288.8 286.0 283.2 534.6 5318 529.0

Untreated PET \ ;
/ \ '\"/ \

N/
/ ,\K\\ k /l ‘\\
L L N el NN

287.6 284.8 2820 5364 533.6 530.8
Binding Energy (eV) Binding Energy (sV)

Figure 9.18 Bromination of poly(ethylene terephthalate) in a bromoform plasma (cw-rf
plasma, 300W, 10Pa, 180s) as shown by the XPS-measured C1s and O1s signals before and
after plasma exposure.
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ance of new oxidized (also brominated) C-species at the high binding side of the
XPS-C1s spectrum and the decrease of the main signal at 285eV indicates the
bromination of the aromatic ring and its cracking.

9.5
Functionalization of Graphitic Surfaces

Graphitic materials play an important role in fiber-reinforced polymer composites
containing carbon fibers, conducting graphite, fullerenes, or carbon nanotubes.
Therefore, this class of materials is important to highlight. Often, it is necessary
to couple these carbon materials by covalent bonds to polymer matrices or resins
so as to improve the adhesion between them. First, carbon fibers were treated in
ammonia plasma to introduce NH, groups and link them with epoxy groups
(CH,°CH) of an epoxy resin matrix [45]:

| NH, + epoxy-R — | NH-CH,-CH(OH)-R

Plasma processing is a suitable method for overcoming the inertness of graphene
structures and make them chemically interacting with polymers [38].

9.5.1
Bromination with Bromine Plasma

Graphite structures are formed from aromatic C=C double bonds substituted by
further carbon atoms. Hydrogen atoms suited for substitution reactions are not
present. Therefore, a completely different mechanism is observed, namely, the
electrophilic addition to completely C-substituted aromatic double bonds. Gener-
ally, atoms or groups are easily added to olefinic double bonds. A prominent
example is the bromination of residual C=C double bonds in polyolefins used for
their identification. Electrophilic addition of bromine to aromatic double bonds
does not work. Bromine attacks the aromatic ring by substitution of a hydrogen
atom. It is introduced as a substituent without a change to the aromatic double
bond. If the aromatic double bond does not possess hydrogen (is completely sub-
stituted by C residues) an electrophilic addition onto the aromatic double bond is
possible using strong oxidizing agents such as fluorine at elevated temperature
[46]. The reason for the inert behavior of this polyaromatic graphite system is its
tendency to reconstruct the aromatic system by removing all introduced substitu-
ents. Addition to such aromatic double bonds requires a change of hybridization
of participating carbon atoms from the sp” planar system to the tetrahedral sp’
configuration. Consequently, sufficient reactivity is found at hydrogen-terminated
graphene edges, isolated double bonds, defective sites, and amorphous carbon.

The introduction of two sp’ tetrahedrons by the addition of two bromine atoms
into the graphene layer was calculated as shown in Figure 9.19.

Addition of four bromines bends the graphene layer strongly and the addition
of six or more bromines results in drastic deformations [38].
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Figure 9.19 Schematic structure of graphene and brominated graphene calculated by MM2.

Plasma-chemical bromination was shown to exhibit outstanding bromination
yield and functionalization selectivity on inert polyolefin surfaces. The thermody-
namics of chemical polyolefin bromination is well known and shows a positive
reaction enthalpy, that is, the process is endothermic and needs further (plasma
or UV) activation energy to proceed. The radical substitution starts and ends in
the sp® hybridization state of carbon.

The graphene structure and graphite sheets differ strongly from polyolefins. As
shown in Figure 9.19 the transition of the sp” to sp’ state and the inertia of the
graphene structure are characteristic. Therefore, except at hydrogen-terminated
graphene edges, isolated double bonds, and defective sites, bromination of the
all-carbon domain of graphene proceeds via electrophilic addition to aromatic
double bonds between carbon atoms, where substitution reactions are impossible
since hydrogen atoms are absent. This addition of bromine transforms the graph-
itic sp>-carbon atoms to sp* configuration and distorts the planar aromatic system
due to a change from planar to tetrahedral bond geometries. The situation is
similar to progressive hydration of graphene, where sp” to sp’ transitions cause
plane buckling until the—again planar—fully hydrated state of graphene, known
as graphane, is reached [47, 48].

The large variety of existing carbon nanostructures (CNSs), including graphene,
nanotubes, nanofibers, nanoribbons, nanocones, and fullerenes, has been in the
focus of scientific interest throughout recent decades, resulting in many theoreti-
cal and experimental investigations, as well as practical applications, for example,
References [49, 50]. For example, polymer nanocomposites (PNCs), which contain
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CNSs dispersed in a polymer matrix, have found widespread academic and indus-
trial interest since the 1990s [51]. Nowadays, they are widely adopted as excellent
conductive and reinforced materials. Especially, carbon nanotubes (CNTs) in
polymer composites have shown superior material properties of high relevance to
automotive and aircraft industries, and promise to allow inclusion of beneficial
effects like fire-resistance, anti-oxidative and electrically conductive properties, or
sensor capabilities. However, the compatibility of a CNS with polymer matrices is
often low. This impedes homogeneous dispersion by agglomeration of the CNS.
There is strong practical and scientific interest in methods to enhance the compat-
ibility of polymer and CNSs by covalent linking of organic residues, oligomers, or
polymers, as well as to equip CNSs with additional functionalities, including anti-
oxidative, flame-retardant, and conductive behavior.

Several chemical and physical processes are available to activate and to change
the inert graphene structure, and will be discussed in the following. Most of them
require harsh reaction conditions or are unspecific, that is, proceed with low
selectivity.

Fullerenes react with liquid bromine preferentially to C¢Br,,, but species with
lower bromination degree are also formed [52]. Brominated fullerenes split off all
bromine atoms on heating due to the weakness of the C-Br bond. In fullerenes,
the C-Br bond length of 0.203nm exceeds the standard length of 0.196nm [52].
Hydrolysis forms hydroxyl and epoxy groups easily. Moreover, the Bingel-Hirsch
reaction uses bromine malonate for addition of organic residues by forming a
cyclopropane structure [53, 54].

Carbon nanotubes are less reactive than fullerenes. Oxidations and reductions
are possible together with subsequent grafting reactions on anchor groups. Fluori-
nation with elemental fluorine proceeds easily and produces highly fluorinated
CNTs [55].

Carbon materials are inert towards fluorine at room temperature. The reaction
with fluorine requires about 300°C. On fluorination of graphite, the F/C atomic
ratio typically varies from 0.5 to 1 as the temperature is increased from 350 to
600°C [55, 56]. At room temperature, the reactivity of fluorine is greatly improved
by the presence of a volatile fluoride—anhydrous HF gaseous mixture. A degree of
fluorination of F/C = 1 was achieved with iodine pentafluoride (IFs) [57]. Substitu-
tion reactions with C-F bonds are possible using different Li alkyls. Plasma-
chemical fluorination of carbonaceous materials has been studied in non-coating
and in coating precursor gases [58, 59].

However, bromination, as another important type of halogenation, is reported
to be not easily achieved. The accumulation of bromine on CNTs proceeds in an
unusual order, perpendicularly to the nanotube surface. As a result, the area on
which bromine accumulates is more oxidized than non-covered areas [60]. Inter-
calation of bromine into the graphene layers of graphite occurs readily at room
temperature merely on immersion of graphite into liquid bromine or bromine
vapor. It produces a quasi-stable compound of composition of up to CgBr (stage
one) [61]. When subjected to an atmosphere of bromine, graphite takes up bromine
and swells by 55% [62]. Such a treatment process was applied for the selective
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Figure 9.20 Introduction of Br and O versus exposure to cw-rf low-pressure Br, plasma using
capacitively, inductively coupled or afterglow plasma.

intercalation of a carbon nanostructure, using liquid bromine as purification
reagent [63]. It is further reported that electrochemically produced bromine gas
introduces 2.8 at.% Br into carbon nanotubes [64].

The processing of HOPG (highly ordered pyrolytic graphite) surfaces with
inductively coupled plasma in elemental bromine vapor showed a high bromina-
tion rate. The graphene surface structure was substantially brominated within 2 s
plasma treatment at a power of 10W (Figure 9.20).

This rate is similar to that observed on polyolefins for oxygen, bromine, or bro-
moform plasmas [24, 65]. Using polyolefins, the surface oxidation caused by low-
pressure oxygen plasma treatment achieves a dynamic steady-state between oxygen
group formation and oxygen functionality loss by formation of volatile oxygen-
containing products within 2 [15]. The plasma bromination dynamics observed
here promotes on a similar time scale. At a plasma power of 50 W, bromine intro-
duction to the HOPG surface increased to up to 37% Br. The bromination of
natural graphite and carbon fibers was likewise found to increase with a rate
similar to that of HOPG and polypropylene (Figure 9.21).

For intercalation studies, natural graphite (NG) and HOPG were exposed to a
bromine atmosphere at the processing pressure but without plasma ignition. Less
than 1% Br/C was found after exposure to bromine vapor at 8 Pa for 60min.
Therefore, intercalation of bromine into graphite layer interspaces is not signifi-
cant on the time and pressure scale under study. In comparison to the other
materials, a MWCNT (multiwall carbon nanotube) was brominated much more
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Figure 9.21 Introduction of Br and O versus exposure time to cw-rf low-pressure Br, plasma.

slowly. This can be attributed to the significantly higher specific surface area of
about 250m?g™".

The oxygen content of HOPG, natural graphite, carbon fibers, polypropylene,
and MWCNTSs was higher than during earlier experiments on plasma bromination
of polyethylene and polypropylene using the capacitively coupled bromoform
plasma, where less than 3% O/C were found [1]. The present oxygen contamina-
tion may be caused by water residues in the bromine precursor, humidity at
reactor walls, and vacuum leakage. The propensity of post-plasma reactions of C
radical sites with oxygen from ambient air, which is strong for polymers, should
be reduced for graphene-like surfaces due to a high surface mobility of radicals
allowing for rapid radical recombination reactions [14]. None of the studied graph-
ite materials showed significant degradation due to formation of low molecular
weight oxidized material (LMWOM) [66, 67] during plasma treatment, as is typi-
cally observed on polymers, where the (highest brominated) top surface layers
were lost on 15min of washing in THF, resulting in a reduction of the bromine
content to 50-75% of the initial value.

After plasma-chemical bromination, the XPS C1s peaks of HOPG and graphite
exhibited a broadening at the high-energy side (Figure 9.22). The enhanced
bromine concentration reduced the XPS Cls count rate. The Br3d peaks were
symmetric and their structure required only a single sub-peak feature for
interpretation.
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Figure 9.23 Pressure dependence of bromination efficiency and oxygen impurities on NG
resulting from plasma processing in elemental bromine vapor for an exposure time of 180s
and T0W plasma power.

9.5.2
Dependence of Bromination Rate on Plasma Parameters

The pressure dependence of plasma-chemical bromination was studied on natural
graphite in detail (Figure 9.23). It was found that the bromine surface concentra-
tion on NG slightly increased with pressure.
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Figure 9.24 Plasma power dependence of the bromination of four graphite materials resulting
from an exposure time of 180s at 8 Pa pressure of elemental bromine vapor.

Figure 9.24 shows the plasma power dependency of the bromination process.

The graphitic materials NG, HOPG, and CF, with small specific surface area,
require significantly less plasma power than MWCNT (surface area of about
250m’g™"). This indicates that a large surface area material requires a higher
number of reactive bromination species, for example, bromine atoms, which are
created at a higher rate at higher plasma power. For the other materials, the bro-
mination efficiency levels off to a plateau already at low power values. They do not
further profit from additionally produced reactive species, thus leading to optimal
power efficiency at low plasma input power.

9.5.3
Alternative Plasma Bromination Precursors

Examples of less chemically aggressive alternative precursors for plasma-chemical
bromination are bromoform (CHB1;) and allyl bromide (CH,=CH—-CH,Br). Plasma
bromination experiments using bromoform resulted in up to 55% Br/C and may
be accompanied by the deposition of a thin plasma polymer layer on the graphitic
material. A further increase in bromination surface density is possible using mix-
tures of CHBr; and Br, as plasma precursor gas but is likewise accompanied by
plasma polymer formation. Application to polypropylene yielded bromine concen-
trations of about 160% Br/C, which indicate the formation of C-Br, or C-Br;,
groups. Similar yields were achieved for plasma polymer-forming mixtures of Br,
and allyl bromide.
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9.5.4
Efficiency in Bromination of Carbon and Polymer Materials

Figure 9.25 compares the yield in bromination of different carbon and polymer
materials.

All carbonaceous materials studied in the present work, except polypropylene,
exhibit graphene-like surface structures. Some of them, especially MWCNTSs and
CFs, also contain defective graphite sites and amorphous carbon irregularities. For
identical processing conditions, MWCNTs exhibited a significantly lower plasma
bromination rate than the other, more compact materials. This was interpreted to
be due to its higher specific surface area. HOPG, on the other hand, exhibits a
very low surface area, of the order of 0.001m*g™. This partially explains why its
plasma bromination rate is higher than that on MWCNTSs. However, since HOPG
is highly regular in its structure it exhibits very few defects such as sp*>-hybridized
carbon atoms and isolated double bonds. Compared to the likewise small surface
area materials NG and CF (with about 40% Br/C), which exhibit more defective
sites than HOPG, HOPG is less easily brominated (with 20-37% Br/C). The
highest bromination yield was found on polypropylene, fully composed of sp’
hybridized C, and on CHBr; or allyl bromide + Br, plasma-polymer coated sur-
faces. These findings suggest that carbon in a sp’-hybridized state may be
brominated more facilely by plasma-chemical processing than sp*hybridized
carbon. It must be also considered that carbon fibers shadow one another much
more than do plain materials, which are fully exposed to the plasma.

9.5.5
Grafting of Amines to Brominated Surfaces

HOPG graphene was brominated at low power input of the low-pressure induc-
tively coupled plasma using elemental bromine. The bromine concentration
amounted to 20 Br/100 C according to XPS. Subsequently, the C—Br was subjected

HOPG graphene
natural graphite
MWCNT
MWCNT
C-fibers

Br, + CHBry

C-fibers CHBr3

polypropylene
polypropylene

Br2+ CH3|’3

CH,=CH-CH,Br

s=CH,=CH-CH,Br + Br,
0 20 40 60 80 100 120 140 160 180
BI/C (%)

polypropylene
polypropylene

Figure 9.25 Comparison of bromination percentage at standard conditions and under optimal
conditions.
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to diaminohexane nucleophilic substitution. About 9 nitrogen atoms per 100 C
were found by XPS, indicating grafting of 4-5 diaminohexane molecules per 100
C. This substitution efficiency corresponds to that measured earlier on polyolefin
surfaces. During the reaction, the bromine was almost completely consumed. This
suggests that soluble fragments were also brominated and then removed during
the wash process. An example of a reactive C-Br species, which does not lead to
a substitution product although lowering the Br content, is a tertiary bromide that
will undergo elimination instead of fixing of reaction partners in substitution
reactions. The fluorine concentration measured by XPS of 9 F/100 C after chemi-
cal derivatization of terminal amino groups with PFBA (pentafluorobenzaldehyde)
is only about half the expected concentration. This difference led to the suggestion
that a few diaminohexane molecules are bonded at both amino groups to graphite,
thus forming loops.

For graft reactions of C-Br bonds on brominated HOPG with aminosilanes the
observed substitution efficiency was much higher, even after intense washing with
THF and water. Up to 60-70% of the C-Br groups were consumed by nucleophilic
substitution:

|-Br + H,N-(CH, ),-Si(O-CH,-CHj); — |NH-(CH,);-Si(O-CH,-CHj); + HBr
Using controlled hydrolysis silanol groups are formed:
|- NH-(CH,);-Si(O-CH,-CHj); + 3H,0 — NH-(CH,);-Si(OH); + 3CH;-CH,-OH

XPS showed the Si concentration to be about 40% higher than the N concentra-
tion. Therefore, the occurrence of a self-condensation of the silane compound was
assumed. This should lead to free aminopropyl residues at the topmost surface of
grafted HOPG, which was confirmed by PFBA derivatization and XPS.

Moreover, aminopropyl phosphonate was also grafted on polyolefins for adhe-
sion improvement to metallic aluminium or as flame retardant agent:

|-Br + H,N-(CH,),-PO(OH), — NH-(CH,),-PO(OH), + HBr

9.5.6
Refunctionalization to OH Groups

As was shown for brominated polypropylene and polyethylene, the C-Br group
can be replaced by -OH, -NH,, —N3, and so on. Here, the C-Br groups on HOPG
surfaces were hydrolyzed under basic conditions to -OH groups. After chemical
derivatization of hydrolyzed brominated surfaces with trifluoroacetic anhydride 3
-OH groups per 100 C were found by inspection of the resulting fluorine percent-
age using XPS.

9.5.7
NH, Introduction onto Carbon Surfaces

Early research on amino group introduction to carbon fibers for adhesion improve-
ment in epoxy resin composites dates back to 1972 [20, 45]. It was continued in

289



290

9 Polymer Surface Modifications with Monosort Functional Groups

104 Nlola\ -

g %
L2 >N-, >NH, -NH
© o 2 -
O 6
g | f
N [
S 44
o
2 o
D/ -CONH, =
o -N=0O
O gA T T T T
0 10 20 30 40 50

treatment time in s

Figure 9.26 Amino group formation at a carbon surface during ammonia plasma exposure as
measured by the fitted XPS N1s peak (cw-rf plasma, 300W, 10 Pa).

the early 1980s [68, 69] and transferred to the graphene-like surface of HOPG
(highly ordered pyrolytic graphite) as model surface in 1997 [70].

Ammonia plasma introduces some N-containing species to carbon fiber sur-
faces, among which a few primary amino groups can be found, but it acts also by
hydrogenating as shown by secondary ion mass spectrometry (SIMS) [69, 71]. As
already observed with ammonia plasma treated polyolefins nitrogen and (unde-
sired) oxygen were incorporated into carbon fiber surfaces, as shown in Figure
9.26, depending on exposure time to the NH; plasma.

Independent of the type of introduced group or atoms, NH, groups or H, the
hybridization of anchoring carbon atoms must be changed from sp* to sp’. Hydro-
genation from both sides of the graphene sheet results in the formation of grap-
hane [72]. One-sided hydrogenation of graphene is expected to be disordered
material in contrast to two-sided graphane [47, 73]. Annealing of graphane removes
the hydrogen and the graphene is reconstructed.

Carbon fibers show a broadening of the C1s signal to the high binding energy
side (Figure 9.27).

The double head of the Cls-peak at binding energies of 285.0 and 283.5eV was
interpreted as partial conversion of amorphous carbon and graphite structures into
hydrocarbon by simultaneous hydrogenation of the ammonia plasma, as seen by
the appearance of the new Cls signal at 285eV, which is characteristic for hydro-
carbons (Figure 9.27) [73]. Whereas the original graphite and carbon fibers show
a peak at a binding energy of about 283.5eV a new peak appears during the
ammonia plasma treatment at 285.0eV, which is assigned to the conversion of the
graphite structure into a hydrocarbonaceous polymer layer. Along with the appear-
ance of this peak a further not clearly resolved peak at higher binding energy
indicates the oxidation of this sample on exposure to the air.
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Figure 9.27 Cls signal at carbon fiber surfaces after exposure to ammonia gas plasma (30s,
cw-rf, T00W, 10 Pa).
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Figure 9.28 N1s peak at a carbon fiber surface after ammonia plasma exposure for 15s.

The interaction between the ammonia plasma and the carbon fiber surfaces and
the subsequent aging on exposure to ambient air results in the formation of amino
groups, oxidized nitrogen species, and oxygen-containing functional groups as
presented in Figure 9.26.

It must be added that the post-plasma introduction of oxygen functional groups
exceeds the concentration of attached N-functional groups. The N1s signal shows
a position near 399eV in the XP-spectrum (Figure 9.28) [70].
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Figure 9.29 Changes in the Cls signal of HOPG exposed to a cw-rf low-pressure
ammonia plasma.

A few different N-containing functional groups take this position, such as
primary, secondary, tertiary, and quaternary amino/ammonium nitrogen, aniline,
pyridine, nitrilo/cyano, azo and also amide groups.

The introduction of N-species into graphene structures of HOPG is much more
difficult. Changes in the Cls signal are marginal (Figure 9.29). About 7% N/C
could be introduced by exposure to ammonia plasma.

Several graft reactions have been performed onto brominated surfaces of graph-
ene, nanotube, graphite, or carbon fiber for different applications such as adhesion-
promotion, flame retardancy, or as stabilizer in polymer composites (Figure 9.30).

9.6
SiO, Deposition

The deposition of glassy SiO, or sub-stoichiometric SiO, layers is also thermody-
namically preferred. SiO, is the stable end-product of any oxidation of elemental
silicon. Therefore, the route of any oxidative plasma treatment of Si-containing
substances or polymers delivers inevitably SiO, or more commonly SiO,. Moreo-
ver, the deposition of any Si-containing organic precursor in the oxygen plasma
produces SiO, layers. Such popular precursor monomers are tetraethoxysilane
(TEOS) or hexamethyldisiloxane (HMDSO) [74-78].

Such layers are applied in microelectronics, as corrosion-protective layers
for metals or metalized polymers or as hard and abrasive coatings at polymer
surfaces [79].

SiO, layers are also used as barrier layers, which should hinder the permeation
of oxygen gas (air), water, carbon dioxide, or flavor out of plastic bottles filled with
drinking water, juice, or beer. These permeation barriers are deposited onto the
inner surface of PET bottles to avoid mechanical scratching. The thickness of these
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barriers does not exceed 20nm for maximal barrier behavior. Fuel and solvents in
polyethylene fuel tanks are also be coated by SiO, thin layers, thus forming a
migration barrier.

The formation of SiO, or SiO, layers is also very selective, as mentioned before,
if it is in focus as end-product [80-86]. There is no other possibility than forming
SiO,. Formation of SiO, dominates if an excess of oxygen is added to the Si-
precursor during deposition, as exemplified using HMDSO:

n(CH;)s-Si-O-Si-(CH;); + 2610 — -[0-Si0-0-8i0-0),- + 61 CO, + InH,0

SiO,-layers were also deposited by atmospheric-pressure plasmas in air or using
other oxidants [87, 88].

9.7
Grafting onto Radical Sites

The term radical was introduced by A. L. Lavoisier [89].
There are three possible ways to graft molecules or polymers onto plasma-
modified polymer surfaces, as also mentioned above:

1) Consumption of functional groups on polymer surfaces with reactive groups
or end-groups of molecules, oligomers, and polymers [23]. A prominent
example is the reaction of primary amino groups with glutaraldehyde, result-
ing in a Schiff’s base (azomethine):

| NH, + OHC-(CH,),-CHO — N=CH-CH,);-CHO

2) Grafting onto C-radical sites [90, 91]. Here, it is not clear yet what a defined
graft reaction is. The radical-radical recombination is such a graft reaction.
For example, NO-C-radical recombination is used to stabilize the polymer
against post-plasma oxidation:

JcH, +*NO = JCcH,-NO
or bromine:
JcH, + *Br —» |} CH,-Br

Another prominent example is the detection of C-radical sites by consumption
with diphenylpicrylhydrazil (DPPH):

DPPH [C” + (phenyl),-N-N*-arene(NO,); — (phenyl),-N-N(C)-arene(NO,);]

Another variant is the starting of a graft polymerization, which may be stopped
by recombination, disproportionation, or chain-transfer. Grafting of easily
polymerizable vinyl or acrylic monomers is possible, such as styrene:

| cH,® + CH,=CH-phenyl — -CH,-CH,-C*H(phenyl), and so on

This reaction needs an oxygen-free vacuum and no interruption between
plasma finishing and monomer addition (oxygen-free).



9.7 Grafting onto Radical Sites

3) Grafting onto post-plasma formed C-O-O" (peroxy) radicals [92-94]. Here, the
authors also produced C-radical sites by exposure to plasma but have consid-
ered the short lifetime of radicals and their reaction with traces of oxygen in
the plasma, which cannot completely removed. Therefore, oxygen was intro-
duced intentionally. In this way all C-radical sites were converted into peroxy
radicals, which can be dissociated and can react with monomers:

I-CH; + plasma — I-CHZ' +°H

JcH, +°0-0° - }CH,-0-0

| CH,-0-0" + R-H — |- CH,-0-OH +R*

| CH,-0-OH + UV irradiation — }-CH,-O" + *OH

| CH,-0" + CH,=CH-phenyl — }-CH,-CH,-C"H(phenyl), and so on

9.7.1
Types of Produced Radicals

Kuzuya has extensively investigated the structure of plasma-produced carbon radi-
cals in different polymers [95]. For example, in plasma-irradiated LDPE he found
mid-chain alkyl radicals, mid-chain allyl radicals, and dangling bond sites as well
as peroxy radicals. Tsuji has presented the mechanism of interaction of UV radia-
tion with polymers and the formation of ESR detectable radicals [96].

9.7.2
Grafting onto C-Radical Sites

Plasma produces radicals in a surface-near layer by its particle bombardment [97]
and much more probably by irradiation with its short-wavelength (20-200nm)
vacuum ultraviolet radiation [98]. For graft reactions of, most often, voluminous
organic molecules with radicals must be situated at the topmost surface because
large molecules cannot migrate into the polymer to bulk radicals [95]. However,
oxygen molecules can diffuse into the polymer matrix and react with radicals
trapped within the polymer bulk. At surface monomer, molecules and traces of
oxygen in the plasma gas are in concurrence:

| CH,® + CH,=CH-phenyl — |- CH,-CH,-C"H(phenyl)
or:
| cH, +0-0° = JCH,-0-0

Oxygen is more reactive and wins this competition. Therefore, it must be carefully
removed from plasma. Nevertheless, in the total absence of oxygen the graft
polymerization is only initiated when the monomer can contact the radical within
its lifetime. The typical lifetime of the hydroxyl radical (OH) is 10”s, of alkoxy
(OR) 10°%, of "CH; 10™*s and peroxy radicals (‘O-O-R) a few seconds [99]. If this
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precondition is fulfilled a polymer chain can grow from the C-radical site at the
polymer surface. The open question is whether the monomer supply is sufficient
when operated under low-pressure plasma conditions to avoid untimely chain
termination. Nevertheless, fibrous microscopic objects have been observed, indi-
cating that voluminous agglomerates were formed at a few places [91]. Monomers
used were styrene or glycidyl methacrylate (GMA) [100]. The first announcement
of styrene graft polymerization after noble gas plasma pre-activation was published
in 1971 [101]. To avoid undesired oxygen traces in the reaction room temperature
liquid monomer was poured into the plasma chamber over the polymer substrate
for immediate graft polymerization in the presence of high monomer concentra-
tions compared to gas-phase reaction under low-pressure [102, 103].

9.7.3
Post-Plasma Quenching of Radicals

The reaction of a radical quencher has been described before. Another method
uses TEMPO [104]. It is prepared by oxidation of 2,2,6,6-tetramethylpiperidine
(RiR,N-0). This radical is widely used as a radical trap, as a structural probe for
biological systems, and as a mediator in controlled free radical polymerization
[105]. The reactions with it are reversible [106].

9.7.4
Grafting on Peroxide Radicals

To avoid the rapid deactivation of unstable C-radicals Suzuki consciously preferred
the reaction with oxygen available after exposing the fresh plasma-treated polymer
to ambient air [92]. As described before, C-radicals react immediately with the
biradical O, in air to form peroxy radicals and subsequently hydroperoxides. After
decay of the peroxy unit by irradiation alkoxy radicals can initiate the graft polym-
erization of vinyl or acrylic monomers such as acrylamide [107]. The acrylamide
graft polymerization starts also from hydroperoxy sites, if their decomposition was
incomplete:

C-0-OH — C-0* + *OH

C-O* + CH,=CH-CONH, — C-O—-CH,-CH"(CONH,) and so on
The attachment via a peroxy group is fragile:

C-0-0* + CH,=CH-CONH, — C-0-O-CH,-CH"(CONH,) and so on

The grafting yield depends on the concentration of plasma-produced radicals.
Unfortunately, this radical production differs from plasma to plasma and from
polymer to polymer strongly. Side-reactions with traces of oxygen and humidity
are significant and plasma conditions also have an unknown influence on radical
formation. Therefore, this process is not well reproducible and the number
of ether/peroxy links cannot clearly be predicted. This graft technique has
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been reported for grafting on poly(tetrafluoroethylene) [107, 108] or on silicon
rubbers [109].

9.7.5
Plasma Ashing

“Cold” plasma ashing was introduced for analysis (inductively coupled plasma
mass spectrometry), archeological purposes [110], reduction of oxidized antiques,
or excavation of polymer material for electron microscopy of polymer supermo-
lecular structures [111-113].

Layer-like polymer structures or pores were identified using “plasma-etch
gravimetry” [114]. Paper, hollow-fiber cellulose, prepregs, and resins were investi-
gated microscopically using plasma ashing or “selective plasma-etching” tech-
niques [115-118]. Interphases, stress-induced zones and surface-near layers were
identified also by plasma-ashing or etching using electron microscopy [119, 120].
Single cellulose hollow-fibers, carbon fibers, and fibers after single fiber pull-out
tests were characterized by electron microscopy using plasma ashing [121-123].
Trace elements in voluminous organic or polymer matrices can be excavated and
in this way concentrated by ashing all organic material [124]. An important example
was the plasma ashing of human lung tissue in the beginning of 1950s for excava-
tion of asbestos fibers in the center of lung cancer [125]. Moreover, other micro-
objects were ashed for microscopic analysis. The pioneering work has been
presented by Thomas [126].

Initially, microelectronic production oxidative plasma-stripping (etching-ashing)
of photo resists also formed oxides at the surface of chips, arising from catalyst,
resist stabilizers, or other additives. This process was later eliminated. As the
plasma is formed, many free radicals are created that could damage the wafer. The
need to get rid of free radicals has increased, many machines now use a down-
stream plasma configuration, where plasma is formed remotely and the desired
particles are channeled to the wafer.

Mineral-forming elements, such as silicon, incorporated in biological, organic
or polymer matrices could be converted into oxides (SiO,). Such oxide structures
of plants, polymer composites, or tissues give information on the internal struc-
ture of a sample and the distribution of the mineral-forming elements in the
substrate [127]. This process was also called petrification. The opposite route is
also possible, namely, to reduce oxides and sulfides to metals, as applied for the
purification and cleaning of antique coins.
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10
Atmospheric-Pressure Plasmas

10.1
General

More than 99% of matter in the universe is in the plasma state [1]. Low-pressure
(dark room of the universe, ionosphere, etc.) and high-pressure (son, stars, etc.)
plasmas are present. On Earth, different natural plasmas are known such as light-
ning, Earth aurora or flames, which can be assigned to the plasma state because
of its (low) ionization. Lightning in the primeval atmosphere of Earth is respon-
sible for the genesis of life [2-3].

Different kinds of technically used atmospheric-pressure plasmas exist, such as
arc plasma used for welding, cutting, coating, powder formation, light emission
(UV/visible), and so on, (low-temperature) atmospheric pressure glow discharge
(APGD), corona and dielectric barrier discharge, thermal or non-thermal plasma
jets, spark, surface/sliding, and micro discharges. Industrial applications to poly-
mers are welding, heating, melting, radiation emission, surface modification,
metal and polymer coating, etching, cleaning, and so on [4].

Polyolefins such as polyethylene and polypropylene are often subjected to
atmospheric-pressure plasmas [5]. They do not possess functional groups in their
chemical structure and, therefore, such groups are not present at their surface.
Thus, any physical or chemical interactions and, therefore, sufficient adhesion to
other polymer, inorganic, or metal coatings cannot be achieved. To introduce
functional groups onto aliphatic chains only oxidative processes are chemically
possible. Such an oxidation is known as the Bashkirov reaction and is used in
industry. Using air [6-7] and catalyst, alcohols (organic borates) [8] or fatty acids
(permanganate) [9] were produced at elevated temperatures. Even at room tem-
perature polyolefins could be extensively oxidized using fluorine, the strongest
oxidation agent [10-11]. Fluorine oxidation proceeds as hydrogen substitution, is
nearly complete and, therefore, produces perfluorinated paraffins and partially
fluorinated polyolefins [12]. However, the equivalence of C-C (370k] mol™, poly-
ethylene) and C-H (397kJmol™, polyethylene) bond dissociation energies pro-
duces also C-C chain scissions, which means polymer degradation. Thus,
low-molecular weight oxidized material (LMWOM) is always present at the
polyolefin surface after any oxidation, for example, fluorination, bromination, or

The Plasma Chemistry of Polymer Surfaces: Advanced Techniques for Surface Design, First Edition.
Jorg Friedrich.
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.
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oxidation in air [13]. Such LMWOM formation, associated with the formation of
a weak boundary layer [14], has been extensively investigated by Strobel and cow-
orkers [15].

The polyolefin surface oxidation is directed to form polar oxygen-containing
groups at the surface and is carried out industrially by flame treatment, which was
introduced by Kreidl [16]. Fluorination or oxyfluorination [17, 18], exposure to
low-pressure glow discharges [5, 19], and atmospheric-pressure dielectric barrier
discharge (DBD, often called “corona”) are other treatments for oxidizing the
polyolefin surface [20-22]. Irradiation with short-wavelength UV radiation pro-
duced by excimer lamps is a more modern process [23-25].

10.2
Dielectric Barrier Discharge (DBD) Treatment

Polyolefin surface modification by atmospheric-pressure dielectric barrier (corona)
discharges in air is very popular and extensively applied in industrial processing
[21-22, 26-42).

The effect of introducing polar groups onto the polyolefin surface is often
temporary, in particular when using the dielectric barrier discharge (DBD) treat-
ment [43]. In the presence of oxygen a broad variety of O-functional groups are
produced [44].

Strobel et al. determined the penetration depth of the plasma-emitted radiation
of the atmospheric-pressure plasma into polypropylene foils as 10-1000 nm, char-
acterized by an oxidized layer at the polymer surface [45]. The observed globular
structure [46—47] was attributed to LMWOM produced by “corona” discharge at a
threshold energy of <4kJm™ for the polymer surface or >4k]Jm™ for the bulk
polymer [48-49].

Sun et al. investigated the influence of typical antioxidants, the erucamide slip
agent, and fatty acid amines on the treatability of PE (polyethylene) and PP (poly-
propylene) [50]. The presence of antioxidants required longer treatment times to
achieve a desired level of oxidation and, therefore, surface energy. The hydropho-
bic recovery, the time-dependent disappearance of surface polar groups, was also
caused by additive migration, especially that of slip agents. Re-treatment was
proposed as one way for effective surface modification of additive-containing
polyolefins.

Novék et al. studied the corona treatment in air of isotactic PP (i-PP) and low-
density polyethylene (LDPE) with the aim of enhancing the adhesion properties
towards poly(vinyl acetate) [51]. They found that the hydrophobic recovery of i-PP
was influenced by the polymer crystallinity. Higher fractions of amorphous regions
gave rise to higher concentration of hydroperoxides and consequentially to higher
surface energy. Additives in the polymer, originating from processing of the foils,
influenced the diffusion ability of the modified chains (plasticizing). The diffusion
of additives to the surface also produced lower surface energy (sweating out). This
fact is significant for the long-time stability of corona-modified surfaces.



10.2 Dielectric Barrier Discharge (DBD) Treatment

Guimond and Wertheimer compared the polymer degradation of BOPP (biaxi-
ally orientated polypropylene) and LDPE using two different dielectric barrier
discharge treatment types—an air corona and a nitrogen atmospheric pressure
glow discharge (APGD) [47]. While N, APGD treatments were more efficient in
increasing the surface energy, producing a high degree of functionalization, and
giving negligible polymer degradation the air corona treatment only slightly
improved the surface energy. The hydrophobic recovery was estimated for both
treatment methods using contact angle measurements. A strong fall in surface
energy was observed within one week for both types of plasma treatment. The
mechanism of aging was discussed in terms of thermodynamically driven re-
orientations of functional groups and diffusion away from the surface into the
bulk to balance their concentration both at the surface and in the bulk.

The surface topography of corona-treated BOPP films is determined by the
existence of agglomerates of low molecular weight products, as confirmed by Jones
et al. [52]. They found that at a low corona energy of about 0.1]cm™ the produced
agglomerates were soluble in water, even after dipping into water for 2min. Lynch
et al. studied the influence of atmospheric-pressure plasma on the surface proper-
ties (contact angle, composition, and topography) of PE using various gas composi-
tions [53]. They measured a higher long-term wettability using corona treatment
in oxygen and nitrogen atmosphere than in air.

The rate of oxygen introduction is nearly the same for DBD, low-pressure cw-rf
oxygen plasma, and a plasma jet (blown-out spark discharge in air) (Figure 10.1).

The oxygen introduction by DBD treatment is reflected in OH- and C=0O group
formation on polypropylene surfaces as evident in a series of ATR-IR-spectra
(Figure 10.2).
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Figure 10.1 Comparison of O-introduction into polypropylene by atmospheric-pressure
plasma in air and by low-pressure plasma in oxygen.
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Figure 10.2 ATR-FTIR spectra of polypropylene exposed for different times to the plasma of
dielectric barrier discharge (DBD) in air.

The comparison of DBD, plasma jet treatment (blown-out spark discharge in
air), and low-pressure oxygen in terms of the ability to incorporate oxygen and
therefore in increasing surface energy manifests also the significant role of deg-
radation products (LMWOM) (Figure 10.3).

Evidently, DBD treatment introduced oxygen did not increase the surface energy
as much as low-pressure oxygen plasma. The plasma jet produces the highest
oxygen introduction, however, by undesired metal oxides from electrodes depos-
ited onto polypropylene surface, but not the highest surface energy.

The Cls peak fitting into CH (aliphatic, C-C, C=C), C-O (OH, epoxy, ether),
C=0 (ketone, aldehyde), and O-C=0 (acid, ester) components for DBD, plasma
jet, and low-pressure oxygen plasma treatment shows slight differences
(Figure 10.4).

The higher oxidized species (C=0 and O—-C=0) are present in higher percentage
after exposure to atmospheric-pressure plasmas than to the low-pressure oxygen
plasma. Moreover, nitrogen introduction was also observed [11].

The surface energy of polypropylene was increased by its exposure to the DBD
in air, in particular by an increase in the polar contribution (Figure 10.5). The
polar contribution corresponds well with the introduction of O-functional groups
(cf. Figure 10.3).

The molar masses of polymers exposed to the DBD in air decreases, as demon-
strated by size exclusion chromatography (SEC; also known as GPC—gel permea-
tion chromatography), and is also evident for exposure to the low-pressure oxygen
plasma, as shown in Figure 10.6. Noticeably, monomers, dimers, and trimers
dominate.

“Super-oxidation” by exposure to the jet plasma (air, oxygen, air + oxygen) also
occurs, as shown by the differences in O-concentration (XPS data) on comparing
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Figure 10.3 Dependence of surface energy on oxygen concentration at polypropylene surfaces
for three kinds of plasma pretreatment.
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Figure 10.4 Cls peak fits and O as well as N concentration of polypropylene surfaces versus
exposure time to DBD, plasma jet, and low-pressure oxygen plasma.
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Figure 10.5 Increase of surface energy of polypropylene during exposure to dielectric barrier
discharge in air.
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Figure 10.6 SEC results of polymer degradation on exposure to low-pressure oxygen rf
plasma or to the atmospheric barrier discharge (DBD) in air. PET = poly(ethylene terephtha-
late); PS = polystyrene; PC = polycarbonate.

its time-dependence with that of exposing PET to low-pressure oxygen plasma
(Figure 10.7).

Also in this case, electrode material was sputtered from the electrode and depos-
ited as oxygen-rich metal oxide onto poly(ethylene terephthalate), thus simulating
strong oxidation of PET. In reality, plasma exposure decreased O-concentration by
decarbonylation or decarboxylation (Norrish-I rearrangement of ester groups),
from theoretically 40 O/100 C and 37 O/100 C in the untreated commercial PET
sample to about 30 O/100 C. Given that the ester group together with the ethylene
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Figure 10.7 Oxygen concentration of PET and PE after 18 s exposure to atmospheric plasma
jet and dielectric barrier discharge (DBD) in air as well as to low-pressure rf oxygen discharge
for each 18 s.
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Figure 10.8 Impact of a streamer produced by a spark jet plasma in air on a polypropylene
surface, as detected by atomic force microscopy (AFM).

glycol unit forms the PET backbone, it is obvious that any loss in oxygen destroys
the polymer structure dramatically and decreases strongly the molar mass.

Spark, corona, and streamer of dielectric barrier discharges leave many marks
of micro-plasmas at polypropylene surfaces (Figure 10.8).

Moreover, the molar mass of polymers (PC, PS, and PET) becomes decreased
strongly during exposure to barrier discharge (or plasma jet), as shown in Figure
10.6. Details of the mass loss of PET exposed to the DBD or to oxygen low-pressure
plasma are depicted in Figure 10.9. Increasing polypropylene temperature from
20°C to 80°C produces higher surface energy and polar contribution exposing
this polymer to the spark jet plasma (Figure 10.10). Temperature also influences
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Figure 10.9 Details of the change in the molar mass of PET with exposure to dielectric barrier
discharge in air and to low-pressure oxygen plasma, measured by means of size exclusion
chromatography (SEC).
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Figure 10.10 Surface energy and polar contribution of polypropylene in dependence on
exposure time to the dielectric barrier discharge in air and for two temperatures.

introduction of O-functional groups into polyolefin surfaces as shown for polypro-
pylene exposed to the dielectric barrier discharge in air at two temperatures (Figure
10.10). The higher increase in surface energy at 80°C may also be interpreted as
indicator of more extensive polymer degradation.

10.3
Polymerization by Introduction of Gases, Vapors, or Aerosols into a DBD

In 2002, Dow Corning Plasma Solutions developed an atmospheric-pressure
plasma liquid deposition using an ultrasonic atomizer [54]. Ward et al. reported
the fast atmospheric-pressure glow discharge deposition of cyclic siloxane mono-
mers (octamethylcyclotetrasiloxane, tetramethylcyclotetrasiloxane) in the presence
of He or He/O, (99:1) as process gases [55]. They sprayed monomers into the
plasma, started a plasma polymerization, and deposited 300nm thick polymer
films on PE. Depending on the used process gas SiO,-rich or hydrophobic coatings
were deposited with an oxygen barrier of polyethylene improved by a factor of 4-6.
In a further paper the authors describe the generation of acrylic acid polymer films
deposited by the same method using He as plasma process gas [56]. The deposited
poly (acrylic acid) films reduced the oxygen permeation of the PE by a factor of
about seven and also improved the single-lap shear strength of nylon strips.
O’Hare et al. were one of the first to apply nebulized liquid precursors and
injected the produced aerosols directly into the atmospheric-pressure plasma for
the production of anti-microbiological coatings [57]. They applied aqueous solu-
tions of acrylic acid or poly(ethylene glycol methacrylate) or diacrylate monomers
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in combination with quaternary ammonium salts of commercial broad-spectrum
anti-microbiological substances/disinfectants. The deposited plasma polymer con-
tained the entrapped cetalkonium or benzalkonium salts, thus retaining their
biological and chemical properties

Recently, Twomey et al. investigated the effect of plasma parameters on the
chemistry and morphology of aerosol-assisted plasma deposits of hexamethyl-
disiloxane (HMDSO), polydimethylsiloxane (PDMS), and tetramethylsiloxane
(TMSO) [58].

Wu employed different types of atmospheric- and low-pressure plasma pretreat-
ments with regard to improving the adhesion properties of polymers [59] as did
Drost, Friedrich, and Garbassi [60-62].

Deposition of plasma polymers by corona or dielectric barrier discharges was
first tested in the 1960s [63]. Exposure of benzene vapor in a corona discharge
produced not only polymers but also phenyl radicals, thus forming biphenyl,
terphenyl, acetylene, fulvene, cyclohexadiene, and so on. In 1979, Donohoe and
Wydeven [64] described plasma polymerization of a gas mixture of ethylene (about
4vol.%) and helium, delivering soft coatings of a typical composition of C,H; 20023,
which were well adherent to glass substrates and deposited at rates of
0.1-0.2nms™.

More recently, interest was revitalized to produce plasma polymers using
atmospheric-pressure plasmas [41, 65-67]. An alternative way is the nebulizing of
monomer solutions and their introduction into an atmospheric-pressure glow
discharge for plasma polymer formation and deposition [66, 68, 69]. Using benzene
or octamethylcyclotetrasiloxane as monomers with nitrogen in the DBD plasma,
Janca and Pavelka had deposited clear, soft, and well adhering films at deposition
rates of 0.2-0.5nms™ [70]. Silicon- and fluorine-containing coatings were also
produced [71, 72] as well as carboxylic-group containing polymer layers [73]. Tech-
nical details and developments of plasma polymerization under atmospheric-
pressure plasma conditions have been presented by Salge [74].

By injecting monomers into the plasma, the probability of complete monomer
fragmentation and random recombination is also very high in the atmospheric
plasma and, thus, irregularly structured polymer layers were often produced. To
avoid this fragmentation—recombination process the alternative is to introduce
complete macromolecules equipped with the desired functional groups into the
plasma and deposit them under activation of the layer-forming macromolecules
and the substrate surface by aerosol-DBD plasma [75], which was first claimed by
Hoechst [76].

10.4
Introduction of Polymer Molecules into the Atmospheric-Pressure Plasma and Their
Deposition as Thin Polymer Films (Aerosol-DBD)

The atmospheric-pressure aerosol plasma is produced within the electrode gap by
injection of the aerosol in the presence of the substrate, which is modified or
coated with an ultrathin polymer film (Figure 10.11).
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Figure 10.11  Aerosol dielectric barrier discharge (DBD) with injection of the nebulized liquid
or polymer solution into the electrode gap (plasma).

The different nature and different reactivity of atmospheric-pressure plasma
introduced O-functional groups are a strong hindrance for all subsequent chemical
reactions with these groups. For this purpose, monotype functional groups in high
density at the polyolefin surface are needed, so that only one type of covalent bond
to the coating (or other material) atoms or molecules is formed. However, such
selectivity in monotype surface functionalization in sufficient density is not pos-
sible to achieve using the common barrier or corona discharges in air or by plasma
polymerization. As a pragmatic alternative, polyolefin surfaces were coated with
very thin layers of functional-group carrying polymers acting as adhesion-
promoting interlayers in polymer composites (Figure 10.12).

Obviously, the atmospheric-pressure plasma in air produces an unspecific
surface functionalization, which can be laboriously unified by wet-chemical reduc-
tion of carbonyl features using LiAlH, [77]. For deposition of such a primer layer
onto the polyolefin surface, a polymer solution was aerosolized and introduced
into the DBD plasma [78]. The working hypothesis was that the macromolecules
in the aerosol droplets are plasma-activated, for example, radicals are formed.
Simultaneously, radicals are also formed at the polyolefin surface on exposure to
the plasma. Thus, a covalent bonding of the coating molecules to the substrate
molecules by radical-radical recombination was expected (Figure 10.13) [79].

Each macromolecule of the coating polymer possesses the desired monotype
functional groups in high concentration. Thus, OH, NH,, or COOH group-rich
polymer and copolymer layers were deposited onto polyethylene or polypropylene
surfaces. These different functional groups were used to test the adhesion of thin
thermally (Al, Cu) or sputtered (Ti) metal layers.

To produce OH-rich surfaces poly(ethylene glycol)—poly(vinyl alcohol) copoly-
mer, for NH,rich surfaces poly(vinylamine), and for COOH-rich surfaces
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Figure 10.12  Schematics of polymer surface functionalization by atmospheric-pressure
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Figure 10.13  Schematics of expected link formed between aerosol coating and substrate.

poly(acrylic acid) layers were deposited (20nm). These polymer solutions were also
used for deposition of these polymers by employing the electrospray ionization
(ESI) technique [78]. Notably, aerosol-DBD and ESI techniques need similar tech-
nical equipment, as demonstrated later. However, the deposition mechanism of
polymer films is different. DBD consists of a series of streamer discharge channels
between two ceramic coated electrodes. The polymer foil, whose surface is treated,
passes continuously through the gap between the two electrodes filled with the
plasma zone. This type of discharge under atmospheric pressure in presence of
air produces O- (and N-) functional groups, degradation, and roughens the surface
of the polyolefin substrate. However, aerosol-DBD modifies not only the polyolefin
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Figure 10.14 Concentrations of functional groups introduced by different DBD treatments
(t =0.01s); PEG-PVA = graft copolymer of poly(ethylene glycol) (PEG) and poly(vinyl alcohol)
(PVA), PVP = poly(vinylpyrrolidone), and PAA = poly(acrylic acid).

substrate but also the (polymer) molecules in the aerosol droplets, as described
before (cf. Figure 10.13).

Using the DBD technique in air aerosols of water, ethanol, and isopropanol as
well as copolymers and homopolymers with functional groups were introduced
into the DBD plasma. The measured yield in oxidation was each 6-8% O/C
and the yield in hydroxyl groups amounts was 1-2 OH/100 C after derivatization
with trifluoroacetic anhydride (TFAA) and measuring the fluorine percentage
(Figure 10.14).

The deposition of functional groups bearing polymers by the aerosol-DBD tech-
nique produces a much higher oxygen percentage as well as 1-5 functional groups
per 100 C (cf. Figure 10.13).

The energy density (wattage x residence time) did not influence significantly the
yield in oxygen introduction (Figure 10.15); however, it was strongly dependent
on the admixed gas, vapor, or polymer. DBD treatment in air and with water
aerosol produced the highest O introduction but not the best adhesion properties,
as demonstrated later.

Figure 10.16 compares the Cls and Ols signals of aerosol-DBD deposited
polymer films (Kollicoat-PEG-PVA graft copolymer) with those of electrospray-
deposited (ESI) films (see next section) and cast deposited films.

Evidently, DBD deposited films show much loss in functional group as well as
structure of copolymer considering the displacement of sub-peaks of the Cls
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Figure 10.15 Dependence of oxygen introduction on energy density for simple DBD
treatment, aerosol DBD treatment with water and with ethanol, and layer deposition of
PEG-PVA copolymer (Kollicoat® IR), note hollow symbols are assigned to 250 W and full
symbols to 500 W.
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Figure 10.16 Cls and O1s peaks of PEG-PVA copolymer films deposited (a) by ESI, (b) by
aerosol-DBD (“corona”), and (c) as cast films.



10.4 Introduction of Polymer Molecules into the Atmospheric-Pressure Plasma

0.20

0.15 4

0.10

0.05

absorbance [a.u.]

0.00

PAA
cast film

T T
2500 2000
wavenumber [cm’]

T T
4000 3500 3000

T T
1500 1000

0.30 4

0.25 4

0.20 4

0.154

absorbance [a.u.]

0.10 4

0.05 4

0.00 4

PEI
cast film

T T T T
4000 3500 3000 2500 2000

wavenumber [cm™]

T T
1500 1000

0.4

absorbance [a.u.]

PVA-PEG
cast film

T
2000
wavenumber [cm™]

T T T
4000 3500 3000 2500

Figure 10.17

T T
1500 1000

500

b)

absorbance [a.u.]

absorbance [a.u.]

absorbance [a.u.]

317

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0.00

-0.01

PAA
ESI

4000

0.025

T T T T
3500 3000 2500 2000

wavenumber [cm™']

T
1500

T
1000

500

0.020

0.015

0.010

0.005

0.000

PEI
ESI

4000

T T T T
3500 3000 2500 2000

wavenumber [cm"]

T
1500

T
1000

500

0.012 4

0.010 4

0.008

0.006

0.004

0.002

0.000

PVA-PEG
ESI

4000

T T T
2500 2000 1500

wavenumber [cm™]

T T
3500 3000

IR grazing incidence reflection spectra (72° to the surface normal) of poly(acrylic

acid) (PAA), poly(ethyleneimine) (PEIl), and PEG-PVA copolymer layers on gold surfaces
produced by (a) casting and (b) ESI deposition.

signal and the broadening and decreasing in intensity of the O1s signal. In con-
trast, ESI-films show nearly total accordance to the reference films.

Infrared reflectance absorption spectroscopy (IRRAS) under grazing incidence
reflectance (GIR) conditions confirm the similarity of ESI and reference films and
the much changed structure of aerosol-DBD films (Figure 10.17). The “cast” or
spin-coating films were prepared as reference by using commercial polymers.

T
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Figure 10.18 O and OH incorporation into PP and PE surfaces by g-PEG-PVA copolymer
deposition versus energy density (with varying wattage).

The survival of g-PEG-PVA (Kollicoat IR) and its OH groups depended on the
energy dose or, as shown in Figure 10.18, density; 1-2Jcm™ were sufficient to
achieve the maximal O and OH concentration. Higher energy densities did not
increase further the O and OH concentration at PP surfaces.

Copolymer (1%), dissolved in water, was nebulized and deposited as polymer
layers in the DBD discharge region. To remove weakly or unbound fractions of
deposited copolymer layers the foils were washed in water or alcohol.

The graft-poly(ethylene glycol)—poly(vinyl alcohol) copolymer (g-PEG-PVA, Kol-
licoat IR) layer showed about 5 O per 100 C after deposition on PP surfaces and
nearly 9 O per 100 C on PE after washing with water (Figure 10.14). Using the
derivatization of OH groups with TFAA of water-washed samples it could be
shown that 3—4 OH groups per 100 C had survived at the polyethylene surface and
about 2 OH at polypropylene surfaces by employing low energy densities. At
higher energy densities the concentration of remaining OH groups decreased, as
did their fractions among all oxygen species.

A pinhole-free PEG-PVA layer at the surface of polyethylene should show theo-
retically more than 50 O/100 C, which would include about 25 OH/100 C. Thus,
it can be concluded that the coating with copolymer was incomplete again or the
copolymer was removed by the wash process and/or the copolymer was strongly
degraded. The low yields in O introduction by incomplete copolymer coating of
polypropylene and polyethylene were also reflected in relatively high contact
angles. These angles were in the range 60-70° for polyethylene and 85-90° for
polypropylene after washing the coated samples with water.

Aerosol-DBD deposited poly(vinylpyrrolidone) did not adhere well to polyolefin
surfaces and did not survive the wash process with water. Thus, 3 N and 20 O/100
C were measured as maximum at the highest energy density on PE and PP sur-
faces. A complete coating with non-degraded poly(vinylpyrrolidone) would produce
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16 N'and 16 O per 100 C atoms (cf. Figure 10.14). Thus, regarding the N-percentage
only 20% coverage of surface can be assumed; moreover, oxidation of the depos-
ited layer was also found due to the presence of air in this aerosol-spray process.

Amino groups at the polymer surface were produced by deposition of Lupramine,
a high molecular weight poly(vinylamine) (PVAm) dissolved in water. In the XPS
spectrum of PVAm aerosol modified PE surfaces about 2 N/100 C remained after
washing with water, of which 1 NH, group per 100 C was found, independent of
the applied energy density. The oxygen content amounted to 9 O/100 C after
washing with water and up to 12 0/100 C were found after applying an ethanol
washing (cf. Figure 10.14). These results can be explained again by incomplete
coverage of the surface or by strong degradation of poly(vinylamine) and oxidation
by the plasma in predominant air. Additionally, only half of the remaining N was
found as primary amino groups.

The surface modification of PE by deposition of a nebulized poly(acrylic acid)
(PAA) solution in the DBD zone produced increasing oxygen content on PE and
PP with increasing energy density; however, the COOH group concentration
remained constant as well as the water contact angle of water-washed samples.
Ethanol washing reduced the incorporated oxygen by more than 50% and also
the number of COOH groups was reduced. However, the wettability was found
to be unchanged as measured by the water contact angle, which was in the range
68-72°.

Poly(acrylic acid) (PAA) possesses an elemental composition of 67 O or 33
COOH groups per 100 C. A maximum of 25 O/100 C were measured immediately
after its deposition as a PAA layer but only 1 COOH/100 C after washing with
water. The COOH groups were derivatized with trifluoroethanol and the fluorine
introduction was then measured by XPS. Water solubility of the deposited film
and the decomposition of COOH groups on exposure to the DBD plasma are the
reasons for the low COOH concentration.

To sum up, all aerosol DBD processes using low molecular weight polar sub-
stances (water, ethanol, isopropanol) showed nearly unchanged water contact
angles of polyolefin surfaces in comparison to the well-known and often applied
simple DBD treatment in air. The air and water DBD produced the highest yield
in oxygen introduced on PP and PE surfaces. In contrast, surface modification by
polymer layer deposition improved the wetting of polyolefin surfaces significantly.
However, the contact angles were only moderately lowered rather than strongly
lowered as expected. Moreover, XPS analysis of the deposited layer showed a much
lower concentration of functional groups than that found in the original polymer
material. The reason for this deficit may be incomplete coverage of the polyolefin
surface by the adhesion-promoting polymer layer or its removal during the wash
process. However, a series of atomic force microscopy (AFM) micrographs of the
polyolefin surface after coating with the functional-group carrying polymer layers
did not show islands or holes; only a homogeneous ribbed topography was
observed. Therefore, a more probable explanation may be that polymer layer deg-
radation had occurred during plasma exposure, but the depicted AFM topography
does not exclude the incompleteness of polymer coating layer. The number of
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functional groups that survived in the deposited layer did not exceed 10% of the
original concentration.

10.5
DBD Treatment of Polyolefin Surfaces for Improving Adhesion
in Metal-Polymer Composites

Exposure of polyolefins to the dielectric barrier discharge (DBD or “corona”) in air
or after deposition of polymer layers using the aerosol-DBD or the ESI process
is an appropriate treatment for improving metal-polymer adhesion. Oxygen-
containing groups are well-suited for interaction with metal atoms of metal coat-
ings. Metal-polymer interactions include also the formation of M—O-C covalent
bonds with extra-high bond energy. A precondition is the existence of OH groups
at the polymer surface for the formation of M-O-C bonds. Generally, COOH
groups are also able to form strong bonds with metals, such as bidentate bonds
with aluminium atoms (see Chapter 7) [80]. Each 150 nm thick Al layer was depos-
ited onto DBD-treated polyolefin surfaces by thermal evaporation. The thus pro-
duced metal-polyolefin system consists of the polyolefin foil, the DBD-modified
polyolefin surface (optional), the adhesion-promoting polymer layer (aerosol-DBD
or ESI), and an aluminium layer (Scheme 10.1).

[I'JH .-"Fl"l. lcacrﬂ
o -:I:--:} EI:DE?L l:I:HCI
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air or water plasma
for unspecific oxidation
substrate
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adhesion-promoting layer [
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deposition of adhesion-
promoting polymer layer
by aerosol DED

adbesion-pramalting layes

podyalefn
chemical bonds

Scheme 10.1  Schematics of DBD pretreatments and resulting adhesion to aluminium by
physical and chemical interactions.



10.6 Electrospray lonization (ESI) Technique

Already, the simple exposure to DBD in air produced well-adhered AI-PP
systems (Figure 10.19a). The energy density introduced into the DBD plasma
did not influence the metal-PP peel strength significantly. The peeling propa-
gates between the plasma-modified polypropylene and the unmodified bulk
polypropylene, as measured by XPS of peeled surfaces, thus indicating the
formation of a “weak boundary layer” by exposure to the DBD plasma. Water,
ethanol, or isopropanol DBD treated Al-PP composites showed similar peel
strengths, the same peel front propagation, and the same failure mechanism
(Figure 10.19b).

Using an energy input of 250W for the DBD, a maximum air-peel strength of
360Nm™" was measured and after addition of a water aerosol the peel strength
was 280N m™. In contrast, the deposition of the PEG-PVA slightly improved the
peel strength to 400N m™ at 250 W energy input. The locus of peeling in the Al-
(PEG-PVA)-PP composite was found along the PP-(PEG-PVA) interface, showing
that the interactions between the adhesion-promoting layer and the polypropylene
were weak. Using low-pressure glow discharge deposited acrylic acid plasma
polymer layer as adhesion promoter in the same Al-PP the peel front propagated
within the polypropylene (cohesive failure) [69].

The degradation products at polyolefin surfaces produced by exposure to DBD
may be counterproductive. This is evidenced by the strong loss of material observed
during washing (Figure 10.20).

Note that storage of plasma-treated polyolefin surfaces lowers strongly the
surface energy (Figure 10.21) as well as the adhesion of composites (Figure 10.22).

Poly(acrylic acid) layers deposited in the aerosol-DBD at atmospheric pressure
strongly improved the peel strength of Al to the PP substrate. Even at low energy
density, the peel strength measured was >1000Nm™ (Figure 10.19¢). The Al-
polymer composites with PAA could not be peeled using the peel test procedure,
evidencing strong interactions between PAA-PP and PAA-A] that is, at both inter-
faces of this composite [79]. Poly(vinylamine) showed a poor peel strength when
used as adhesion-promoting layer.

10.6
Electrospray lonization (ESI) Technique

Nebulizing of a polymer solution within a high-voltage electrical field (3-12kV)
produces a totally new type of spray. The charged droplets of spray become much
smaller by solvent evaporation and sustain charge repulsion (Coulomb explosion)
during passage from the capillary electrode to the counter electrode or target.
Thus, the droplets decay in the electrical field into smaller ones stepwise and
simultaneously the corona discharge ionizes the molecules directly or by charge
transfer from solvent ions (APCI-atmospheric-pressure chemical ionization). In
the absence of corona discharge polymer degradation within the droplets in the
gas phase is avoided. In addition to the MALDI (matrix-assisted laser desorption
ionization) process [81], the ESI process [82-84] allows the transfer of complete
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and intact single macromolecules into the gas phase under soft ionization

conditions.

Thus, the droplet diameters in the aerosol-DBD and ESI processes differ by
about three orders of magnitude. The ESI process ends in the separation of

multiple-charged macromolecules in the gas phase (Figure 10.23).

The regularity of chemical composition and structure of deposited thin films
converges to that of classic polymers in the following sequence: DBD (totally
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Figure 10.22 Loss in tensile shear strength of polyurethane—polypropylene composites on
exposure of plasma-treated polymers to air (storage) before gluing (forming the composite).
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irregular structure at surface of polymer substrate) — aerosol-DBD (degraded
substrate and film structure) — APCI (partially degraded film structure) — ESI
(regular, non-degraded film structure) (Figure 10.23).

The electrospray is a technique for producing isolated macromolecules in
the gas phase. Highly diluted polymer solutions are sprayed through a (heated)
stainless steel capillary as aerosol. Between the capillary and the counter electrode,
which is covered with the polymer sample, a high voltage is applied. The droplets
of the spray form a cone (Taylor cone). The solvent evaporates from the sprayed
aerosol droplets during transport to the counter electrode. Therefore, the droplets
become smaller and smaller. Existing ions in the droplets and newly formed ions
in the presence of the high electrical field strength come closer and closer together.
Thus, the distance between charges in the droplets becomes too small (Rayleigh
limit), and the same charges produce strong repulsion and the droplets decay into
smaller ones (known as Coulomb explosion). At the end of this explosion cascade,
all macromolecules are separated in the gas phase (Figure 10.24). The charged
residue model (CRM) suggests that electrospray droplets undergo solvent evapora-
tion and droplet fission in succession, eventually leading to progeny droplets that
contain, on average, one macromolecular ion [84]. The ions observed by mass
spectrometry were single macromolecular (M) ions and were formed by the addi-
tionof H* ([M + HJ') or by addition of another type of cation such as Na* ([M + Na]"),
or by the abstraction of H* ([M — HJ"). Multiply-charged ions such as [M + nH]*
are often observed. Many charged states are observed for large macromolecules.
These macromolecular ions form, after de-charging, a very thin polymer layer at
the counter electrode. The charge flow from the capillary electrode to the counter
electrode, transported by the charged droplets and macromolecules, has the char-
acter of a dark discharge (without any glow), and thus no degradation of macro-
molecules is possible. Positive or negative charged ions may be produced depending
on the current polarity. Heating of the solution accelerates the solvent evaporation
process.

Two problems exist: the poor adhesion of unmodified (virgin) macromolecules
to unmodified polyolefin substrates and the charging of isolated polymer
substrates, which repel the macromolecular ions. Corona pretreatment of the
polymer substrate should increase the polymer layer adhesion. Continuous chang-
ing of current polarity (pulsing) or the use of an electron beam can neutralize any
surface charging. Technologically, the electrospray is an advancement of the
aerosol-DBD.

The electrospray technique is also used in mass spectrometry to analyze high-
molecular weight macromolecules, and is known as ESI-ToF MS (electrospray
ionization time-of-flight mass spectrometry) [82-84]. Sakata and other resear-
chers used electrospray as an alternative method for evaporation of pyrolectric
poly(vinylidene fluoride) (PVDF) most often within a corona field [85]. In 2006,
this technique was used by Friedrich and coworkers to spray polymer solutions
and deposit thin polymer layers [86, 87]. Arefi-Khonsari’s group also used such
equipment, similar to APCI, for plasma polymerization of monomers under
atmospheric pressure conditions as mentioned before [66].
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Figure 10.24 Schematics of the aerosol-DBD, APCI, and ESI processes.

At that time it was unknown that high-molecular weight polymers could be
transferred to the gas phase without any fragmentation. The only way out was to
depolymerize polymers to monomers and their subsequent polymerization at the
substrate surface. Under low-pressure conditions Poll tested such thermal depo-
lymerization followed by plasma polymerization using poly(tetrafluoroethylene)
(PTFE), depolymerizing it to tetrafluoroethylene and then producing a PTFE-like
plasma polymer [88]. Such plasma polymer layers possess a more or less regular
composition if the dominant polymerization process is chain growth. Thus, Bie-
derman and Slavinska subjected several polymers to a sputter process character-
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ized by fragmentation or depolymerization of the polymer and film formation in
the adsorption (condensate) layer by recombination of fragments or by monomer
chain-growth polymerization [89].

In contrast to such low-pressure processes with recombination of fragments
and chain growth polymerization, the ESI process brings intact and complete
macromolecules into the gas phase without any fragmentation or depolymeriza-
tion during their deposition [83, 84]. It should be added again that matrix-assisted
laser desorption/ionization also permits the transfer of macromolecules to the gas
phase [79].

10.6.1
ESI + Plasma

In the presence of a plasma glow (very high voltage, APCI mode) weak degradation
of poly(methyl methacrylate) was found using MALDI mass spectrometry to char-
acterize the deposited layer (Figure 10.25).
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Figure 10.25 Electrospray deposition of time-of-flight (MALDI-ToF) mass spectrometry

poly(methyl methacrylate) (PMMA) in the of the deposited surface layer (b) and of the
presence of soft plasma glow (a) and analysis original polymer (c).
by matrix-assisted laser desorption/ionization
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The peak-to-peak distance was unchanged and amounted to 100gmol™ (Da),
which corresponds to the repeat unit of PMMA. Therefore, the basic structure of
the polymer was unchanged and new structures, caused by new degradation prod-
ucts, were not found.

To achieve sufficient adhesion of the ESI-deposited PMMA layer, the polypro-
pylene substrate was modified by short exposure to the atmospheric barrier dis-
charge, thus introducing polar groups onto the polymer surface and increasing its

surface energy. These polar groups at the PP surface would interact with the
PMMA molecules of the deposited layer.

10.6.2
ESI without Plasma

Polymer layer deposition is also possible without using additional ionization
sources. To accomplish this, the field strength must be strong enough so that field
ionization occurs or solvent molecules with polar (water, alcohols, acetonitrile,
etc.) or ionic structure (acids) transfer their charge (protons or alkali ions) to the
polymer molecule. Under such spray conditions, no glow is visible. The absence
of any discharge avoids fragmentation of macromolecules. The deposited polymer
layer shows (nearly) the same structure and stoichiometry as the original polymer
when comparing the theoretical oxygen percentage with that of the deposited
PMMA layer (Figure 10.26). After a 1min deposition nearly complete coverage of
the Au surface is seen, as indicated by the 36 O/100 C elemental composition.
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Figure 10.26 Variation of O concentration in a deposited PMMA layer on a Au-coated Si-wafer
with the deposition time of the ESl-spray process (contamination of gold surface by ambient
air was eliminated and a pure Au surface was assumed).
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Figure 10.27 Cls peaks of PMMA layers deposited onto Au-coated Si-wafer by casting of
PMMA solution or by ESI spraying.

The PMMA was not significantly altered in structure or composition during the
ESI process, as shown by the XPS-measured O concentration in the original and
in the ESI-sprayed layer. The Cls signals of the cast film and the ESI-deposited
film are nearly identical (Figure 10.27).

10.6.3
Comparison of Aerosol-DBD and Electrospray

Reference coatings made of PEG-PVA copolymer show ca. 36 O per 100 C, the
ESI coating has 39 0/100 C, and the aerosol-DBD coating possesses a maximum
of 19 0/100 C. Similar results were obtained using poly(acrylic acid) and
poly(ethyleneimine) coatings. Thus, obviously, the ESI process did not signifi-
cantly alter the structure or stoichiometry of the deposited coatings, in contrast to
the aerosol-DBD process.

The aerosol-DBD process (“corona”) broadens strongly the O1s peak of the PEG-
PVA copolymer and produces carbon species in the Cls peak, which have three
bonds to oxygen atoms (carboxylic and ester groups). These groups are not present
in the original copolymer (Figure 10.16). In contrast, the ESI sprayed PEG-PVA
copolymer shows only weak changes in the Cls peak compared to the untreated
reference copolymer. The O1s peak remains unchanged.

In Figure 10.17 the IR spectra of reference materials and ESI-deposited layers
of PEG-PVA copolymer, poly(ethyleneimine), and poly(acrylic acid) were com-
pared and found to be nearly identical. However, it must be considered that some
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Figure 10.28 Cls peaks of poly(acrylic acid) (PAA) deposited onto Au surfaces by (a) ESI
process and (b) casting.

thin ESI layers grow in an island-like manner and thus the gold substrate showed
through the polymer coating in cases of insufficient thickness.

Poly(acrylic acid) is sensitive to interaction with any plasma. This was found
when acrylic acid was polymerized in a low-pressure plasma and the deposited
plasma polymer layer analyzed using IR and XPS [78, 79]. The carboxylic group
may be considered as a precursor for the plasma-initiated elimination of CO and
CO,, in the polymer as well as in the monomer [66]. In addition, the ester group
tends to decompose [90]; thus, deficiencies of oxygen or carboxylic or ester groups
are indicators of plasma-initiated degradation.

The Cls peaks of the cast and ESI deposited poly(acrylic acid) layers did not
show any significant differences (Figure 10.28).

PMMA could also be deposited without structural degradation by applying the
ESI spray method, as shown by FTIR-GIR spectra of cast and ESI deposited layers
(Figure 10.29). All bands of PMMA were found in both spectra.

10.6.4
Topography

The topography of ESI-deposited PMMA is shown in AFM pictures in Figure
10.30. The substrate was a Si wafer and was coated with 10 and 50nm PMMA
layers. The growth mechanism of the polymer layer (Figure 10.30, from left to
right) is more or less island-like (corresponding to the Volmer-Weber growth
mechanism). XPS measurements had shown that PMMA layers thicker than
10nm became pin-hole free, as presented in Figure 10.27. The ESI spray blows
away a large fraction of solvent molecules and small droplets, especially if charging
of the substrate surface is also possible.
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Figure 10.30 AFM images of Au-coated Si wafer before (a) and after deposition of a 10nm
PMMA layer (b) and a 50nm PMMA layer (c) using the ESI deposition technique.
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Figure 10.33  Carbon fibers before treatment, after deposition of a ca. 50-nm-thick layer
poly(acrylic acid), and after deposition of a ca. 200-nm-thick layer poly(allylamine).

10.6.5
Electrophoretic Effect of ESI

Pin-hole free polymer layers <10nm were produced by the electrophoretic effect
of EST in case of conductive substrates; that is, holes show higher current flow and
were automatically closed. Thus, the backside and inner surfaces of carbon fiber
rovings were completely enwrapped with ultrathin polymer layers. These layers
can be used as adhesion promoter in polymer-fiber composites (Figures 10.31 and
10.32).

C-fibers were homogeneously coated with poly(acrylic acid) and island-like with
poly(allylamine) (Figure 10.33).
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11
Plasma Polymerization

11.1
Historical

The general intention of plasma polymerization is to produce ultrathin and
pinhole-free polymer layers with defined and regular structure but with variable
composition; the polymer layers also need to be durable and resistant towards
aging, oxidation, shrinking, and so on, comparable with classic polymers. A second
intention is the polymerization of monomers possessing functional groups to
produce polymer films with monosort functional groups. These monotype func-
tional groups in high concentration may serve as anchoring points for chemical
graft synthesis or may improve adhesive interactions to other solids in polymer
composites. However, it will be shown that these desired regular structures cannot
be realized principally; nevertheless, many technical applications are known.

The first report on the formation of plasma polymers in the vapor of oil exposed
to an atmospheric-pressure electrical discharge was presented by Dutch research-
ers in 1796 [1]. More detailed research was presented by well-known chemists in
the nineteenth century such as Berthelot, who developed the arc synthesis of
acetylene [2] or P. de Wilde [3] and also P. and A. Thenard [4]. For the conversion
of methane in the plasma Linder and Davis observed the formation of hydrogen
and acetylene, which then forms plasma polymer. They also found the formation
of aromatics such as benzene, styrene, biphenyl, and naphthalene as well as
plasma polymers as side-products if aliphatic precursors were exposed to plasma
[5]. New results of extensive research on chemical synthesis and plasma polymeri-
zation as well as copolymerization to variable products were published by German
scientists in 1950s [6].

In the 1960s Jesch et al. analyzed the structure of plasma polymers and found
the formation of unsaturations (C=C, C=C), the occurrence of insolubility
(crosslinking), and oxygen attachment to radicals on exposure to air [7]. The most
important finding was the general absence of indications for methylene chains
(P[CH,)s4) at 730cm™ or 720 + 731cm ™, as was also confirmed by Wightman [8].

Neiswender also proposed the intermediate formation of acetylene and found
also numerous radicals in the polymer layer [9]. He proposed first an energy-related
dose factor to better compare the different plasma conditions. Subsequently, this

The Plasma Chemistry of Polymer Surfaces: Advanced Techniques for Surface Design, First Edition.
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idea was perfected and made popular by Yasuda (Yasuda factor — YF = W/MF,
where W = wattage in | s™', F = monomer flow rate in mols™, and M = molecular
weight of monomer in kgmol™) [10]. Westwood adapted the G-value known from
radiation chemistry and calculated it for several plasma processes [11].

The preferred locus of plasma polymerization was discussed, controversially, as
either in the adsorption layer or in the gas phase. An ionic chain mechanism was
assumed [11-13] and most often a radical mechanism [14-17]. The most men-
tioned indications for a radical mechanism were the high concentration of trapped
radicals in plasma polymers and the dominance of neutral energy-rich plasma
species in the gas phase. Kobayashi combined the radical chain growth mecha-
nism with that of acetylene as key intermediate in one model [17]. Tibbitt proposed
a speculative model of the structure of the ethylene plasma polymer, including the
formation of aromatic phenyl rings (Figure 11.1) [18, 19].

Yasuda proposed a new mechanistic concept in the 1970s and 1980s, the so-
called “atomic polymerization” for high W/MF (wattage/molar mass X monomer
flow) factors [20]. All monomer molecules become extensively fragmented in
powerful plasmas, most often into single atoms. These atoms and small fragments
recombine randomly in a first-order process, rearrange and become newly acti-
vated, newly fragmented, and so on. Therefore, the monomer composition and
structure does not characterize greatly the resulting plasma polymer structure and
composition (Figure 11.1).

These irregular structures are also produced by the permanent bombardment
of the growing polymer layer with plasma particles and energy-rich UV photons
[21, 22]. Neiswender [9], Dinan [23], Suhr/Rosskamp [24, 25], and Friedrich [26]
also attributed the plasma polymerization in the main to a random polyrecombina-
tion of radicals but additionally to a speculative sticking of C, species, thus forming
their multiples (C,, Cs, Cy) such as acetylene, cyclobutadiene, diacetylene, pheny-
lacetylene, [2 + 2] adduct of cyclobutadiene, octatetraene, and styrene as well as
plasma polymers (Figure 11.1).

Stille elucidated the reactions of benzene in plasma, such as dehydrogenation
to phenyl ring formation, phenyl dimerization, ring cracking to hexatriene biradi-
cals, and polymer formation (Figure 11.1) [27, 28]. Therefore, benzene, toluene,
and xylene are well-suited “monomers” for continuous-wave (cw) plasma polym-
erization with extensive fragmentation and polyrecombination demonstrating the
exotic character of plasma polymerization caused by excess energy [23, 28-30], as
was already discussed in the 1930s [5, 31].

In the 1960-1970s extensive and also controversial discussion on the mecha-
nism of polymerization was continued, such as radical versus ionic versus chemi-
cal chain growth, ion—molecule, and fragmentation-recombination together with
kinetics [11, 13, 14, 20, 32-35]. Recently, this debate was revitalized by comments
of Short, Hegemann, and d’Agostino [36, 37].

Neiswender [9], Bradley [38], Westwood [11], Yasuda [10, 20], and Friedrich [26]
found that the structure of plasma polymers is more regular and defined in
the sense of classic polymers the lower the power input (per monomer mole-
cule = W/MF) to the plasma. On the other hand, the low plasma power input
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Figure 11.1  Proposed model of plasma polymer produced from ethylene with branches,
crosslinks, aromatic rings, and double bonds, “atomic polymerization,” benzene ring cracking
and acetylene—cyclobutadiene—benzene—styrene mechanism, and polystyrene formation.

induced the inclusion of monomer and oligomer molecules into the polymer
structure [17, 39]. Thus, the thermal stability of polymer layers is lowered because
of the evaporation of these components at temperatures lower than 100 °C. Tibbitt
distinguished between low-molecular weight (soluble) and crosslinked ethylene
plasma polymers [39], as is also found for plasma polymerized toluene (Figure
11.1) [40, 41].

A new innovation of plasma polymerization was the introduction of the plasma
pulsing technique by Tiller [42], Yasuda [43, 44], and continued by Shen and Bell
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[45, 46] and intensely used by Timmons [47-49] and perfected by development of
the pressure-pulse technique by Friedrich [50-54].

11.2
General Intention and Applications

The goal of plasma polymerization is to deposit ultrathin, well-adherent, and regu-
larly structured polymer layers (Figure 11.2).

Monosort functional-group containing plasma polymers should retain all func-
tional groups during plasma polymerization. In reality the plasma polymers lose
the monomer structure and partially their functional groups during the deposition
and also during post-plasma exposure to air.

As mentioned before, ultrathin and pinhole-free polymer layers of variable
composition can be deposited as plasma polymer layers but generally with far from
defined and regular structure, which makes them durable and resistant towards
aging, oxidation, shrinking, and so on. The retention of functional groups of
monomer molecules during plasma polymerization is much higher than that of
the complete monomer structure in the deposited polymer. Thus, layers with high
concentrations of a monosort functional group were an important application for
adhesion-promoting layers or as anchoring points for graft reactions. Since the
1970s, adhesion-promoting plasma polymer layers have been of increasing techni-
cal interest [38, 54-57]. The degree of retained functional groups in the deposited
polymer (@) is given by ¢ = [¢;;M]./nc,M, where M = monomer, n = number of
monomers, and ¢, = concentration of functional groups per monomer or per
monomer unit; the resulting ¢ is most often 50-90% (Figure 11.3) [51].

Plasma polymers are well-suited for coating of solids such as membranes, semi-
conductors, metals, textiles, or polymers, with a minimal thickness of 10nm and
a maximal thickness of a few 100nm. A clever choice of “monomer” allows us to

N X onX Ox o X

Z Z X monomer molecules ot N
P monomer molecules eal ; ) x 8l [oolymer layer with monosort
i olymer
plasma 7 > polyl ‘ pl/asma ——\x / funcm;nal gr;ups p;\ymer>< .
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Figure 11.2  Schematics of ideally structured and composed plasma polymers with and
without monosort functional groups.
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Figure 11.3 Retention (80%) of functional groups.
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produce corrosion inhibition, anti-fogging, chemical, scratch and abrasion resist-
ance, adherence, lubrification, flame-resistance, permeability, antistatic, barrier,
and optical properties. Notably, the substrate properties are not influenced strongly
by this deposition process.

The first announced application of plasma polymers was their use as separator
membranes in nuclear battery devices introduced by Goodman in 1960 [58].
Further attempts were the coating of textiles for water-repellence and better wash-
ability, such as coating of PET textiles with plasma polymerized poly(acrylic acid),
capping of microelectronic devices, and coating of PET tire cord [59-62].

Thin plasma polymer layers were applied as barrier layers [63—66] or as corrosion-
inhibiting coatings on aluminum components in the car industry and so on [67,
68]. Thin polymer films were produced either by exposure to the low-pressure glow
discharge plasma [58] or by plasma-enhanced chemical vapor deposition (PECVD)
[69] or more recently by atmospheric-pressure glow discharges (APGD) [70] as well
as by atmospheric-pressure dielectric barrier discharges (DBDs) [71].

11.3
Mechanism of Plasma Polymerization

Polymerization of classic monomers (vinyl, acrylic, etc.) and low-molecular weight
substances (“monomers” or, better, precursor) is initiated by any gas plasma at
atmospheric or low pressure. In a few cases inorganic gases and compounds may
also form organic polymers, as evidenced by the formation of amino acids in the
primeval atmosphere of Earth [72, 73]. In the low-pressure (non-isothermal) glow
discharge plasma the following deposition modes may be distinguished:

e (Chemical) radical chain growth polymerization starting from plasma-produced
radical fragment to linear or branched but regularly structured
homopolymers;

e ionic chain growth polymerization (cationic, anionic) to linear/branched regu-
larly formed products;

o jon—molecule reactions;

e monomer fragmentation—polyrecombination to randomly and irregularly struc-
tured polymers;

e monomer conversion into polymer-forming intermediates with partially defined
structural elements;

e co-monomer fragmentation—recombination of all fragments to randomly and irreg-
ularly structured “copolymers;”

e radical chain growth copolymerization to linear/branched regularly formed
copolymers with alternating, block, or graft structure;

o chemical grafting onto radical sites or functional groups of plasma polymers or
plasma-exposed polymer surfaces (“graft copolymers”) [74, 75].
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11.3.1
Plasma-Induced Radical Chain-Growth Polymerization Mechanism

Plasma-produced radicals, radical fragments, radical-sites at solid surfaces or
gaseous monomers, and so on initiate a classic chain-growth polymerization to
polymer (P) by continuous addition of monomer molecules (M), such as acrylic
or vinyl monomers:

M + plasma — fragments®

fragment® + M — fragment-M® ... — fragment-M* + M — P,°
Free radical recombination dominates the ending of chain growth:

2P, 5 P,-P,

ordisproportionation: P, + P,* — P, + P,,orradicaltransfer:P;* + RQ — P;Q + R,
or termination by initiator radicals: P, + *fragment — P,-fragment [76].

An ionic chain growth mechanism similar to that of radicals may also occur in
the plasma: Fragment + M — P;" and P;* + M — P,

Polymerization reactions are equilibrium reactions, which are controlled
by thermodynamics. They proceed if the standard Gibbs energy is negative
(exothermic):

AG®, = AH®, - TAS®, = —RT log. K, (11.1)

where
AH®, is the standard polymerization enthalpy,
AS’, is the standard polymerization entropy,
T is temperature,
K, is the equilibrium constant.

Plasma-induced chain growth polymerization is a chemical process only started
by radicals, which are produced by the plasma exposure, similar to radiation-
initiated polymerization, which is started by photons, electrons, or alpha particles
[77]. The activation energy needed to start the chain growth polymerization for
vinyl monomers is AG = +120k] mol™ (ca. 1eV) [78, 79]. Since 5000-20000 addi-
tions per second occur under atmospheric pressure, each with ca. AG = —20k] mol ™,
this complete reaction is strongly exothermic and needs ca. 0.1-2s for chemical
polymerizations (= time between start and termination of the growing chain) [76].
Classic initiator radicals have low dissociation energy, decompose slowly (ther-
mally), and have therefore a relatively long life-time and are inserted in the growing
polymer chain [80, 81]. Plasma-produced C-radicals are generated by random dis-
sociation of strong C—C or C-H covalent ¢ bonds (fragmentation) of monomer
molecules and have high energy, react rapidly, and have a short life-time of <10™%s
[76, 82]. C-radical sites at polymer chains are formed on exposure to the plasma
by hydrogen abstraction or C-C bond scission:

~-CH,-CH,-~ + plasma — ~-CH,-CH"-~ + 0.5H,
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Table 11.1 Standard dissociation energy (SDE) of aliphatic compounds.

Bond CH»-CH,; (CH;),C-H  (CH,),CH-H CH;CH~H CHs-H CH,-H
SDE (kJmol) 370 385 396 411 435 458

~-CH,-CH,-~ + plasma — ~-CH," + *CH-~

Table 11.1 lists the standard dissociation energies of such bonds.

Disregarding the entropy term at first, for a raw estimation of the priority in
bond scission, C-C bond scission is favored in comparison to that of C-H bonds.
Thus, biradicals are produced by n-bond scission if easily polymerizable acrylic,
vinyl-, or diene monomers are used. However, simple nt-bond activation to a biradi-
cal leads often to rapid recombination because of the low collision rates and
low-pressure conditions and therefore the lack of possibilities to react with new
partners.

Thermodynamically, the polymerization produces, according to Eq. (3.1), an
energy gain, which can be explained by transferring the n-bond into a (second)
c-bond and by loss of degrees of freedom (many monomers to one polymer), thus
causing negative AS. Most often the enthalpy is much greater than the entropy
term. Only at high temperature does compensation of the two terms occur (ceiling
temperature) and the polymerization stops. At room temperature the AG of styrene
polymerization is —20k] mol™, that is, the polymerization is exothermic and
proceeds spontaneously under release of enthalpy in the presence of an initiator
radical. For an average polymerization degree of X = 1000 polystyrene has a
molar mass of about 100000g mol™, and 110k] mol™" were needed for initiation.
The free reaction enthalpy amounts approximately to AG = XAHpgym + AHgy =
1000 X 20 + 110kJ mol™ = —20000k] mol ™.

The kinetic chain length (v) characterizes the number of monomer molecules
that were added by one initiation step before termination occurs. It is the ratio
of chain propagation (R,) and termination rates (R):v = R,/ZR. It grows with
increasing monomer concentration and decreases with increasing initiator con-
centration. If the termination is dominated by recombination of two polymer radi-
cals then v = [M][I]"%. Unfortunately, in the low-pressure plasma only a very low
concentration of monomer molecules is present but there is a relatively high initia-
tor concentration; therefore, short kinetic chain lengths occur. Recombination,
disproportionation, and chain transfer are dependent on collisions of two partners
and thus are hindered by low pressure.

An important co-occurring reaction is the radical reaction with traces of molecu-
lar oxygen in the plasma phase or that after finishing the plasma treatment and
exposing the polymer to oxygen from air: P* + *0-O® — P-O-O® — +RH — P-O-
OH + R* — decay — broad variety of oxidized products [83].

Another start mechanism (homogeneous catalysis) uses CBrCl; as plasma gas
and supposes its dissociation [84]. A bromine radical starts the chemical chain
growing reaction:
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Br® + CH,=CH-CH; — CH,=CH-CH,* + HBr
and:

CH,=CH-CH," + BrCCl; — CH,=CH-CH,Br + *CCl;
which adds to:

*CCl; + CH,=CH-CH; — Cl;-CH,=CH-CH," and so on

A particular case is the free radical polymerization of allyl monomers. Macro-
radicals are generated similar to free radical polymerization of vinyl monomers.
However, termination of a kinetic chain occurs by degradative chain transfer to
monomers, leading to self-inhibition:

~CH,-CH"(CH,-R) + CH,=CH(CH,-R) — ~CH,-CH,(CH,-R) + CH,=CH-C'H-R

As the propagation rate is not much greater than the transfer rate the polymeriza-
tion degree is usually not greater than 10-20. However, chain transfer is also
associated with collisions and may therefore be insignificant under low-pressure
conditions [85].

11.3.2
lon—-Molecule Reactions

Ordinary ion-molecule reactions are not simple monomer additions as with
radical or ionic polymerization. The simplest reaction is charge transfer without
a change of molecular weight from A to A: A* + A — A + A" or for different atoms
Aand B: A"+ B — A + B* + AE (energy surplus).

More probable is dissociative charge transfer, for example:

He* + CH, — C(H,_,)" + 4xH + He’

An ion—-molecule reaction can also produce an increase in molecular weight of the
main product. The reaction enthalpy is contained in the side-product, such as in
methane ion-molecule reactions [86]:

CH;"+CH, —» C,Hs;* +H,
C,Hs* + CH, — C;H," + H, and so on

11.3.3
Fragmentation—(Poly)recombination (“Plasma Polymerization”)

Furthermost from chemical chain-growth polymerization is the polymerization
mechanism that occurs in continuous-wave (cw) plasma. Complete fragmentation
of monomer molecules to atoms or fragments occurs:

ABCDEF + plasma — A+B+CD+E+F

The permanent shower of high-energy particles and radiation to monomer mol-
ecules and polymer surface produces fragmentation and atomization largely inde-



11.4 Plasma Polymerization in Adsorption Layer or Gas Phase

pendent of the nature of monomer. Such fragmented reactive (classic) monomers,
saturated precursors, aromatic substances, or inorganic gases and vapors form
(easily) randomly composed plasma polymers of high irregularity by (poly)recom-
bination of fragments and atoms: n(A + B + CD + E + F) — [FCABDE],.

Moreover, hydrogen abstraction, CO, CO,, and H,0 elimination, cracking of
aromatic rings, and so on occur. A special reaction pathway is the formation of
unsaturated film-forming intermediates, such as ethylene, acetylene, cyclobutadi-
ene, and so on, which also contribute to the plasma polymer formation. These
intermediates produce a few defined structural elements within the polymer,
similar to polystyrene. They are typical products of endothermic processes and
need for their formation the energy excess present in the plasma.

The higher the energy doses per monomer molecule the more fragmentation
proceeds [10, 87]. A lower energy dose benefits the survival of monomer struc-
tures in the plasma polymer. Calculations performed by Friedrich based on
experimental data show that classic vinyl monomers consume about 10-100eV
per molecule during their residence time in the plasma for 100% conversion of
monomers into polymer layer [26]. Low-molecular weight alkanes (aliphatic com-
pounds) such as n-hexane need about 1000eV for a 60% conversion into plasma
polymer [40]. Such high energy flow to one monomer molecule produces nearly
complete dissociation/fragmentation into atoms and small fragments. A simple
calculation shows that the dissociation of all bonds of an n-hexane molecule
(5 x C-C and 14 x C-H) needs about 70eV, whereas 1000eV were transferred
from plasma. The impossibility of any selectivity is obvious. End-products of such
plasma polymerizations are plasma polymers and hydrogen. Yasuda denoted this
process as “atomic polymerization” [87], while Friedrich called it “quasi-hydrogen
plasma” [40].

11.4
Plasma Polymerization in Adsorption Layer or Gas Phase

Polymer growth in the adsorption layer is favored because of low-pressure condi-
tions with high mean free paths and low collision rates (Figure 11.4) [30, 35,
88-92]. However, it was also found that with growing pressure (>133 Pa) powder
formation occurs and the polymer formation was changed to the gas phase (Figure
11.4) [16, 29, 93-96].

During deposition of plasma polymer permanent vacuum UV (VUV) irradiation
(A = 100-200nm ~ 6-12eV, C-C dissociation enthalpy = 3.7eV) from the plasma
produces H-abstraction, double bond formation, radical formation, crosslinking
or degradation, loss in supermolecular structure, and oxidation via peroxide forma-
tion (Figure 11.5) [97].

Another assumption is the formation of a more defined “skin” on plasma poly-
mers. This skin is formed after switching-off the plasma by reaction of (classic)
monomer molecules with radicals at the layer surface. Thus, this topmost layer is
post-plasma chemically produced and should present a more regular structure and
composition (Figure 11.5) [98].

345



346 | 171 Plasma Polymerization

"condensed"
‘ plasma polymers
("dust")

- = =
L
- gas phase model
-
monomer -«
molecules-
adsorption

- & @D
o & & = =

(e pumerey
| substrate | | substate |

adsorption layer model

Figure 11.4 Gas phase and adsorption layer model for location of plasma polymerization.

-
- ® o - - hv hv > pi
plasma - o OO.O : hv h a P
o @ - o= hvoph -
l ooy hv l
substrate substrate substrate substrate substrate
untreated ideal layer layer deposited plasma-deposited plasma polymer layer
from plasma-disso- layer additionally reacts with monomer
ciated monomer frag- crosslinked and molecules after swit-
ments or atoms degraded by ching off the plasma
UV-irradiation ("skin")

Figure 11.5 Effect, shown schematically, of plasma-UV irradiation and monomer grafting after
switching-off the discharge on plasma polymer structure.

11.5
Side-Reactions

The actual process of polymer formation can be characterized as polyrecombina-
tion of (radical) fragments and atoms. Such a multi-recombination process is
strongly exothermic and produces much excess enthalpy, which must be dissi-
pated and transferred. Therefore, it can be speculated that local thermochemical
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Figure 11.6  FTIR-ATR spectra of plasma-polymerized allylamine with NH-/NH,-specific bands
(in gray) and a significant CN band.

processes also contribute to the analyzed irregular structure of plasma polymers.
Endothermic dehydrogenation of monomers and plasma polymers is characteris-
tic of such a high-energy reaction. The formation of acetylene C=C bonds and the
dehydrogenation of amino groups to nitrile groups in homo- and copolymers of
allylamine are examples [98]. The IR spectrum of the allylamine plasma polymer
shows a moderate band of the vy stretching vibration at approximately 2150 cm™
(Figure 11.6). The absorbance (extinction) of this band correlates with an approxi-
mately 10% transfer of NH, groups into C=N groups as measured with nitrile-
containing reference polymers:

I-CHZ-NHZ + plasma — I—CEN +2H,

The relative broadness of the vy stretching vibration (large FWHM) may be due
to the superposition with vc_c also appearing as V.c_y near 3300cm™:

R-CH,-CH,-R’ + plasma — R-C=C-R’ + 2H,

A similar abnormal reaction was also found for the formation of aromatic rings
in plasma polymers produced from ethylene [39]:

R'CHz'cHz'CHz'CHz'CHz'CHz'R, + plasma 4 R'aryl‘R, + 3H2

This formation and also the cracking of aromatic rings in benzene, toluene, and
xylene and their plasma polymerization are also examples of exotic reactions in
plasmas due to the excess energy [23, 27-30, 92].

For probability and steric reasons the polyrecombination is incomplete. A high
concentration of radicals remains trapped in the deposited plasma polymer layer
or is secondarily produced by UV irradiation from plasma [7, 14]. These radicals
react with oxygen, which is either dissolved in the polymer or diffuses into the
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polymer when it is exposed to ambient air. This peroxide formation is the starting
point for the previously mentioned auto-oxidation. The reaction of plasma
polymers with oxygen from air may proceed vigorously. After milling plasma poly-
mers at low temperature (-196°C) the numerous C-radicals in the powdered
plasma polymer come into contact with oxygen from air and react under self-
ignition of flaming, then blackening, and release of smoke (J. Friedrich, private
communication).

Crystalline and supermolecular structures (spherulites, rod-like, lamellae, etc.)
were generally absent in plasma polymers [14, 35, 99]. However, oligomers with
rod-like molecular structure such as biphenyl, diphenyl ether, or diacetylene were
frequently formed and may produce orientation (mesogen) [100]. More recently,
it was discovered that fluorine-containing plasma polymers also show separate
fibrous structures of perfluoroalkyl chains with high crystallinity [101, 102].

11.6
Quasi-hydrogen Plasma

The release of hydrogen from monomer molecules and plasma polymers and
enriching it in the gas (plasma) phase has been called “quasi-hydrogen plasma.”
It may be remembered as the production of amorphous carbon layers (a-CH) with
maximal hydrogen release. An example of such a loss of hydrogen during plasma
polymerization is the pulsed-plasma deposition of allyl alcohol-styrene copoly-
mers using different duty cycles (Figure 11.7).
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Figure 11.7 Theoretical and CHN analysis-measured hydrogen ratio in a plasma-deposited
styrene-allyl alcohol (1:1) copolymer.



11.6 Quasi-hydrogen Plasma

The dominance of hydrogen in the plasma increases the electron temperature
because of low cross-sections and low collision rates in plasma consisting of
hydrogen molecules, atoms, and protons. The higher electron energy in such
hydrogen-dominated plasma produces a higher fragmentation rate and degree of
monomer molecules (cf. “atomic polymerization”) [40].

Toluene and dg-toluene with and without additional hydrogen or deuterium were
plasma polymerized in a DC glow discharge under reduced pressure using a tube-
type reactor made from glass [40]. Electron temperatures were measured using a
Langmuir probe at different ports along the tube-type reactor. Moreover, at these
ports deposited plasma polymer layers were analyzed by CH analysis and IR spec-
troscopy. The gas-phase composition was also measured by gas chromatography
(thermal conductivity detector). Enrichment of hydrogen (and somewhat methane)
in the argon plasma and a complementary strong hydrogen deficiency in plasma
polymers (up to 75%) were measured.

After injection of toluene into the plasma tube (argon direct current low-pressure
glow discharge) these molecules decrease electron density and temperature
because of their large electron capture cross-section [98]. Afterwards, in the second
half of the tube, the enrichment with hydrogen dominated and the electron tem-
perature exceeds that of argon gas significantly.

Contrariwise to the electron temperature the portion of aromatic rings and CH;
groups in the deposited plasma polymer decreased from injection point to the end
of tube. The layers near the injection point were colorless while those deposited
in the zone behind the injection point were yellow to dark brown. The brown layers
have a low hydrogen percentage (H/C = 0.3; Figure 11.8).

Only addition of the threefold molar ratio of hydrogen gas to the toluene—argon
plasma could balance the loss in hydrogen in the deposited layers (Figure 11.8).
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Figure 11.8 Variation of C:H ratio in DC-plasma polymerized toluene layers with the length
the monomer passes through a tube-type reactor.
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Using dg-toluene and a threefold amount of hydrogen gas (H,) a significant
D—H-exchange was measured on analyzing the deposited plasma polymer by IR
spectroscopy and CH analyses (Figure 11.9). Strong C-H stretching and deforma-
tion signals were found and, vice versa, strong C-D signals on using D, and hs-
toluene (Figure 11.9).

The plasma polymer layer of the second part of the tube contained no aromatics
(Figure 11.10).
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Figure 11.9 Dependence on tube length of D<>H exchange in a plasma polymer deposited in
a dg-toluene-3H, DC plasma atmosphere.
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Figure 11.11  Toluene plasma polymerization in a low-pressure DC discharge and the types of
substitution of aromatic ring structures observed.

It could also be shown that the mono-substitution, which may have a polystyrene-
like structure, is changed successively, beginning from the toluene injection point
downstream to di-substitution (preferentially para substitution) as measured by
IR (Figure 11.11) [40].

Similar D-H exchange was found using d,,-hexatriacontane and d-polyethylene
exposed to NH; plasma and, vice versa, hy-hexatriacontane and h-PE exposed to
ND; plasma [103].

11.7
Kinetic Models Based on lonic Mechanism

The first model for plasma polymerization, based on an ionic mechanism of
polymer formation within the adsorption layer, was presented by Williams and
Hayes, in 1966 [34]. The polymerization rate was defined as m = «alt, where m is
the deposited mass of polymer per area unit, & is a constant that depends on
adsorption, I is the current density at electrodes (AC, kHz), and t is the deposition
time.

An jonic mechanism and polymerization in the adsorption layer were also
assumptions in the model published by Poll, in 1970. He considered transport
rates of ions to the surface, and postulated ambipolar diffusion and control of the
plasma boundary layer [104], which was also supplemented by Carchano [105].

The model proposed an ionic initiation step:

’

P+e =P +e
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followed by neutralization of positively charged ions and formation of radicals [86]:
P"+e” > P*—>2pP°

It follows that:
dp*/dP =k,

where j is the current density.

The polymer growth is the product of radical and monomer concentration.
Adapting the Langmuir adsorption isotherm as model he proposed: dn/
dt = y@(1 — n/n,) — n/7, where yis the sticking coefficient, @ is the average colli-
sion number of thermal fluctuation, n, is the coverage at saturation, 7 is the
average residence time (in plasma), 7, = 107"s, and p is the gas pressure. Consider-
ing the cross-section of monomer particles for polymerization the following
polymer growing rule for P was derived:

P=y®(1+ Z.y®/]o2qn..)™"

with 1/n. = 1/n, + 1/yDZ.

Westwood considered exclusively an ionic (cationic) chain propagation mecha-
nism for the plasma polymerization of vinyl chloride, as published in 1971,
because of preferred polymer deposition onto the cathode in direct current glow
discharges [12]. He interpreted radical reactions observed by Denaro [14] as con-
current reactions. The conversion into plasma polymer was expressed in terms of
the G-value. The measured G-values were <1, evidencing the absence of an ionic
chain-growth polymerization and the dominance of termination reactions.

Thompson and Mayhan also presented, in 1972, a cationic mechanism, assign-
ing it as the most probable mechanism because the addition of radical scavengers
to the plasma did not change the polymer deposition rate [13]. Critically, all radical
scavengers take part in the plasma processing, are also fragmented, or re-arranged
and, thus, they are not able to quench radicals definitely. The excitation step was
proposed to be M + e — M** + e~ followed by formation of M* and also M~, M*,
M*, or ion pair formation P* and Q~ (which needs much energy, >10eV). These
species were also formed directly by inelastic collisions with electrons, such as:

”

M+e ->M'+e’'+e”
Chain propagation occurs that follows a cationic polymerization mechanism:

M* +M — MM*
MM + 1M — M[M, M*

Branching and crosslinking were explained by formation of additional positive
charges along the formed polymer chain due to impact with energetic plasma
particles. These mid-chain radicals are able to add (graft) monomer molecules.
Polycation formation is proposed, which is plausible for polar and ionic polymers,
as is known from ESI (electrospray ionization) [106]: MMM[M,M*+ AE —
MM*M[M,]M*. The newly formed charge at the growing chain starts the growth
of a side-chain:
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MMM[M, ]M* + M — MM(M*)M[M, ]M*

Crosslinking may also occur on this way. Termination of all processes occurs by
ion—electron recombination or charge transfer to the monomer. Monomer frag-
mentation was not considered. The life-time of the cations is very short for
continuous chain propagation [107]. Moreover, a cationic mechanism needs nucle-
ophilic monomers such as styrene. The deposition rate was derived using an
Arrhenius plot [13].

Vasile and Smolinsky investigated the plasma phase for charged and neutral
reactive intermediates. Their conclusion was that unsaturated charged intermedi-
ates play the most important role during plasma polymerization [13, 16].

11.8
Kinetic Models of Plasma-Polymer Layer Deposition Based on a Radical Mechanism

Most scientists in the field have been fascinated by the possibility of “polymeriz-
ing” all kind of gaseous or evaporable organic substances. Fragmentation to short
residues and atoms, dehydrogenation, recombination of radicals, and formation
of unsaturated polymer forming intermediates and their polymerization were held
responsible for the generation of this new class of polymers. Non-polymerizable
intermediates should be removed with the exhaust gas.

The fragmentation and polyrecombination mechanism (atomic-polymerization)
is concurrent with the (plasma-initiated) chemical (radical) polymerization.
The chemical chain growth polymerization may be exemplified for methyl
methacrylate:

nCH,=C(CH;)-COO-CH; + AE — -[CH,-C(CH;-COO-CHj], + AE’

for chemical polymerization E(= energy) may be produced by plasma, and the
fragmentation-recombination (“atomic polymerization”):

nCH,=C(CH;)-COO-CH; + xAE — nC+nCH + nCH, + nCH; + nCO + nCO,,
nH, and so on - C=CH-C(OH)(CH;)-CH=CH(CH,-CH=CH,)-
Most kinetic models with a radical mechanism consider these two different
processes.

Kassel proposed the plasma-electrical conversion of methane into acetylene
before polymerization because methane is not able to polymerize in a direct way
[108]:

CH, (ki) = C,Hg, C,Hg (ky) = CoH,, CH, (ks) = CoH,, CyH, (ky)
— end-products, CH, (ks) —» C,H,, C,H, (ks) — C,H,, CH, (k;) —» C,H,,
C,H, (ks) — end-products.

Intermediates are able to form layer-depositing gaseous products (cf. Neiswender
mechanism) [9]:
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Csz — C4H4 - CGH() — CgHg

Neiswender referenced the energy introduced into the plasma (W) to the number
of monomer molecules (B) during the transition in the plasma zone (T). Thus, the
energy dose per mole of monomer (E, Jmol™ or Wsmol™) is given by E = PT/B [9].

Atomic-polymerization, designated by Drost as “plasma electrical polymeriza-
tion” [86], is characterized by complete fragmentation of precursor molecules to
reactive atoms and fragments, which pool together to give a random structured
conglomerate of low-molecular weight oligomers and polymers. High molar mass
products and crosslinking may be produced by random radical recombination and
irradiation with plasma VUV radiation [39, 107]. Therefore, the structure is statisti-
cally determined and consists of an irregular sequence of fragments. Nevertheless,
besides completely irregular structures a few chemically well-defined structures
also often occur in plasma polymerization, as mentioned before [19, 52, 98].

Thus, Bell confirmed the favored formation of acetylene bonds in the ethylene
plasma because of its low positive reaction enthalpy:

CH,+e - GCH,+H,+e’E=18¢V

CH,+e —2CH,+e’E=6.3¢eV
CH,+e - CH,"+2¢e" E=10.5eV
CH,+e > C2H," +H, +e"E=13.1eV
CH,+e »>CH;"+H+2e  E=13.3eV

Acetylene was considered to be a key intermediate in nearly all plasma polymeriza-
tions; thus, under retention of the triple bond a substitution reaction is also pos-
sible: HC=CH + X, - HC=CX + HX, hydrogen can be added: HC=CH + H, —
H,C=CH,, it can form benzene structures: 3HC=CH — C¢H,, or polymerize with
participation of the triple bond: nHC=CH — -(HC=CH),- [9, 109].

Only a few reaction pathways to plasma polymers are unambiguous, and are
determined from chemical thermodynamics, such as the formation of SiO,-like
layers by Si-containing precursors in the presence of oxygen in the plasma, such
as hexamethyldisiloxane + O,:

(CH;)y-Si-O-Si-(CH;); + 120, — 25i0, + 6CO, + 9H,0
The same is true for the deposition of bromine-containing precursors as plasma
polymers [110, 111]. The octet rule allows only formation of C-Br or Br if oxygen
is absent. Since Br~ formation is unlikely because of the radical mechanism and
the absence of counter ions let assume that all Br~ is bonded in HBr, which is

removed by the vacuum pump; thus bromoform produces oxygen-free plasma
polymers with a Br/C ratio of about 1:1:

CHB1; + plasma — CHBr," + *Br
followed by:
CHBy," + plasma — *CHBr* + *Br
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and finally:
n*CHBr" — -[CHBr],

Neglecting these two or three exceptions the following reaction pathways are in
the foreground:

1. chemical chain-growth polymerization with very short kinetic chain length;

2. fragmentation and random (poly-)recombination under high excess energy
conditions to oligomers and irregularly structured polymers with high con-
centrations of radicals, unsaturations, undesired oxygen, and so on;

3. monomer fragmentation and re-arrangement to give defined intermediates
that can polymerize and form structures with a few similarities to classic ones;

4. crosslinking by random radical recombination and UV irradiation from
plasma.

Plasma polymerization via fragmentation—polyrecombination is the most energy-

consuming route and therefore is maximally inefficient. It was demonstrated

earlier by the example of hexane plasma polymerization that the introduced

plasma energy is high enough to dissociate all bonds in the molecule several times.
Denaro proposed three steps within a radical mechanism:

1. chain growing: R,”+ M — R,,;",
2. radical recombination: R,* + R,* = P,
3. trapping of radicals (loss of radicals): R, — R, (trapped).

Using the BET equation for multilayer adsorption and other assumptions
the following rate equation was derived: R =rp(p + A + [A* + Br| /%), where r
is the radical formation rate, p is the monomer pressure, and A and B are
constants [14].

The idea of polymerizable intermediates was found also in a paper from Tiller
[112]. He proposed the transformation of the precursor into an intermediate,
which can form a polymer (layer). The transformation from precursor into the
intermediate determines the plasma polymer deposition rate [112].

In 1971, Yasuda created a widely accepted (pseudo-)kinetic model based on
electronic excitation or activation of monomer molecules (M) or gas atoms (X). He
considered different reaction rate constants (k,) for each sub-reaction [113]:

M — M* (k) and X — X* (k,),

energy transfer X* +M — X + M* (k;)

or by Penning ionization, initiation step M* — M* (k;)

and chain-growth M* +M — MM"* (k,) or M,,;* + M = M,,,;*
The polymer growth rate (R) was then written as:

R = ik, ke, [MP (1 + koks /Ky [X])

355



356

11 Plasma Polymerization

where
ki, ks, ks, k, = rate constants for each sub-reaction,
[M] = monomer concentration,
[X] = carrier gas concentration.

Summarizing and simplifying all sub-reactions, the overall growth rate was pro-
posed as:

R =a[pu ' [1+ bpgs]

where
Pv = MoONomer pressure,
Pess = total gas pressure,
a and b = constants with dimensions.

Tiller and Friedrich have considered the classic radical chain growth mechanism
(A) and the polyrecombination of plasma-produced radical fragments (B) [114,
115]. Moreover, the formation of plasma polymer clusters in the gas phase was
also included (B,); deposition of a plasma polymer layer, either directly via the gas
phase (with monomer concentration, M), or in the so-called adsorption layer
(monomer concentration, M,q), formation of plasma polymer in the latter being
symbolized by B;. Then, the layer deposition rate P, is: P, = P,y + Py + Py,
Tiller proposed the following elementary processes:

e Radiation and plasma particle activation of monomer molecules, chemical
chain growth processes, and recombination of radicals within the adsorption
layer:

M. & R (k1); R® +Mags & Ry (B2); R, + Ry = Py (ks)

e (B,) irradiative and plasma particle activation, fragmentation, and recombina-
tion in the adsorption layer:

M. & R (ky); R +R"™" — P (ks)

e (B,) irradiative and plasma particle activation, fragmentation, and recombina-
tion in the gas phase layer:

Auss > R* (ks); My - Ro";R* +R," > P
For P, and chemical chain growth:
P =k [R*|[Mags] = ko (ki ks [hv]) 2 [M]F?

and Py, the layer growth by recombination in the adsorption layer, is:
Pigi = ks[R°) = kyks[1,,][Maas] and in the gas phase: Py = ky[lo][Mg]. The total
polymerization rate is:

Pr = kz (kl/kS)l/z[Mads]3/2[1hv]l/2 + k4k5[lhv][Mads] + k7[IOhv][MO]

Morita postulated a radical mechanism also in radiofrequency (rf) plasmas. Under
low-frequency conditions charge carriers are oscillating and then an ionic mecha-
nism should dominate [116].
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Shen and Bell considered bond dissociation energies and proposed a radical
mechanism based on the 10* higher concentrations of radicals in the plasma than
that of ions [117].

Lam and Baddour assumed that activation of molecules takes place in the gas
phase and chain growth in the adsorption layer [118].

Tibbitt has also created a kinetic model for a mechanism that explains the struc-
ture of the two proposed ethylene plasma polymer species, a low-molecular weight
oligomer and a crosslinked polymer [39]. He also considered a radical polymeriza-
tion mechanism with a plasma initiation step and chain growth in terms of adsorp-
tion coefficients and plasma parameters:

e+M, +k; — 2R, +¢’ initiation

S+R," +k,, — R" radical adsorption

R,* Mg +k,, — 2R,.;" homogeneous chain growth
R Mg +k,; — 2R,,;" heterogeneous chain growth

where: e represents an electron, M the monomer, R the radical, s the substrate, g
the gas, and k is the rate constant.
The polymerization rate was then:

1o =(0.5dkp, + Krkps) [Mg ][Ry ]

where
Kg = adsorption coefficient of radicals at the surface of electrodes,
[Ry] = KR[R,], where [Ry] = radical concentration at surface and [R,] = radical
concentration in gas phase
d = distance between electrodes.

The equation can be solved if monomer and radical concentrations are known:

1, =[M,]o” 2ac[1 —exp — (a — b)7)/[(a — b)exp(a + b)7]

where
a = kie],
b= (2/d)k,[S],

¢ = (0.5d)k; + kp,
T =V/Q with Q = monomer flow and V = volume of plasma zone.

It was found again that introduction of high power into the plasma enhances the
irregularity of polymer structure but increases the molecular weight to unlimited
values (crosslinked). On the other hand, introduction of low power improves the
regularity of plasma polymers but limits the molecular weights to a few hundred
or thousand gmol™ [7].

As mentioned before, Yasuda developed also the idea of “atomic polymerization”
[87, 119]. This concept assumes that the monomer molecules were fragmented in
the plasma to single atoms. These atoms and fragments recombine (polyrecombi-
nation) [26, 77]. New insight into the mechanism of plasma polymerization is also
offered by Yasuda’s CAP-mechanism (competitive ablation and polymerization),
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in which there is the simultaneous occurrence of etching and deposition. This
mechanism distinguishes also between “atomic (physical)” or “plasma-state” and
“molecular (chemical)” or “plasma-induced” polymerization [43, 44]. Yasuda
showed that the CAP mechanism is a competition between polymer deposition
and polymer etching of deposited layer, with a surplus for deposition (“echternacher
springprozession”): Rigu = Raepos — Retch-

Systematic work on deposition rates of different monomers was performed by
Yasuda and Inagaki [94, 95, 113, 120]. The measured deposition rates were strongly
dependent on plasma conditions, type of plasma and monomer, and plasma
chamber geometries. Its validation is relative and can only be used for raw orienta-
tion. It is very important to note that the plasma volume depends on plasma
parameters. It can expand or shrink. Therefore, the deposition rate at a fixed point
in the reactor is also influenced by simple shrinking or expanding of plasma.
Results were achieved with different types of reactor, plasma and electrode geom-
etry, substrate temperatures, flow conditions, and other plasma parameters, which
may influence the kinetics and therefore the proposed theory and mechanism.
Therefore, no universal and widely accepted kinetic model can be recommended.
Moreover, it must be remembered the goal of thin polymer film deposition is the
production of defined and regular structures without defects. The state-of-the art
plasma polymerization is far from this goal. New ideas, new principal techniques
must be developed.

11.9
Dependence on Plasma Parameter

Polymer deposition in fragmentation-dominated monomer plasma is determined
by complex collision and radiation processes (Figure 11.12).

A considerable fraction of electron energies, especially those of the high energy
tail of the electron energy distribution (Figure 11.13) exceeds significantly the
energy needed for inelastic collisions such as dissociation, fragmentation, or crack-
ing of aromatic rings (Figure 11.12) [121]. Moreover, continuous exposure of all
plasma-deposited products to the energy-rich plasma-UV-irradiation additionally
introduces defects and irregularities ex post.

The pressure (p) dependence of the deposition rate in an electrode-less capacitive
coupled rf discharge has a p* dependence, which becomes saturated at higher
pressure (Figure 11.14) [94, 113].

In contrast to Yasuda’s interpretation it can be speculated that the deposition
rate was only dependent on the characteristics of the vacuum pump, that is, pump
speed and the related monomer flow. With sufficient power provided (nearly)
100% monomer can be converted into plasma polymer; if the power is low only a
fraction of monomer molecules is converted into polymers, in particular at high
pressure.

The absorbed energy per monomer molecule during the transition through the
plasma zone determines the deposition rate. Yasuda proposed a linear dependence
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Figure 11.14 Pressure-dependence of deposition rates of organic monomers in low-pressure
glow discharges.

of deposition rate (Ry) on monomer flow (F,): R, = kF,, where k is a monomer-
specific rate constant [94]. Using low wattages, characterized by a low Yasuda factor
(Y = W/FM), the linearity between deposition rate and flow rate is not realized
[10]. Yasuda has presented the example of tetrafluoroethylene (TFE) polymeriza-
tion and its dependence on plasma dose (Yasuda factor) [10]. Using a low dose, a
low deposition rate and formation of Teflon-like material are also observed; using
a high dose, carbon-like material and high deposition rates are found.

The type of monomer also greatly influences the deposition rate. In contrast to
saturated olefin monomers, low wattage and high monomer flow (low Yasuda
factor) also produce relatively high deposition rates if using chemically polymeriz-
able vinyl, acrylic, diene, or aromatic monomers [26]. As mentioned before,
Yasuda, Denaro, Bradley, Inagaki, and other authors have systematically tested
many organic substances as monomers for plasma polymer deposition [14, 38, 94,
95, 113, 120].

Friedrich has investigated the dependence of plasma polymer deposition rates
of a homologous series of monomers on molar mass of monomer, pressure, and
wattage (Figure 11.15) [123].

A linear dependence of deposition rate on molar mass, pressure (over a large
range), and degree of unsaturation (H/C ratio) was found. The effect of power
input on the deposition rate was different for saturated and unsaturated mono-
mers. Unsaturated precursors (classic monomers with low H/C ratio) show depo-
sition rates independent of power or even decreasing with increasing power.
Saturated (aliphatic) precursors need much more energy for deposition, which
increases linearly with power.

Yasuda has introduced families of monomers and therefrom deposited plasma
polymers following the involved concentration of trapped radical sites detected by
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Figure 11.15 Variation of deposition rates of a homologous series of monomers with
(a) wattage, (b) pressure, and (c) molar mass in the cw-rf low-pressure plasma.

electron spin resonance (ESR) [124]. The hydrogen release during plasma polym-
erization in the closed system (not pumping down of any products) was also
considered as characteristic (measured by the increase of pressure during plasma
exposure). Polymerization of monomers lowers the pressure while, on the other
hand hydrogen, is removed from monomer or polymer by formation of C=C
double bonds, radical formation, and crosslinking and increases the pressure [119,
122, 124]. On the basis of this hydrogen release Yasuda found some structural
categories for the common behavior of monomer series [10, 124]. The significance
of hydrogen release during plasma polymerization has been mentioned before
(“quasi-hydrogen plasma”).

11.10
Structure of Plasma Polymers

The composition and structure of plasma polymers were investigated by bulk and
surface analytical methods. Bulk methods used were IR transmission spectroscopy
[7, 40], dielectric relaxation spectroscopy [39, 97, 98, 125, 126], elemental composi-
tion [122, 127-132], electron spin resonance (ESR) [5, 133-136], thermolumines-
cence [137, 138], thermogravimetry [13, 139, 140], 'H and broad-line NMR [41,
135]. All the results of bulk analysis reflect the total irregularity in structure and
composition of plasma polymers independent of the mode of production, cw-
plasma or pulsed plasma. The most revealing criterion for irregularity of plasma
polymer structure and composition shows the non-existence of the pcy;, IR signal
for <4CH, units of plasma-polymerized polyethylene at the wavenumber 730cm™
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Figure 11.16 Indications of chemically polymerized (regularly structured) sequences in the

700cm™ region for plasma polymerized ethylene given by the rocking vibration characteristic
for (CH,), with n < 4.

(or a doublet at 720 and 731 cm™) [17]. This signal cannot be clearly identified (too
weak or absent) for the 100W cw plasma produced polyethylene (Figure 11.16);
however, it may exist as a weak signal using the pulsed-plasma mode [128].

Aromatic rings should also be formed from ethylene, as observed by Stille, Hay,
and Tibbitt [29, 39, 141] in contrast to Kronick et al., who did not observe aromatic
rings derived from ethylene plasma polymerization [7]. A similar problem is the
retention of aromatic rings and their substitution, as also discussed above. Thus,
Kolotyrkin and Friedrich have investigated the cw-plasma polymerization of
toluene in detail [28, 40]. In the case of styrene, aromatic rings are also under-
represented in plasma polymers in relation to the monomer composition. It can
be speculated that the phenyl group is split off, as is known from oxygen plasma
exposure of commercial polystyrene [142]. A different explanation is ring cracking.
Moreover, the mono-substitution is weakened, as shown before and in the respec-
tive IR spectra (Figure 11.17).

A very high polydispersity (broadness of molar mass distribution) is character-
istic for the (small) soluble fraction of plasma polymers, which can only be sepa-
rated by chromatographic methods [22, 143]. As mentioned before, the high-energy
UV irradiation of plasma on already deposited plasma polymer layers produces
extraordinary random and irregular structures with crosslinking, many defects,
and radicals [22]. Another source of aromatic rings within plasma polymer layers
is embedding of benzene (styrene), biphenyl, terphenyl, and oligomeric phen-
ylenes or phenylacetylenes [27, 144]. Other specifics of plasma polymer layers were
discussed before, the content in non-aromatic double and triple bonds as well as
the high concentration in CH; groups [7, 51-53— 92, 97]. The CH; (methyl) groups
were produced by hydrogenation of broken chains:
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"“'CHz'CHz"“ + HZ + plasma — ~'CH3 + H3C-~

which can easily be demonstrated by the appearance of the v,,CH; vibration at
2962cm™ (Figure 11.18) [51].

Plasma polymers did not show a sharp melting point but, conversely, a broad
weakening beginning at low temperatures (<100 °C) [13]. Sometimes, they become
black during heating [92] or begin to smoke on exposure to air (J. Friedrich,
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Figure 11.19 Dielectric relaxation (log e”—dielectric loss) of pulsed-plasma polymerized and
chemically polymerized poly(1,2-butadiene) versus temperature.

unpublished observation, 1976). The density differs from that of classic polymers
[145]. Dielectric relaxation spectroscopy (DRS) detects all kinds of dipoles in the
plasma polymer (functional groups, radicals, defects) and is an excellent indicator
for the regularity of polymer structure and the occurrence of defects [146]. At first
glance commercial reference-polybutadiene and pulsed-plasma polybutadiene
show totally different behavior. The level of signals for the plasma polymer is about
two orders of magnitude higher. It is must be conceded that the plasma deposits
are not polymers (Figure 11.19).

11.11
Afterglow (Remote or Downstream) Plasmas

After switching-off the discharge a short afterglow is observable [147]. Long-living
excited plasma species leave the plasma zone, convectively driven, and emit fluo-
rescence and (forbidden) phosphorescence radiation also far from the plasma
origin such as observed in nitrogen discharges [148]. Such metastable states are
able to transport their energy far from the discharge and transfer it by inelastic
collisions (Penning ionization), such as:

Ar™ = Ar+hv
Ar"+B— Ar+B* +e”
or:

Ar"+C— Ar+C"* +e
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Table 11.2 Energies of lowest metastable excited states [149].

Species Lowest metastable lonization potential
state (X™) (eV) (eV)
H, 10.2 15.4
N, 9.2 15.8
0, 12.5 8.5
He 19.8 24.5
Ne 16.6 21.5
Ar 11.8 15.8
| NN

VU

Figure 11.20 Schematics of afterglow arrangement.

The energies for the lowest triplet state given in Table 11.2 demonstrate the capa-
bility for initiating bond scissions in polymers and its activation [excitation—
ionization energies of molecules (atoms)]. Therefore, the metastables are also able
energetically to initiate degradation or fragmentation reactions [120].

The life-time of metastable intermediates is much higher than that of excited
states (10°*s) and amounts to 10°-1s. Therefore, a convective transport to field-
and energy-rich UV-free (resonance or fluorescence radiation) zones of the reactor
is possible. This drift distance separates short-lived excited states, ions, and elec-
trons from metastables. Moreover, optical decoupling is also possible by insertion
of a kink in the tube-type reactor, thus avoiding exposure of the monomer and
polymer to energy-rich UV irradiation in the afterglow zone. Figure 11.20 shows
such apparatus schematically.

The removal of highly energetic species leads to the exclusive survival of metast-
able species. Their concentration decreases during their movement along the gas
drift and, therefore, the reactivity in the afterglow zone also decreases with increas-
ing distance from the plasma source. Superelastic collisions may sustain the
plasma in the afterglow zone for awhile by releasing the energy stored in
rovibronic degrees of freedom of the atoms and molecules that drift from the
plasma. Rovibronic coupling denotes simultaneous interactions between
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ion and electron shielding
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ion, electron and VUV shielding
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Figure 11.21 Variants of remote plasma: ion and electron shielding (Faraday cage), VUV
shielding (quartz cage), and VUV (A < 120nm) shielding (LiF cage).

rotational, vibrational, and electronic degrees of freedom in a molecule. Here, the
Franck-Condon principle is also to be regarded because of the coupled electronic
and vibration excitation. Especially in molecular gases, the plasma chemistry in
the afterglow is significantly different from that in the plasma glow. The profit in
selectivity is low compared to the exposure of polymers within the plasma because
of the high energy of metastables (>10eV) compared to the much lower dissocia-
tion energies of C-C and C-H bonds in polymers (ca. 3.7eV). Therefore, many
endothermal reactions can also be initiated by metastables, leading also to irregu-
larly structured reaction products. A plasma afterglow can be temporal, with an
interrupted (pulsed) plasma source (cf. Section 12, pulsed plasma).

It is also possible to hold off charge carriers by using a Faraday cage (metal
mesh). Plasma irradiation can be also limited and adjusted by use of quartz, MgF,,
or LiF-windows (Figure 11.21).

A few authors have used the remote plasma for deposition of plasma polymer
layers, such as from hexamethyldisiloxane [150] or from C,Fs [151] or from trieth-
ylene glycol for application to the adsorption of proteins [152].

11.12
Powder Formation

Under certain plasma conditions polymer powder is formed in the plasma. Frag-
ments and molecules condense to particles in the gas phase, grow, and are depos-



11.13 Plasma Catalysis
5 T T T T T T T
Unstable N QOily Film
41 Discharge Lo i
T b
S 34 RNy HE FILM _
=] N ¢
7] N JEN
1%} AN - \
O 2 AN PP 4
= Rigid Film
POWDER and
14 FILM 50w 100 W |
0 T T T T T T T
0 10 20 30 40 50 60 70 80

ethylene flow rate [STP cm?/min]

Figure 11.22 Influence of monomer pressure and flow on type of products (see
Reference [84]).

ited as flaked plasma-polymer layer [11, 17, 84, 93, 153]. For applications of plasma
polymers as barrier layer or in microelectronics such powder deposition is unde-
sired. Kobayashi has created a “phase diagram” for the dependence of film and
powder formation on pressure and monomer flow (Figure 11.22).

Low pressure and low monomer flow assist powder formation in the plasma, as
does the distance between the electrodes. These conditions also enhance the for-
mation of radicals and, thus, the chance of monomer grafting onto such seeds
increases [93]. The powders were strongly crosslinked. Other authors also found
powder formation at high pressure, which was more probable than low pressure
[152, 154, 155]. Negative ions should also initiate polymerization to powders in the
gas phase because negative ions can be fixed in the plasma boundary layer and
thus they are able to form powder particles by ion-molecule reactions [156]. Aro-
matic rings containing monomers tend most strongly to powder formation [153,
157]. Such powder or dust particles in the plasma can also be used as plasma probe
for characterizing plasma and plasma boundary layers [158].

11.13
Plasma Catalysis

Drost has distinguished between inner and exterior catalysis in plasma chemistry
[86]. He considered Penning ionization by superelastic collisions as inner catalysis.
Metastable excited noble gas atoms such as Ar* were produced by collisions with
electrons: Ar + e — Ar* + e”, then Ar* impinges on monomer molecules and
produces monomer ions: Ar*+ M — Ar+ M* + e [86]. It is disputable as to
whether such elementary processes may be assigned as inner catalysis.

367
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Numerous activities are known to remove air pollutants using plasma and
catalysis [159, 160].

Plasma catalysis is a process that delivers more products at same energy and
material input. It is widely known in plasma physics that often undesired pollut-
ants or additions (ca. 10™) can dramatically decrease ignition and burning voltages
[161]. For example, mercury is successfully added for plasma chemical cracking
of methane or for ammonia synthesis as sensitizer [162-164].

Such sensitizing or catalysis effects were also observed for plasma polymeriza-
tion. Bromotrichloromethane addition to the propene plasma increased signifi-
cantly the polymer deposition rate [84]. Bromotrichloromethane is a radical
scavenger and potential chain transfer agent. The deposition rate of propylene was
increased by multiples using such a sensitizer. The following reactions were held
responsible for this effect: BrCCl; + plasma — Br® + °*CCl; as the most probable
dissociation pathway of the BrCCl; molecule. Atomic bromine removes a hydrogen
atom from a polypropylene molecule: Br* + CH,=CH-CH; — C;H;s* + HBr, and
also the remaining CCl; radical: *CCl; + CH,=CH-CH; — C;H;" + HCCL;. A few
other reactions may also be of relevance: C* + *Br — C-Br and C=C + *CCl; — °C-
C-CCl; as well as BrCCl; + Cl;C-C-C* — CI,C-C-C-Br + °CCl,.

Similar effects provoked by addition of halogen-containing substances were
also reported, such as by Kobayashi. He used dichlorodifluoromethane as sensi-
tizer [165].

11.14
Copolymerization in Continuous-Wave Plasma Mode

Copolymerization of two organic or one organic + one inorganic or two inorganic
substances in the continuous-wave plasma mode can be easily performed if the
substances or “co-monomers” or precursors are strongly fragmented and put
together again by (random) polyrecombination to give a motley collection of mol-
ecules. Such process has no similarity to chemical (radical) copolymerization. The
thus produced “copolymers” or “pseudo-copolymers” are a random conglomerate
of all types of fragments and atoms in close accordance to cw plasma polymerized
(homo)polymers. Nevertheless, the cw plasma technique allows is to combine all
types of fragments to form a new copolymer-like network.

The most exotic example, mentioned in Chapter 5, concerns the production of
amino acids from inorganic gases in the imitated primitive Earth atmosphere
using a spark plasma [72, 73].

In this way non-polymerizable gases, such as acetylene + CO + H,0, acety-
lene + H, + N,, and acetylene + H,0, can be mixed in any ratio and can be form
a random structured “pseudo-copolymer” [166, 167]. “Pseudo” was introduced by
the author to distinguish the product from chemically copolymerized copolymers.
The structure and composition of these deposited pseudo-copolymer layers have
no similarity to those of classic copolymers. The elemental composition reflects
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Table 11.3  Elemental composition (number of atoms per 100 C) of plasma polymers and
copolymers produced under cw-plasma conditions.

Monomer Polymer composition Monomer
composition
C H o N C H

Styrene (low wattage) 100 90-100 1-3 100 100
Styrene (high wattage) 100 10 1-6 100 100
Benzene 100 90-105 10-15 100 100
Ethylbenzene 100 100-125 10-15 100 125
Cyclohexane 100 110-125 7-10 100 200
Cyclopentane 100 100-138 7 100 200
Benzene + H, (1:3) 100 130-170 14-20 100 200
Benzene + N, (1:3) 100 108 18 10 100 100

the exotic composition and, therefore, anarchic structure of deposited layers (Table
11.3) [114].

A few more similarities with classic copolymerizations were found for the copo-
lymerization of acrylic acid and octadiene [168]. However, a classic copolymeriza-
tion using octadiene and the easily copolymerizable acrylic acid may occur in the
polymer-chemical sense also under cw-plasma and low-pressure conditions. The
chemical character of copolymerization and the type of resulting copolymer or
homopolymer depend on the “copolymerization parameters” as explained in more
detail in the next section. It can be argued that most plasma-chemical copolymeri-
zations are only continuations of fragmentation—polyrecombination polymeriza-
tion and not copolymerizations in the chemical sense. Chemical copolymer
formation may play a role in plasma copolymerization of vinyl acetate and styrene
[169]; however, it plays a more important role under the conditions of pulsed-
plasma copolymerization [170, 171].

Plasma copolymerization in the bulk was also presented; however, since this
polymerization method leads to products similar to conventional polymers it is
only noted here [172]. It does not include the typical “atomic” or fragmentation—
polyrecombination polymerization normally encountered in gas-phase, radiofre-
quency or microwave, glow discharge equipment.

Several irregular copolymerizations in the chemical sense are presented in the
literature. Hexamethyldisiloxane (HMDSO) and methyl methacrylate [169] as well
as tetrafluoroethylene were plasma “copolymerized” [173]. Another attempt was
made by Inagaki, who has “copolymerized” acrylic acid and CO, to maximize the
number of resulting COOH groups for modifying deposits of membranes [174].
In addition, Munro et al. have copolymerized perfluorobenzene and tetramethyltin
[175].
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The plasma copolymerization of ethylene and tetrafluoroethylene (TFE) was
performed by Kobayashi [165] and investigated in more detail by Golub et al. [176].

Plasma-produced copolymers with acetylene for optical applications have been
described by Yasuda et al. [177, 178] and also by Chinese researchers [179].

Fixation of carbon dioxide by plasma copolymerization with ethylene was also

reported [180]. CO, as “co-monomer” in plasma copolymer formation was also

used to enhance the production of COOH groups in the deposited polymer layer

of acrylic acid [174].
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12
Pulsed-Plasma Polymerization

12.1
Introduction

As mentioned several times before, plasma polymerization under continuous-
wave conditions produces the nearly complete fragmentation of monomer mole-
cules during exposure to the plasma. The random polyrecombination of fragments
and atoms renders the chemical composition and structure of plasma polymers
completely irregular. It was noted that the structure of monomers is for the most
part far from that of classic polymers but the retention of functional groups, intro-
duced with the monomer molecules, is much higher. To overcome this general
disadvantage of plasma polymers attention was directed towards chemical proc-
esses to improve substantially the retention of functional groups independent of
the overall structure of the plasma polymer. The polymer should be formed in a
predominantly chemical way, which promises more defined polymerization, regu-
larity in structure and composition, and a high degree of functional group reten-
tion. The principal route to chemically defined structures consisted also of
minimizing all monomer (and polymer) exposure to the plasma.

12.2
Basics

Short plasma pulses (a few ps) activate vinyl or acrylic monomer molecules,
produce radicals, and start the plasma polymerization. After the pulse has ended
the radicals initiate a purely chemical radical chain reaction in the following (long)
plasma-off period (us to ms). Thus, the plasma polymer should consist of more
chemically regular products than those of the continuous-wave (cw) mode with
predominantly random radical recombination. Ideally, the composition of the
plasma polymer depends on the pulse-on/pulse-off ratio. Then, the shorter the
plasma pulse and the longer the off-time the more the chemical product should
dominate. The irregular structured fragmentation—-recombination product has a
rate of formation given by R., = kiRgagm + k2Rehem. In addition to fragmentation,
chemical chain propagation may also occur under plasma exposure during the

The Plasma Chemistry of Polymer Surfaces: Advanced Techniques for Surface Design, First Edition.
Jorg Friedrich.
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.
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pulses, characterized by continuous radical production and re-initiation. The depo-
sition rate in the plasma-less period is produced exclusively by chain growth
polymerization without plasma exposure and re-initiation: Ryt = k3R, [ntroduc-
ing the duty cycle, d (d. = ton/ton + tom), the deposition rate for pulsed-plasma Ry,
is now:

Rpp = Ron + Roff = dc (klRfragm + kZRchem) + (1 - dc)(kSRchain)

Chain propagation of chemical polymerization is limited by the (low) probability
of attaching the next monomer to the radical at the growing chain end under the
conditions of a plasma sustained at a pressure of about 10 Pa. Deactivation of chain
propagation (short kinetic chain length) under vacuum conditions is expected by
recombination of neighboring radicals in the polymer. Another important concur-
rence is the reaction of C-radical sites with traces of (molecular) oxygen in the
plasma gas, leading to the formation of peroxy radicals and hydroperoxides. Migra-
tion (delocalization) of radical sites into the deposited polymer layer may also be
considered. Recombination in the gas phase, disproportionation, and radical trans-
fer to monomer molecules need partners. To compensate for the loss of active
radical sites during the plasma-off period, the radical formation and the radical
chain growth start again after every new pulse. Theoretically, a single plasma pulse
should be sufficient to start an endless radical chain growth polymerization to high
molar masses, as is characteristic for polymerization in liquid phase or under
high-pressure conditions. However, under low pressure plasma conditions fresh
starter radicals must be produced repeatedly in pulsed plasmas with long plasma-
off periods and short plasma pulses. Such pulsed plasma, with long plasma-off
periods and short plasma pulses, offers a good compromise for efficient produc-
tion of polymer structures with a minimum of irregularities.

It was proposed that the resulting plasma polymer has a structure and composi-
tion close to those found in radical polymerized polymers. Only a few irregularities
should be involved in such plasma polymers incorporated by each plasma pulse
(Figure 12.1).

During the plasma pulse (t,,) monomer fragmentation and substrate activation
occur. Radicals are produced, which initiate a gas-phase radical polymerization
during the plasma-off periods (t,s). During chain growth no plasma can disturb
the polymerization and introduce defects. However, for ignition of plasma a higher
start voltage is needed than for continuously burning the plasma during the pulse
duration (U, > Upum). If the plasma-off periods are prolonged so that no remain-
ing charge carriers are in the gas phase the re-ignition voltage increases. At the
end of a plasma pulse a short afterglow exists (Figure 12.2). During the plasma-off
period only chemical reactions of radicals or fragments are possible.

The electrical pulse does have not a right-angular profile but, instead, a ramp;
nevertheless, the plasma ignites from only a minimum ignition voltage, as can be
seen by the SEERS (self-exciting electron resonance spectroscopy) sensor signal.
The sensor in the wall of a diode-like reactor detects the ignition of plasma after
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Figure 12.1 Schematics of continuous-wave (cw) and pulsed-plasma (pp) produced
polymerization and their products.

achieving nearly the maximum of voltage during the pulse. It also shows a short
afterglow (Figure 12.2).

It could be shown that all monomers were also deposited in the plasma-off
periods [1]. However, obviously, the post-plasma activity rapidly decreases and
high kinetic chain lengths can not be expected because the monomer concentra-
tion is too low (low pressure). Nevertheless, the deposition rates of monomers in
the pulsed-plasma mode are much higher than in the cw mode, especially if all
rates were referenced to the same plasma-on exposure time (Table 12.1).

The deposition rate (R,,) was formulated as the sum of the chemical contribu-
tion during the plasma-off period (R.s) and fragmentation—polyrecombination
product during plasma pulses (R,,) and by neglecting chemical contributions
during the pulse duration: R,, = R, + Rer. In the case of exclusively fragmentation—
polyrecombination is R,, = R,,. Therefore, the difference between R,, (deposition
rate in continuous-wave plasma) and R,, may be a measure of the chemical con-
tribution to the total deposition rate and, hence, the deposition rate in the
continuous-wave plasma (R.,) is given be R, = R,,. When R,, << R, the chemical
polymerization should dominate.
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Figure 12.2  Single plasma pulse (24 ms, 10kHz) (a) and plasma potential (b).

Table 12.1 Deposition rates of pulsed-plasma polymerization (duty cycle-DC = 0.1).

Monomer Continuous-wave Pulsed plasma Referenced to Pulsed plasma
plasma (duty cycle 0.7) 100% plasma-on (duty cycle 0.1);
Yasuda [2, 3]

Acetylene 100 90 900 77
Ethylene 100 100 1000 102
Styrene 100 220 2200 84
Acrylic acid 100 105 1050 220
Allyl alcohol 100 65 650 -
Allylamine 100 65 650 -
n-Hexane 100 - - 10

As mentioned before, the products formed in the plasma-off period should be
regularly structured in contrast to those formed in the plasma-on period. Thus, a
mixture of regular and irregular structured product should be produced. The
percentage of regularly composed polymer depends on the reaction rate of chain
growth without plasma-assistance and of course on the duty cycle and pulse fre-
quency. More or less regularly structured pulsed-plasma polymers are unknown.
It must be concluded that the regularly composed layer fraction is also bombarded
by the particle shower from the plasma and more probably is irradiated by far UV
radiation and, thereby, is decomposed and crosslinked. Thermal effects may also
contribute to the dominance of irregularly structured products. In addition, defects
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and radical formation also occur in the same way as in cw-plasma produced plasma
polymers. Alternatively, shorter pulse durations and longer plasma-off periods
may hinder the formation of additional defects and radicals in the plasma polymer,
but the deposition rates decreases strongly. This effect evidences that pure chemi-
cal layer deposition is low under the conditions of low pressure. One reason for
this may be the higher re-ignition voltage needed for plasma pulse succession with
long plasma-off periods. This may produce “hard” plasma conditions at the begin-
ning of pulses and, thereby, produce more defects. Using a low duty cycle, d. = t,,/
(ton + torr ), that is, d. < 0.1 the regularity of structure and composition decreases
again in contrast to expectation.

Besides the duty cycle the repetition frequency of pulses plays an important role.
A typical frequency is 1kHz but also 100 or 10Hz have been used. This pulse
repetition frequency differs from the rf-frequency, which is most often 13.6 MHz.

The following mechanism during pulsed and cw plasma polymerization is prob-
able (cf. Figure 12.1):

Initiation (plasma pulse): M + plasma — (*)M* formation of initiator radical
Initiation (cw plasma): M+ plasma — A* + B* + C* + D* fragmentation
Chain growth (plasma-off): M + M — P* radical chain growth
Chain-growth (cw plasma): A* + B* + C* + D* — BDCA polyrecombination

Post-deposition reactions continuation of chain growth polymerization,

auto-oxidation.

12.3
Presented Work on Pulsed-Plasma Polymerization

Several monomers, such as acetylene, ethylene, butadiene, and styrene, have been
deposited as thin polymer films by pulsed plasmas of low power [4]. Acetylene can
react by opening the triple bond. A substitution of H at the triple bond by any
other fragment was also observed [5]. Ethylene does not form a plasma polymer
in the continuous wave plasma that includes any structure that is comparable to
chemically polymerized polyethylene [6-18]. Here, using the pulsed-plasma mode
a very weak vibration was assigned to the missing p(CH,)., vibration characteristic
for [(CH,),, n > 4] in IR spectra [19].

By opening the vinyl bond of the styrene molecule by plasma activation a radical
chain polymerization can be started. The G-value of this reaction (polymerized
monomers per 100eV) is >20 [1]. Therefore, it is likely that radical chain growths
polymer contributes essentially to the formation of the pulsed-plasma produced
polystyrene (pp-PS).

This opens up a way of enhancing the pure chemical radical polymerization in
the gas phase. Pulsed-plasma polymerization was introduced first by Tiller in 1972
[19], later continued by Yasuda [2, 20] and Shen and Bell [21, 22], and then further
developed by Timmons [5, 6] and Friedrich [23-25].
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12.4
Role of Monomers in Pulsed-Plasma Polymerization

To initiate a radical chain growth the monomer must be easily polymerizable (by
any plasma-produced radical). For this purpose, preferentially acrylic and vinyl
monomers are suited. However, acrylic monomers tend to decompose at the ester
group by CO and CO, release. Vinyl monomers lose a few of their functional
groups. Dienes form crosslinked structures, as probed using butadiene [25]. As
mentioned before, allyl monomers could be polymerized in the pulsed plasma
with partially high retention of their functional groups. The ability of radical
polymerization also depends on the reactivity or stabilization of the radical inter-
mediate. Especially, resonance stabilization can hinder the chain propagation.
However, in contrast, plasma polymerization of allyl monomers is easy. Olefins,
such as ethylene, propylene, tetrafluoroethylene, or hexafluoropropene are princi-
pally suited for radical polymerization; however, on using the pulsed plasma most
often crosslinked and irregularly structured plasma polymers are produced.

Ring-opening polymerization is also possible in the plasma. Diaminocyclohex-
ane (DACH), the above-discussed cyclobutadiene, and benzene are characteristic
examples of successful plasma polymerization. Nevertheless, special processes
based on ring opening and exclusive use of pulsed-plasma mode are unknown.
Condensation reactions initiated by either plasma or pulsed plasma have not been
described.

Surprisingly, acetylene shows a high deposition rate in pulsed plasma but it is
not known as a classic monomer. On exposure to plasma it may polymerize either
by opening the triple bond to give double bond containing polyacetylene or by
H-substitution to form polyacetylenes with triple bonds.

The regularity of structure is (slightly) improved by using the pulse plasma
technique but at the same time the number of applicable monomers becomes
strongly limited and is focused on vinyl and acrylic monomers.

The retention degree, which is a measure of inserted regular structures and
chemical quality of produced polymer layers, may be shown by the following the
reaction:

nCH,=CH-X, + pulsed plasma — -|CH,-CHX],-

Retention of functional groups as shown by percentages of functional groups in
the deposited layers ranges from 50% to 95% (often 80-90%) as described later in
detail [1]. Retention of complete structure elements introduced by monomer mol-
ecules into the produced plasma polymer is difficult to attain. Backbone, side-
chains, and functional groups were often completely degraded [23, 26, 27]. There
is also no universal indicator for structural retention. Therefore, it is impossible
to present such a “structural” retention degree. It is approximately more or less
0-10% on utilizing the results of bulk analytical investigations such as thermo-
gravimetry, thermoluminescence, dielectric relaxation spectroscopy, and so on [1,
4, 27]. In contrast, surface analytical methods often show more similarities to
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classic polymer structures, as will be shown below [28]. A “skin” effect was made
possible for these surprising relationships to classic polymers.

High post-plasma activity (auto-oxidation) is also characteristic for pulsed-
plasma polymers because of the high concentrations of radicals also found in this
type of plasma polymer. In particular, if non-classic monomers were used the only
possible plasma polymerization mechanismis thatof fragmentation-recombination
and, thus, inevitably destruction of monomer structure, radicals, and other defects
occurs (R,, = R,,) [18]. During exposure to ambient air the trapped radicals can
add oxygen from air—up to 20% O/C ratio for ethylene, acetylene, or butadiene
[24].

As mentioned before, the low-pressure condition of pulsed plasma (1-100 Pa)
hinders any chain growth reactions in the plasma-off period. Higher deposition
rates are not possible because of a strong lack in monomer molecules. Therefore,
chain termination dominates and leads to short kinetic chain lengths. Chemical
polymerizations are performed in liquid phase or under high-pressure conditions
and, thus, the chain growth is not hindered by monomer supply. The difference
in pressure between such classic polymerizations and pulsed-plasma polymeriza-
tion amounts approximately to a factor of 10°. Therefore, under low-pressure
conditions the life-time of initiating radicals must be very long, otherwise the chain
reaction is terminated by recombination, disproportionation, chain transfer or by
the above-mentioned reaction with oxygen.

To avoid the ending of plasma pulse initiated polymerization by termination
after completion of a pulse, the chain-growing reaction is re-started by the next
pulse. Because of the low monomer density in the gas phase or at the surface of
growing plasma polymer, chain transfer to gas phase monomer molecule is hin-
dered. This might explain the high yield in allyl monomer plasma polymerization.
Allyl monomers are chemically very difficult to polymerize because of “degradative
chain transfer” [29]. Hence the retention degree of functional groups is high for
allyl pulsed-plasma polymerization; for example, for allyl alcohol about 90% of all
OH groups were retained, for allyl bromide this is 75%, and for allylamine
>50%—in all cases the radical chain growth mechanism should be present [30, 31].
However, the fragmentation—polyrecombination process is also present, as shown
by spectroscopic identification of irregular structural elements [25, 32-41].

The dominance or continuance of the fragmentation—polyrecombination reac-
tion is obvious on comparison of IR spectra of cw-plasma and pulsed-plasma
polymerized ethylene in the range 700-800cm™, as shown before. The rocking
vibration at ca. 720/730cm™ characteristic for classic polyethylene is completely
absent in cw-plasma polymerized polyethylene [41-44] and only suggestively
appears when using the pulsed-plasma polymerization mode [23]. It means that
at least two ethylene units are linked together.

The deposition rates of different monomers under cw- and pulsed- (d. = 0.1;
f=1kHz) plasma conditions were measured by Yasuda [2]. Under pulsed-plasma
conditions (duty cycle of 0.1) cyclohexane shows only 10% of the deposition rate
in comparison to that under cw-plasma conditions, which is characteristic for
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—— plasma-assisted overcoming of high activation energy barrier of exothermal reaction
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Figure 12.3 Scheme of activation energy for initiation of polymerization.

fragmentation—polyrecombination, as expected for aliphatic “monomers” (Table
12.1). In contrast, acrylic acid showed a doubling of deposition rate using the
pulsed mode Table 12.1). The effective plasma-on time under pulsed-plasma
conditions was about 10% of the total deposition time but the deposition rate
was 200%, that is, chemical polymerization can be expected in comparison to the
cw-plasma polymerization. Styrene is the prototype for a spontaneously polymer-
izing monomer under exposure to small doses of light, heat, or particle collision
for initiation of a radical chain-growth polymerization as exothermal reaction
(Figure 12.3) [1].

Figure 12.3 depicts the two principal courses of reaction energy. The aliphatic
precursor (black line) needs much more activation energy for its fragmentation
at the activation barrier, while the recombination to polymer product lowers the
energy butto alevel higher than the level of energy at beginning. The vinyl monomer
needs much lower activation energy for activation of the m-bond and forms the
polymer under energy profit characteristic of exothermal polymerization.

The minimal energy transferred to one monomer molecule during passage
through the plasma zone to start the polymerization was calculated as approxi-
mately 0.4 eV for the styrene monomer [45]. A polymerization degree (X) of approx-
imately X = 25 was calculated and confirmed by size-exclusion chromatography
(SEC) measurements [40].

12.5
Dark Reactions

It was of interest to determine when this chemical contribution to the styrene
plasma polymerization proceeds, during plasma pulses or during plasma-off time
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Figure 12.4 Deposition rate in pulsed-plasma mode during plasma-off versus its duration or
duty cycle. The plasma pulse duration was 30ms and wattage T00W.

(dark phase). Figure 12.4 confirms that all monomers show post-plasma polymer
deposition during plasma-off periods. However, obviously, the post-plasma activity
rapidly decreases.

Allyl alcohol starts, in the plasma-less intermediate period, from a high level of
deposition rate after ending of the plasma pulse. The deposition rate falls to a
common level such as those of allylamine and ethylene (Figure 12.4). These other
monomers show at the beginning of the plasma-off period an intermediate
maximum. Beyond these maxima the deposition rate of all three monomers is
similar and decreases slightly as assumed.

12.6
Pressure-Pulsed Plasma

The idea behind pressure-pulsed plasma was to increase the monomer pressure
only during plasma-off periods. Therefore, the number of sticking monomer
molecules at the surface can be increased considerably and inhibition of chain
growth by disproportionation, recombination, chain transfer, or diffusion may be
avoided (Figure 12.5).

To initiate a new plasma pulse the system was pumped down from high pres-
sure at the end of the plasma-off time (possibly 0.1s) to low pressure before start-
ing the next pulse. Thus, the plasma could be easily (normally) initiated. At the
end of the plasma pulse and beginning of the plasma-less period vinyl monomer
was pressed into the reactor. An increasing monomer supply should prolong the
kinetic chain length of the radical polymerization. The realized pressure increase
amounts to a factor of ca. 10%. The pressure-pulsed plasma was generated in a
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polymerization. The right-hand column

special reactor with a parallel plate electrode system. The reactor volume was small
(200cm’®). The monomer gas (or monomer vapor) was injected by piezo-crystal
valves. To realize the necessary rapid pumping down of the high pressure in the
reactor at each pulse (frequency 1-10Hz) a rapidly working valve with a large
cross-section to the vacuum pump was used. The valve was constructed as an
oscillating plate valve (or rotary slide) and was electronically piloted. To increase
the pumping rate during the end of each cycle a large vacuum buffer volume
between valve and pump was mounted. Synchronization between pulsing of the
rf current for ignition the plasma and pulsing the pressure was electronically
managed (Figure 12.6). The deposition rates were measured using a quartz
microbalance.

Indeed, the deposition rates could be improved by the intermediate pressure
pulse (Figure 12.7). As seen for the simple pulsed plasma, allyl alcohol and buta-
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Figure 12.6 Principle of plasma and pressure pulse synchronization and measured response
of the plasma system.

diene plasma polymers were deposited with much higher deposition rates than
that of ethylene.

Using the additional pressure-pulses in the plasma-off period the deposition rate
was increased by a factor of roughly 10*. It must be emphasized that the difference
between pulsed and pressure-pulsed plasma consists only of the much greater
monomer supply in the plasma-off period. The plasma pulse itself is the same.
The higher deposition rate of pressure-pulsed plasma can only be explained by
advanced chemical polymerization during the plasma-less period.

Another important effect of the pressure-pulsed plasma is that the pressure
pulse enhances deeper penetration of layer or functional groups, forming plasma
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Figure 12.8 Left to right: untreated, NH; plasma-treated (continuous-wave), and pressure
pulsed NH; plasma-modified porous polypropylene membrane material. The NH, groups
formed were colorized by reaction with 2,4,6-trinitrobenzenesulfonic acid.

[ ]
.._./
polymer surface chain-propagation one-point chain-propagation homogeneous 2-dimensional
center layer growing (layer-by-layer)

Figure 12.9 Single-point chain growth compared with growth in plane (layer by layer).

species in porous polymer or inorganic systems, such as pores in membranes,
capillaries in paper, capillaries in blood purification devices, porous catalyst targets,
and so on (cf. References [47—-49]).

An instructive example is ammonia plasma treatment and the depth of occur-
rence of amino groups within the bulk of porous polypropylene membrane materi-
als indicated by homogeneous yellowing over the complete cross-section of the
membrane (Figure 12.8).

A partial overlap of plasma and pressure pulse was also tested, but did not
produce significant changes in deposition rate.

Interestingly, the very low deposition rate of all pulsed-plasma polymerization
processes allows chain growth only at one single-point during one pulse. No layer-
by-layer growth is possible at each pulse. Homogeneous layer-by-layer growth
needs much higher deposition rates. The pressure-pulsed plasma polymerization
and its high deposition rates allow such layer-by-layer growth (Figure 12.9).

12.7
Differences between Radical and Pulsed-Plasma Polymerization

The previous section reported on dramatic differences between continuous-wave
plasma polymerization and classic radical chain growth polymerization. Radical
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polymerization is initiated by production of radicals and the presence of reactive
monomers in the liquid or gas phase at high pressure. Radicals are often produced
by thermal decomposition of labile initiator molecules, such as peroxides and azo
compounds, or by redox systems, or hydrogen peroxide-Fe(II) (Fenton’s reagent).
These radicals are the starting point of the addition of monomer molecules,
forming from monomer addition to monomer addition a new radical. This con-
tinuous propagation of chains starting from one mother radical leads to high
molar masses. It ends with inhibition or termination reactions to stable and often
linear products with masses in the range 10°~10” gmol™'. Terminations are dispro-
portionation, chain transfer, and radical recombination as described before.

The polymer-producing reactions in low-pressure plasma operate in the range
10107 bar in contrast to chemical polymerizations in the gas-phase, which are
performed at 10°~107 bar. Thus, a difference in pressure and therefore in particle
density of about 10° orders of magnitude is characteristic. It is no wonder that
classic processes at high pressure have enough monomers to maintain a continu-
ous chain-growing reaction with high kinetic chain lengths. This is not possible
under low-pressure conditions with the plasma-off intermediates. It can be also
assumed that it is also not possible in any adsorption layer because of the fixed
surface position determined by adsorptive interactions or hydrogen bonds among
adsorbed molecules, which means that the distance between adsorbed molecules
is often far from the necessary (near) distances for chain growth reactions. The
application of pressure pulses may improve the chances of short kinetic chain
propagation polymerizations. However, the frustrating results of ethylene polym-
erization (absence of more than two original units in the polymer) make it improb-
able. What are the reasons for this?

It has been noted that the high deposition rates seen with pressure-pulsed
plasma are only explainable by significant contributions from chemical chain
growing polymerization. Nevertheless, the structure of these layers is far from that
of chemically produced polymers. The reactions in low-pressure plasma are due
to inelastic collisions of electrons with atoms or molecules and the plasma particle
bombardment of the substrate surface. Special conditions are present by charging
of deposited layers, producing self-bias and ion acceleration. Arguably, this bom-
bardment during the plasma pulses is responsible for structural damage of origi-
nally intact structures. High significance is also assigned to the energetic plasma
UV radiation. Vacuum plasma UV irradiation of the growing polymer layer may
also contribute to its damage.

Thus, the plasma state produces high energy species and a very high radiative
energy flux per molecule in the plasma. Therefore, all kinds of chemical reactions
can be performed in the plasma state. The result is a strong irregular and unde-
fined structure and composition of polymers produced in the plasma compared
to classic polymers. As early as 1971 Westwood pointed out that there is a large
difference, by a factor of 10°, in energy doses, when expressed in terms of G-value,
between plasma-chemical polymerization and high-energy irradiation initiated
polymerization [50, 51]. In a glow discharge much energy is consumed, that is, ca.
10-10"J kg™, in comparison to ca. 2.6 X 10°J kg™ using y-irradiation for (radical)
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polymerization of styrene. More exact details and more general differences and
similarities between radiation- and plasma-induced polymerization were pointed
out by Stiller and Friedrich [52].

12.8
Surface Structure and Composition of Pulsed-Plasma Polymers

The dominance of a chemically formed defined structure and composition in
plasma polymers was expected using the pulsed-plasma technique. Polystyrene
produced by this technique (pp-PS) should be composed of a mixture of regular
and irregular sequences, with regular structures dominating significantly in com-
parison to cw-plasma-produced polystyrene (cw-PS). Indeed, regular classic struc-
tures were identified in pp-PS.

NEXAFS (near-edge X-ray absorption fine structure) and XPS (X-ray photoelec-
tron spectroscopy) spectra of pp-PS show good agreement with those of classic PS
(Figures 12.10 and 12.11).

The Cls — n*,,,-resonance characteristic for the aromatic ring in the NEXAFS
spectrum is slightly decreased in intensity but shows the same general structure
as the reference PS (Figure 12.10).

Both methods are surface-sensitive techniques and have a sampling depth of
about 3-5nm. The thin surface skin pp-PS examined shows a structure similar to
that of the reference PS. The fine structure of shake-up satellites and valence bands
is slightly noisier but agrees well with spectra of reference polystyrene. The small
deviation of the pp-PS spectra may be influenced by some crosslinking.

XPS-valence band spectra and also the C1s peaks of pulsed-plasma PS and refer-
ence PS show excellent agreement (Figure 12.11).

6
———————— continuous-wave PS
pulsed-plasma PS
reference PS
44

partial electron yield [a.u.]

0+ J
T T T T T T T T T T T
280 290 300 310 320 330
photon energy [eV]

Figure 1210 NEXAFS-C, edge spectra of pulsed-plasma PS (pp-PS) and reference PS.
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spectra of pp-PS and commercial reference PS (A, B=C- atom orbitals, C=C-, molecular
orbitals from ¢ and  bonds).

In contrast, pulsed-plasma produced polyethylene (pp-PE) and 1,3-polybutadiene
(pp-PB) show significant differences in their NEXAFS spectra in comparison to
their classic analogues (Figure 12.12).

Polymer formation using acetylene gas is only explainable by assumption of a
fragmentation and recombination mechanism and, thus, the structure must be
generally irregular. All three materials show intense C1s — 7%y c-c.c<c NEXAFS-
resonances characteristic for the existence of high concentrations of C-C double
and triple bonds in the resulting plasma polymer. Pulsed-plasma polymerized
1,3-butadiene shows a strong shake-up satellite in the C1s XPS signal. The inten-
sity of this peak was comparable to that of pulsed-plasma polymerized PS (pp-PS).
Pulsed-plasma polymerized polyethylene was similar to reference polypropylene
and did not show the characteristic features of polyethylene as demonstrated by
valence band spectra (Figure 12.13).

However, the survey scan and Cls peak of pp-PE did not show differences to
commercial PE (Figure 12.14).

Pulsed-plasma polymerized polyacetylene showed different behavior to butadi-
ene and ethylene plasma polymers in NEXAFS and XPS spectra.

ToF-SSIMS (time-of-flight static secondary ion mass spectrometry) using Ga-ion
bombardment (static secondary ion mass spectrometry) of pp-PS and reference
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Figure 12.13 Valence band spectra of plasma-produced polyethylene and after its exposure
to air.

PS (5500gmol™) shows some similarities in their patterns. Characteristic frag-
ments of the styrene repetition unit and of the aromatic ring were found. However,
any characteristic molar mass distributions were absent. The difference between
the periodical intensity maxima was 13 amu (Da), indicating strong fragmentation
of rings (5 x CH) and backbone (1 x CH). However, the reference PS exhibits
similar behavior in the negative ion spectrum as well as in that of positive ions.
In reference PS the most intense peak was located at 77 amu (C4Hs) and in pp-PS
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Figure 12.14 Survey scan and Cls peak of pulsed-plasma polymerized ethylene (pp-PE).

at 105 amu (CgH,). Nevertheless, most of signals in both spectra are nearly identi-
cal; however, the intensity distribution differs.

The same behavior was observed in the IR spectra considering the aromatic CH
and the aliphatic CH, stretching vibration around 3000cm™, as shown before. In
particular, the intensity of all absorptions in the range 2840-2970cm ™, referenced
to the band at 701cm™, is lowered by ca. 30-50% compared to the reference PS
(Figure 12.15).

The loss in aliphatic CH, groups in relation to aromatic CH groups is eye-
catching. Moreover, a strong absorption at 2962 cm™ due to the v,,CH; vibration
of methyl groups appears in the plasma polymer. The formation of CH; groups
during plasma polymerization was always discussed in connection with the “quasi-
hydrogen” plasma, indicating bond scissions in the backbone, hydrogen abstrac-
tion and possibly branching.

Pulsed-plasma polymerized layers of acetylene, ethylene, and 1,3-butadiene
present strong deviations from their classic analogues in IR-ATR (ATR, attenuated
total reflectance) spectra of about 2500nm sampling depth, representing, there-
fore, more bulk properties. Non-classic polymerization processes are evident by
the appearance of exotic groups in classic polymers such as 3300cm™ (v=CH) and
2150 (vC=C), at 1900cm™ (cumulenes) as well as 3060-3160, 1600, 1500, and
720cm™ (aromatics) (Figure 12.16).

The weak hint of the first appearance of pCH, (n > 4) in pp-PE was discussed
before and shows slightly more chemically defined structures in plasma polymers
when using the pulsed-plasma mode.

Side-reactions with C=0-containing groups are present but become less impor-
tant when the pressure was increased, as demonstrated by the lowering in inten-
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Figure 12.16 FTIR-ATR spectrum of pulsed-plasma polymerized acetylene.

sity of NEXAFS Ols — m* resonance (Figure 12.17). This was explained by a lower
energy input per monomer molecule (Yasuda factor) [35].

Olefinic C=C double bonds also play an important role in pp-PE as shown in
Figure 12.17 (Cls — m* resonance) and Figure 12.18. Figure 12.18 shows the
increase in intensity of the Cls — m* resonance with both duty cycle and wattage.
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Figure 12.17 NEXAFS Cy edge spectra of ethylene (a) and Oy edge spectra of allyl alcohol (b)
for different pressures.
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Figure 12.18 Intensities of NEXAFS Cls — m* resonances of C=C bonds in pp-PE before and
after 120h storage.

The concentration of C=C double bonds increases strongly with growing duty cycle
and power. During storage of pp-PE about 10-50% of C=C double bonds disap-
pear. This can be explained by a slow oxidation of C=C double bonds during long-
time exposure to air. Thus, post-plasma oxidation of polymers is caused by
oxidation at C-radical sites and addition onto double bonds as well as their epoxida-
tion or ozonization.

Molar masses of the soluble fraction of plasma polymers were measured using
size exclusion chromatography (SEC; or gel-permeation chromatography, GPC).
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Figure 12.19 Thermal field flow fractionation (ThFFF) of pp-PS (power = 30W, duty
cycle = 0.1, pulse frequency = 1000 Hz) and cw-PS (3 W) after removing gel particles by
filtration.

Ultrahigh molar masses and gel particles were determined using field flow frac-
tionation (asymmetric field flow fractionation = AFFFF or F* and thermal field
flow fractionation = ThFFF). SEC works near the exclusion limit because of gel
particles, which must be removed by filtration. The soluble fraction of pp-PS also
contained monomers, dimers, trimers, and so on up to octamers. The maximum
molar masses were measured in the range 20-30kgmol™ (polymerization degree
200-300). ThFFF detected masses in the range of greater than 5 x 10’ gmol ™ using
a multi-angle laser light scattering detector (MALLS) or evaporative light scattering
detector (ELSD) (Figure 12.19).

The ThFFF elugram of the unfiltered pp-PS showed also fractions in the range
20-60kgmol™ (Figure 12.20). All elugrams show the detector signal as the y-axis
and not the concentration and, thus, high molar masses are overrepresented.
Therefore, in Figure 12.19 the absolute concentration (number of species) of high
molar mass species is low; nevertheless, high mass is accumulated in such a
condensed (crosslinked) particle. Therefore, 99.9% of all detected molecules in
Figures 12.19 and 12.20 are accumulated in the peak at about 20kgmol™ and the
majority of mass is found in the Mgmol™ region.

The asymmetric field flow fractionation showed for 3 W cw-PS (continuous wave
produced polystyrene) and 30W pp-PS (duty cycle =0.1) also a main peak at
20kgmol™. Using the cw-mode species with higher molar mass are also found
(Figure 12.21).

Summarizing all the results of surface-sensitive and bulk analysis dramatic dif-
ferences between all sort of plasma polymers (cw or pp) and the reference (stand-
ard) polymers are obvious for the bulk. This fact is important because
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Figure 12.20 ThFFF-elugram of cw- and pp-PS without filtration.
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Figure 12.21 Asymmetric field flow fractionation (AFFFF, known also as cross-flow FFF) of
pp- and cw-PS (power = 30W; duty cycle = 0.1; pulse frequency = 1000 Hz) referenced to a

mixture of PS standards.

surface-sensitive methods—XPS, NEXAFS, IR-ATR, ToF-SIMS (time-of-flight sec-
ondary ion mass spectrometry)—have predicted a few, sometimes many, similari-
ties to commercial polymers. However, SEC and FFF as well as thermogravimetric
(TG) investigations confirm the complete irregularity in structure, composition,
and properties compared to reference polymers. There are only small differences
in the thermal degradation behavior between cw- and pp-PS but significant devia-

tions compared to commercial PS (Figure 12.22).
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Figure 12.22 TG and DTG (differential thermogravimetry) plots of cw- (a, b), pp- (c), and
reference (d) PS.

The weight loss of cw-PS begins early in a nitrogen atmosphere (263°C) and
extends over a long temperature range. It can be assumed and derived from FFF
results that the broad molar mass distribution is responsible for this thermal
behavior. The non-degradable carbon is maximal in the cw-PS sample produced
with 100W (16.4%). This carbon can only be removed by oxidation (air) at 581°C
(maximum). This behavior is characteristic of crosslinked polymers containing
tertiary and quaternary carbon atoms. Low-wattage and pulsed-plasma produced
plasma polymers have non-degradable carbon residues in the range of 7-8%,
which is characteristic for lower crosslinking and branching. Thus, cw-PS (100 W)
was more or less insoluble in tetrahydrofuran but pp-PS (30 W) and cw-PS (3 W)
were predominantly soluble in THF.

UV/visible spectra of cw- and pp-PS as well as reference-PS (PS standard,
My = 226kgmol™) are plotted in Figure 12.23. The spectra of low-wattage cw- and
pp-PS are similar. A few similarities to the reference material are obvious. The
fingerprint structure of these materials is diminished in the spectrum of the high-
wattage cw-plasma.
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Figure 12.23 UV spectra of plasma-produced PS.

Notably, all plasma polymers show much increased absorption between A = 200
and 350 nm in comparison to commercial reference-PS. This is due to the increased
concentration of unsaturations in plasma polymers. It can be speculated that these
double bonds are also localized in the polymer backbone. Removal of the phenyl
group requires the scission of only one C-C bond. The alternative is cracking
of the ring and formation of hexatriene intermediates, which may undergo
crosslinking.

Dielectric relaxation spectroscopy (DRS) detects all kinds of dipoles in the
plasma polymer (functional groups, radicals, defects). The dipole absorbs energy
from the applied electromagnetic field. Polar groups and segments begin to move,
oscillate, or rotate. Therefore, DRS is an excellent indicator of the regularity of
polymer structure and the occurrence of defects [53]. The relaxation behavior of
polymer layers (300nm) deposited within a capacitor can be measured in terms
of the dependence on frequency of the applied electrical field or temperature (at
fixed frequency).

Plotting dielectric loss (€”) versus temperature at constant frequency for a
pulsed-plasma produced acrylic acid—styrene (1:1) copolymer, and heating this
sample twice revealed a strong difference between the two thermal cycles (heating
to 475K and cooling down) (Figure 12.24). The increase of log €” at temperatures
greater than 425K is due to the movement of charge carriers. At first glance, the
cooling down and second heating are similar. The might be due to crosslinking
by radical recombination and/or peroxide formation of radicals by reaction with
oxygen from air.

Such post-plasma oxidation might be auto-oxidation, forming O-functional
groups, which significantly contribute to high €”-values in plasma polymers.
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Figure 12.24 Dielectric loss (€”) versus temperature at a frequency of 1kHz for pulsed-
plasma produced from acrylic acid and styrene (1:1 molar ratio) on (M) first heating,
(O) cooling, and (A) second heating.

1 month
20 S )
/ e-A
1 week polyacety'ene gqubutf“‘i'f 2
enz= T poiyethylen®
15 e
- £ A . .
x g "/ - pulsed-plasma polyacetylene, quenched by §O
[ o /7 T
o - "
,R; 10 A 1 year
— 4 [ ]
/i "
o 7 5
o tyrene i
(@) 5 y B plasma poly-S y! s
T puised ™ polyst”
0o
without exposure
to air
T v v v v
0 10000 20000 30000 40000

time of post-plasma exposure to air [min]

Figure 12.25 Post-plasma oxygen incorporation of plasma polymers on exposure to ambient
air as well as after NO gassing.

12.9
Plasma-Polymer Aging and Elimination of Radicals in Plasma Polymers

All plasma polymers, in particular those produced from ethylene, acetylene, or
styrene, undergo post-plasma oxygen introduction when exposed to ambient air
(Figure 12.25) [18, 36, 54].

To prevent extensive formation of radicals during plasma polymerization “soft”
plasma conditions (low wattage, pulsed-plasma mode) can be applied. Nevertheless,
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high concentrations of radicals are produced. Two post-plasma processes can
quench the radical sites and their unforeseeable oxidation reactions. The first
variant is gassing with NO (Figure 12.25) [1].

Evidently, the gaseous radical scavenger NO can completely stop the post-plasma
oxidation of the plasma polymer and can hold the oxygen percentage constant over
long periods of exposure to air. The reaction is: R' + 'NO — R-NO, followed by
further oxidation to R-NO, or R-O-NO, [55]. The thus produced NO, groups are
hydrophilic.

The second variant, quenching with bromine, seems to be more efficient and
produces a more hydrophobic surface, which is important for hydrophobic
fluorine-containing plasma polymers. The reaction is in sum: 2R’ + Br, — 2R-Br.
Spontaneous bromination of aliphatic structures is not possible (Sy1 or Sy2 reac-
tion, endothermic reaction) but olefin double bonds are brominated (Ag) and also
bromination by electrophilic substitution at aromatic rings (Sg) and at side chains
by radical mechanism (S,,) may occur to a distinct extent.

The aging of plasma-produced polyethylene is clearly seen by changes of the
C1s peak when exposed to ambient air for many days (Figure 12.26).

Oxygen introduction is obvious by asymmetric strong broadening of the Cls
peak at the side of higher binding energies. Special attention may be paid to an
accentuated shoulder at 289eV, assigned to carboxylic groups (COOH).

The aging of plasma-polymerized ethylene is also obvious in the valence band
spectrum (Figure 12.13). Also in the valence band spectra, extensive oxygen occu-
pation is evident after aging of pulsed-plasma polyethylene for 30 days. It was
mentioned earlier that the valence band spectrum of pp-PE is similar to that of
reference PP.
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Figure 12.26 Changes in Cls peak of plasma-polymerized ethylene during exposure to air.
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12.10
Functional Groups Carrying Plasma-Polymer Layers

Plasma polymerized organic thin films have proven to be of great use in the area
of specifically engineered surfaces. These films have received considerable atten-
tion because of their potential applications in several technologies such as bio-
compatibility or adhesion promotion [56-60]. In the plasma polymerization
process, gaseous or volatile compound are fragmented, excited, and/or ionized in
glow discharge plasma, and then re-assembled on a surface. Past studies on
plasma polymerization focused on continuous-wave discharge plasmas. However,
in this high-energy mode a great fraction of functional-group bearing units are
fragmented and many of the functional groups are destroyed. Therefore, in this
process a very small percentage of the monomer functional group could be retained
in the resulting plasma film. To retain higher degrees of functionality and better
quality films the pulsed discharge technique was the method of choice. Details
were presented in the previous section. An additional advantage of plasma polym-
erization is that it can be performed on almost any surface. Another route is the
deposition of classic polymers carrying functional groups, such as poly(acrylic
acid), poly(vinyl amine), or poly(vinyl alcohol), as intact ultrathin layer by electro-
spray (ESI) or with insignificant degradation in the additional presence of a plasma
(APCI-atmospheric-pressure chemical ionization).

Using the pulsed-plasma mode with low duty cycle and introducing only low
wattage into the plasma the retention of functional groups should be maximal and,
thus, only one sort, or one dominant sort, of functional group should be formed.
In such a case the stoichiometry of the monomer determines the maximal con-
centration of functional groups at, ideally, 100% retention. Vinyl monomers used
for layer formation show a maximal concentration of functional groups of 50
groups per 100 C and for allyl monomers this is 33 groups per 100 C atoms.

Such plasma polymers can be deposited as about 50-300nm thick layers onto
all kinds of solids such as polymers, metals, inorganics, powders, or fibers. Figure
12.27 depicts schematically several types of monosort functional groups produced
by plasma polymer coating using easily polymerizable monomers [61-67].

Functional group carrying plasma polymer layers have been produced from
acrylic acid, allyl alcohol, allylamine, glycidyl methacrylate, acrylonitrile, acryl
amide, allyl bromide, allyl iodide, vinylsulfonic acid, crotonaldehyde, acid chlo-
rides, and so on [66-69].

12.10.1
Allyl Alcohol

The OH groups at surfaces can be easily produced in relatively high selectivity
(90% retention of OH groups referenced to the monomer OH/100 C ratio) using
allyl alcohol (AAl) or hydroxyethyl methacrylate (HEMA) [2, 70]. Allyl alcohol is
difficult to polymerize chemically, as discussed in detail before [29]. However,
using the pulsed low-pressure radiofrequency plasma and low wattages (3—30 W)
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Figure 12.27 Schematic structure of functional group carrying plasma polymers.

allyl alcohol can be polymerized easily with a high retention degree of OH groups
(pp-PAAl) [45]. The yield in OH groups amounts to about 30 OH/100 C as com-
pared to a theoretically possible 33 OH/100 C, that is, the selectivity is >90%. A
survey scan and the Cls signal are as expected (Figure 12.28). Only two weak
additional components were found in the Cls peak.

The C-O singly bonded at a binding energy of about 286.3eV decreased in
intensity if the plasma dose was increased. This subpeak, produced by C-OH,
might also be contributed to by traces of C-O-C, epoxy, and C-O-OH groups. The
percentage of this subpeak compared to the whole C1s signal was lowered at high
wattages in favor of increasing subpeaks at higher binding energies (Figure 12.29).

At about 287.5eV undesired aldehyde and/or ketones were also present, often
designated misleadingly as “carbonyls.” Other “carbonyls” are also clearly identifi-
able at 289eV, that is, carboxylic acid groups and esters.

Compared to the theoretical O/C ratio (0.33) for an ideal poly(allyl alcohol)
polymer, higher O/C values (0.38) were often observed for plasma-polymerized
films prepared under “mild” deposition conditions [39]. During plasma polymeri-
zation, so it was argued, two simultaneous processes, A and B, are present. Process
A is the “polymerization” of the excited monomer molecules that leads to the
retention of C-OH groups on the film and process B is the fragmentation of
monomer molecules and the subsequent recombination of these fragments. The
excess of oxygen observed in the films can be related to process B.

The IR-ATR spectrum confirms the existence of O-H and C-O stretching vibra-
tions of high intensity (Figure 12.30). Low to moderate intensity is ascribed to the
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Figure 12.29 Cls signals of pp-PAAI using low and high energy doses.

(undesired) C=0 stretching mode at 1714cm™, thus confirming the XPS data on
the newly formed higher oxidized species also for layers of pp-PAAl that are 2.5 um
thick, which is the sampling depth of the used ATR technique.

Considering plasma deposited allyl alcohol films, it is found, using ToF-SIMS,
that the summarized intensity of all positively charged aromatic ions X, increases
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Figure 12.30 FTIR-ATR transmittance spectrum of pulsed-plasma polymerized allyl alcohol.

with the energy dose (Yasuda factor) [38]. This does not indicate the existence of
aromatic structures within pulsed-plasma polymerized allyl alcohol (pp-PAAl) but,
rather, at least the existence of unsaturations (C=C double bonds) [1, 65, 71]. An
increase in branching and/or crosslinking of the plasma deposited poly(allyl
alcohol) films with increasing plasma dose (Yasuda factor) was derived from the
ratio of the total yield of C4—Cg hydrocarbon secondary ion clusters to the total yield
of C,—C; clusters [X(C4—Cq) /Z(C—Cs)] [72]. Although the [£(Ce—Cs)/Z(C,—Cs)] ratio
does not discriminate between branching and crosslinking its value was found to
increase with either of these characteristics.

SSIMS could contribute to a discussion on the retention of hydroxyl groups in
plasma polymerized allyl alcohol films. Ameen et al. discussed this problem by
comparing the positive ToF-SSIMS spectra of poly(vinyl alcohol) (PVA) and
poly(ethylene oxide) (PEO) [65]. Oran et al. found that there is only a low conver-
sion rate from the monomer’s hydroxyl groups into other oxygen functionalities
like ether groups in the plasma [38]. It seems that the positive secondary ions at
m/z 31, 57, 101, 115, and 173 can be used as key fragments to prove the retention
of hydroxyl groups in the plasma deposited allyl alcohol films [38]. The maximum
yields of these secondary ions were found at low energy dose (P/F ratio of
0.05 W scecm™) and the lowest yields at high dose (P/F = 2.5 W sccm™). The oxygen
content of the films was evaluated using the (O~ + OH")/CH intensity ratio. This
ratio was found to correlate with the atomic O/C ratio measured by XPS (Figure
12.31) [38, 39).

Mix et al. had derivatized all remaining OH groups within the plasma polymer
by consumption with trifluoroacetic anhydride (TFAA):

J-oH +0=c(0CFE,), - JFOOC-CF, + CF,-COOH

and had found a decrease of OH-group concentration from 31 OH/100 C at 30 W
to 23 OH/100 C at 300W (Figure 12.32) [46].
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Figure 12.31 O/C ratio in pp-PAAl, as measured by XPS and ToF-SIMS, versus energy dose.
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Figure 12.32 Dependence of TFAA-labeled OH groups of pulsed-plasma polymerized allyl
alcohol on wattage.

The concentration of surviving OH groups is plotted in Figure 12.33 against the
duty cycle of pulsed-plasma polymerization at a high energy dose (300 W) [46].

Figure 12.34 presents the C K-edge NEXAFS spectra of reference poly(vinyl
alcohol) [73], reference poly(vinyl methyl ketone) [73] and a representative plasma
polymerized allyl alcohol sample prepared for NEXAFS analysis.

The principal features seen in the displayed spectrum are representative.
An important feature in the spectrum of the plasma polymerized sample is the
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Figure 12.34 NEXAFS-C-edge spectra of poly(vinyl methyl ketone) (PVMK) reference, pp-PAAI
(mild plasma condition = 1.0W sccm™), and (poly(vinyl alcohol) (PVA) reference.



12.10 Functional Groups Carrying Plasma-Polymer Layers

3.5 %o
] 540 eV op-PAAI

3.0 ("in-situ")
'S 2.5 (c-0)
S0 ~ 544 eV
o 2.0
= ]
®
S
g 1 T (c=0)
5 104 53366V
c 4

0.5 \

0.0

T T T T T T T T T
520 530 540 550 560 570

photon energy [eV]

Figure 12.35 NEXAFS O-edge spectrum of pp-PAAI (mild plasma condition = 1.0W sccm™).

presence of a Cls — ¥, feature [photon energy (hv) = 284.9eV] characteristic
for the presence of C=C bonds. Comparison of the area under this feature also
provides a specific semi-quantitative measure of the number of C=C bonds in
samples prepared under different plasma conditions. A comparison with the refer-
ence spectra highlights some other features in the C K-edge NEXAFS spectrum
of pp-PAAL: a shoulder at ~286.7 eV represents a C1s — n* .o resonance, another
shoulder at ~287.6 eV represents a new C-H* resonance, a Cls — 6% c.o)at ~289eV
and Cls — 6% c_q resonances above 292 eV were observed. The O K-edge NEXAFS
spectra of the plasma-polymerized samples were also measured (Figure 12.35) to
obtain information on the presence of C=0 species. The spectral feature at photon
energy 533.6eV represents the Ols — ¥ o) resonance and can be used to obtain
specific semi-quantitative information on the number of C=0 bonds in the plasma
polymerized samples. This spectrum also shows a 6% resonance at 540eV and
a shoulder representing the 6% .o, resonance at 544eV.

The IR spectra confirm the loss of OH groups with increasing wattage during
the pulsed-plasma polymerization and vice versa the increase of the carbonyl
feature at 1714cm™" with increasing of wattage (Figure 12.36).

A similar tendency is obvious if assigning the cw-plasma “hard” plasma condi-
tions and the low-duty-cycle pulsed-plasma “mild” plasma conditions (Figure
12.37). The lower the duty cycle (duty cycle = 0.05) the higher the OH stretching
mode, the higher the duty cycle the lower the OH concentration. This behavior
corresponds to the XPS results of TFAA-labeling of OH groups.

Both C-O and C-OH related groups decrease in concentration with increasing
power input, while the concentration of C=O-containing groups (groups of higher
oxidation state) increase, as FTIR evaluation confirms (Figure 12.38).

Figures 12.39 and 12.40 present the dielectric loss versus temperature at 1kHz
for varied duty cycle and pressure, respectively. The dielectric loss for pp-PAAI is
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Figure 12.36 Variation of FTIR-ATR spectra of pp-PAAl with wattage.
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Figure 12.39 Dielectric loss €” of pp-PAAl produced using different duty cycles
(power = 100 W, pressure = 10 Pa, monomer flow rate = 20 sccm, and pulse
frequency = 1kHz).

much higher than for cw plasma, while low pressures show slightly lower values.
The high dielectric loss of pulsed-plasma polymers (duty cycle < 1) is unexpected
because it was assumed that supernumerous radicals were saturated by reactions
in the plasma-off period. It must be considered that chain propagation did not
annihilate radicals but that such chain growing may contribute to bury and trap
radicals.

The assigned o-relaxation is related to the glass transition of the system and is
called a dynamic glass transition. The dynamic glass transition is defined as the
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Figure 12.40 Dielectric loss €” of pp-PAAl produce using different plasma pressures
(power = 100W, duty cycle = 0.5, monomer flow rate = 20sccm, and pulse frequency = 1kHz).
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Figure 12.41 Aging (change in O/C ratio) of pp-PAAI films on exposure to ambient air.

temperature of maximal loss at the selected frequency. The glass transition is a
cooperative phenomenon and for polymers the o-process corresponds to micro-
Brownian motion of the segments that form the chain [74].

To investigate aging, freshly prepared films were examined without and with
exposure to air in detail. In the case of plasma deposited allyl alcohol films the
aging in air is probably based on two competing processes, that is, oxygen uptake
(Figure 12.41) and diffusion of low molecular weight oxidized material (LMWOM)
together with re-orientations of oxygen functional groups (Figure 12.42). For
samples prepared under “mild” conditions, the re-orientation and the diffusion of
LMWOM is more effective than the oxygen uptake process because the samples
are less crosslinked and the amount of radicals is comparably low (R*+"0-O"
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Figure 12.42 Changes in Cls peak fitting during aging of pp-PAAI.

— R-0-0"). For samples prepared under “harder” plasma conditions, crosslink-
ing and the amount of surface radicals are increased and the oxygen uptake
becomes the dominant process.

Among the different O-species present in pulsed-plasma polymerized allyl
alcohol the C-O (dominated by OH groups) species diminish slightly from the
surface during exposure to ambient air (Figure 12.42).

12.10.2
Allylamine

Plasma polymer layers containing primary amino groups were deposited from
allylamine (CH,=CH-CH,-NH,) or diaminocyclohexane [C¢H,o(NH,),] [33, 61,
75-83]. The Cls peak and the stoichiometry of the pulsed-plasma produced
poly(allylamine) (pp-PAAm) do not show significant deviations from the expected
elemental composition and structure (Figure 12.43).

It is characteristic for pp-PAAm that the oxygen content increases strongly
within a few hours of exposure to air (Figure 12.46) [33, 84, 85].

Derivatization of the primary amino groups with pentafluorobenzaldehyde
(PFBA) or trifluoromethylbenzaldehyde (TFMBA) provides information on the
real concentration of amino groups at the surface of the pp-PAAm layer (R-
NH, + OHC-aryl-F; — R-N=C-aryl-F5-PFBAand R-NH, + OHC-aryl-CF; — R-N=C-
aryl-CF;-TEMBA) [32, 86-89]. Both derivatization reactions were not complete and
showed ca. 80% consumption of NH, bond on referencing the results to standards
with known NH, concentration [24]. Post-plasma oxidations at o-C- and N-atoms
may hinder completion of the derivatization reaction. The results of these deriva-
tizations are scattered strongly, from 10 to maximal 18 NH,/100 C [31, 90, 91].

Reactions with amino groups during the polymerization process were widely
discussed (formation of secondary amines, imines, amides, nitriles, and isonitriles)
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Figure 12.43 XPS-survey scan and Cls peak of pulsed-plasma produced poly(allylamine)
(pp-PAAmM).
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Figure 12.44 Infrared spectrum of pp-PAAm.

[24, 92, 93]. The amino groups can be protected by reversible reaction with special
organic groups [94]. Characteristic absorptions found between 2100 and 2160 cm™
were assigned to nitriles [Veoy =2240cm™ in poly(acrylonitrile)], isocyanates
(Vneceo = 2240cm™, might produced by post-plasma oxidation) [95], or preferably
to un-symmetric substituted acetylenes (ve—c = 2100-2160cm™) [96] or isonitriles
(Ve = 21002200 cm™) [97].

Figure 12.44 shows a typical IR-transmittance spectrum of pp-PAAm with the
characteristic band at 2170cm™.
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Figure 12.45 XPS Cls peaks of pp-PAAm referenced to the same peak area.
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Figure 12.46 Aging behavior of pp-PAAm and other plasma polymers during exposure to
ambient air.

Post-plasma oxidation of pp-PAAm can be clearly evidenced by changes in the
respective Cls signals from samples without contact to air and samples exposed
for three months to ambient air (Figure 12.45).

Comparison of peaks before and after aging shows a significant decrease in
intensity for the hydrocarbon component, which might be represented also by an
unsaturated polymer backbone at 285.0eV. Moreover, the C-N/C-O component
at ca. 286eV is also decreased in intensity at the expense of C=O and COOH
groups at higher binding energies.

Figure 12.46 depicts the post-plasma oxygen incorporation of pp-PAAm com-
pared to that of other plasma polymers such as pp-PS and pp-PE as well as to those
produced using the cw-plasma mode.
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Figure 12.47 FTIR spectra of pp-PAAm (duty cycle = 0.1) in comparison to poly(vinylamine)
reference material.

The IR-spectra also indicate the growth of C=O-related groups during exposure
of pulsed-plasma produced poly(allylamine) to ambient air (Figure 12.47).

12.10.3
Acrylic Acid

Plasma polymer layers containing carboxylic groups can be produced using acrylic
acid or other unsaturated acids or anhydrides (maleic anhydride) [69, 98-102].

As expected from a chemical point of view the polymer deposition rate of acrylic
acid is high, indicating significant contribution of chemical chain growth. There-
fore, Yasuda found a higher deposition rate using the pulsed-plasma mode than
for the cw-mode [103]. The XPS-spectrum and the C1s and O1s signals correspond
to those given for commercial poly(acrylic acid) (PAA) (Figure 12.48) [104].

The O/C-elemental ratio was slightly changed. The atomic oxygen percent
changed from a theoretical 40 to 36 for pulsed-plasma polymerization. The
expected carboxylic group concentration of 33 COOH/100 C was lowered to 22-28
COOH/100 C, as measured by derivatization. After hydroxyl groups, the retention
degree was greatest for COOH at about 85%; the retention for OH groups >90%
and for amino groups 50-65% [30]. Derivatization was performed by using trif-
luoroethanol in the presence of a carbodiimide for water elimination, and the
fluorine concentration was measured by XPS (R-COOH + HO-CH,-CF; — R-CO-
0-CH,-CF) [105].

The yield in carboxylic groups depends strongly on the duty cycle (Figure 12.49).

The lower the duty cycle is the higher the COOH retention, evidencing participa-
tion of a chemical chain growing reaction. At high duty cycle or under cw-plasma
mode the COOH retention is minimal and near 10-12 COOH/100 C, that is,
under such “hard” conditions only 33% of the monomer-introduced COOH
groups have survived the plasma polymerization process.
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Figure 12.48 XPS survey scan and Cls peak of pulsed-plasma polymerized poly(acrylic acid)
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Figure 12.49 Concentration of carboxylic groups versus duty cycle. The dashed line is a guide
for the eye. The error bars result from three different measurements with the same sample.
The dotted line indicates the maximum possible concentration of carboxylic groups.

The IR spectrum differs from that of commercial poly(acrylic acid) (Figure

12.50). The vou-stretching vibration shows after referencing to the vc_o-band only
65% intensity in comparison to the commercial PAA, that is, the COOH groups
(vou stretching) did not survive the plasma process completely and a fraction of
them was converted into carbonyl species other than carboxylic groups, such as
esters, aldehydes, or ketones, present in a small subpeak at 287.8eV in the Cls

signal.
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Figure 12.50 Infrared spectrum (grazing incidence reflectance, 50nm) of pp-PAA (duty
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Figure 12.51 FTIR spectrum of pp-PAA (duty cycle = 0.2, fit of four components of the C=O
stretching vibration).

The carbonyl absorption at ca. 1710cm™ was investigated in more detail
(Figure 12.51).

The peak fitting of veo was performed using four (speculative) components,
anhydride, ester, acid, and double bonds. Using the normal positions of these
bands [95, 96], which is a raw approximation, then a considerable fraction of vc_o
has its origin in ester groups. This contribution was located at 1742cm™ and may
be produced by self-condensation of acrylic acid (under plasma conditions):
CH,=CH-COOH — ~CH,-CH,-CO-0O~ [106, 107]. This may be the reason for peak
shifting from 1703 to 1735 cm™ seen between commercial poly(acrylic acid) refer-
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Figure 12.52 FTIR absorbance spectrum of pulsed-plasma polymerized poly(acrylic acid)
(pp-PAA) deposited with a duty cycle of 0.5 compared with the spectrum of commercial PAA
(reference).

ence material and pulsed-plasma polymerized PAA (cf. Figures 12.51 and 12.52).
In the range 1727-1745cm™ ester groups are found, such as from poly(ethylene
terephthalate) or poly(methyl methacrylate). The vc_o of acrylic acid is positioned
at 1712cm™ [95].

Figure 12.53 plots the differential scanning calorimetry (DSC) results of the
dependence on duty cycle. From high-molar mass reference PAA to low-molar
mass reference PAA the glass transition temperature decreases with growing duty
cycle. The difference in T, to that of high-molar mass reference material amounts
to between 50 and 80°C. The inset of Figure 12.53 compares the DSC curves from
the second heating run for high-molar mass reference material and pulsed-plasma
produced poly(acrylic acid) deposited with duty cycles of 0.1 and 0.7. For each
material, a step-like change in the heat flow is observed, which indicates the glass
transition. The glass transition temperature (T,) is estimated from the inflection
point of the heat flow and is plotted versus the duty cycle in Figure 12.53.

For all pulsed-plasma deposited poly(acrylic acid) samples the T, values are
much lower than those for commercial PAA. It may be concluded that during the
plasma polymerization a highly branched structure with many dangling bonds is
produced, which may act as internal plasticizer. Another interpretation is that of
the formation of low-molar mass products and macrocycles, which also plasticize
the pp-PAA. With increasing duty cycle the number of these dangling ends
increases, or more low-molar mass fragments were produced, lowering the glass
transition temperature. Extrapolation of this dependence to duty cycle = 0 meets
the value of T, of PAA 1800.

Discussing the dielectric behavior of pulsed-plasma polymerized acrylic acid in
more detail, a good impression on differences to reference PAA can be obtained
from Figure 12.54.
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This plot presents the dielectric loss as a function of temperature for a fixed
frequency (isochronal plot) and for different thermal histories for pp-PAA pro-
duced with a duty cycle of 0.5. The first run is a heating run of the as-prepared
sample from low to high temperatures. The second run is the subsequent cooling
from high to low temperatures. A pronounced hysteresis is observed between
those two runs. The third heating run is more or less similar to the cooling cycle.
For all runs at low temperatures the B-relaxation is observed as a well-defined peak
in the spectra. For the first heating run a shoulder is observed at higher tempera-
tures than the PB-relaxation. At the first glance it seems similar to the behavior
observed for conventional polymerized poly(acrylic acid). Closer inspection shows
that this shoulder, probably due to the glass transition, is shifted to lower tempera-
tures for the plasma polymerized poly(acrylic acid). This is in agreement with the
results obtained by DSC (cf. Figure 12.53).

12.10.4
Acrylonitrile

Polymer layers containing nitrile groups have been deposited using acrylonitrile
as monomer [24]. Plasma polymerized acrylonitrile shows a few abnormalities
caused by side- and post-plasma reactions [66]. Using the pulsed plasma and low
wattage such side-reactions were slightly repressed [108]. The XPS survey scan for
cw and for pulsed-plasma produced poly(acrylonitrile) (pp-PAN) shows undesired
oxygen introduction (Figure 12.55).

In Figure 12.56 pulsed and cw-plasma-produced PAN are compared with a com-
mercial PAN reference material.

The nitrile absorption at 2245cm™ for reference PAN is changed due to side-
reactions and, thus, signals for unsaturated and N-containing undesired groups
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Figure 12.55 XPS-survey scan for pulsed and cw-plasma polymerized poly(acrylonitrile) (PAN).
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Figure 12.56 FTIR spectra of cw and pulsed-plasma polymerized acrylonitrile compared to
that of a PAN reference.

appear (Figure 12.57). Besides nitrile, there may also occur isonitriles, isocyanates,
mono- and disubstituted acetylenes, cumulenes (2025 cm™), and ketenes.

The situation is plotted also in Figure 12.58. As well as the two bands at
2245 and 2195-2000cm'characteristic absorptions are also in the range
1600-1660cm™.

These absorptions may be due to imines (R-C=NH); however, corresponding
moderate absorptions in the range 3300-3400cm™" are not clearly identified. On
the other hand, substituted imines (azomethine, Schiff’s base) may be present
with higher probability in this range, because there is no additional absorption in
the 3000-3500cm™ region. Thus, it is probable that the C=N triple bond has
reacted to form azomethines or singly bonded C-N species (secondary, tertiary
amines). The absence of a strong Ve, makes the presence of amide groups
improbable.

Table 12.2 summarizes the maximal retention of functional groups for COOH,
OH, and NH, [30].

The loss in oxygen for pp-PAAc indicates decarboxylation/decarbonylation of
the COOH group (cf. Norrish I reaction) [109].

12.11
Vacuum Ultraviolet (VUV) Induced Polymerization

Vacuum ultraviolet (VUV) photo-polymerization by filtering of short-wavelength
plasma UV radiation has also been used for depositing thin polymer layers. Low-
pressure glow discharge plasmas emit intense resonance (fluorescence) radiation
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Table 12.2 Maximal yield of functional groups for pulsed-plasma polymerized monomers.

Monomer Changes in elemental Percentage of Retention yield measured by
composition (orig. 100)  group from C1s  derivatization
peak (%)

% Per 100 C Per 100 C
(measured)  (theoretical)

Acrylic acid 90 (O) 80 85 ~28 33
Allyl alcohol 100 (O) 75 95 =31 33
Allylamine 100 (N) 100 =50 =16 33

besides continuum radiation (recombination radiation and possibly Bremsstrahl-
ung) [110]. These line are localized in the range 58-110nm for He, 74-100nm for
Ne, 105-155nm for Ar, and 148-200 for Kr. Important (high energetic) resonance
lines are positioned at 105 and 107 nm (Ar) and 92 and 93nm (Ar*), 73 and 74nm
(Ne), as well as 46.1 and 46.2nm (Ne*), and 58 (He) and 30nm (He") [111]. Thus,
extreme UV (EUV) is included (10-120nm), which is now gaining importance for
photoelectron spectroscopy, solar imaging, and lithography. UV radiation is also
produced by excimer laser or lamps [112, 113]. Here, fluorine (F,) 157 nm, argon
fluoride (ArF) 193nm, krypton fluoride (KrF) 248nm, xenon chloride (XeCl)
308 nm, or xenon fluoride (XeF) 351nm are used.

Such VUV radiation was held responsible for polymer crosslinking [114]. Using
Kr and Xe resonance irradiation plasma polymer layers with a high percentage of
primary amino (70-80 NH,/100 C) groups were produced by “copolymerization”
of ethylene with ammonia with low energy consumption [115]. Other aspects of
plasma polymerization by VUV are described in References [116-120].

Radiation in the VUV region covers energies from 6.2eV (200nm) to 12.4eV
(100nm) and 124eV (10nm, only found for multiply charged ions). Thus, vinyl
(double) bonds were easily activated (1 — n*, C=C — C-C, =1.0-2.5¢eV), covalent
C-C and C-H bonds were easily broken (¢ — ¢* transitions, =3.8eV) and
also C—C,,on (5-8€V) and can recombine as polymer similar to that of plasma
polymer.

12.12
Plasma-Initiated Copolymerization

12.12.1
Reasons for Copolymerization

Plasma polymerization of volatile organic compounds is a technically available
method used to produce thin, pinhole-free, and uniform films. Such films have
become increasingly important with the miniaturization of technical and elec-
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tronic devices. While in the past interest was focused preferentially on inert films
exhibiting protective properties towards environmental influences as well as coat-
ings with anti-scratch properties or barrier properties for separation of gases and
liquids, now the need to produce thin films with monotype functional groups at
the surface has come to the fore. An increasing number of such monofunctional-
ized plasma polymers have been produced in view of the interaction with biological
materials such as peptides, proteins, living cells, or blood [121-123].

In this context the plasma polymerization of functional groups carrying mono-
mers and their homo- as well as copolymerization with “neutral” inserted and
alternately bonded co-monomer units gains in importance. Several groups have
investigated the experimental conditions of the plasma polymerization of func-
tionalized monomers with the aim of attaining the highest possible retention
degree of the pristine functionality of the used monomers [24]. Ameen et al. have
reported a maximal retained 21 OH groups per 100 C atoms using allyl alcohol
deposits [63]. Using a pulsed plasma, Friedrich et al. could increase the retention
of OH groups to 31 OH/100 C, which is near the theoretical limit (33 OH/100 C)
[24], characterizing the surface composition by XPS and applying the derivatiza-
tion of OH groups with TFAA [86].

The retention of functionality during plasma polymerization is also manifest in
that the deposited plasma polymer with the highest possible yield is usually associ-
ated with very gentle plasma parameters (“soft” plasma), characterized by a low
Yasuda factor of the plasma used [124]. This coefficient can be also expressed in
terms of energy in eV per monomer molecule. It influences the properties of the
resulting polymer layer and the adhesion to the substrate. For “soft” plasmas such
as used here this coefficient should amount to <10eV per monomer [125].

By employing plasma copolymerization in combination with other experimental
conditions such as pulsed regime, pulse frequency, low power, and low duty cycle
an efficient instrument to generate and tune surfaces with a defined concentration
of monofunctional groups was achieved [58, 65, 87, 126]. While the plasma
homopolymerization of allyl alcohol has been very extensively investigated [63, 87,
127] data for allyl alcohol copolymerizations have been published only by two
groups. Short et al. investigated the copolymerization with dienes [126] and Frie-
drich et al. produced and characterized allyl alcohol copolymers with ethylene,
acetylene, and butadiene as co-monomer [87] as well as with styrene [46, 128].
Moreover, copolymers with acrylic acid were also in the focus [109]. From a chemi-
cal viewpoint, acrylic acid, butadiene, styrene, and with some limitations also
ethylene were proper co-monomers. It was argued that acetylene and all allyl co-
monomers can only react by fragmentation-recombination copolymerization. It
is important to distinguish between the predominantly “plasma-initiated chemical
copolymerization” and the non-chemical “plasma copolymerization,” which can
be characterized as a simple mixing of chemically inactive co-monomers or gases
reacting only by fragmentation of these precursors followed by random recombi-
nation to irregular formed structures.

As emphasized earlier [30], the ambition was to find plasma parameters that
allow maximization of the chemically produced fraction of the resulting copoly-
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mer. Thus, it was expected that more chemically defined structures would be
present using this pulsed-plasma deposition. A precondition for the dominance
of chemical copolymerization is the existence of polymerizable groups with suf-
ficient reactivity (vinyl, acryl, diene, etc.). The composition of a chemically pro-
duced copolymer is adjusted by the “copolymerization parameters” [106]. Here,
the copolymerization parameters of allyl alcohol, acrylic acid, ethylene, butadiene,
acetylene, or styrene are very different, thus it should be difficult to find plasma
conditions and a co-monomer precursor ratio where genuine copolymers are
formed. Because of the higher reactivity styrene homopolymers should be prefer-
entially produced. Using the chemically dominated pulsed plasma and realizing
the “plasma-initiated chemical copolymerization” the chemical rules of copolym-
erization become of significance. Now, similar to the classic polymerization it is
recommended that the so-called “copolymerization parameter” be considered.
Generally, the copolymers were formed from functional group carrying and
“chain-extending” co-monomers. By varying the ratio of co-monomers, the number
of functional groups of copolymers can be adjusted (Figure 12.59).

OH

HO

HO

OH OH

OH [ OH

Figure 12.59 Scheme of possible copolymer structures.
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Figure 12.60 Dependence of copolymer deposition rates on the types of co-monomers and
their ratio in the co-monomer mixture.

The copolymers were characterized by XPS after derivatization, FTIR, NMR,
ThFFF, SEC, and dielectric relaxation spectroscopy (DRS) as known for homopoly-
mers. Of course, the SEC results are produced using the soluble fractions of the
deposited plasma polymers.

12.12.2
Copolymer Kinetics

The dominance of the chemical mechanism of copolymerization was suggested
by the characteristic dependence of deposition rates on the types of co-monomers
and their ratio in the precursor mixture (Figure 12.60). The nonlinear dependence
and the special shape of the curves favor the chemical copolymerization. Thus, a
good agreement was found between the Fineman-Ross approach and the meas-
ured kinetics as shown in Figure 12.60 [106].

In nearly all cases deviations from linearity of deposition rate on co-monomer
ratio in the precursor mixture are observed. The deposition rates were measured
using quartz microbalances and appear as a complex function, as known from
copolymer chemistry. Therefore, the usual copolymer kinetics were adapted such
as Fineman-Ross and Alfred Price’s Q-e scheme [106]. This coincidence con-
firmed the influence of chemical processes during pulsed-plasma initiated
copolymerization.

Interestingly, allyl alcohol-ethylene and butadiene copolymers show the highest
deposition rate at high fractions of allyl alcohol in the precursor mixtures. Acety-
lene and styrene present the opposite behavior. The same was observed for
allylamine copolymers. This special behavior of allyl monomers under low-
pressure pulsed-plasma conditions strongly contrasts with their chemical polym-
erization and copolymerization tendency [106].

12.12.3
Allyl Alcohol Copolymers with Ethylene, Butadiene, and Acetylene

In the same manner the concentration of retained functional groups in the copoly-
mer layer was nonlinearly dependent on the composition of the precursor mixture
and also on the types of co-monomers, as shown for allyl alcohol copolymerized
with ethylene, butadiene, and styrene (Figure 12.61).
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Figure 12.61 Copolymerization of allyl alcohol with ethylene, butadiene, and styrene and
measurement the resulting OH group concentrations after derivatization with trifluoroacetic
anhydride (TFFA) (cw-rf, 25 Pa).

The dependences of OH group retention in the copolymer on allyl alcohol con-
centration in the precursor mixture with ethylene, butadiene, or styrene did not
show the same characteristic behavior as the deposition rate shown in Figure
12.60, confirming special behavior

In such a way it was actually possible to adjust the number of functional groups,
by consideration of the nonlinear behavior as depicted in Figure 12.61, by mixing
the corresponding co-monomer ratio. However, in the case of a strongly different
copolymerization tendency, expressed by a strong difference in copolymerization
parameters, homopolymerization of the most reactive co-monomer dominates
over a broad range of precursor mixtures. Thus, it is difficult to adjust a given
concentration of functional groups.

If the copolymerization parameters of both co-monomers are similar, as in the
case of allyl alcohol and ethylene, the copolymerization proceeds easily. The
formed copolymer shows a linear combination of both the ethylene and allyl
alcohol Cls signals (Figure 12.62).

NEXAFS spectra of copolymers with different compositions confirm the unde-
sired post-plasma formation of carbonyl groups (Figure 12.63).

As can seen from the NEXAFS Oy-edge spectra, the concentration of undesired
C=0 features increases with growing percentage of ethylene in the co-monomer
precursor mixture. Thus, it can be assumed that only a minority of OH groups
bound in the allyl alcohol is transformed into C=O groups; however, the majority
is incorporated in the ethylene sequences by post-plasma oxidation at exposure to
air.

The IR-specific OH absorbances depend on the composition of the co-monomer
precursor mixture in similar manner as the XPS results (Figure 12.64).
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Figure 12.62 XPS CTs signals of ethylene, allyl alcohol, and allyl alcohol—ethylene copolymer
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3.5 1 * —P =0%, P =100%
] (e} (c-0) /'\ Pelhy\ene_40(y Pallyl alcoho\_6oo/
i T ethylene = 7% T aiy alcohol 2 70
3.0 S0 eV . —=-P__ =80%,P =20%
] \ ethylene allyl alcohol
Z 2.5 .. 6*(C=o)
O ) \
> 201 « 544 eV
L 4 TE* \,
F o5 (c=0) W\
B 533.6 eV
N | N\ N
o 1.04 *
E |
054
00 ———e=m=
-0.5 T T T T T T T T T T T
520 530 540 550 560 570

photon energy (hv) [eV]

Figure 12.63 Oy K-edge and m*c_o-resonance of pulsed-plasma polymerized allyl alcohol-
ethylene copolymers of different composition (rf, pulse frequency = 1000 Hz, duty cycle = 0.1,

power = 100W, and pressure = 6 Pa).

Allyl alcohol copolymers with ethylene or butadiene also show a nearly identical

surface energy (polar contribution) dependence on OH-group concentration, thus
showing the equivalency of both types of copolymers and the comparable presence

of OH groups at the surface (Figure 12.

65).

The stability of copolymers was measured using DRS. The samples were suc-
cessively heated and €* was measured isothermally versus frequency. Figure 12.66
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Figure 12.64 Variation of IR-measured OH absorbances with the composition of the
co-monomer precursor mixture of allyl alcohol and either ethylene or butadiene.
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Figure 12.65 Correlation between the polar component of surface energy and the concentra-
tion of OH groups in different allyl alcohol copolymers copolymerized with either ethylene or
butadiene.
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Figure 12.66 Dielectric loss €” versus temperature at a frequency of 1000 Hz for a pulsed-
plasma homopolymerized polybutadiene (M) and an anionic polymerized poly(1,2-butadiene)
(®) (arrows indicate peaks).

indicates that the microstructure of the product obtained by the pulsed-plasma
polymerization of butadiene is quite different from that obtained by conventional
polymerization techniques. Probably, a highly crosslinked structure is obtained
because the plasma process can activate both double bonds presentin 1,3-butadiene.
Additionally, 1,2- or 1,4- trans/cis-sequences can be established. Secondly, the
dielectric loss of the pulsed-plasma polymer is at least one order of magnitude
higher than that of poly(1,2-butadiene). Thus, it has to be concluded that the
plasma process produces several unsaturated radicals, which can react with oxygen
on exposure to air. The consequence is the formation of various oxygen-containing
polar groups that are not present in a conventionally synthesized polybutadiene.

This line of argument leads to the hypothesis that the plasma synthesized prod-
ucts are not thermally stable because the unsaturated radicals can recombine at
high temperatures. This is demonstrated by the data in Figure 12.67, where the
first heating run is compared with a second one for the pulsed-plasma polymerized
copolymer with 20/80 (1,3-butadiene/allyl alcohol) in the formulation. In the
second run the dielectric loss is dramatically reduced because the polar radicals
are converted into less polar groups. Moreover, the relaxation process around 75 °C
seems to disappear in the second run, indicating also a change in structure. There-
fore, only the low-temperature process is further analyzed and discussed in terms
of dependence on the formulation. With increasing temperature the position of
this low temperature peak shifts to higher frequencies and increases in intensity
(Figure 12.68).

The temperature dependence of the relaxation rate can be described by the
Arrhenius law (Figure 12.69).
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Figure 12.67 Dielectric loss ” versus temperature at a frequency of 1000 Hz for a pulsed-
plasma copolymer with 20:80 (1,3-butadiene:allyl alcohol) in the formulation: (@) first run
and (M) second run.
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Figure 12.68 Dielectric loss €” versus frequency at the indicated temperatures for a pulsed-
plasma copolymer with 80:20 (1,3-butadiene:allyl alcohol) in the formulation.

For the plasma-polymerized polybutadiene an activation energy (E) of 40k]
mol™ is obtained, which compares well with that for the B-relaxation of conven-
tionally polymerized 1,2- and 1,4-polybutadiene (41 and 37k] mol™, respectively
[129]). This indicates localized motions of groups like the B-relaxation in conven-
tionally synthesized polymers [130]. This is also consistent with the increase of Ae
with temperature (see inset Figure 12.69).

The E, increases systematically with the content of allyl alcohol (Figure 12.70).
This effect points to additional interaction caused by the allyl alcohol groups,
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which hinders the molecular fluctuations. Moreover, this systematic variation also
indicates that the two monomers are incorporated according to their concentra-
tions in the formulation.

The dependence of the dielectric strength (A€) on the concentration of allyl
alcohol in the mixture is plotted in the inset of Figure 12.70. The value of Ae is
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Figure 12.71 Extraction of differently composed allyl alcohol—ethylene copolymers in ethanol
for 16 h and the resultant loss in OH group concentration.

proportional to the mean squared dipole moment (1) and to the mobility of
dipoles. Pure plasma-polymerized polybutadiene shows a high Ae. A minimum
Ae was found around the equimolar composition of the two monomers. At the
first glance this is unexpected because the dipole moment of allyl alcohol should
be higher than that of butadiene. Therefore, it is concluded that the increasing
interaction of hydroxyl groups restricts the molecular mobility. For higher percent-
ages of allyl alcohol an increase of Ae was measured, which is interpreted as an
increase of the dipole moment (u) at high concentrations of OH groups. This
interpretation is in agreement with the dependence of the activation energy on the
concentration of allyl alcohol. Finally, it should be stressed again that both dielec-
tric quantities vary systematically with the composition. Because dielectric spec-
troscopy is a “bulk method” this result points to a homogeneous composition of
the layers.

The permanence of functional groups and the solubility of the plasma produced
copolymer layers in the polar solvent ethanol have been tested. Preliminary inves-
tigations showed that the copolymers were not completely soluble. Complete solu-
bility is a measure of the absence of crosslinks. Copolymers of allyl alcohol and
ethylene showed a significantly higher resistance towards complete dissolution for
all mixture ratios of co-monomers (Figure 12.71). Only the copolymer with 90%
ethylene in the precursor mixture was nearly resistant towards intense extracting
with ethanol.

12.12.4
Allyl Alcohol Copolymers with Styrene

Allyl alcohol-styrene (2:1) copolymer presents a different dependence of quanti-
ties of OH groups on the duty cycle than does pure allyl alcohol (Figure 12.72). At
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Figure 12.72 Variation of the concentration of hydroxy groups with duty cycle in plasma-
polymerized allyl alcohol-styrene (2:1) and pure allyl alcohol under the same plasma
conditions (1000 Hz, 300W), as measured by XPS after derivatization with TFAA.

duty cycles >0.3 a low but constant OH concentration of only 3 OH groups/100 C
atoms was found in comparison to the 14 OH/100 C theoretically calculated. At
lower duty cycles (<0.3) higher OH concentrations were measured. Consequently,
only a small part of allyl alcohol was incorporated into the deposited layer, which
consisted predominantly of polystyrene. This behavior apparently was due to pre-
ferred excitation of the vinyl bond in styrene. The necessary energy to start a radical
polymerization reaction is about 1eV [45]. In comparison to this the allyl double
bond requires significantly higher activation energy. Thus, Kurosawa et al. found,
using a quartz microbalance that the styrene deposition at 100 W and 100 Pa (cw
plasma) occurred eight times faster than the allyl alcohol deposition [127]. Using
the pulsed-plasma mode and also a microbalance Friedrich et al. reported that the
styrene deposition rate was tenfold greater than that of allyl alcohol [131].

After removing the polymer layers from glass substrate, FTIR spectra were
recorded using the ATR mode. Soft polymers were formed at low wattages and
very brittle polymers were obtained at higher power input.

Figure 12.73 shows the FTIR spectra of plasma polymerized allyl alcohol-
styrene copolymer (2:1) obtained with different duty cycles. In contrast to pure
allyl alcohol, for plasma polymers deposited under the same experimental condi-
tions the OH band grows slightly with increasing duty cycle.

The respective area ratio Aoy/Acy, increases linearly with the duty cycle (Figure
12.74).

This IR result is in contrast to that obtained by XPS after derivatization (Figure
12.72). The only plausible explanation is that the composition of the XPS measured
surface layer (5-7nm) differs from that of the “bulk” measured by ATR. The thick-
ness of the ATR-measured polymer layer (scratched off and mixed) was ca.
1000nm. A possible explanation for this experimental finding is the formation of
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Figure 12.73  FTIR spectra of plasma-polymerized allyl alcohol-styrene (2:1) copolymers
deposited at 300W but with different duty cycles.
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Figure 12.74 Area ratio Aon/Acw, of plasma-polymerized allyl alcohol-styrene copolymers
(molar ratio of monomers in the precursor 2:1) versus the applied duty cycle at 300W rf peak
power.

a styrene-rich skin caused by the post-plasma polymerization of styrene after
turning-off the plasma.

In other words, in the plasma-off time styrene molecules react much faster than
allyl alcohol monomers with the remaining radicals at the surface, thus forming
a thin polystyrene skin on the surface. The minimum energy needed to induce
such skin formation lies in the region of 90 W for the system considered and duty
cycles less than 0.3.
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Figure 12.75 Dependence of deposition rates of (pure) allyl alcohol and styrene, normalized
to 26 Pa and 1W power input, on duty cycle.

To prove the theory of the formation of a styrene-rich skin deposited in the
plasma-off time some deposition experiments were carried out, the results of
which are shown in Figure 12.75.

The deposition rates of styrene and allyl alcohol (normalized to a power input
of 1W and a pressure of 26 Pa) versus duty cycle show different behavior. Up to
duty cycles of 0.3 the allyl alcohol deposition rate is slightly higher than that of
styrene. However, at higher duty cycles (>0.3) the styrene deposition rate domi-
nates strongly.

CHN analyses of allyl alcohol-styrene copolymers confirm, as for all plasma
polymers, a hydrogen loss during plasma polymerization of about 20% (and addi-
tionally insignificant N-introduction) (Figure 12.76).

Thermal field flow fractionation (ThFFF) was applied to measure the existence
of high- or ultrahigh molecular weight fractions in plasma polymers. Compared
to size-exclusion chromatography (SEC) the advantage of this method is the
absence of any obstruction or blocking of chromatographic columns because of
the use of a flow channel with much greater dimensions. However, also, this
method needs (partial) solubility; however, gel particles do not disturb the process.
Notably, the applied detection (MALLS —multi-angle laser light scattering) meas-
ures all scattering centers independently of the molar mass, for example, very often
ultrahigh molecular weight molecules, which are very rare, possess a great number
of scattering centers within a single molecule and, consequently, this fraction is
overrepresented in the fractograms. The copolymer spectra show characteristic
molar mass distributions (Figure 12.77).

The pure styrene polymer product possesses a well-sized molar-mass distribu-
tion near 1MDa (1000kgmol™). The allyl alcohol-styrene (2:1) copolymer has a
similar mass distribution as the homopolymer of polystyrene. Changing to a 6:1
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Figure 12.76 CHN analyses for allyl alcohol-styrene (1:1) copolymers produced using
different duty cycles.
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Figure 12.77 ThFFF fractograms of plasma-polymerized poly(allyl alcohol)—polystyrene
copolymers, measured in tetrahydrofuran (THF), superposed with a three-component
polystyrene reference material (THF, rf, 300W, 26 Pa, 1000 Hz, and 0.1 duty cycle).

allyl alcohol-styrene copolymer the distribution maximum shifts slightly to higher
values in the low MDa region as seen in Figure 12.77. Thus, it can be concluded
that the copolymers consist predominantly of polystyrene. Only the 6:1 copolymer
should include more allyl alcohol sequences. Using 300W, high molar mass
copolymers were produced (>10°gmol™). Using 100 W, the co-monomers of allyl
alcohol and styrene were predominantly soluble. Figure 12.78 depicts the respec-
tive elugrams.
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Figure 12.78 FFF fractograms of different poly(allyl alcohol)—polystyrene copolymers (THF, rf,
100W, 26 Pa, 1000 Hz, and 0.1 duty cycle).
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Figure 12.79 SEC chromatograms of plasma poly(allyl alcohol) (a) and polystyrene (b)
homopolymers, measured in THF using different duty cycles.

To obtain more information on the molar masses and their distribution in
plasma polymers SEC [also known as gel-permeation chromatography (GPC)] was
used. To find a reference point commercial polystyrene standards were also meas-
ured under the same experimental conditions. In the case of allyl alcohol polymers
and copolymers a calibration is difficult (because of lack of suitable calibration
standards) and, therefore, interpretation of the chromatograms is complicated.
Moreover, association effects caused by hydrogen bonding of the OH groups of
the polymers may complicate the chromatographic process further. Additionally,
aggregates and gel particles must be completely removed from the polymer solu-
tion to avoid blocking of the chromatographic columns. Consequently, only the
well-soluble fraction of more or less linear polymers in the low or moderate molar
mass region was measured. The allyl alcohol homopolymers show characteristic
chromatograms with several peaks (Figure 12.79).
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Figure 12.80 P3 region of SEC chromatograms of plasma-polymerized allyl alcohol homopoly-
mers, measured in THF.

The peak maxima of pp-PAAl are labeled as P1 to P3. Peaks P1 and P2 are caused
by the solvent and measuring system, respectively. Peak P3 results from the
deposited polymer. The line A-B denotes the beginning of peak P3 for samples
polymerized at different duty cycles. As expected, low duty cycles produce more
soluble polymer fractions and with increasing duty cycle the soluble fractions are
reduced. The molecular weight distributions were broadened with lowering the
duty cycle (soluble fraction) as shown by the line A-B in Figure 12.79 and in a
magnified view plotted in Figure 12.80.

However, the application of cw plasma (duty cycle = 1) also produces soluble
polymers. On the other hand, the expected stronger fragmentation of the monomer
molecule and therefore a more randomly crosslinked structure decreased the
soluble fraction. The occurrence of bimodal molar mass distributions was charac-
teristic for all duty cycles. Thus, the general mechanism of poly(allyl alcohol)
formation should be the same at all duty cycles (measured only for the soluble
fraction).

The plasma polymerized polystyrene samples were also dissolved in THF for
24h to investigate the soluble part of the plasma polymers. The results are shown
in Figure 12.79 on applying calibration with polystyrene standards.

The P3 peak of pulsed-plasma polymerized styrene shows a broad distribution
of molar mass. The peak is particularly broadened at duty cycles from 0.05 to 0.3
as indicated by the A-B line. The polymer P3 peak at duty cycle 0.5 is minor. The
styrene polymerized in the cw mode shows a completely different molar mass
distribution, comparable with that species polymerized at duty cycle 0.05. Thus,
the interpretation is that the polymer formation process becomes more chemically
dominated at smaller duty cycles.

When allyl alcohol and styrene in the molar ratio 2:1 were copolymerized
(Figure 12.81) characteristic features of both homopolymers were found in the
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Figure 12.81 SEC chromatograms of plasma copolymers of allyl alcohol-styrene deposited at
300W rf peak power and different duty cycles (monomer ratio in the precursor 2:1).

chromatograms. Here, background information is needed; the application of low
duty cycles also produces polymers with a relatively large fraction of homopolymer/
copolymer soluble in tetrahydrofuran (THF). On increasing the duty cycle, begin-
ning at 0.3, only small fractions of soluble copolymers were found. In addition,
in the continuous wave mode (cw, duty cycle = 1.0), plasma deposited copolymers
exhibited only a very small fraction of soluble copolymers. Therefore, the base of
SEC analyses changes strongly with duty cycle. Moreover, these molar mass dis-
tributions (duty cycles 0.3-1.0) are quite similar to that of the allyl alcohol
homopolymer (cf. Figure 12.79). The molar mass distributions of the copolymers
produced with the lowest duty cycles (0.1 and 0.05) correspond strongly to that of
the polystyrene homopolymer. (cf. Figure 12.79). Also in this case, considering
also the IR results, lower duty cycles indicate a slightly different copolymerization
mechanism, which may again be attributed to the more dominate route of pure
chemical formation rather than the fragmentation—polyrecombination mecha-
nism [24].

The exact molar mass distribution of P3 of plasma produced poly(allyl alcohol)
and polystyrene homopolymers was assigned after using polystyrene standards.
The peak P3, which represents the molar mass distribution of the (soluble) plasma
polymer, was estimated to be about 700-4000gmol™ for poly(allyl alcohol)
homopolymers, with a maximum at 790gmol™ (Figure 12.82). The exact molar
mass distribution of pulsed-plasma produced polystyrene homopolymers was
assigned after measuring the polystyrene standards as seen in Figure 12.82. Here,
peak P 3 represents the highest molar mass of about 2700 gmol™. The peak P3
contains a shoulder named P 3/1, which may be attributed to an octamer of styrene
at about 820gmol ™.
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Figure 12.82 Differential molar mass distribution of plasma-polymerized (at different duty
cycles) poly(allyl alcohol) (a) and polystyrene (b) homopolymers, dissolved in THF.
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Figure 12.83 Differential molar mass distribution of plasma-polymerized (at different duty
cycles) allyl alcohol-styrene (2:1) copolymers, dissolved in THF.

Figure 12.83 demonstrates the molar mass distribution of allyl alcohol-styrene
copolymers (2:1). As noticed before, two groups of different behavior could be
distinguished. The copolymers produced with lowest duty cycles exhibit a very
high yield of the highest molar masses in the region of 600-50000gmol™ (duty
cycle 0.05) or 600-110000gmol™" (duty cycle 0.1) with a maximum at about
3000 gmol™". Additional discrete shoulders at 560 and 844 gmol ™" are also observed.
In the group that was produced at high duty cycles (>0.3), or in the continuous
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wave mode, molar masses in the range 700-8000gmol™ with a maximum at
820gmol ™ were found (Figure 12.83).

These results do not give concrete hints as to the actual mechanism of copoly-
mer formation or branching and so on. Nevertheless, obviously, at lower duty
cycles the polystyrene sequences strongly dominate and at higher duty cycles those
of poly(allyl alcohol) dominate, as already shown by FTIR spectroscopy. Thus, it
is concluded that respective OH group functionalization of allyl alcohol-styrene
copolymers switches very sensitively from homopolymerization of styrene (or allyl
alcohol) to copolymerization in dependence on the co-monomer ratio in the pre-
cursor mixture as well as in dependence on duty cycle, wattage, and so on. There-
fore, a well defined and reproducible deposition of copolymer layers is very difficult
and cannot unambiguously be predicted theoretically.

12.12.5
Acrylic Acid

Copolymers of acrylic acid and styrene show characteristic deposition rates in
terms of dependence on co-monomer ratio in the precursor mixture (Figure
12.84). Generally, acrylic acid has a much higher deposition rate than styrene
under the plasma conditions used [109].

The yield in carboxylic groups, measured by XPS after esterification with trif-
luoroethanol (R-COOH + HO-CH,-CF; — R-COO-CH,-CF;), corresponds to the
deposition rate. At a low percentage of acrylic acid in the precursor mixture the
concentration of COOH groups remains low (Figure 12.85). However, the deposi-
tion rate of acrylic acid—styrene is strongly increased for low acryl acid percentages
in contrast to pure styrene.
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Figure 12.84 Deposition rates of copolymers from acrylic acid (AAc) and styrene (St) (duty
cycle = 0.5, power = 100W, pressure = 10 Pa, thickness = 150nm).
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Figure 12.85 Yield of COOH groups for different kinds of acrylic acid copolymers and
different copolymer compositions produced in the pulsed-plasma mode.
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Figure 12.86 Dependence of the polar contribution to surface energy on the concentration of
COOH groups deposited by pulsed-plasma initiated copolymerization of acrylic acid and
butadiene in different co-monomer ratios (precursor mixture).

Acrylic acid-butadiene copolymers show an exponential increase of surface
energy with the concentration of inserted COOH groups (Figure 12.86), which is
far from the expected linear correlation between polar component and COOH
concentration. A superproportional concentration of CH,~CH sequences at
the surface of poly(acrylic acid) is assumed, for example, a portion of COOH
groups points away from the surface towards the bulk. Thus, especially at low
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Figure 12.87 Dielectric loss versus temperature at a fixed frequency of 1kHz of pulsed-plasma
deposited samples of acrylic acid—styrene (AA/S) copolymers with different ratios of
co-monomer.

concentrations of COOH, the polar component becomes smaller than expected
(cf. Figure 12.86).

The dielectric loss versus temperature at a fixed frequency (1kHz) and varied
ratio of the co-monomer is plotted in Figure 12.87.

Again, at low temperatures the -relaxation is observed in pure commercial and
plasma-polymerized PAA; however, it becomes reduced on increasing the styrene
percentage. At higher temperatures, in the range of the glass transition, measured
by DSC, an ill-defined shoulder is visible that corresponds to the dynamic glass
transition (o-relaxation) in polymers and copolymers on heating up.

12.12.6
Copolymers with Allylamine

Figure 12.88 shows the dependence on precursor composition of the deposition
rate of allylamine—ethylene (acetylene, butadiene) mixtures for 100 and 300 W or
10 and 30W effective power if using a duty cycle of 0.1.

The deposition rate versus precursor composition shows characteristic behavior
for each “co-monomer.”

The influence of plasma conditions on the structure of the allylamine plasma
polymer has been demonstrated by using IR spectroscopy (Figure 12.89).

The most eye-catching anomaly of all IR spectra of plasma polymerized
allylamine is again the appearance of the CN band at about 2200cm™". Moreover,
the NH stretching region around 3400cm™ is superposed by OH stretching as
well as in the region of 1700cm™ by C=O features. The existence of several
O-containing groups in the plasma polymer was evidenced before.
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Figure 12.89 Influence of different plasma conditions on the IR spectrum of allylamine
plasma polymer compared to a commercial poly(vinyl amine).

12.13
Graft Polymerization

The activation of inert polymer surfaces (polyolefins) and making them reactive
by exposure to plasma to start chain-growth from a C-radical site without further
assistance of plasma has been termed “graft polymerization” and sometimes also
“copolymerization.” Such graft polymerization can also be initiated by irradiation,
sensitized photochemical activation, and vacuum-UV- or ozone-pretreatment
[132-134]. There are different possibilities for grafting monomers, molecules with
functional groups, or polymers onto substrates such as polymers or inorganics
and starting from there new chain propagation (Figure 12.90).

Several possibilities of grafting have been discussed and tested.

The grafting of vinyl- or acrylic monomers onto C-radical sites at the backbone
of polymer substrate molecules and initiation of a chain-growth polymerization as
side-chain was often dreamt of. Graft copolymers are formed [135]. The chain
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Figure 12.90 Variants of plasma-chemical grafting onto polymer surfaces.

growth is terminated by radical recombination, chain transfer, or disproportiona-
tion [136, 137]. By following the same principle and using additionally functional
groups at the surface of the polymer substrate for adhesion promotion well-
adhering layers with special functionalities were produced [138]. Very often the
formation of peroxy functions awaited exposure of the plasma-exposed surface to
the ambient air. The plasma produced C-radical sites react with biradical molecular
oxygen by recombination and formation of proxy radicals:

CH, + plasma — CH" + 0.5H,; CH" + *0-O°® — CH-0-0"; CH-0-O" + CH,
— CH-0O-OH +CH*; CH-O-OH + hv — CH-O" + *OH; CH-O"*
+nCH,=CH-R — CH-O-CH,-CHR),’

Peroxy radicals can react with vinyl or acryl monomers before or after their decom-
position by irradiation to alloy radicals, which then start the graft polymerization
to linear side-chains as shown later [139]. Impregnation with monomers (or poly-
mers) or adsorbing monomers and their exposure to plasma for grafting of adsorp-
tion layer onto polymer substrate was another variant of grafting [140]. The
polymerization of a condensed monomer layer on a (cooled) substrate was intro-
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duced as early as 1972 by Hollahan [141]. This must also be remembered in the
CASING (crosslinking by activated species of inert gases) technique, which was
also proven to bond impregnate polymer layers onto polymer substrates (see
Section 6.10).

Chemical grafting as a defined reaction following ordinary chemical reaction
pathways is another and often probed variant by reaction between (monosort)
functional groups and those of molecules, oligomers, or polymers. A broad variety
of new molecular architectures at polymer substrate surfaces can be realized [2,
30, 91, 142]. Proved and tested reactions of functional groups were OH with
silanes, isocyanates, alkyl halides and acids, NH, with alkyl halides, isocyanates
and aldehydes, COOH with alcohols, epoxy groups, amines, and so on.

Radical-based graft reactions have many disadvantages. The generation of radi-
cals by plasma exposure of polymer surfaces is not tunable, predictable, and
reproducible. Therefore, no clear dependence of radical yield on plasma parame-
ters exists. Traces of oxygen, halides, and so on inhibit strongly the radical yield.
Primary alkyl-chain radicals are very short-lived (half-life of ca. 10"°s [143]) and
therefore not suited for grafting of vinyl or acrylic monomers. Moreover, the main
source of radicals is the plasma vacuum-UV irradiation, which produces radicals
in surface-near layers or in the bulk. Radicals at the topmost surface react with
monomer molecules. This route is most often closed for radicals below the surface.
These trapped radicals bring about some degradation effects during their life-time.
First peroxy radicals are produced by reaction of free radicals with molecular
oxygen from air. Peroxy radicals are produced as shown before in an uncontrolled
manner. The decay of hydroperoxides or peroxide starts the graft reaction as also
denoted before [144]: RH + hv — R’ + 0.5H,, then R* 4+ *0-O" — R-0-O" followed
by R-O-O'+R'H — R-O-OH + R’ and R-O-OH — R’ +'0-OH or R-O-OH —
R-O'+'OH or R-O-O-R"— R-O"+R’-O" or R(O)O-OH — R(O)' +'O-OH or
R(0)O-OH — R(O)O" + ‘OH. This type of initiation is also not defined and leads
to linkages of different stability such as: R-O" + CH,=CH-X — R-O-CH,-C(X)" or
R-0-0" + CH,=CH-X — R-0-O-CH,-C(X)' or R’ + CH,=CH-X — R-CH,-C(X)" fol-
lowed by chain growth. It is assumed that the density of alkoxy radicals is low but
the chain length of grafted monomers is high [135]. Biomedical application and
membrane modification were in the foreground but also adhesion promotion uses
such peroxide intermediates [134, 143-152].

The in situ grafting without any intermediate contact to air of vinyl- and acrylic
monomers on plasma-produced radicals was already reported by Bamford in 1960
[136, 153]. Later, Bradley exposed textiles to plasma and after this activation he
filled the reactor with acrylic acid for grafting onto. The thus treated textiles
showed improved properties [154]. This type of grafting was repeatedly tested but
without permanent industrial production [155-157]. Such grafted polymers were
tested as membranes [158, 159] or for impregnation of wool and synthetic fibers
and textiles [160] and Kevlar fibers [161]. The disadvantage of this technique is that
the radical can be transferred to the monomer and then a homopolymerization
starts and the formed polymer chain has no anchoring to the substrate: sub-
strate’ + M — substrate + M* and M'+ M — P". Without radical transfer the
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growing chain would be anchored to the substrate: substrate’ + M — substrate-M*
and substrate-M’ + M — substrate-P".

In contrast, the method of plasma-introduced monosort functional groups at
polymer surfaces to produce highly dense and covalently bonded groups, which
can be consumed, was often tested as a reproducible chemical process [162]. Thus,
grafting with much higher density and permanence towards solvents, aging,
mechanical stress, and so on is possible [2, 32, 67]. Moreover, the graft reaction
does not depend on radicals; in contrast to radical production and reaction it is
well controllable. Additionally, the grafted molecules do not possess vinyl or acrylic
double bonds, only reactive functional groups. This pure chemical grafting follows
chemical rules and leads to the stable and permanent anchoring of molecules via
covalent bonds.

12.14
Grafting onto Functional Groups

For high densities of grafts on polymer surfaces a high-density population of reac-
tive functional groups of one sort is necessary. The following plasma processes
allow such monosort functionalization (Scheme 12.1):

e Oxidation of polyolefin surface by exposure to the O,-plasma, followed by
reduction of all carbonyl-containing functional groups to OH groups using
B,H, LiAlH,, NaBH,, Vitride® (sodium bis[2-methoxyethoxylaluminum
hydride), and so on and simultaneous hydroboration of C=C double bonds
using diborane and hydrogen peroxide [163, 164];

¢ bromination of polyolefin surface using bromine, bromoform, or allyl bromide
plasmas (J. Friedrich and I. Novis, unpublished results, 1989) [67, 163-166, 167];

polyolefin (polymer) intermediate functionalized

Oeplasma OH COOHOCHOOOHO B,He-reduction OH O OH OH O OH

low-pressure plasma

Br Br Br Br Br Br
Bro-plasma | | | | | |

low-pressure plasma

CH=CH-CH,-OH-plasma QH OH QH OQH QH OH

low-pressure plasma

. OH OH OH OH OH OH
poly(vinyl alcohol) 1 1 1 1 1 1

electrospray (+plasma)

H20 OIH (0] OIH (IJH O, °|H
underwater plasma

Scheme 12.1 Examples of the production of monosort functional groups at polymer surfaces.
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e using underwater plasma to produce preferably OH groups [168];

e coating with plasma polymers or copolymers possessing monosort and a high

density of functional groups [169, 170];

e coating with polymers using the electrospray ionization technique [168].

These monosort functional groups can be consumed chemically by easy and often
tested reactions as mentioned before with mono- or bifunctional molecules, oli-
gomers, and polymers (PEG = 10000 gmol™) [30, 168].

For covalent coupling onto OH-, COOH-, and NH,-groups different reactions

are well suited [91, 171]:

] OH + (RO);Si-R"-X — J-0-Si(RO),-R"-X  silanization

J OH+OCN-R-NCO — JO-CO-NH-RNCO urethane bond

| NH, + OHC-R-CHO — N=CH-R-CHO  Schiff’s base (azomethine)

| NH, + OCN-R-CNO — |- NH-CO-NH-R-CNO  urea bond

| COOH+HO-R — |]-COOR ester bond

| COOH + H,N-R-NH, — }CO-NH,-R-NH, amide bond

| Br + H,N-R-NH, — - NH-R-NH, nucleophilic substitution

I-N; +R;-C=C-R, — I-substituted triazine click-chemistry.
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