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PREDGOVOR

FOREWORD

This issue of the Journal “Materiali in tehnologije” is
devoted to vacuum techniques and technologies.
Application of vacuum has spread enormously in the last
decades and nowadays comprises topics ranging from
traditional surface science to nanomaterials and
biointerfaces. Many crucial technologies introduced in
the last decades run under low pressure conditions.
Among them, technologies based on application of
non-equilibrium states of gases at reduced pressure are
particularly popular since they allow modifications on
the surface of materials that lead to unusual properties.
Many papers published in this issue are related to
application of low-pressure gaseous plasma for
modification of advanced materials. Several aspects
including plasma excitation and characterization are
addressed. Other papers deal with yet poorly understood
phenomena in characterization of materials by
techniques that apply high or ultra - high vacuum. Some
papers touch open problems in modification of materials
by chemical methods as well as application of
non-vacuum characterization techniques. The papers in
this issue represent valuable reading matter highly
recommended to researchers working in different fields
of vacuum technique and technologies.

Guest Editor
A/Prof. Dr. Alenka Vesel

Ta izdaja revije »Materiali in Tehnologije« je
posvecena tehnikam in tehnologijam, ki temeljijo na
uporabi vakuuma. Njegova uporaba se je v zadnjih
desetletjih izredno razmahnila, tako da danes vsebuje
razli¢na podrocja od klasiéne znanosti o povrSinah do
nanoskopskih in bioloSkih materialov. Mnogi klju¢ni
tehnoloski postopki, ki so bili razviti v zadnjem deset-
letju, potekajo pri zniZanem tlaku. Med njimi so naj-
pomembne;jsi tisti, ki za obdelavo materialov izkori$¢ajo
neravnovesna stanja plinov. Tovrstne obdelave namrec
vodijo k zanimivim lastnostim materialov, ki jih s
standardnimi postopki ni mogoce doseci. Mnogi ¢lanki v
pric¢ujoci izdaji revije opisujejo prav uporabo nizkotla¢ne
plinske plazme za modifikacijo povrSinskih lastnosti
materialov, kakor tudi metode za ustvarjanje plazme in
merjenje njenih znacilnosti. Drugi prispevki opisujejo
doslej Se vedno slabo poznane specifi¢nosti analitskih
tehnik, ki temeljijo na uporabi visokega in ultra visokega
vakuuma. Nekateri znanstveni ¢lanki se dotaknejo tudi
klasi¢nih kemijskih postopkov za modifikacijo mate-
rialov, kakor tudi nekaterih ne-vakuumskih tehnik za
njihovo karakterizacijo. Prispevki v tej Stevilki revije
predstavljajo priporocljivo Ctivo za raziskovalce, ki pri
svojem delu uporabljajo razlicne vakuumske tehnike in
tehnologije.

Gostujoca urednica
doc. dr. Alenka Vesel
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HETEROGENEOUS SURFACE RECOMBINATION OF
NEUTRAL NITROGEN ATOMS

HETEROGENA POVRSINSKA REKOMBINACIJA DUSIKOVIH
NEVTRALNIH ATOMOV
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An overview of data reported in literature on heterogeneous surface recombination of nitrogen atoms is presented. The data are
often scattered for over an order of magnitude depending on experimental technique and perhaps also on surface finish. As a
general rule the recombination coefficient is rather small for materials that do not chemisorb nitrogen atoms, and it is rather
large for some metals that are known as catalysts. Values as low as 5107 have been reported for Pyrex glass, although a typical
value of the recombination coefficient for glasses is rather 1x10~. The similar order of magnitude is found for very stable
polymers such as polytetrafluoroethylene (teflon), although larger values are typical for some other polymers. The
recombination coefficient for metals is typically 107> but can be as large as 0.3 for selected catalysts.

Keywords: nitrogen plasma, neutral nitrogen atoms, surface recombination, recombination probability

Podajamo pregled podatkov iz literature o heterogeni povrSinski rekombinaciji duSikovih atomov. Obstojeci podatki se pogosto
razlikujejo za vec kot velikostni red odvisno od eksperimentalne tehnike in verjetno tudi od predobdelave povrSine. V sploSnem
je rekombinacijski koeficient precej majhen za materiale, ki ne kemisorbirajo dusikovih atomov in precej velik za nekatere
materiale, ki so znani kot katalizatorji. Zelo majhne vrednosti okoli 5107 so bile objavljene za steklo Pyrex, ¢eprav je bolj
znacilna vrednost rekombinacijskega koeficienta za steklo okoli 1x10~. Podoben velikostni red velja tudi za polimere kot je
politetrafluoroetilen (teflon), medtem ko so za ostale polimere znacilne precej viSje vrednosti. Rekombinacijski koeficient za
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kovine je tipi¢no okoli 1072, vendar je lahko tudi precej visji okoli 0.3 za nekatere katalitiéne materiale.

Kljucéne besede: dusikova plazma, nevtralni atomi duSika, povrSinska rekombinacija, verjetnost za rekombinacijo

1 INTRODUCTION

Nitrogen plasma has attracted much attention in the
past decades not only due to application for surface
modifications of various materials'~?> but also due to
some specific characteristics of excited particles found in
non-equilibrium nitrogen plasma.’ Low pressure non-
equilibrium gaseous plasma is always characterized by a
rather high average energy of electrons and a rather low
kinetic temperature of all other particles.*° The simplest
example of such plasma is created in a noble gas. Free
electrons are accelerated in an appropriate electric field,
typically next to the powered electrode and enter plasma
volume with a kinetic energy often exceeding 100 eV. In
plasma volume they suffer from elastic collisions with
slow electrons. These collisions assure for a rapid
thermalization of the fast electrons: they effectively loose
their kinetic energy, while plasma electrons gain it.
According to the basic roles of statistical mechanics such
intensive energy exchange always leads to a Maxwellian
distribution of particles over their kinetic energy.

Plasma is therefore rich with electrons with a Max-
wellian energy distribution function. The high energy tail
of the function is exponential so the electrons may gain
practically any kinetic energy well above their average
kinetic energy. Number of electrons with very high
kinetic energy (in the high energy tail) are capable of

Materiali in tehnologije / Materials and technology 46 (2012) 1, 7-12

ionizing any atom or molecule. In the case of noble gas
such direct ionization may occur since there is a lack of
low energy excited states of atoms. For instance, the first
excited state of helium atom is at 20.2 eV’ while the
ionization energy is 24.6 eV.? Similar considerations
apply for many other atomic plasmas, but fail completely
in the case of nitrogen plasma. Namely, nitrogen plasma
has some unique characteristics due to many different
excited states that may or may not be metastable. The
unique properties of these excited states make characte-
rization and understanding of nitrogen plasma rather
difficult, let alone interaction of such plasma with solid
materials.

2 CHARACTERISTICS OF LOW-PRESSURE
NON-EQUILIBRIUM NITROGEN PLASMA

Nitrogen molecules are characterized by a variety of
different excited states. Most of these excited states are
metastable with a typical radiative lifetime exceeding 1
ms. The dissociation energy of a nitrogen molecule is
much higher than for many other molecules including
oxygen, hydrogen and alike. The ionization energy is
also rather high at about 14.5 eV.? Some excited states of
nitrogen molecules are presented in Refs. 2 and 3. The
richness of excited states causes many channels for
electron energy loss at inelastic collisions with nitrogen
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molecules. Unlike for the case of noble gases where the
channels are limited, a collision with a fast electron from
a high energy tail is likely to cause excitation of such a
molecule rather than dissociation or even ionization.
Electrons with a lower kinetic energy are likely to excite
vibrationaly excited states. Nitrogen molecules are
famous for many vibrational excited states. Unlike in
many other gases where superelastic collisions between
vibrationaly excited molecules and other particles cause
substational cooling of the vibrational states, the
coupling between vibrational and translational states for
nitrogen molecules is extremely poor. A consequence of
that is that nitrogen molecules are found in highly
vibrationaly excited states even in a plasma created by a
weak electrical discharge.”!? The high excitation energy
of electronically excited states as well as rich population
of vibrationaly excited states of nitrogen molecules in
gaseous plasma allow for interesting inelastic collisions
that may lead to either dissociation or even ionization of
nitrogen molecules. Such multistep processes, that
involve firstly excitations by electron impact and then
redistribution of the potential energy finally causing
dissociation or ionization, make any predictions about
the behaviour of nitrogen plasma very difficult. Until
recently, not many methods have appeared for determi-
nation of the basic plasma parameters such as disso-
ciation fraction in nonequilibrium plasma. Application of
optical absorption techniques i.e. TALIF,'! NO titration,'?
and catalytic probes'*!* definitely help understanding
interaction between nitrogen plasma and solid materials.

Reactive particles of particular importance are neutral
nitrogen atoms in the ground state. In nitrogen plasma
they are usually found at the kinetic temperature close to
the temperature of plasma facing components. In many
technologically important nitrogen plasmas they actually
represent the most important reactants. The interaction
between neutral nitrogen atoms and solid materials can
be either chemical or physical. Chemical interaction
stands for a chemical reaction between a nitrogen atom
and a solid material atom. Nitrogen atoms can either
bond onto the surface forming a sort of a nitride, or pick
an atom from the surface forming a radical that can leave
the surface. A typical example of the latter mechanism is
etching of organic materials or hydrogenated carbon by
neutral nitrogen atoms.'

The consequence of the chemical reactions is a loss
of neutral nitrogen atoms. The loss rate definitely de-
pends on the intensity of the chemical reactions. In many
practical cases however, chemical reactions are not
predominant mechanism of neutral nitrogen atom loss. In
many cases, the major mechanism is a physical reaction
which is often called heterogeneous surface recombi-
nation. Nitrogen atoms are chemically rather reactive and
can chemisorb on surfaces of different materials. If such
chemisorption occurs, another atom from the gas phase
may adsorb on the same site. The abundance of chemi-
sorbed atoms can quickly cause formation of a molecule

8

which does not fill strong chemisorption bonds but is
rather desorbed from the surface immediately after being
formed. This is so called Eley-Rideal mechanism of
heterogeneous surface recombination. The other mecha-
nism is the so called Langmuir-Hinshelwood which
postpones surface migration of nitrogen atoms until they
found a suitable site where they recombine and leave the
surface of the solid material as a molecule. Whatever the
mechanism is the recombination probability is often
expressed in the terms of recombination coefficient
which has been defined as the ratio between the number
of atoms recombining on a surface area in a unit time
and the total flux of atoms on the surface from the gas
phase. Since the loss of atoms by a surface recombi-
nation is often the most important mechanism for
draining atoms from plasma many authors attempted to
measure it.

3 SELECTED RESULTS FOR NITROGEN ATOM
RECOMBINATION COEFFICIENTS

The literature on recombination of neutral nitrogen
atoms is scattered among different journals and also
different periods. The techniques used for quantification
of the recombination probabilities heavily depend on a
sort of model predicting the behaviour of atoms near a
surface. As mentioned earlier nitrogen atoms are usually
not produced by direct impact dissociation of a molecule
in a ground state but also at other collisions. In practice it
means that the atoms can be also produced away from
glowing discharge in the region called an afterglow. In
fact, measurements in the discharge itself are usually too
complicated and often not very reliable so the majority
of recombination coefficients was measured under
afterglow conditions.

The recombination coefficients for two types of
glasses often used in construction of vacuum systems as
well as plasma reactors are presented in Table 1. A quick
look at the Table 1 reveals that the recombination coeffi-
cient is very low. This means that nitrogen atoms
practically do not interact with glasses. The explanation
has been given implicitly in the upper text and will be
only stressed again here. The luck of chemisorption
states on chemically very inert glasses prevent substan-
tional sticking of nitrogen atoms on the surface so the
probability of recombination is extremely low. A detailed
consideration of Table 1 indicates a rather large scatter-
ing of the experimental results. The smallest value of
5x10-% was found by Brennenen'® while on the other
hand Gordiets'” reported values of the order of 10~* and
even larger for a more complex experiment. The dis-
crepancy of the results is therefore over four orders of
magnitude and may be explained by particularities of the
experimental set-ups, surface finish of the materials and
possibly also the purity of materials used at particular
experiment.

Materiali in tehnologije / Materials and technology 46 (2012) 1, 7-12
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Table 1: Recombination coefficients for borosilicate glass (Pyrex) and quartz glass as obtained by different authors
Tabela 1: Rekombinacijski koeficienti za borosilikatno steklo (Pyrex) in kvar¢no steklo

N . Recombination Temperature Pressure
Reference Material coefficient (K) (Pa) Method
Brennen'® Pyrex 5%10°8 294 66.5-1330 Pa | afterglow intensity decay in a static system
Wentink '8 Pyrex 3x107° 300 > 40 Pa Pt heat resistance thermometer
Ricard"’ Pyrex 1073 300 399 Pa afterglow intensity measurements
Sancier®” difussion method + measurements of the
Pyrex 5%107 300 2.4 Pa luminescence and the heat of lumophors excited
by N atoms
Marshall?! Pyrex 3x107* 300 66.5-266 Pa | electron spin resonance measurements
Yamashita®? Pyrex 3.2x107° 300 80-560 Pa static system + mass spectrometer
Mavroyannis>> Pyrex 7.5x107 / 333 Pa flow system + NO titration
Young?* Pyrex 1.7x107 / 133-1596 Pa | flow system+ afterglow intensity measurements
Gordiets> Pyrex 2x1074 <400 266 Pa kinetic model + actinometry + LIF!
Lefevre?® 4 numerical procedure of hydrodynamic model and
Pyrex 2x10 1500 Pa kinetic model + OES? and NO titration
Oinuma?’ Pyrex 6.8%10°5 323 atmospheric two-dimensional numerical model
pressure
Marshall?® Quartz 8.3x107* 300 399-1729 Pa__| flow system + ESR® measurements
Marshall?® Quartz 6.9x10* 598 399-1729 Pa | flow system + ESR measurements
Marshall?® Quartz 9.6x10~* 779 399-1729 Pa_ | flow system + ESR measurements
Marshall*® Quartz 1.51x1073 995 399-1729 Pa | flow system + ESR measurements
Marshall2® Quartz 2,04><10’3 1224 399-1729 Pa | flow system + ESR measurements
Evenson®’ Quartz 0.7x107 / 400 Pa flow system + ESR measurements
Evenson® Quartz 5.5x10~ / 400 Pa flow system + ESR measurements
Belmonte® 93%10 1500 Pa numerical procedure of hydrodynamic model +
Quartz Exp(:3><700 /RT) 300-823 Ar/N,=1000/50 | OES and NO titration
sccm
Kim?? silica ~107* 27 Pa smith diffusion method + thermocouple probe
Adams?! . 3 two-dimensional model (Chantry equation) +
Si 2.6x10 ~ 300 133 Pa TALIF! calibrated by NO titration
Adams?’! Si 1.6x1073 ~ 300 399 Pa
Adams?! Si 5%107 ~ 300 665 Pa
Herron*’ Pyrex contami- 1.6x10°5 195-450 400 Pa flow system + NO titration
nated with water )

Table 2: Recombination coefficients for polymer PTFE, plastic foil (the authors give no information on the type of the foil) and ceramics BN
Tabela 2: Rekombinacijska koeficienta za polimer PTFE, plasti¢no folijo (avtorji niso podali informacije o vrsti folije) in keramiko BN

Reference Material Recomblpatlon Temperature Pressure (Pa) Method
coefficient (K)
Ricard"’ Plastic foil 3x107* 300 399 Pa afterglow intensity measurements
Ricard!’ Teflon 10 300 399 Pa afterglow intensity measurements
Young?* Teflon 2.9x107 / 133-1596 Pa | flow system+ afterglow intensity measurements
Evenson®’ Teflon 0.2x107° / 40 Pa resonant cavity, pure nitrogen plasma
Evenson?’ Teflon 2.5%10°5 / 40 Pa resonant cavity, nitrogen plasma with oxygen
impurities
Oinuma?’ BN 4.8%1075 323 atmogpheric two-dimensional numerical model
pressure

Adams’! 4 two-dimensional model (Chantry equation) +

BN 2x10 300 665 Pa TALIF calibrated by NO titration

A similar behaviour as for glasses is found for some
polymers. PTFE (teflon) has been known for decades as
a very inert material. Not surprisingly, the recombination
coefficient for nitrogen atoms has been found as low as
for glasses. Table 2 summarizes the recombination
coefficients for two types of polymers. Again, a rather
low recombination coefficient of 10 is due to a lack of
adsorption sites for neutral nitrogen atoms on such
materials. Similarly low coefficients were also found for

I(TA)LIF - (Two Atom) Laser Induced Fluorescence
20QES - Optical Emission Spectroscopy
3ESR - Electron Spin Resonance

Materiali in tehnologije / Materials and technology 46 (2012) 1, 7-12

some ceramics. The value for boron nitride is added to
Table 2. The coefficient is somehow higher than for
glasses or Teflon and this fact can be explained by
existence of irregularities on the surface of otherwise
well bounded material.

Moderately large recombination coefficients are
found for many metals including silver (Ag), aluminium
(Al), iron (Fe), and molybdenum (Mo). The recombi-
nation coefficients for these materials are presented in
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Table 3: The recombination coefficients for metals such as Ag, Al, Cu, Fe, Mo and for stainless steel. Data for Mo were estimated from the graph

y(T) which was published in a relevant reference.

Tabela 3: Rekombinacijski koeficienti za kovine Ag, Al, Cu, Fe, Mo ter za nerjavno jeklo. Podatki za Mo so bili od¢itani iz grafa y(7), ki je bil

objavljen v ustrezni literaturi oznaceni v tabeli.

Reference Material Recombination| Temperature Pressure (Pa) Method
coefficient (K)
Hartunian* Ag <1072 300 13-133 Pa catalytic probe + NO titration
Ricard!’ Al 6x10~ 300 399 Pa afterglow intensity measurements
Hartunian’* Al <10 300 13-133 Pa catalytic probe + NO titration
Adams?! 3 two-dimensional model (Chantry equation) +
Al 2.8x10 300 133 Pa TALIF calibrated by NO titration
Adams?’! Al 1.8x1073 300 399 Pa
Adams?! Al 1.0x1073 300 665 Pa
Oinuma?®’ Al 1.8x107* 323 atmospheric pressure | two-dimensional numerical model
Ricard!’ Cu 2x1073 300 399 Pa afterglow intensity measurements
Hartunian>* Cu 7x1072 300 13-133 Pa catalytic probe + NO titration
Lefevre® Fe foil with 8.2x1072 Exp 300-473 1500 Pa numerical procedure of hydrodynamic model +
Fe,O3 layer (=11400/RT) > Ar/N>=1000/50 sccm OES + NO titration
Belmonte3¢ 2 900 Pa numerical procedure of hydrodynamic model +
FeaNix Ix10 823 Ar/N>=60%/40% | OES + NO titration
Belmonte3’ - . 4 1500 Pa numerical procedure of hydrodynamic model +
nitrided Fe foil | ~ 6.7x10 300 Ar/N>=1000/50 scem | OES + NO titration
Mozetic'3 100 Pa catalytic probe
nitrided Fe foil 0.21 400 N»=600 sccm
Ar=200-3000 sccm
Lefevre’’ Fe,O 58.1xExp 300-330 1500 Pa numerical procedure of hydrodynamic model +
s (=26940/RT) Ar with 4.7% N, | OES + NO titration
Hays>® Mo sputtered on 3 intensity measurements during plasma decay
Pyrex 44x10 283 665 Pa (continuity equation)
38
Hays Mo s;l))uttered on 4.8%1073 307 665 Pa
yrex
38
Hays Mo s;l)Duttered on 4.9%10°3 317 665 Pa
yrex
38
Hays Mo s%uttered on 5.7%10°3 407 665 Pa
yrex
avedd <
Hays Mo s%uttered on 7.4x10°3 482 665 Pa
yrex
Ave38 .
Hays Mo s%uttered on 8 4x10-3 557 665 Pa
yrex
Hays?8 intensity measurements during plasma decay
Mo sputtered on | ¢ .13 300 13.3 Pa (continuity equation)
quartz
38
Hays Mo sputtered on 5.58%10°3 300 27.9 Pa
quartz
Ave38 .
Hays Mo sputtered on 2.73%10°3 300 105 Pa
quartz
38
Hays Mo sputtered on 2.19%10°3 300 1543 Pa
quartz
38
Hays Mo sputtered on 2.11x10°3 300 240 Pa
quartz
38
Hays Mo sputtered on 4.52%10°3 300 452 Pa
quartz
38
Hays Mo sputtered on | 5 5o, 13 300 67.8 Pa
quartz
Adams?! e 3 . two-dimensional model (Chantry equation) +
Stainless steel | 7.5x10 - 300 133 Pa TALIF calibrated by NO titration
Adams®! Stainless steel 6.3x10~ ~ 300 399 Pa
Adams’! Stainless steel 4.8x1073 ~ 300 665 Pa
: 39 tes q 4 S
Singh Stainless steel 7%102 330 173-532 Pa steady state plasma model + NMS® and EEDF
measurements
Oinuma®’ Stainless steel 1.8x107 323 atmospheric pressure | Two-dimensional numerical model

4NMS - Neutral Mass Spectrometry

SEEDF - Electron Energy Distribution Function

10
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Table 4: The recombination coefficients for catalytic materials such as Co, Ir, Pd, Pt and W. The recombination coefficient is temperature
independent for Pd and Pt. For other materials the recombination coefficient is temperature dependent and it was estimated from the graph y(7)
which was published in a relevant reference.
Tabela 4: Rekombinacijski koeficienti za kataliticne materiale kot so Co, Ir, Pd, Pt in W. Rekombinacijski koeficient ni odvisen od temperature
za materiala Pd in Pt. Za ostale materiale je temperaturno odvisen in je bil od¢itan iz grafa y(7), ki je bil objavljen v ustrezni literaturi oznaceni v

tabeli.
Reference Material Recombination Temperature Pressure (Pa) Method
coefficient (K)

Halpern*’ Co 0.43 418 133 Pa flow system + NO titration
Halpern*” Co 0.51 446 133 Pa flow system + NO titration
Halpern*’ Co 0.55 556 133 Pa flow system + NO titration
Halpern*” Co 0.54 605 133 Pa flow system + NO titration
Halpern*” Co 0.54 656 133 Pa flow system + NO titration
Halpern*” Co 0.55 676 133 Pa flow system + NO titration
Halpern*” Co 0.54 791 133 Pa flow system + NO titration
Halpern*” Co 0.49 882 133 Pa flow system + NO titration
Halpern*? Co 0.43 938 133 Pa flow system + NO titration
Halpern*” Co 0.41 987 133 Pa flow system + NO titration
Halpern*” Ir 0.32 1115 133 Pa flow system + NO titration
Halpern*’ Ir 0.26 1146 133 Pa flow system + NO titration
Halpern*? Ir 0.34 1202 133 Pa flow system + NO titration
Halpern*” Ir 0.27 1246 133 Pa flow system + NO titration
Halpern*” Ir 0.27 1302 133 Pa flow system + NO titration
Halpern*’ Ir 0.37 1400 133 Pa flow system + NO titration
Halpern*’ Ir 0.38 1490 133 Pa flow system + NO titration
Halpern*” Ir 0.37 1517 133 Pa flow system + NO titration
Halpern*” Ir 0.38 1591 133 Pa flow system + NO titration
Halpern*’ Ir 0.40 1678 133 Pa flow system + NO titration
Halpern*” Ir 0.46 1729 133 Pa flow system + NO titration
Halpern** Ir 0.45 1779 133 Pa flow system + NO titration
Halpern*” Ir 0.47 1828 133 Pa flow system + NO titration
Halpern*’ Ir 0.41 1872 133 Pa flow system + NO titration
Halpern*’ Ir 0.45 1921 133 Pa flow system + NO titration
Halpern*? Ir 0.44 1946 133 Pa flow system + NO titration
Halpern*” Ir 0.48 2020 133 Pa flow system + NO titration
Halpern*’ Pd 0.3 500-1100 133 Pa flow system + NO titration
Halpern*? Pt 0.31 500-1600 133 Pa flow system + NO titration
Halpern®” W 0.21 1614 133 Pa flow system + NO titration
Halpern*” Y 0.24 1684 133 Pa flow system + NO titration
Halpern*’ W 0.29 1759 133 Pa flow system + NO titration
Halpern*” w 0.32 1821 133 Pa flow system + NO titration
Halpern* W 0.36 1896 133 Pa flow system + NO titration
Halpern*” W 0.40 1960 133 Pa flow system + NO titration
Halpern*’ W 0.43 2023 133 Pa flow system + NO titration
Halpern*? w 0.48 2091 133 Pa flow system + NO titration
Halpern* W 0.53 2161 133 Pa flow system + NO titration
Halpern*” W 0.57 2235 133 Pa flow system + NO titration
Halpern*’ W 0.58 2315 133 Pa flow system + NO titration
Halpern** w 0.68 2402 133 Pa flow system + NO titration
Halpern®” W 0.74 2500 133 Pa flow system + NO titration

Table 3. One should read the results for these particular
materials with some precaution. These materials are
known to form native oxide films. The oxide films can
be removed prior to experiments with neutral nitrogen
atoms but it is rather difficult to keep oxygen free surface
in plasma reactors due to the existence of residual
atmosphere, especially water vapour. The dissociation
energy of water vapour is much lower than for nitrogen
molecule so any water that appears in a nitrogen plasma
reactor is likely to be dissociated to highly oxidative
radicals such as O and OH. These radicals may stick on
surfaces even though a lot of precautions were taken in
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order to assure appropriate cleanliness of the material
surfaces.

The highest recombination coefficients are found for
catalytic materials. The results for these particular
materials are summarized in Table 4. These materials are
known for their good chemisorption abilities and
transformation of a variety of radicals to stable
molecules even at low temperatures. Not surprisingly
they are also good catalysts for neutral nitrogen atoms.
The recombination coefficient can be as high as 0.4 at
room temperature.
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4 CONCLUSIONS

An overview of recombination coefficients was
presented. The data summarized in this paper are useful
for understanding the interaction between nitrogen
plasma and solid materials. The first consideration goes
for the right choice of the materials used for plasma
facing components. More than obvious, catalytic
materials should be avoided if a high density of nitrogen
atoms in plasma is required. The best material for
construction of nitrogen plasma reactors is the one with
the lowest recombination coefficient, i.e. Pyrex. Just next
to Pyrex is quartz glass. Both materials are high vacuum
materials and thus very useful for construction of even
large reactors where the purity of processing gas is
important. From the recombination point of view
polymers are often suitable but in practice they are
usually avoided because they are not vacuum materials.
If, for any reason glass should be avoided and only
metals can be used, the recommended material is
aluminium covered by a thin film of alumina (oxide).
The oxide film should be compact and rather smooth in
order to assure for low recombination coefficient and
high stability of surface properties even after prolonged
application. Other materials except some ceramics are
not suitable as plasma facing components in nitrogen
reactors due to a rather high recombination coefficient or
rather unpredictable behaviour.
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Dusty plasma has traditionally been considered as pollutant species in plasma processes. However, lately it is being regarded as
an interesting way of producing nanocomposite thin films. In this paper, the basics of dusty plasma physics are presented.
Discussed is the nucleation and growth, which can be either a consequence of homogeneous plasma reactions, heterogeneous
reactions on the plasma-surface interface or they can be injected externally into the plasma. The particles are negatively charged,
which strongly influences their movement. The most important interaction is the repelling force in the plasma sheath which
confines the particles to the plasma volume. Also presented in this paper are the basic properties of nanocomposite thin films
and their application in modern technological and industrial applications. Examples of dusty plasma produced nanocomposite
thin films are given in the final chapter.

Keywords: dusty plasma, nanocomposite thin films

Navadno so pojav prasne plazme v plazemskih reaktorjih povezovali z necisto¢ami v plazmi, zadnja leta pa jih dojemajo tudi kot
zanimivo orodje za nalaganje nanokompozitnih tankih plasti. V pri¢ujo¢em prispevku predstavljamo osnove fizike pra$nih
plazem. Govora je o nukleaciji in rasti, ki je lahko posledica homogenih reakcij v prostornini plazme, posledica heterogenih
reakcij na sti¢ni plasti med plazmo in trdno povrsino, ali pa so lahko vstavljeni v plazmo od zunaj. Delci imajo negativen
elektri¢ni naboj, kar mo¢no vpliva na njihovo gibanje. Najpomembnejsa interakcija je odbojna sila v plascu plazme, ki zadrzuje
delce v prostornini plazme. V prispevku so pravtako predstavljene osnovne lastnosti nanokompozitnih tankih plasti in njihove
uporabe v sodobnih tehnoloskih in industrijskih aplikacijah. V zadnjem poglavju so predstavljeni primeri nanokompozitnih
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tankih plasti, pripravljeni s pomocjo prasne plazme.
Klju¢ne besede: prasna plazma, nanokompozitne tanke plasti

1 INTRODUCTION

The phenomenon of formation of dusty particles in
plasmas has been known almost as long as the plasmas
themselves !, however the research of the "dusty plasma"
has considerably lagged behind the general knowledge of
plasmas. Since then, plasmas have proven to be indis-
pensable tools in research, technological and industrial
processes, where their use ranges from relatively benign
and non-intrusive surface modification to thermonuclear
fusion, encompassing technologies such as selective
etching®8, cleaning of metallic surfaces®'?, biomedical
application such as improving bio-compatibility of
prosthetics'® and sterilization'*!3, thin-film deposition,
etc?1216-28 Regardless of the application, one of the key
requirements for the plasma was purity as too high a
concentration of impurities would hinder the efficiency
of the process, if not outright rendering it useless. In this
context, the appearance of dusty particles in the plasma
was a most undesired occurrence.

However, in the recent years, there has been a
renewed interest in the field of dusty plasmas. The
motivation for the research ranges from the intent to
increase the efficiency of production of solid particles to
avoid the formation of dust altogether. Regardless of the
motivation, the importance, and the world-wide interest
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in the field is perhaps best illustrated by the fact that one
of the physical experiments aboard the International
Space Station has been dedicated to the study of dusty
plasmas under microgravity conditions®. Moreover, the
perception of dusty plasmas in technological processes is
also changing as they are not regarded merely as an
unwanted side-effect, but also as a very attractive tool for
producing nanocomposite thin films.

2 DUSTY PLASMA
2.1 Appearance of dust particles

By definition, dusty plasma is plasma containing
solid particles, usually of micrometric or nanometric
proportions, however the source of the particles can
differ greatly from case to case. The particles can be
introduced externally, or they can be a consequence of
reactions in the reactor, be it homogeneous reactions in
the plasma volume or heterogeneous reactions on the
solid surfaces within the reactor.

Particles of virtually any material and in sizes
ranging from a couple of 10 nm to several um can be
injected into plasmas®-*2. This kind of particle intro-
duction is especially suited to basic research of dusty
plasma properties, since it allows for a high degree of
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control over the chemical composition and the size
distribution of the solid particles.

In a way, external introduction of solid particles may
also be a consequence of surface reactions in the plasma
reactor, in which material from plasma-facing surfaces is
ejected into the plasma. Such cases can include
sputtering®*-3¢, evaporation, arching, etc?’. Naturally, the
control over the size distribution of the particles
introduced into the plasma is, in this case, inherently
much lower.

In contrast to externally injected particles, which are
generally composed of different elements and com-
pounds that make up the plasma, particles can also grow
from precursors which are at the same time plasma
species. Well documented examples of such particle
growth are the appearance of solid particles in silane
containing plasmas, and in plasmas containing hydro-
carbon species such as methane, acetylene, etc.

In silane containing plasmas, the nucleation starts
with the reaction:

SiH; + SiH, > Si,H; + H, (1.1)

in which a negative silane ion SiH3™ reacts with a silane
molecule, creating a heavier negative ion SiHz™ and a
hydrogen molecule. The resulting heavier ion reacts
with another silane molecule, forming an even heavier
ion, and thus the reaction continues for larger and larger
clusters:
Si, H, , +SiH, — Si (1.2)

Such clusters grow to the size of approximately 2 nm.
After that, the attachment of negative ions becomes more
likely than the chain formation reaction, and agglo-
meration of clusters begins. This way, particles can grow
up to several 100 nm in size¥*. An example of such parti-
cles is presented in Figure 1.

A similar reaction takes place in acetylene plasmas,
where a negative ion, C,H~ reacts with an acetylene
molecule*:

+H, . +H

n+1 2n+3 2

Figure 1: TEM image of Si — based particles, deposited in a dusty RF
discharge, created in a mixture of argon and silane, Figure 6 in%
Slika 1: TEM slika silicijevih delcev, ki so nastali v prasni RF raz-
elektritvi meanice argona in silana, Slika 6 v>°
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Figure 2: Generations of particles grown in the same discharge,
Figure 4a in®

Slika 2: Generacije delcev, ki nastanejo v isti razelektritvi, Slika 4a
29
\%

C,H +C,H, »C,H +H, (1.3)

The resulting heavier negative ion again engages in
growth reactions:

C,H +C,H, »C, ,H +H, (1.4)

Dust particles composed from plasma species can
also be formed in heterogeneous, surface reactions. In
this case, plasma species are deposited on solid surfaces
within the reactor, forming a thin film. Subsequently, this
thin film is degraded in a way that it begins to crack or
flake. The flakes peel off the surface and re-enter the
plasma. This process generally produces the most
random size and shape distribution of the dusty particles.

However, in a realistic case, the growth of particles
can rarely be defined as only one of the described pro-
cesses, rather than a combination of various processes.
Erosion of material from solid surfaces does not
necessarily result directly in a population of solid
particles in the plasma — the material is not only eroded
in the form of solid particles, but also in the form of
precursors, from which particles grow in the gas phase.

Moreover, the choice of solid surfaces needs not to be
limited only on walls of the plasma containing vessel,
electrodes, target plates, etc. Indeed, the dust particles
themselves can be eroded by the surrounding plasma,
thus ejecting precursor species for a new generation of
particles to be formed in the plasma?’#!. The sub-
sequently formed generations of particles are of course
subject to the same erosion mechanism and so further
generations are formed, resulting in a periodical growth
of particle generations, as seen in Figure 2 2.

Most interestingly, combination of various growth
mechanisms can result in a heterogeneous structure of
the dusty particles. Particles, ejected from the solid
plasma facing surfaces can act as nucleation centers for
growth of layers deposited by the plasma. This results in
particles with a core composed of material ejected from

Materiali in tehnologije / Materials and technology 46 (2012) 1, 13-18
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the surface, and a shell composed of material grown
from plasma species.?’

2.2 Behavior of dust particles in the plasma

The behavior of the dusty particles inside a plasma is
governed most strongly by their electric charge. The
most important feature of this interaction is that a
negatively charged particle will be repelled away from
the plasma sheath, thus being confined to the plasma
volume. This significantly increases the residence time
of the particles, allowing them to grow by several orders
of magnitude before the electrostatic force is finally
overcome by other forces acting on the particles. Most
commonly, the chief force which counteracts the electro-
static repulsion is gravity, though experiments have also
been performed in microgravity conditions.?* Another
important force is the drag force of the gas in flow-
through experimental set-ups.

In magnetized plasmas, the magnetic field has also a
prominent effect on the behavior of particles, provided
they are moving around the plasma volume, rather than
being stationary. The effect of the magnetic field is
manifested in the curved trajectories of the particles’”+2.
It also contributes to the confinement of the particles to
the plasma volume.

As any non-biased solid surface accumulates elec-
trons from the plasma, we can expect the dusty particles
to be negatively charged as well. However, this may not
always be the case.

When we consider the particles grown in homo-
geneous gas-phase reactions in the plasma volume, we
should keep in mind that particles acquire electric charge
differently in different stages of their growth. The
particle growth begins with the formation of negative
clusters, that although increasing in size, they never
appear to have more than one excess electron. Moreover,
the negatively charged clusters are likely to transfer the
electron to a positive ion (such as Ar*), becoming neutral
particles in the process. The electric charge of the clu-
sters then depends on the electron affinity of the samples
and the probability of the charge-transfer reaction. By
losing an electron, and thus becoming electrically
neutral, the growth of the cluster is terminated, as only
negative ions engage in growth reactions. Moreover, the
neutral particle is not confined by the potential drop and
faces the danger of being carried away from the dis-
charge region by the gas drift velocity. By electron
attachment, the cluster becomes negative again, and both
growth reactions and entrapment by electric field are
resumed. Once the clusters reach a certain critical size,
the attachment of negative ions becomes more likely
than the growth of the original chain of the cluster. Thus,
the electric charge can accumulate to greater quantities.

Conversely, when considering bigger particles, the
situation is much different. We can consider the surface
of the particle as any other plasma facing surface. This
means that it will accumulate as much charge as
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necessary until the surface achieves the floating
potential. This quantity of charge can be calculated if we
consider the particle as a spherical capacitor with the
capacity C:

4me,,
C—1 1 (1.5)
r_r-i-dS

where r is the particle diameter, d; is the sheath thick-
ness and &¢ is the vacuum permittivity constant. Of
course, this equation is only valid when the particles are
spherically shaped, which may not always be the case.
The amount of charge, g, accumulated on the particle
surface is:

q = CUy (1.6)

where Uy is the floating potential of the plasma. Again,
this evaluation is valid only when the density of the
particles in the plasma is low enough for the particles to
be considered as independent.

However, when the density of the dusty particles
increases so much that the average distance between
particles becomes of the order of the Debye length, it is
no longer possible to neglect the effect of the high
density of the particles. An immediate effect of the high
particle density is that the plasma is unable to provide
the particles with enough electrons as required by to
sustain the floating potential. Then, the average amount
of charge carried by a single particle is:

L 1.7
q= n, 99 ( . )
where n; is the density of ions, n. is the density of
electrons in the plasma and g is the elementary charge.
In such cases, the majority of the negative charge in the
plasma is represented by the solid particles, rather than
electrons. Obviously, the plasma can not remain
unaffected by the dust particles.
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Figure 3: Theoretical prediction of the electron temperature as a
function of the dust-particle size, Figure 8 in®3

Slika 3: Teoreti¢na napoved temperature elektronov v odvisnosti od
velikosti pragnih delcev, Slika 8 v*3
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The most noticeable consequence of the increase of
dust population is a significant decrease of the electron
population. It has been shown that once the dust particles
grow over a certain critical value, the electron density
drops for a factor of about 5 4.

At the same time, in order to sustain the same rate of
ionization, the electron temperature drastically increases,
up to 6 — 8 eV #, illustrated in Figure 3. This in turn
enhances the dissociation of source gas molecules by
almost an order of magnitude. This phenomenon can be
utilized in plasma processes, where a high degree of
dissociation is required, such as PECVD. Particles are
introduced into the discharge and effectively extracted
(by electric or thermophoretic forces) in order to increase
the efficiency of the plasma process. Dust can also cause
instabilities in the plasma, which are reflected on the
self-bias voltage, emitted light and plasma current*+,

The dusty particles do not influence only the dis-
charge, but also each other. Once their density increases
enough that they can not be considered independent, the
interparticle interaction become increasingly important.
Independent particles experience a confinement force
only in the sheath region, whereas in the plasma volume,
they are subject to other forces which govern their
movement — gravity, drag forces of the gas flow,
thermophoretic forces, etc. Thus independent particles
would concentrate around the sheath region — the only
place where the electrostatic interaction would
counteract other forces, acting on the particles. In dusty
dense plasmas, however, the particles fill out a fraction
of the plasma volume which is considerably larger that
the narrow sheath region, forming a cloud of particles*.
The cloud is pressed against the sheath, however inter-
particle interactions are preventing it from collapsing.
Particle clouds have been also observed to show collec-
tive movement*’ or even form crystalline structures’-32.

2.3 Deposition of nanocomposite thin films by dusty
plasma

Although certain forms of nanocomposite materials
have been in use for a long time, the current level of
interest appeared — and the term "nanocomposite" was
coined — with the advent of diagnostic techniques which
allow for analyses of materials on the nanometric scale.
Composite materials with nanometric components are
particularly interesting because the nano-size of filler
particles brings novel properties in practically any
aspect, be it mechanical, electric, thermal, optical, elec-
trochemical, catalytic, etc.

Nanocomposite thin films are no exception as they,
too, feature very interesting properties and can be used
as hard, nonflammable*** or biocompatible coatings,
field emitting materials>°-2, etc. Such nanocomposite
thin films have thus many potential application in the
field of aerospace, biotechnology or microelectronics,
where they could be used to produce non-volatile
memory devices®’, light emitting diodes®*, chemical
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sensors>®, absorbent layers for solar cells®®, quantum
dots”’, etc.

An example of a biomedical application of such
nanocomposite thin films are organosilicon thin films
with embedded silver nanoclusters®?. Silver ions and
compounds have been long known to exhibit anti-
microbial properties®®, however the price of silver is
rather prohibitive for construction of massively used
food containers, and due to its mechanical properties, it
is also perhaps not the ideal material for medical devices
such as orthopedic prosthesis, dental implants, etc.
However, by embedding nanometric grains of silver into
a matrix of polymer or organosilicon materials, it is
possible to have the antimicrobic activities of silver for
the price of plastics.

Silver nanograined organosilicon films were prepared
in a capacitively coupled radiofrequency plasma reactor
by a dual action of a simultaneous PE-CVD in an argon-
hexamethyldisiloxane plasma and sputtering of a silver
target on the powered electrode, which were applied
alternately.* During the PE-CVD stage, SiCO,H, com-
plexes were deposited on the substrate surface and were
polymerized. During the sputtering phase, a beam of
energetic argon ions was used to sputter atoms of silver
from the target. The silver atoms formed silver clusters
which were embedded in the matrix. Thusly produced
thin films exhibited an improved antifungal activity,
which could be put to good use in various bio-medical
and other applications.

Another interesting field of plasma deposited nano-
composite thin films are thin films with an amorphous
hydrogenated carbon (a-C:H) matrix in which are
embedded graphite-like nanograins. The a-C:H was
extensively studied as it exhibits low-k and insulating
properties, which makes it suitable a material as dielec-
tric in ULSI chips, passivation or optical layer>*'. As a
result, the methods of plasma deposition of a-C:H are
now at the stage of high control of film quality, high
efficiency and reproducibility®?. Unfortunately, the ther-
mal stability of a-C:H thin films leaves much to be
desired — at the temperature of 200 °C, the structure is
already degraded, which in turn leads to a degradation of
the dielectric properties. Addition of graphite-like nano-
grains into an a-C:H matrix results in a semi-insulating
material with a considerably higher thermal stability.
Moreover, such nanocomposite thin films also exhibit
photoconductive properties. The carbon-grained, a-C:H
nanocomposites can be also used in biomedical applica-
tions®?. Carbon-based materials are attractive as coatings
of prostheses due to their biocompatibility, chemical
inertness®%5 and non-corrosiveness.

The conventional way of producing such nanocom-
posites is based on chemical synthesis®. It requires
several steps involving different procedures, from syn-
thesis of nanoparticles, mixing them with the matrix to
the thin film deposition. This leads to a low level of
control of the nanocomposite structure and the process
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cls
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Figure 4: SIMS analysis of particles with a carbon-based shell around
a metallic core, Figure 8¢ in%’

Slika 4: SIMS analiza delcev z lupino iz ogljika okrog kovinskega
jedra, Slika 8c v3’

reproducibility. In contrast, using a dusty plasma as a
deposition tool, the whole process is completed in a
single step.

Graphite-like — a-C:H nanocomposites were depo-
sited in a multipolar electron cyclotron resonance (ECR)
microwave plasma, created in hydrocarbon containing
gases such as methane and acetylene’”“2. The key to the
growth of powder particles in these cases was the magne-
tic field of the ECR reactor, which was used to confine
the negatively charged particles to the plasma volume.
The films were produced at relatively low pressures (0.1
Pa), where heterogeneous, surface-based reactions are
much more probable than homogeneous reactions in the
plasma volume, however, the magnetic confinement of
negative ions facilitated the nucleation and growth of
particles in the plasma volume. This procedure resulted
in films with an a-C:H matrix and several 100 nm thick
graphite-like grains?’. However, in certain cases, the
grains embedded in the film were found to have a
heterogeneous structure. They were composed of an
approximately 100 nm thick graphite-like shell around
an approximately 20 nm thick metallic core, as seen in
Figure 4. The metallic core originates in the erosion of
the wall materials. Metallic particles enter the plasma
where they act as nucleation center for growth of the
graphite-like carbon layers.
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3 CONCLUSION

Dusty plasma is, by definition, plasma which con-
tains solid particles, usually of micrometric or nano-
metric dimensions. The particles can enter the plasma
either by external injection, erosion of plasma-facing
surfaces, heterogeneous surface reactions of plasma
species or homogeneous reactions in the plasma volume,
or a combination of various methods.

The particles acquire a negative electric charge,
which strongly influences their behavior in the plasma
volume. The most striking feature is that the electrostatic
forces in the sheath region repel them from the walls of
the plasma-containing vessel and confine them to the
plasma volume. The particles have been observed also to
interact with one-another, showing collective movement
or forming crystalline structures. Moreover, the popu-
lation of dust changes the properties of the discharge,
where a significant drop in the electron density and a
significant increase of the electron temperature are most
notable.

The dusty plasmas are presented as an attractive tool
for depositing nanocomposite thin films. Contrary to
conventional methods where the deposition process
involves several steps, in plasma deposition all phases of
the process are completed in a single step. Such depo-
sition techniques could be gainfully applied in many
industrial and technological applications, ranging from
microelectronic industry to aerospace industry and
biomedical applications.
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Titanium dioxide (TiO,), in the crystal form of rutile with high refractive index, 2.7, is one of the most important inorganic
pigments. In the recent years nano TiO, has attracted 1nterest as an inorganic material for nanocomposites. It is used for the
development of photocatalysts'”, semiconductors in solar cells** and for the protection of materials from UV damage™.

To achieve high UV absorbing efﬁc1ency of TiO, nanoparticles into polymer matrix and to yield a better compatibility with
polymeric materials surface treatment of TiO, nanoparticles with 3-glycidyloxypropyltrimethoxysilane (GLYMO) in a
polyacrylic clear coating was investigated. The grafting of GLYMO on the TiO, nanoparticles surface was characterized with
TGA and FTIR techniques. The stability of TiO, nanoparticles in a acrylic clear coating was evaluated by zeta potential
measurement. Microstructural analysis of nanoparticles was done by SEM and the influence of surface treatment on stability of
nanoparticles in dispersion and acrylic coating was analysed. Finally the UV absorption effectivness of acrylic clear coating
with treated nanoparticles of rutile TiO, was measured to determine the effect of improved dispersion. The performance of
nanocomposite coatings was demonstrated trough accelerated weathering by gloss measurement. The results showed that
surface treatment of TiO, nanoparticles with GLYMO improves nanoparticles dispersion and preserves UV protection of the
acrylic clear coating.

Keywords: titanium dioxide, nanoparticles, polyacrylic clear coating, surface treatment, GLYMO, UV protection

Titanov dioksid (TiO,), v rutilni kristalni obliki z visokim lomnim koli¢nikom, 2.7, je eden najbolj pomembnih anorganskih
pigmentov. V Zadn ih letih j je nano TiO, pritegnil pozornost kot anorganski material za nanokompozite. Uporablja se za razvoj
fotokatalizatorjev'”, polprevodnikov in soalrnih celic™ in za UV za§éito materialov*"

Da bi dosegli ustrezno dispergiranje TiO, nanodelcev v polimerni matrici in bolj$o kompatibilnost s polimernimi materiali smo
preiskovali povrSinsko obdelavo TiO, nanodelcev v poliakrilnem transparentnem premazu. Za optimizacijo dispergiranja je bila
povrsina nanodelcev obdelana z 3-glicidiloksipropiltrimetoksisilanom (GLYMO). Pripenjanje GLYMO na povrsino TiO,
nanodelcev smo ovrednotili z termogravimetri¢no analizo (TGA) in s FTIR spektroskopsko analizo. Stabilnosti TiO, nanodelcev
v akrilnem transparentnem premazu smo analizirali z meritvijo zeta potenciala. Mikrostrukturno analizo nanodelcev izvedli s
SEM. Na koncu smo analizirali u¢inkovitost UV absorpcije akrilnega transparentnega premaza z povrsinsko obdelanimi rutil
TiO, nanodelci, da bi dolocili efekt izboljSane disperzibilnosti. Z izpostavo pospeSenega staranja smo dolocili funkcionalnost
nanokompozitnih premazov na osnovi meritve sijaja. Rezultati so pokazali da povsinska obdelava TiO, nanodelcev z GLYMO
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izboljSa disperziblnost nanodelcev in ohrani UV zaScito akrilnega transparentnega premaza.

Kljuc¢ne besede: titanov dioksid, nanodelci, poliakrilni transparentni premaz, povrSinska obdelava, GLYMO, UV zascita

1 INTRODUCTION

Architectural coatings are usually used to enhance
the durability of wood in exterior environment. Inorganic
UV absorbers are often used in coatings formulations,
since they increase polymer stability. TiO, possesses a
lot of attracting advantages, like thermal stability and
long-term life time, compared to traditional organic UV
absorbers®1°.

There are two limitations of using TiO, as UV
absorber. First, TiO, particularly in anatase crystale form
and less in rutile form exhibits strong photocatalytic
behavior when absorbing UV-rays, which is harmful for
the photostability of polymer materials®. As a result,
TiO, nanoparticles as catalyst can create , which can
produce highly reactive free radicals and exert strong
oxidizing power.

Materiali in tehnologije / Materials and technology 46 (2012) 1, 19-24

Second, for producing suitable nanocomposites, it is
necessary to disperse the nano-particles without agglo-
meration in organic binders!"'2. Due to their extremly
large surface-area/particle-size ratio, nano-particles have
high tendency of agglomeration'. Many efforts have
been taken in order to overcome the problem of agglo-
meration. Polymeric dispersants containing different
functional groups are usuallly used in order to prevent
the high tendency of nanoparticles to form aggregates in
the wet state of coating and in the dry paint film.
Polyacrylic acid, polyacrylamide and their copolymers
are widely used to disperse inorganic particles in
aqueous film'*. Recently, to suppress the photocatalytic
property of TiO,, usually silica’>!7 or silane!®2° were
coated onto TiO, cores. Kang et al. suppressed the
photocatalytic property of a TiO, by coating them with
the SiO, shell in chloroform!”. Toni et. al. coated dense
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Si0; shells onto TiO, particles by seeded sol—gel process
of tetraethyl silicate (TEOS) in ethanol'®. The use of
different coupling agents such as trialkoxy silanes for
surface modification of nanoparticles is recommended.
For example, Ukaji et. al. coated thin aminoethylamino-
propyltrimethoxysilane layers onto TiO, particles in
ethanol by adding silane during ball-milling dispersing
procedure®. Shafi et. al. coated octadecyltrihydrosilane
layers on TiO, surfaces in heptane by ultrasonic irradi-
ation?!. M. Sabzi et. al. showed that surface treatment of
TiO, with aminopropyl trimethoxysilane improves nano-
particles dispersion and UV protection of the urethane
clear coating?®.

The purpose of this study was to investigate the
influence of TiO, nanoparticles surface modifiction by
different wt. % of 3-glycidyloxypropyltrimethoxysilane
on transparency and UV absorbing efficiency of poly-
acrylic coating.

2 EXPERIMENTAL WORK

2.1 Synthesis of TiO, nano crystalline particles in
rutile crystal structure and preparation of a disper-
sion

TiO, nanoparticles with rutile crystal structure were
prepared by co-precipitation method which is described
elsewhere?. Deagglomerated rutile nanoparticles were
prepared as dispersion in water and propilenglycol in
high-energy horizontal attrition mill.

2.2 Surface modification of TiO, nanoparticles in
dispersion with silane coupling agent

As silane coupling agent we used 3-glycidyloxy-
propyltrimethoxysilane (GLYMO) with chemical for-
mula (o}

/\
CH2-CH-CH20-(CH>)3Si(OCH;)s3

which is a bifunctional organosilane, possessing reactive
organic epoxide and hydrolyzable inorganic metoxysilyl
groups. It bounds chemically to both inorganic material
and organic polymers. According to the producer in the
presence of water the methoxy groups hydrolyze to
form reactive silanol groups which bound to inorganic
substance?*.

We prepared dispersions of TiO, nanoparticles
grafted with GLYMO according to the following

Table 1: Weight ratio of GLYMO and nano TiO,, dispersed in water

Tabela 1: Utezno razmerje GLYMO in nano TiO, dispergiranih v
vodi

Sample name GLYMO/TiO; (/)
A 0/1
B 0.1/1
C 1/1
D 2/1

20

procedure. First, TiO, nanopowder in dispersion with
wetting and defoaming agent was milled for 1,5 hour at
25 °C with organic surface active agent with zirconia
balls 1 mm diameter. Than silane coupling agent of
different concentrations was added as shown in Table 1
and the dispersion was milled additionally for 1 hour at
the same conditions.

2.3 Preparation of clearcoat with integrated rutile
crystalline nanoparticles of TiO,

We prepared clearcoat in the laboratory as described
elsewhere?. Water based dispersions of TiO, nano-
particles were than added to clearcoat of 0,6 wt. %,
stirred at approximatly 1000 rpm for 20 minutes and
prepared for the testing.

2.4 Characterization of the samples

Surface morphology of coated sample was studied by
scanning electron microscopy (SEM, ZEISS Gemini
Supra 35 VP), with a maximum resolution up to 5 nm.
Nanoparticles were dried on brass holders by adhesive
carbon band with thin layer of gold. The samples were
placed in the vacuum chamber of the instrument and then
were examined at various magnifications. Grafting of
GLYMO on TiO, nanoparticles was analysed by FT-IR.
The infrared spectra of original and modified TiO, were
conducted using a FT-IR spectrometer (PERKIN
ELMER Spectrum 100) and thermogravimetrical
analysis by TGA/DSC 1, METTLER TOLEDO.

Zeta potential was obtained to investigate the surface
character of original TiO, and TiO, modified with
GLYMO. The electro-phoretic mobility data, measured
also by Zetasizer Nano series HT by of the dispersions
were transformed into {-potential according to® (eq. 1):

S ®

where ¢ is a dielectric constant of the dispersing
medium and 7 the solvent viscosity. pH was measured
by pH meter (Mettler Toledo).

UV-VIS transmittance of modified samples was
measured for estimating UV-shielding ability and trans-
parency. 0.6 wt. % of surface treated TiO, nanoparticles
was integrated into acrylic clear coating and 200 um
films were prepared. The different free film systems
(coating-UV absorber) were analysed by UV-VIS spec-
trophotometer Varian Cary 100. The film transmittance
was measured in the wavelength range 280 to 720 nm.

At the end, wood blocks measuring 15 x 7 cm? (lon-
gitudinal x tangential) x 0,5 cm width were cut from air
dried boards from the specie pine. Two layers of clear
coat of thickness of 200 um were applied on pine blocks.
Coated wood plates were used to assess weathering
exposure degradation (QUV accelerated weathering
tester, Q — PANEL LAB PRODUCTS). Simulation of
exterior use was done by six weeks weathering by an

Materiali in tehnologije / Materials and technology 46 (2012) 1, 19-24
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optimised cycle defined: 4h at (60 = 3) °C and 4h water
shower at (50 + 3) °C. Only light of the solar type was
activated on the QUV with sources type UVA-340 nm?.
Gloss at 60° was measured by Micro-TRI-gloss (Byk
Gardner).

3 RESULTS AND DISCUSSION
3.1 SEM characterization

The size of the nanoparticles, grafted with GLYMO
was analysed by scanning electron microsope (SEM).
SEM images at two different magnifiations of sample C
are shown on Figure 1. Agglomeration tendency of TiO,
nanoparticles in the dispersion cannot be determined
because of the preparation of the sample, however we
assume, that some agglomerates are probably present as
seen on SEM image. Individual particles can be
identified, which appears to be polydisperse in size but
below 100 nm.

3.2 TGA analysis

To estimate the amount of GLYMO grafted on
nanoparticles, the various percentage of GLYMO -
grafted nano-TiO, particles were analyzed by TGA
technique. Figure 2 shows the TGA curves of untreated
TiO, nanoparticle, GLYMO alone and treated TiO,
nanoparticles with different percentages of GLYMO. For
untreated nanoparticles (sample A), the weight loss from
120 till 600 °C is almost negligible and is probably due
to desorption of physisorbed water ?’. For GLYMO alone
the weight loss begins at 120 °C and ends at 200 °C. As
can be seen for sample B, C and D, the various weight
percentages of GLYMO grafted nanoparticles show
sharp weight loss, beginning near 220 °C, continues till
620 °C, which is a consequence of oxidative thermal
decomposition of grafted GLYMO as quantitatively

Date :5 Nov 2010

EHT= 100kV SignalA=SE2  MixSignal=02040 Chamber = 1.11e-003 Pa
WD=48mm Aperture Size =3000um  File Name = TiO2-94B-1T_06 tif I\]

Figure 1: SEM image of sample C with inserted image at higher
magnification

Slika 1: SEM posnetek vzorca C z vstavljenim posnetkom pri visji
povecavi
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Figure 2: TGA curves of untreated TiO, nano-particle (sample A) and
treated TiO, nano-particle (sample B—D). The composition of all
samples is described in Table 1.

Slika 2: TGA krivulje povrSinsko neobdelanih (vzorec A) ter
povrsinsko obdealnih (vzorci B-D) nanodelcev TiO,. Sestava vseh
vzorcev je podana v Tabeli 1.

shown in Table 2. The largest amount of grafted
GLYMO was in the case of sample C.

Table 2: TGA-based weight losses caused by grafting of GLYMO and
the amount grafted/added GLYMO of various GLYMO - grafted
nanoparticles TiO,. The composition of all samples is described in
Table 1.

Tabela 2: Izguba mase vzorcev nanodelcev TiO; ter razmerje
vezan/dodan GLYMO povrsinsko obdelanih in neobdelanih z GLYMO
glede na TGA analizo. Sestava vseh vzorcev je podana v Tabeli 1.

. Weight loss The amount
Sample GLYN([/()):“OZ caused %y grafting| grafted/added
of GLYMO GLYMO (%)
A 0 / /
B 0,1 1,00 67
C 1 11,40 76
D 2 20,20 67
GLYMO / / /

3.3 FTIR spectroscopy

The hydroxyl groups on the surface of the TiO,
nanoparticles (TiOH) are reactive sites for the reaction
with alkoxy groups of silane compounds, however
corresponding bands are not present in spectrum of
unmodified TiO,, since it was dried at 130 °C for 24h.
The efficiency of silane grafting on TiO, nano-particles
was determined by Fourier transform infrared spectro-
scopy (FTIR). Figure 3 shows normalised FTIR spectra
of unmodified TiO, nanoparticles (sample A), grafted
TiO, nanoparticles with GLYMO (sample B — D),
GLYMO alone and GLYMO with addition of water. In
the spectra of all TiO, nano-particles the broad band
between 400 and 800 cm correspond to Ti—O-Ti
network. GLYMO posseses two functional groups: epoxi
and metoxysilyl, which both hydrolize and condensate.
Epoxy band in FTIR spectra is preserved, while the
intensity of Si-O-Me band is decreased. Also two bands
of hydroxyl groups appear at ~3300 and ~1640 cm™!
because of hydrolysis of Si-O-Me groups. In spectra of
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GLYMO with addition of water peak at 1050 cm™
appears, which we can assign to formation of Si-O-Si
groups. Compared with the spectrum of non-modified
TiO,, FTIR spectrum of GLYMO modified sample
exhibits some new characteristic absorption peaks. Peak
at ~1200 and 1093 cm™! which belongs to Si-O-Me
groups??, was observed in the spectra of samples C and
D, however not in the spectruum of sample B, which
indicates that only in the case of sample B complete
hydrolysis and condensation of GLYMO takes place. In
contrast to GLYMO spectruum, we cannot observe in
GLYMO modified TiO, spectra peak at 914 and 1254
cm™!' which corresponds to epoxi group3*-3*. We presume
that the epoxi group opens and reacts with -OH groups
which were formed by the hydrolysis of metoxysilyl
groups. The broad bend at ~1050 cm™' represent the
Si-O-Si bond is observed which indicates the formation
of Si-matrix®. The small peak in spectra of samples B —
D at around 930 cm™' reconfirms condensation reaction
between methoxysilyl groups of GLYMO and the TiO,
surface hydroxyl groups?®S.

To sum up, Si-O-Me groups of GLYMO have reacted
completley only in the case of sample B, in samples C
and D are still present. Epoxi groups of GLYMO have
reacted completely in all GLYMO modified TiO,
nanoparticles samples. The results of FTIR analysis
confirm that Si-O-Si network has been formed probably
around the TiO, nanoparticles and in small amount
Si-atoms of GLYMO are bound to TiO, surface.
Similarly, F. Bauer and coauthors reported about a
polymerization-active siloxane shell formed around the
nanoparticles Al,Os;, when surface treated by GLYMO?.
The reaction of GLYMO with TiO, nanoparticles leads
to different kind of stabilization of nanoparticles in the

©

z

Q

3
=1
[

GLYMO+H20

anumber em-1

Figure 3: FTIR spectra of untreated nano-TiO;, (sample A), grafted
TiO, nano-particles with GLYMO (sample B-D), pure GLYMO and
GLYMO with addition of water. The composition of all samples is
described in Table 1.

Slika 3: FTIR spektri neobdelanega nano-TiO; (vzorec A), povrSinsko
obdelanih nanodelcev TiO; z GLYMO (vzorec B-D), samo GLYMO,
GLYMO z dodatkom vode. Sestava vseh vzorcev je podana v Tabeli
1.
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dispersion as suggested by the producers of GLYMO,
since they claim that in the presence of water the
methoxysilyl groups hydrolyze to form reactive silanol
groups which bound to inorganic substance?*.

3.4 pH and -potencial measurement

pH and C-potential measurement were used to
quantify the conditions leading to the stability of TiO,
dispersions. Relevant values of the pH — measurements
and -potential of unmodified and modified TiO, with
GLYMO are collected in Table 3 and in Figure 4. The
pH variation from 4,6 to 5,9 upon adsorption of GLYMO
was detected. An increase of the pH from 5,6 up to 5,94
when increasing GLYMO/TiO, from O to 1 (sample A, B
and C) was accompanied with an increase of -potential
from ~-33 to around ~-39 mV, with subsequent increase
in colloid stability. We assume that TiO, surface is
probably mostly covered with modifier in monolayer. As
ratio GLYMO/TiO, increases to 2, the pH decreases to
5,43, resulting in decrease in zeta potential to -35,5 mV.
We predict that the reason for decrease in pH and
C-potential is the excess amount of GLYMO or
formatation of multilayer on TiO, surface as observed by
E. Ukaji et. al.. It is supposed that thicker layer could be
formed due to subsequent growth of layer to dimers,
oligomers, and polymers.

Table 3: pH values for TiO, dispersions, in the presence of different
amounts of GLYMO (sample A-D). The composition of all samples is
described in Table 1.

Tabela 3: pH vrednosti disperzij TiO, v prisotnosti razli¢nih delezev
GLYMO (vzorec A-D). Sestava vseh vzorcev je podana v Tabeli 1.

Sample name pH
A 5,60
B 5,78
C 5,94
D 5,43
3.5 Ageing behaviour

Artificial weathering results in surface degradation of
the coatings, which affect the appearance of the coating,

Zeta potential (mV)

GLYMO/TIO2 ()

Figure 4: Zeta potential measurement vs. ratio GLYMO/TiO,

Slika 4: Diagram meritev zeta potenciala v odvisnosti od razmerja
GLYMO/TiO,
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Figure 5: Gloss measurement vs. irradiation time in a QUV apparatus
for the exterior use clearcotings with different UV absorbers, samples
A-D, with their composition described in Table 1

Slika 5: Meritve sijaja v odvisnosti od ¢asa izpostave v UV komori za
premaz za zunanjo uporabo z razli¢nimi UV absorberji, vzorci A-D,
njhova sestava je podana v Tabeli 1

is the information on photostabilisation performances of
UV absorbers®3#3°. M. Beyer and C. Jobos investigated
the use of nano-scale light absorbers in water based glaze
for outdoor applications. They showed that TiO, proved
to be effective additives® in concentration 0,25 — 4 wt. %
TiO, °.

For outdoor weathering simulation of clearcoating
gloss measurement during the exposure in QUV chambre
for six weeks are displayed in Figure 5. Figure 5 shows
gloss 60° vs. time of exposure in QUV chambre for
clearcoating with modified TiO, nanoparticles of diffe-
rent wt. ratios of GLYMO/TiO,. The results illustrated
that addition of GLYMO decreases the gloss 60°. During
accelerated weathering the gloss changes are strongly
correlated with the degradation level of the surface
coating. In some composite materials the polymer
around the filler particles will degrade due to the particle
catalytic effect®. The accelerated weathering with water
spray induced the washing out of degradation products
on the coatings surface and consequently a fresh surface
was further exposed. During the accelerated weathering
a pronounced loss of gloss was observed for coatings
formulated with nanoparticle UV absorber*'. We can
conclude that the surface treatemtnof TiO, nanoparticles
with GLYMO reduces the gloss 60° of acrylic coating
before exposure to accelerated weathering. The gloss
change after six week exposure to accelerated
weathering is the smalest in the case of sample C, which
shows that the UV efficiency was improved the most,
when ratio GLYMO/TiO, was 1.

4 CONCLUSIONS

Surface modification and characterization of TiO,
nano-particles with GLYMO at different wt. percentages
as an additive in a polyacrylic clear coating were
investigated. TGA and FTIR analysis show that grafting
of GLYMO on the nano-particles has occurred success-
fully. According to {-potential measurements the most

Materiali in tehnologije / Materials and technology 46 (2012) 1, 19-24

stable TiO, nanoparticle dispersions are with ratio
GLYMO:TiO; 0,1 and 1. At the end, artificial weathering
results confirm that surface treatment of TiO, nano-
particles with GLYMO with ratio GLYMO:TiO, = 1
improves nanoparticles dispersion and consequently its
transparency the most and improves UV protection of
acrylic clear coating.
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Characteristics of oxygen plasma during treatment of polymer graphite composite were monitored by optical emission
spectroscopy. Plasma was created in a rather small volume of about 3x10~° m™ within a quartz glass tube by an electrode-less
radiofrequency discharge in the H mode. The discharge was established using an RF generator with the frequency of 13.56 MHz
and the output power of 550 W. The composite samples were discs with a diameter of 25 mm and the thickness of 8 mm. Plasma
was created in pure oxygen and characterized by an optical spectrometer through an optical fiber. A low-resolution spectrometer
Avantes AvaSpec 3648 was adjusted to the lowest acquisition time due to intensive radiation. The optical spectra revealed
several atomic lines originating from radiative transitions from highly excited states, CO bands from 3™ positive as well as
Angstrom transitions, and a broad continuum between 400 and 700 nm. Weak carbon atomic lines in the UV and infra-red part
of spectrum were detected as well. The intensity of major spectral features was measured versus treatment time for 30 s. The
results showed continuous decrease of oxygen lines and simultaneous increase of a CO line at 266 nm and C line at 911 nm.
Spectral features were explained by intensive oxidation of the graphite sample. The unusually high intensity of CO bands were
explained by interaction of highly excited oxygen atoms with graphite samples, while the appearance of the broad continuum
was explained by partial overlapping of radiative transitions within CO molecule.

Keywords: optical emission spectroscopy, oxygen plasma, surface modification, functional groups, graphite

Z opti¢no emisijsko spektroskopijo smo spremljali lastnosti kisikove plazme med obdelavo kompozita polimer-grafit. Plazmo
smo ustvarili v razmeroma majhni prostornini priblizno 3x10~ m~ znotraj kvar¢ne cevi. Za vzbujanje plazme smo uporabili
brez-elektrodno visokofrekven¢no plinsko razelektritev v H nacinu. Uporabili smo radiofrekvencni generator, ki je deloval pri
frekvenci 13,56 MHz in izhodni moc¢i 550 W. Kompozitni vzorci so imeli valjasto obliko s premerom 25 mm in vi$ino 8§ mm.
Plazmo smo vzbujali v Cistem kisiku, njene karakteristike pa merili z opti¢nim spektrometrom. Uporabili smo spektrometer
Avantes AvaSpec 3648, ki ima nizko locljivost v Sirokem obmoc¢ju med okoli 180 nm in 1100 nm. Zaradi izredne svetilnosti
plazme smo uporabili najmanjsi integracijski ¢as. Opti¢ni spektri so pokazali znacilne Crte, ki izvirajo iz atomskih prehodov,
molekularne pasove, ki izvirajo iz prehodov v CO radikalih (3. pozitivni in Angstromov sistem), kakor tudi $irok kontinuum v
obmocju med 400 in 700 nm. Opazili smo tudi Sibke Crte, ki izvirajo iz prehodov v C atomih. Intenziteto najpomembnejSih
spektralnih vrhov smo spremljali med obdelavo vzorcev, ki je trajala 30 s. Rezultati so pokazali stalno padanje intenzitete
kisikovih ¢rt, obenem pa rast CO ¢rte pri 266 nm in C ¢rte pri 911 nm. Rezultate smo pojasnili z intenzivno oksidacijo
kompozitnih vzorcev. Nenavadno visok CO vrh smo pojasnili z mo¢no kemijsko interakcijo, ki je posledica prisotnosti visoko
vzbujenih kisikovih atomov, medtem ko smo pojav kontinuuma pripisali prekrivanju spektralnih pasov, ki izvirajo iz razli¢nih
prehodov znotraj molekule CO.

Kljuc¢ne besede: opti¢na emisijska spektroskopija, kisikova plazma, modifikacija povrSine, funkcionalne skupine, grafit
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1 INTRODUCTION

Oxygen plasma is a popular medium for modification
of different materials.'-!* Unlike normal oxygen in ther-
mal equilibrium, non-equilibrium state of oxygen gas
reacts with materials already at room temperature.'! Such
high chemical reactivity is often attributed to high disso-
ciation fraction of oxygen molecules even at relatively
low power density.'>'7 Oxygen plasma is particularly
suitable for treatment of carbon — containing mate-
rials.'®23 The reaction channels include oxygen incorpo-
ration onto the surface of carbon containing materials as
well as slow etching by formation of CO molecules and
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CO;, molecules which quickly desorb from the sample
surface under low pressure conditions and are pumped
away.”* If a sample contains a substantial amount of
hydrogen (like polymers or hydrogenated carbon
deposits) the reaction products are also OH radicals and
H,O molecules.?2° In many cases the incorporation of
oxygen onto the sample surface is sufficient in order to
obtain desired modification of carbon containing mate-
rials.”” In such cases, weakly ionized highly non-equili-
brium plasma is applied. The technology based on
application of weakly ionized oxygen plasma for modi-
fication of carbon-containing materials is often called
surface functionalization.?83! In other cases, however, at
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least a part of material should be removed in order to
achieve appropriate results. Weakly ionized plasma is not
reactive enough to allow for rapid removal of thick
carbon films, so more aggressive plasma should be used.
Typical examples of aggressive plasma include those
created in relatively small volumes by rather powerful
discharges, such as arc,®” microwave® and radiofre-
quency discharges in the H mode.** Plasma created in
such discharges is spatially limited by the existence of
high electromagnetic fields and the power density may
exceed 10® W m=3. Such plasma is never cold — the
neutral gas kinetic temperature is usually over 1000 K.
Still, plasma is highly non-equilibrium since the disso-
ciation and ionization fractions are much higher than in
thermal equilibrium at several 1000 K. Such plasma
often allows for intensive chemical reactions taking
place on the sample surface and is suitable for develop-
ment of technologies for rapid removal of carbon con-
taining materials from samples.?>7

2 EXPERIMENTAL

Experiments were performed in a plasma reactor
pumped with a two stage rotary pump with the nominal
pumping speed of 80 m? h-!. Suitable pressure is adjusted
in the reactor by leaking oxygen into the system during
continuous pumping (the pressure was set to 75 Pa of
oxygen). This allows for rapid removal of any reaction
compounds from gaseous plasma. Plasma is created
within small volume inside a quartz glass tube with the
inner diameter of 36 mm. The length of plasma column
is effectively limited to about 8 cm using a short water
cooled copper coil connected to a radiofrequency gene-
rator operating at the standard frequency of 13.56 MHz
and the maximal power of 1200 W. The generator is
matched to the coil via a matching network consisting of
two variable vacuum capacitors. The network is adjusted
in order to allow efficiency of about 80 %. The forward
power of 550 W was used at current experiments. Plasma
was characterized by optical emission spectroscopy. We
used a low-resolution spectrometer Avantes AvaSpec
3648 with the following characteristics: spectral reso-
lution of 0.8 nm in the spectral range from 180 to 1100
nm. The radiation emitted from plasma was conducted to
spectrometer via a fiber optical FC-IR waveguide. The

Position of the optical fiber
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Figure 1: Schematic of the plasma reactor
Slika 1: Shema plazemskega reaktorja

. RF coil
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waveguide tip was mounted approximately 5 mm above
the sample as shown in Figure 1. Samples were
commercially available pure graphite samples. The
samples were in form of disc of a diameter of 25 mm and
a thickness of 8 mm. They were immersed into the centre
of plasma as shown in Figure 1.

3 RESULTS

A typical optical spectrum of oxygen plasma during
treatment of a sample is shown in Figure 2. The spec-
trum presented has been corrected for spectral sensitivity
of the spectrometer by means of a combined deuterium
tungsten reference light source which allows for spectral
calibration in the range from 240 nm to 940 nm (outside
this range the calibration is unreliable due to low
intensity of calibration lamp).*® The spectrum is pretty
rich. Apart from atomic oxygen and carbon emission
lines very strong emission originating from excited states
of CO molecules is observed. Also, a continuum is
observed in the wide range from about 300 to 800 nm
beneath the CO molecular emission. Insets show details
of the UV part of the spectrum with resolved 3 positive
band of CO and IR part with a group of resolved C
atomic lines. In UV region C atomic line at 248 nm is
visible and a weak OH radical emission superimposed on
(0,2) CO band.

The optical spectra were measured with an inte-
gration time of 7 ms (averaged 10 times) — effectively
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Figure 2: A typical spectrum of oxygen plasma during treatment of a
composite sample. The spectrum was taken 30 s after initiation of
plasma treatment. Stars denote spectral lines in saturation. Insets show
details of the UV part of the spectrum with resolved 3" positive band
of CO and IR part with resolved C atomic lines. Abbreviations used:
CO[1] = 3" positive band, CO[2] = Triplet band, CO[3] = Angstrom
band, CO[4] = Asundi band.

Slika 2: Znacilni spekter kisikove plazme med obdelavo kompozit-
nega vzorca. Spekter smo zajeli po 30 s plazemski obdelavi. Z zvez-
dicami so oznacene emisijske Crte, ki so bile v saturaciji. Vstavljeni
sliki prikazujeta povecani del UV spektra z oznacenimi emisijskimi
¢rtami 3. pozitivnega pasu CO molekule in povecani del IR spektra z
oznacenimi atomskimi emisijskimi ¢rtami C. Uporabljene kratice so:
CO[1] = 3. pozitivni pas, CO[2] = pas tripleta, CO[3] = Angstromov
pas, CO[4] = Asundijev pas.
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Figure 3: Spectral intensity time dependence of an atomic oxygen line
at 926 nm
Slika 3: Casovna odvisnost kisikove &rte na 926 nm

measuring about 13 spectra per second. Appropriate
home made software developed within LabVIEW allows
for tracking of selected spectral features versus time. The
behavior of an oxygen line at 926 nm is presented in
Figure 3. Figure 4 reveals the behavior of CO band (1,0)
at 266 nm, C atomic line at 911 nm and continuum
contribution at 464 nm. Wavelength representing con-
tinuum emission was chosen such to avoid any known
atomic or molecular spectral features. Figure 5 is a plot
of H, and OH lines at 656 and 309 nm, respectively.
Since both H and OH spectral features overlap with
continuum contribution, latter was subtracted.

4 DISCUSSION

The optical spectrum presented in Figure 2 reveals
some interesting features that are worth discussing. As
expected, the neutral oxygen atom lines prevail. The
most intensive are the lines at 777 and 844 nm that
correspond to transitions 3p °P — 35S and 3p *P —3s S,
respectively. Both excited states are characterized by a
pretty high excitation energy which is 10.99 eV and
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Figure 4: Spectral intensity time dependance of CO band at 266 nm,

C atomic line at 911 nm and continuum at 464 nm

Slika 4: Casovna odvisnost CO &rte pri 266 nm, C &rte pri 911 nm in
kontinuuma pri 464 nm
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Figure 5: Spectral intensity time dependance of H,, line at 656 nm and
OH band at 309 nm

Slika 5: Casovna odvisnost Hy, ¢rte pri 656 nm in OH &rte pri 309 nm

10.74 eV, respectively. The appearance of these lines has
been observed by numerous authors*#? and is explained
by multi-stage excitation of oxygen atoms. Namely, as
the excitation energy is pretty high, the states are
unlikely to be reached by electron impact excitation from
the ground state. There are several metastable states of
oxygen atoms that allow for such step-like excitation.

The appearance of CO bands in the spectrum pre-
sented in Figure 2 is explained by intensive oxidation of
the samples. The third positive band belongs to tran-
sitions between b 3+ and a *II states. The intensity of
this band is much stronger than at experiments with less
aggressive plasma.** The 3™ positive band dominates the
UV part of the spectrum, while on other hand the central
part of spectrum (300 — 800 nm) presented in Figure 2 is
dominated by a broad continuum. It is well known that
this part of spectrum is dominated by overlapped bands
of the Angstrom band — B 'Y — A 'TI, the Asundi a’ 3Z* —
a *IT and Triplet (d 3A —a *II).?* In the present case, they
are definitely present but their characteristic spectral
structure is only partially visible, and can only partially
contribute to the continuum.

The appearance of a continuum in emission spectra
can be due to the presence of a body with a high
temperature, or the presence of excited multi-atom
molecules. The continuum peaks at about 450 nm so the
temperature of a body that would radiate this continuum
should be about 7000 K. The sample is not that hot — if it
were, it would glow so intensively that it would be
visible with a naked eye, and would produce significant
infrared part of the continuum. Also, as mentioned
earlier, the optical fiber was mounted in such a way that
the focus was about 5 mm above the samples. The hot
body, if present at all, should be of microscopic dimen-
sions, not visible by a naked eye. Such very small
particles should be pretty dense in plasma to be capable
of emitting the continuum observed in Figure 2. Since
the system is pumped with a rather powerful pump the
existence of such particles is not probable.

Three-atom molecules that might be present in
plasma are CO, and H,O and some more exotic ones.
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The atoms may be formed at chemical reactions between
oxygen reactive particles and the sample. The reactions
definitely occur, but the molecules entering plasma are
quickly dissociated in the rather powerful discharge.
Namely, even the density of oxygen molecules in our
plasma is pretty low. The discharge is just energetic
enough to allow for rapid dissociation of molecules with
moderate binding energy.

The continuum observed in Figure 2 can be partially
attributed to the specific properties of the spectrometer.
As mentioned earlier, the resolution of our spectrometer
is only about 0.8 nm. Any superposition of spectral
features with a shift of less than 0.8 nm would appear as
a broad line. A combination of such features would lead
effectively to a continuum. The rather well defined lines
in UV part of the spectrum continuum presented in
Figure 2 belong to the 3™ positive band. This band is
frequently observed at plasma modification of organic
materials, but is not the only one CO molecules can emit
in the visible part of spectrum.** The Angstrom band is
predominant in plasma with a rather low power density
(or at least comparable to the 3 positive band). In more
powerful plasma, however, other transitions may become
equally intensive, such as Asundi and Triplet band. If the
spectral resolution of our spectrometer were better we
would distinguish between spectral features arising from
different bands. Low resolution of the spectrometer also
prevents detailed characterization of spectral features
that should allow for estimation of vibrational and
rotational temperature of CO molecules. Nevertheless,
the structure of ro-vibrational bands within the 3™ posi-
tive electronic transition in comparison to previous
work? suggests existence of high rotational and vibra-
tional temperatures which could partially contribute to
the smeared out appearance of ro-vibrational structure.
We note that time dependence of CO, C, and continuum
emission is very similar pointing to the conclusion that
continuum emission is of similar origin.

In the spectrum we clearly observe several neutral
atomic carbon lines at 248 nm, 833 nm and around 910
nm. The right inset of Figure 2 shows details of IR part
indicating position of six carbon lines. Other C lines are
not visible because they cannot be distinguished from the
continuum in the visible part of the spectrum. The origin
of C atoms can be sputtering of the sample by energetic
ions from plasma. In our discharge configuration, how-
ever, no high DC voltages are present so ions are only
accelerated in the sheath between unperturbed plasma
and the sample which is kept at floating potential. The
voltage drop across the sheath is only about 10 V so
sputtering is practically absent in our plasma. Another
possible explanation of the presence of C atoms in
plasma is dissociation of CO molecules by electron
impact. Since plasma is pretty energetic the density of
electrons is high and they may even cause dissociation of
the CO molecule although its binding energy is pretty
high.

Figure 3 represents time evolution of the oxygen
atomic line at 926 nm (most prominent oxygen lines are
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in saturation). The line appears as soon as the discharge
is turned on. In the first second it increases a little and
then starts decreasing. The decreasing of the line inten-
sity is due to loss of neutral oxygen atoms on the surface
of the sample. The loss mechanisms include hetero-
geneous surface recombination and chemical reactions.
The surface recombination often prevails®, but not in our
case. Namely, comparison of the oxygen line presented
in Figure 3 and CO line presented in Figure 4 reveals
complementarity. As oxygen line decreases, the CO and
C lines increase. This complementarity indicates that the
loss of O atoms as presented in Figure 3 is due to
formation of CO molecules rather than O, molecules.
The increase of the CO and C lines intensity with
increasing time is explained by increasing temperature of
the sample. As mentioned earlier, the plasma is powerful
and the neutral gas kinetic temperature is well above
room temperature so the samples are heated by thermal
accommodation of impinging gaseous particles. Other
heating mechanisms include surface neutralization of
charged particles, relaxation of metastables, surface
recombination of radicals, and exothermic chemical
reactions. The sample is therefore heated during plasma
treatment. Since the probability for chemical reaction
usually increases with increasing temperature, the
production of CO molecules increases with treatment
time as observed in Figure 4.

Another effect worth discussing is a pretty intensive
CO emission just after turning on the discharge. Such an
intensive line is rather unexpected since it is well known
that the reaction probability for chemical interaction
between oxygen plasma and organic materials is low at
room temperature. The experimental system is, of
course, at room temperature at ignition of the discharge.
Surprisingly enough, the CO line is intensive even at the
first spectra acquisition. Obviously, there should be a
mechanism that allows for intensive oxidation at room
temperature. Usually, temperature almost independent
oxidation is explained by interaction of energetic ions
with a sample. In our case, however, the ions have a low
kinetic energy as discussed above. There should be other
particles in plasma that allow for intensive oxidation
even when the sample is at room temperature. The
suitable candidates can be excited oxygen atoms in
metastable states. They are definitely much more reac-
tive than the atoms in the ground state and their density
should be large in energetic plasmas. Unfortunately, very
few experimental results on determination of the density
of such particles are available, and they vary depending
on the experimental setup. Wickramanayaka, found over
50 % of atoms in the first excited state in plasma very
similar to ours*. Takeda, on the other hand, found orders
of magnitude lower values*'.

Finally let us discuss the behavior of H and OH
radicals as plotted in Figure 5. Both lines have an
extreme at ignition of the discharge. This very short
effect is often attributed to desorption of water molecules
from the walls of the discharge chamber as well as from
the sample. Namely, plasma radicals impinging the
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surface supply quite a lot of potential and/or kinetic
energy and cause desorption of water molecules. Since
the supply is limited, the H and OH peaks drop in few
seconds. They do not vanish, however, since the vacuum
system contains adsorbed water molecules that slowly
desorb from surfaces under vacuum conditions during
plasma treatment. As mentioned earlier, water molecules
quickly dissociate in plasma and this is the most
probable explanation of rather high atomic H line
observed in Figure 5.

5 CONCLUSION

Aggressive oxygen plasma was characterized during
treatment of carbon containing samples. The systematic
measurements revealed some interesting details. First, a
broad continuum appeared in the range of visible light.
Three different hypotheses that might explain the effect
were presented and discussed. Consideration of physical
and chemical effects as well as properties of our optical
spectroscopy brought to a suggestion that the appearance
of the continuum is partially due to relatively poor spec-
tral resolution which prevents distinguishing between
spectral features originating from different radiative
transitions of CO molecules. Time evolution of the
continuum radiation connects its origin with the origin of
CO and C spectral emission. Second, the CO radiation
was extremely high even just after igniting the discharge,
when the samples are still at room temperature. This
effect was explained by the presence of a substantial
amount of neutral oxygen atoms in excited states.
Metastable atoms interact with carbon at high probability
even at room temperature and this explanation was
suggested in the paper. The appearance of intense H
atomic lines and OH band in the first second of plasma
treatment was explained by desorption of water mole-
cules from surfaces just after ignition of the discharge,
while the decreasing of the oxygen atom line was
explained by the loss due to chemical reactions.
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Systematic measurements of neutral oxygen atoms under various conditions and with the presence of a special active element
(recombinator) were performed. Measurements of oxygen atoms will be used for future work on the regulation and dynamic
control of neutral oxygen atoms. The experiment was performed in an experimental plasma reactor with a main and a side tube
made from borosilicate glass. The neutral atom density was measured by a nickel-fiber-optic catalytic probe at a fixed position
in the side tube. It has been found out that the density of neutral oxygen atoms depended both on the pressure of the oxygen gas
and excitation power, but mostly on the presence and the position of the recombinator. The measured densities were of the order
of 10*! m3, which is a characteristic value in glass discharge chambers. Such orders of density suffice for the processing of
organic materials. The problem with organic materials is that interaction with oxygen atoms heats the material. Therefore, it is
often necessary to decrease the atom density as soon as possible. As it is described in this paper we achieved the decrease in the
atom density by using a movable recombinator. The recombinator has enabled us to select the appropriate atom density without
having to change the discharge parameters.

Keywords: weak ionized plasma, oxygen plasma, fiber-optic catalytic probe, active control, neutral atom, atom source

Ob spreminjanju razli¢nih parametrov in ob priostnosti aktivnega elementa (rekombinatorja) smo opravili sistemati¢ne meritve.
Meritve bodo osnova za prihodnje delo na regulaciji in dinami¢nem nadzoru nevtralnih kisikovih atomov. Za eksperiment smo
uporabili eksperimentalni plazemski reaktor z glavno in stransko cevjo iz borosilikatnega stekla. Z nikljevo opti¢no kataliticno
sondo na fiksnem poloZaju v stranski cevi, smo merili gostoto nevtralnih atomov. Ugotovili smo, da je gostota kisikovih atomov
odvisna tako od tlaka, kot od vzbujevalne moci RF generatorja, predvsem pa od Erisotnosti in polozaja samega rekombinatorja.
Gostote doseZene v eksperimentalnem reaktorju so bile reda velikosti 10?! m™=, kar je znacilna vrednost pri razelektritvi v
stekleni cevi. Izmerjene gostote atomov so primerne za obdelavo organskih materialov. Obdelavo v plazmi spremljata dva
procesa. Koristno prestrukturiranje povrsine vzorca, ki je bil izpostavljen plazmi, in nezaZeleno segrevanje vzorca. Ravno zaradi
segrevanja je pomembno poznavanje gostote kisikovih atomov, saj lahko previsoke koncentracije povzrocijo unicenje vzorca.
Kot je opisano v tem delu, nam je zmanjSanje gostote atomov uspelo doseci z uporabo rekombinatorja. Izkazalo se je, da lahko z
rekombinatorji izberemo primerno gostoto atomov neodvisno od razelektritvenih parametrov, kar je Se posebej pomembno pri
obdelavi materialov v plazmi.

Kljuéne besede: Sibko ionizirana plazma, kisikova plazma, opti¢na katalitina sonda, dinami¢ni nadzor, nevtralni atomi, vir
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1 INTRODUCTION

Nowadays weakly ionized highly dissociated gaseous
plasma is widely used for treatment of different mate-
rials.'* Namely, plasma treatment of materials features
excellent quality, stability and above all ecological
integrity. Different technologies often use oxygen,
nitrogen or hydrogen plasma, especially as an alternative
to environmentally unfriendly wet chemical treatment.
Plasma is mainly used for surface cleaning,>™ activation
of organic materials,'*?? selective etching of polymers
and polymer composites,>>?% cold ashing of biological
samples, and in modern medicine applications for
sterilization of sensitive materials®-3' and lately also for
nanomaterial synthesis.*>3

As already mentioned, material treatment may not
always be environmentally friendly. It often requires a
sufficiently reactive medium to induce chemical changes
on the surface of a material. Wet chemical treatment
presents a great burden to the environment, as it uses
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acids, lye, solvents or liquid hydrogenated hydrocarbons,
which cause problems, such as health hazards during
transports, increased consumption of energy and other
resources tied to the production and the purification of
such chemicals, storage and the industrial process itself
and waste disposal after the process has been completed.
Therefore, alternative methods, such as plasma treat-
ment, are needed to minimize the impact of harmful
chemicals on the environment.?*

When treating different materials it is very important
to know the density of plasma particles in the vicinity of
a treated sample.’> Method and treatment intensity are
highly dependent on particle flux density on the surface
of the sample. Furthermore, diverse gradients of concen-
tration may appear in the processing chamber, so posi-
tion of the sample is very important. Frequently a treated
sample represents a strong sink for plasma particles, so
that particle flux density on the surface of the sample is
dependent on dimensional and material properties of the
sample.’® Therefore, it is important to know the exact
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neutral atom density and being able to actively regulate it
during treatment, independently of discharge parameters.

2 EXPERIMENT

The neutral atom density was measured in an oxygen
plasma powered by RF generator. We used five different
RF generator output powers from 200 W to 600 W (in
100 W steps) and four different pressures (50 Pa, 70 Pa,
90 Pa and 120 Pa). A special movable recombinator was
used to control the neutral atom density in plasma
reactor. At a given pressure we varied the position of
recombinator relatively to the tip of the probe. Seven
different recombinator positions were used: -7.5 cm,
-2.6 cm, -1.3 cm, 0 cm, 1.3 cm, 2.6 cm and 4 cm (dis-
tance measured from the probe tip). And finally, at a
fixed pressure and recombinator position we varied the
RF generator power. Due to the hysteresis between E-
and H-modes, we could not increase the power at exact
100 W steps, but rather adapted them during measure-
ments.’ ¥

The experimental system, which was constructed to
serve as a source of neutral oxygen atoms in the ground
state at room kinetic temperature, is shown schematically
in Figure 1. The vacuum system was pumped using a
two stage rotary pump with a nominal pumping speed of
80 m? h~!. The pump was connected to a 4-cm-wide glass
tube via a high-vacuum-compatible angle valve. The
vacuum elements were equipped with KF40 flanges. The
conductivity near 100 Pa was much larger than the nomi-
nal pumping speed. Therefore, the effective pumping
speed at the entrance to the glass tube was almost the
same as the pumping speed of the pump. An absolute
vacuum gauge was mounted perpendicular to the 4-cm-
wide glass tube (Figure 1a). The glass tube was made
from borosilicate glass (Schott 8250, Mainz, Germany),
which has a low coefficient for the heterogeneous
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Figure 1: Part (a) represents a schematic of the experimental vacuum
setup and part (b) represents a schematic of the electrical system.
1 — oxygen flask, 2 — precise needle valve used as an oxygen inlet,
3 — vacuum gauge, 4 — discharge tube, 5 — high vacuum valve, 6 — two
stage rotary vacuum pump, 7 — air inlet valve, 8 — high frequency
(13.56 MHz) RF power generator, 9 — coaxial cable, 10 — matching
network, 11 — input power meter, 12 — output (reflected) power meter,
13 — RF coil.

Slika 1: Shema eksperimentalnega vakuumskega sistema (a) in shema
elektri¢nega dela sistema (b). 1 — jeklenka s kisikom, 2 — precizni
dozirni ventil za vpust plina, 3 — merilnik tlaka, 4 — razelektritvena
cev, 5 — ventil, 6 — dvostopenjska rotacijska ¢rpalka, 7 — ventil za
vpust zraka, 8 — visoko frekvencni (13.56 MHz) RF moc¢nostni gene-
rator, 9 — koaksialni kabel, 10 — sklopitveni ¢len, 11 — usmerjevalni
¢len vstopne moci, 12 — usmerjevalni ¢len izhodne (odbite) moci,
13 — RF tuljava.
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Figure 2: Technical drawing of plasma system. 4 — discharge tube,
8 — high frequency (13.56 MHz) RF power generator, 9 — coaxial
cable, 10 — matching network, 14 — side tube, 15 — recombinator,
16 — nickel-fiber-optic catalytic probe, 17 — computer. The figure is
not to scale.

Slika 2: Tehni¢na shema plazemskega sistema. 4 — razelektritvena cev,
8 — visoko frekven¢ni (13.56 MHz) RF moc¢nostni generator,
9 — koaksialni kabel, 10 — sklopitveni ¢len, 14 — stranska cev,
15 - rekombinator, 16 — nikljeva opticna Kkataliticna sonda,
17 — racunalnik. Slika ni v merilu.

surface recombination of neutral oxygen atoms (less than
2x1073). The thickness of the glass tube was 2 mm;
therefore, the inner diameter was 36 mm. The wide
discharge tube also had a perpendicular side tube with
the length of 10 cm and diameter of 1.5 cm (Figure 2).
A manually movable copper rod with a high coefficient
for heterogeneous surface recombination of oxygen
atoms was used as a recombinator (Figure 2). The
recombination coefficient of copper varies from 2.5x10-2
to 0.17.% The recombinator was placed into the main
glass tube in the afterglow region. The position of
recombinator was varied by moving it along the axis of
the main discharge tube. On the other side of the
discharge tube plasma was excited by an RF coil wound
around the tube. The coil was water cooled, and the
segment of the tube with the wounded coil was cooled by
forced air. This cooling prevented a substantial amount
of heating of the tube in the discharge region. The coil
was connected to a RF power generator via a matching
network and a coaxial cable (Figure 1b). The two power
meters measured the input and reflected power into and
from the coil. Usually some of the power applied to the
system is reflected back to the generator causing coaxial
cable and the generator itself to heat up. The matching
network consisted of two high-voltage high-frequency
variable vacuum capacitors that were used for adapting
the impedance of "plasma-coil" system to the impedance
of the remaining circuit, which is 50 Q.

A precise needle valve that served as an oxygen inlet
was placed on the chamber and was connected to an
oxygen flask via a standard copper tube, which had a
diameter of 4 mm. Commercially-available oxygen that
had a purity of 99.99% was used.

The density of neutral atoms was measured using a
nickel-fiber-optic catalytic probe, which is described in
detail in literature.*'*” The probe was mounted 31 cm
from the end of the coil in the side tube perpendicular to
the main discharge tube. The absolute accuracy of the
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probe is about 30%, but the relative sensitivity is
extremely high, because it allows for the observation of
even a small decrease in the oxygen atom density. The
probe was coated by a nickel catalyst material, which
(among some other materials) exhibits a constant
recombination coefficient. It is important that the surface
of the probe is properly prepared. To ensure stable sur-
face recombination, the probe was exposed to a high flux
of oxygen atoms, and consequently heated to a high tem-
perature prior to systematic measurements. A thin oxide
film was formed on the tip of the probe. Such thin film
ensures for a repeatable and accurate measurements.

3 RESULTS

Measurements of oxygen atom density with nickel-
fiber-optic catalytic probe were performed at various
conditions (different pressure, power, and presence of
recombinator). Even though the kinetic temperature of
the gas is that of the surrounding gas (i.e. room tempe-
rature), the probe temperature quickly increased by
several hundred Kelvin after the discharge was turned
on. An example of such probe characteristic is shown in
Figure 3. Figure 3 shows the temperature of the fiber-
optic catalytic probe as a function of time for five diffe-
rent excitation powers at a fixed pressure of 120 Pa and a
fixed recombinator position at -2.6 cm. The maximum
temperature was achieved after a few seconds to tens of
seconds, depending on the discharge power. Such an
increase in temperature is because of the very high
probability of heterogeneous surface recombination for
the oxygen atoms which cause heating of the probe. This
probability was determined to be 0.27.48

The plot of the maximum probe temperature as a
function of the recombinator position is shown in
Figure 4 for the case of the minimum pressure (50 Pa)
used and in Figure 5 for the case of maximum pressure
(120 Pa) used at our experiments. The parameter is real
power. Real power is the power that ignites the discharge

120 Pa, -2.6 cm
1000

900
P(real) = 568 W

800
< P(real) =488 W

700

600

Tprobe (K)

500

400 +

W+

time (s)
Figure 3: Temperature of the fiber-optic catalytic probe as a function
of time at the pressure of 120 Pa and a fixed recombinator position

Slika 3: Temperatura opticne kataliticne sonde v odvisnosti od Casa
pri tlaku 120 Pa in fiksiranem poloZaju rekombinatorja
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Figure 4: Maximum temperature of the probe as a function of

recombinator position and the discharge power as a changing para-
meter. The pressure is 50 Pa.

Slika 4: Maksimalna temperatura sonde v odvisnosti od polozaja
rekombinatorja in razelektritvene moci. Tlak je bil 50 Pa.

and can be explained as a difference between the nomi-
nal or forward power and the reflected power (Prea =
Pf()rward - Preﬂected)-

In Figures 4 to 9 the recombinator position at
—7.5 cm corresponds to a case when the recombinator is
far away from the glow region i.e. far away from the
source of oxygen atoms. While position at 4 cm
corresponds to a case when the recombinator is placed
very deep into the main glass tube and is therefore close
to the glow region. We can see that the maximum probe
temperature decreases when the recombinator is moved
deeply into the glass tube. This decrease of maximum
temperature is because of a lower flux of neutral oxygen
atoms to the surface of the probe. The recombinator acts
as a strong sink of oxygen atoms and, consequently,
decreases the concentration of oxygen atoms in the
discharge tube. Measuring of maximum probe tempera-
ture gives clear indication that we can control the density
of oxygen atoms in plasma by changing the recom-
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Figure 5: Maximum temperature of the probe as a function of
recombinator position and the discharge power as a changing para-
meter. The pressure is 120 Pa.

Slika 5: Maksimalna temperatura sonde v odvisnosti od poloZaja
rekombinatorja in razelektritvene moci. Tlak je bil 120 Pa.
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Figure 6: Density of neutral oxygen atoms at the probe position as a
function of recombinator position and the discharge power as a
changing parameter. The pressure is 50 Pa.

Slika 6: Gostota nevtralnih kisikovih atomov na podrocju sonde v

odvisnoti od poloZaja rekombinatorja in razelektritvene moci. Tlak je
bil 50 Pa.
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Figure 7: Density of neutral oxygen atoms at the probe position as a
function of recombinator position and the discharge power as a
changing parameter. The pressure is 120 Pa.

Slika 7: Gostota nevtralnih kisikovih atomov na podrocju sonde v

odvisnoti od poloZaja rekombinatorja in razelektritvene moci. Tlak je
bil 120 Pa.

binator position. In order to get absolute values for the
density of oxygen atoms in the vicinity of the probe we
have measured the temperature decay just after turning
off the discharge. The neutral oxygen atom density was
calculated from the time derivatives of the catalytic
probe according to the following equation:*

8me, (dT

"o _vWDyA(dt )
where m is the mass of the probe tip; cp is its specific
heat capacity; v is the average thermal velocity of
oxygen atoms; Wp is the dissociation energy of an
oxygen molecule; y is the recombination coefficient of
the oxygen atoms on the oxidized Ni surface; A is the
area of the catalyst and d7/dt is the time derivative of

the probe temperature just after turning off the
discharge.
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Figure 8: Dissociation fraction of the oxygen molecules at the probe
position. The pressure is 50 Pa.

Slika 8: Disociacija kisikovih molekul na podro¢ju sonde. Tlak je bil
50 Pa.

120 Pa
8,5
804 o
7,5 .
7,0
6,5
6,0
5,5
5,0 .
4,5
4,0
3,51 *
3,0
254 . L
2,04 n - A
1,5 -

1,0

P(real) =20 W - 15 W
P(real) =45 W - 31 W
P(real) = 68 W - 58 W
P(real) = 490 W - 482 W
P(real) = ~567 W

o
*o o hbm

*

dissociation (%)
o %

T T T
8 -7 6 5 4 3 -2 -1 0 1 2 3 4 5
recombinator position (cm)

Figure 9: Dissociation fraction of the oxygen molecules at the probe
position. The pressure is 120 Pa.

Slika 9: Disociacija kisikovih molekul na podrocju sonde. Tlak je bil
120 Pa.

Figures 6 and 7 show the oxygen atom density at the
probe position using different discharge powers. Again,
only results for the minimum pressure of 50 Pa (Fig-
ure 6) and the maximum pressure of 120 Pa (Figure 7)
are shown. Corresponding dissociation fractions of the
oxygen molecules are shown in Figures 8 and 9. The
dissociation fraction was calculated from the known
pressure before turning on the discharge and the oxygen
atom density using the following equation:

nokgT,

n= 2

21)02
where no is the oxygen atom density; kg is the
Boltzmann constant; 7, is the gas temperature; and Po,
is the oxygen pressure.

Note that some values are missing at graphs
displaying the density of neutral oxygen atoms and
dissociation fraction. At certain pressures, these values
could not be measured because the probe signal was in
the noise range.
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4 DISCUSSION

Results displayed on Figures 4 and 5 show a high
temperature which at 600 W (in the case of 120 Pa)
exceeds 900 K. At first glance such temperatures seem
rather excessive because gas inside the chamber is at
room temperature. Elevated probe temperature is inter-
preted by intensive recombination of neutral oxygen
atoms on the surface of the probe. Oxygen plasma is rich
in oxygen atoms. As we have already mentioned, the
recombination coefficient of a glass discharge tube is
low, therefore atoms recombine poorly on its surface.
The excess of recombination is present on the surface of
the probe and causes additional heating because of the
nickel-catalyst coating on the tip of the probe. Because
of this phenomenon the temperature of the probe is well
above the temperature of the surrounding gas, which is
approximately at room temperature.

The equilibrium temperature of the probe depends on
the discharge power and oxygen pressure. In addition,
the temperature of the probe largely depends on the
recombinator position. Recombinator serves as a surface
where extensive recombination of oxygen atoms takes
place. As long as the position of the recombinator is far
from the probe in the direction of the gas flow, it prac-
tically does not have any effect on the temperature of the
probe. The directed gas velocity resulting in continuous
pumping of the discharge tube is high enough to com-
pensate the atom loss because of recombination reactions
present on the surface of the copper recombinator.
Moving recombinator closer to the probe noticeably
influences on the oxygen atom recombination. In these
circumstances the diffusion of the gas molecules and
atoms is comparable to the directed velocity of the gas.
The phenomenon is more distinctive when recombinator
is pushed further inside the discharge tube passing the
position of the probe. In this case, the recombinator
causes a large decrease in the density of oxygen atoms in
the vicinity of the probe. Therefore, the measured oxy-
gen atom density is strongly dependent on the position of
the recombinator. Figures 4 and 5 show that the tempe-
rature of the probe decreases for approximately 50 K
when we move the recombinator only for a centimetre.
The recombinator therefore perfectly does its function,
namely to decrease the neutral atom density indepen-
dently of the discharge parameters. That was also the
goal of the experiment; to quantitatively demonstrate that
we may change the neutral atom density in any part of
the discharge tube by moving the recombinator. When
the recombinator is mounted deep inside the discharge
tube (far right of the position of the probe) the tempe-
rature of the probe decreases rapidly and is, conse-
quently, undetectable because of the noise picked up by
the probe.

The temperature of the probe offers qualitative data
about the neutral oxygen atom density. However, via
measuring the time derivative of the temperature of the
probe, quantitative data can be determined. The time
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derivatives allow us to calculate oxygen atom density in
the vicinity of the probe. The calculated densities are of
the order of 10*' m=3, which is a characteristic value in
glass discharge chambers. Such high order of neutral
atom density suffices for treatment of organic materials.
The problem with organic materials is that the inte-
raction with oxygen atoms heats the material. Therefore,
it is often necessary to decrease the atom density as soon
as possible. As it is described in this paper, we achieved
the decrease in the atom density by using a movable
recombinator. The recombinator has enabled us to select
the appropriate atom density without having to change
the discharge parameters.

As it is illustrated on Figures 8 and 9, the disso-
ciation fraction of oxygen molecules is few percent.
Such dissociation degree ensures the right processing of
materials.

S CONCLUSIONS

Systematic measurements of neutral oxygen atom
density in cold weakly ionized oxygen plasma were
performed. A movable copper recombinator was used in
order to influence the density of neutral atoms. The
densities at various pressures, high frequency RF gene-
rator powers and recombinator positions were measured
by a nickel-fiber-optic catalytic probe at a fixed position.
The measurements were carefully processed and
displayed in several graphs, indicating maximum probe
temperature, neutral oxygen atom densities and oxygen
dissociation fractions, all as a function of recombinator
position. Even though manually moving a recombinator
seems somewhat an old-fashioned method, it proved to
be extremely useful at manipulating neutral oxygen atom
density independently of the discharge parameters. This
is particularly important in material processing, espe-
cially when we are dealing with very sensitive organic
materials. In order to avoid substantial heating and
degradation of material it is significant to know the
density of neutral oxygen atoms in the vicinity of the
treated sample as excessive concentrations may harm or
even destroy it. As shown in this contribution it is very
easy to control the density of neutral oxygen atoms by
moving recombinator deeply towards (or away from) the
discharge.
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Enhancement of L-lactic acid polycondensates by involving of postpolycondensation reactions in solid state under vacuum and
catalyzed by stannous 2-ethylhexanoate were studied in the presented work. The catalyst was used only in postpolycondensation
step. An effect of the catalyst concentration and postpolycondensation reaction time on resulting properties of poly(lactic acid)
was studied by gel permeation chromatography, Fourier transform infrared spectroscopy and differential scanning calorimetry.
Results show significant enhancement of molecular weight in case of the systems containing 2 wt. % of the catalyst due to the
postpolycondensation procedure (M,~91.0 kg/mol; i.e. 1655 % after 24 hours). However, further progress can be assumed with
increasing reaction time. This enhancement of poly(lactic acid) molecular weight had a response corresponding to changes of
both physico-chemical and thermal properties of the solid state postpolycondensation products.

Keywords: poly(lactic acid), solid state postpolycondensation, molecular weight enhancement

V tem delu smo za izboljSanje lastnosti polikondenzata L-lakti¢ne kisline raziskali vpliv postpolikondenzacijskih reakcij v
trdnem stanju z vakuumom. Za katalizo smo v post polikondenzacijskem koraku uporabili katalizator kositrov 2-etilheksanoat.
Vpliv koncentracije katalizatorja in ¢asa postpolikondenzacijskih reakcij na lastnosti poli(lakti¢ne kisline) smo raziskovali z gel
prepustno kromatografijo, fourierjevo transformacijsko infrardeco spektroskopijo in z diferen¢no dinami¢no kalorimetrijo.
Zaradi postpolikondenzacijskega postopka smo opazili bistveno povecanje molekulske mase v sistemu, kje smo uporabili 2 ut.%
katalizatorja (M,,~91.0 kg/mol; 1655 % po 24 urah). Se dodatno povecanje bi najverjetneje lahko dosegli tudi s podaljSanjem
Casa reakcije. Izkazalo se je, da ima povecanje molekulske mase poli(lakticne kisline) vpliv na fizikalno-kemijske, kot tudi na
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termicne lastnosti trdnih postpolikondenzacijskih produktov.

Kljuéne besede: poli(lakti¢na kislina), postpolikondenzacija trdnega stanja, izboljSanje molekulske teZe

1 INTRODUCTION

Poly(lactic acid) (PLA) is one of the biodegradable
polymers with promising applicability in the field of
environmentally friendly materials production (e.g.
packaging, disposable items) as well as in medicine
(medical devices, drug carriers).!”” Generally, PLA can
be synthesized by three basic ways; (i) ring opening
polymerization; (ii) azeotropic distillation in solution;
(iii) polycondensation in molten state.’? First two
methods are known to be experimentally difficult due to
sensitivity to presence of impurities. The lastly
mentioned method allows relatively low-demanding PLA
preparation.!®!! However, it is redeemed by low
molecular weight of the polycondensation products,
which is not acceptable for most of the engineering
applications.'?

The disadvantage of the low molecular weight poly-
condensation product can be offset by introduction of
subsequent techniques — postpolycondensation reactions,
which can yield a product with high molecular weight.
Basically, two approaches have been known. The first
one represents coupling reactions between functional
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groups intentionally introduced at the end of PLA chains
(e.g. hydroxyl) and bifunctional compound (e.g. diiso-
cyanate).'® The second method involves reaction between
ends of the PLA chains and/or residual monomer, which
is usually carried out in solid state under specific condi-
tions.® This postpolycondensation reaction is analogy to
the method developed for molecular weight increasing of
poly(ethylene terephthalate)'*, which has been also
studied for an usage in medical applications.'>"!7 The
advantage of this method is fact that an addition of
external chemical agents is not required.

There are several works describing solid state
postpolycondensation of PLA. For instance, Zhang et al.
reported two step (melt/solid) preparation of high
molecular weight PLA.'"® Effect of crystallization on the
solid state polycondensation of PLA was investigated by
Xu et al.' These both works apply SnCl, as a catalyst for
PLA prepolymer preparation and additional catalyst for
postpolycondensation reaction. The resulting products
had molecular weight in the range 20-150 kg/mol.
Polydispersity index was mostly tightly below 2. How-
ever, to the best of our knowledge, solid state postpoly-
condensation of low molecular weight PLA prepared by
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direct polycondensation of L-lactic acid without using of
a catalyst has not been studied.

This work is dedicated to investigation of solid state
postpolycondensation of low molecular weight L-lactic
acid polycondensates prepared by non-catalyzed
reaction. Various concentration of an organotin based
compound was used for catalysis of the postpolyconden-
sation step subsequently. Resulting products were
characterized by gel permeation chromatographys;
differential scanning calorimetry and Fourier transform
infrared spectroscopy.

2 EXPERIMENTAL PART
2.1 Materials

L-lactic acid (LA) C3H¢Os, 80 % water solution,
optical rotation ¢ = 10.6° (measured by the polarimeter
Optech P1000 at 22 °C, concentration of 10 %) was
purchased from Lachner Neratovice, Czech Republic.
Stannous 2-ethylhexanoate (Sn(Oct),) (~95 %) was
supplied by Sigma Aldrich, Steinheim Germany. The
solvents acetone C3;HgO, chloroform CHCI; and metha-
nol CH,O (all analytical grade) were bought from IPL
Lukes, Uhersky Brod, Czech Republic.

2.2 Sample preparation

The procedure as samples preparation is summarized
in Figure 1. Generally, PLA prepolymer was prepared
by direct melt polycondensation of L-lactic acid. A
typical procedure was as follows: 50 ml lactic acid
solution was added into a double necked flask (250 ml)
equipped with a Teflon stirrer. The flask was then placed
in an oil bath heated by magnetic stirrer with heating and
connected to a laboratory apparatus for distillation under
reduced pressure. The dehydration step followed at 160

L-Lactic acid

+160°C,15kPa, 4 h
+180 °C, no catalyst, 100 Pa, 24 h
+ from aceton to MeOH/H,0

* dehydratation
* polycondensation
* precipitation

+drying N 55°C,15kPa, 48 h
Low M, PLA -
Prepolymer
+ dissolution * toluene
+ catalyst addition +Sn(0ct)2,0,5,1and 2 wt. %
* crystalization *105°C,1h

* postpolycondensation +105°C,100Pa,6,12,18and 24 h

HighM,, PLA

Figure 1: Scheme of two step preparation of high M,, PLA through
the postpolycondensation reaction in solid state

Slika 1: Shema dvostopenjske priprave visoko M,, PLA z uporabo
postpolikondezacijskih reakcij v trdnem stanju
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°C, reduced pressure 15 kPa for 4 hours. The flask with
dehydrated mixture was connected to the source of
vacuum (100 Pa) and the reaction continued for 24 hours
at the temperature 180°C. The resulting product was
allowed to cool down at room temperature and then
dissolved in acetone. The polymer solution was
precipitated in a mixture of chilled methanol/distilled
water 1:1 (v/v). The obtained product was filtrated, twice
washed with hot distilled water (80 °C) and dried in at 55
°C for 48 hours under the pressure 15 kPa.

Solid state postpolycondensation was proceeded as
follows: 6 g of the prepolymer was dissolved in 20 ml of
toluene and the catalyst was added to the polymer solu-
tion (0.5, 1 and 2 wt. %). The solvent was evaporated at
elevated temperature (80 °C) and the residuals were
dried for 6 hours at 50 °C and 3 kPa. After that the
prepolymer containing the catalyst was placed into a test
tube and crystallized at 105 °C for 1 hour. Finally, the
test tubes were connected to the vacuum source (100 Pa).
The sampling was done after 6, 12, 18 and 24 hours.

2.3 Characterization of samples

2.3.1 Determination of molecular weight by gel
permeation chromatography (GPC)

GPC analyses were performed using a chromato-
graphic system Breeze (Waters) equipped with a PLgel
Mixed-D column ((300 x 7.8) mm, 5 um) (Polymer
Laboratories Ltd). For detection, a Waters 2487 Dual
absorbance detector at 254 nm was employed. Analyses
were carried out at room temperature with a flow rate of
1.0 mL/min in chloroform. The column was calibrated
using narrow molecular weight polystyrene standards
with molar mass ranging from 580 g/mol to 480 000
g/mol (Polymer Laboratories Ltd). A 100 uL injection
loop was used for all measurements. The sample
concentration ranged from 1.6 mg/mL to 2.2 mg/mL.
Data processing was carried out using the Waters Breeze
GPC Software (Waters). The weight average molar mass
M, number average molar mass M, and Polydispersity
(PDI=M,/M,) of the tested samples were determined.
Relative enhancement of M, (EM,) was calculated
according as follows:

wS

EM (%)= x100 (1)

M

w0

where M,,s represents M,, of the sample and M, is M,,
of the prepolymer.

2.3.2 Fourier transform infrared spectroscopy (FTIR)

Functional groups in LA polycondensation products
were identified using FTIR analysis. The investigation
was conducted on Nicolet 320 FTIR, equipped with
attenuated total reflectance accessory (ATR) utilizing
Zn-Se crystal and the software package "Omnic" over
the range of 4000-650 cm™' at room temperature. The
uniform resolution of 2 cm™ was maintained in all cases.

Materiali in tehnologije / Materials and technology 46 (2012) 1, 3741
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2.3.3 Differential scanning calorimetry (DSC)

For the determination of glass transition temperature
T,, melting point T;, the differential scanning calorimetry
was used. Approximately 8 mg of the sample were
placed in an aluminium pan, sealed and analyzed on
Mettler Toledo DSC1 STAR System under nitrogen flow
(20 cm’/min). The analysis was carried out according to
the following programme: (i) first heating scan 0 — 195
°C (10 °C/min); (ii) annealing at 195 °C for 1 minute;
(iii) cooling scan 195 — 0 °C (10 °C/min); (iv) annealing
at 0 °C for 1 minute; (v) second heating scan 0 — 195 °C
(10 °C/min). Melting point temperature (7,) was
obtained from the first heating cycle. The value of
glass-transition temperature (7,) was determined in the
second heating scan at the midpoint stepwise increase of
the specific heat associated with glass transition. The
DSC results for prepolymer and the sample after 24
hours of postpolycondensation reaction are presented in
this work.

3 RESULTS AND DISCUSSION

The results obtained from GPC analysis are
summarized in Table 1. The prepolymer (see the scheme
in Figure 1) had M,, = 5.5 kg/mol and low PDI. It shows
relatively narrow distribution of molecule chain lengths.
Subsequently proceeded postpolycondensation reactions
led to enhancement of M,. However, significant increase
in M,, was observed mostly after 18 hours of the reaction.
Further prolongation of the reaction time (24 hours) had
positive effect on M,, enhancement as well as addition of
the catalyst (Sn(Oct),). It can be noticed in Figure 2
where dependence of relative enhancement of M,, EM,,
(Equation 1) is depicted as a function of postpolycon-

Catalyst Sn(Oct), 91.0 kg/mol
1600 | _o 05wt %
—- 1wt %
—A— 2wt. %
1200 —
;\? ]
E;
o 800
7 27.6 kg/mol
400 -
i 9.2 kg/mol
5.5 kg/mol
(Ve T T T I

0 6 12 18 24

Time of postpolycondensation reaction (hours)
Figure 2: Relative enhancement of M, versus time of postpoly-
condensation reaction in presence of various catalyst concentrations

Slika 2: Relativno povecanje M,, glede na Cas polikondenzacijskih
reakcij in v prisotnosti katalizatorja pri razli¢nih koncentracijah
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densation reaction time for various concentration of the
catalyst. The lowest investigated concentration of the
catalyst seemed to be not suitable for high M, PLA
preparation. Maximal EM,, was only 167 % in this case
(9.2 kg/mol). Better results were noticed for the systems
containing 1 wt. % of the catalyst. EM,, was 502 % after
24 hours of the postpolycondensation reaction. However,
it represents M, = 27.6 kg/mol, which is still not
considerable as high M, product. Significantly different
results were observed when the concentration of the
catalyst was risen to 2 wt. %. As can be seen in Figure 2,
EM,, for this system was higher already after 12 hours of
postpolycondensation reaction that those described
above (0.5 and 1 wt. %, 24 hours). In addition, its EM,,
steeply increases with the reaction time. The sample
after 24 hours of the reaction showed EM,, = 1655 %. It
corresponds to 91.0 kg/mol. PDI was 1.6. It reveals
narrow distribution of the chain lengths.

Table 1: GPC characteristics of the prepolymer and the samples after
various times of postpolycondensation reaction

Tabela 1: GPC karakteristika predpolimera in vzorcev z razli¢nimi
Casi postpolikondenzacijskih reakcij

Catalyst | Time of postpolycondensation reaction (hours)
concentra- 0" 6 12 18 24
tion (wt. %) |M,/PDI""| M,/PDI | My,/PDI | My/PDI | M,,/PDI
0.5 6.0/2.6 | 5.4/1.7 | 9.3/1.8 | 9.2/2.3
1 5.5/1,68 | 7.6/1.6 | 7.9/2.1 | 19.9/2.2 127.6/1.7
2 25.5/2.6 138.9/2.6 | 60.9/2.9 191.0/1.6
* prepolymer

sk

M,, — weight average molecular weight (kg/mol), PDI — poly-
dispersity

-O-C-CO- 1080 cm!

AN

CH;- 1453 cm

\

24 hours

6 hours

Absorbance

prepolymer o J LNU
L]

T T T T T
4000 3000 2000
Wavenumber (cm-)

1000

Figure 3: FTIR-ATR spectra of PLA prepolymer and products after 6
and 24 hours of postpolycondensation reaction (catalyzed by
Sn(Oct)y, 2 wt. %)

Slika 3: FTIR-ATR spekter PLA predpolimera in produktov po 6 in
24 urah postpolikondenzacijskih reakcij (katalizirano z 2 ut. %
Sn(Oct)y)
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Figure 4: Normalized areas of the FTIR-ATR absorption peaks at
1080 cm™! of PLA prepolymer and products after 6 and 24 hours of
postpolycondensation reaction (catalyzed by Sn(Oct),, 2 wt. %)

Slika 4: Normalizirana povrsina FTIR-ATR adsorpcijskih vrhov pri
1080 cm™' PLA predpolimera in produktov po 6 in 24 urah post-
polikondenzacijskih reakcij (katalizirano z 2 ut. % Sn(Oct),)

The process of postpolycondensation of PLA was
also investigated by FTIR-ATR analysis. Figure 3 shows
FTIR-ATR spectra of PLA precursor and the samples
after 6 and 24 hours of postpolycondensation reaction in
presence of 2 wt. % of the catalyst. A detailed descrip-
tion of PLA FTIR spectra can be found, for example, in
our previous works.!'2 From the observation of the
postpolycondensation reaction point of view, it is
interesting to focus on formation of new ester bonds,
reduction of carboxylic and hydroxyl groups. Due to
complexity of the PLA FTIR spectra, the most con-
venient could be the firstly mentioned ester bonds
formation, which could be characterized by absorption at
1080 cm™.2° Areas of this absorption peak, Ao, Were
normalized on the peak area representing absorption of

prepolymer

_ 147.3°C

£

° after 24 hours AH,=47.3 Jig

8

2

<]

-~

®

Q

I

IS mwW 175.7°C
AH,=67.4 J/g
T | T | T | T | T
0 40 80 120 160 200

Temperature (°C)

Figure 5: DSC curve (first heating scan) of PLA prepolymer and
products after 24 hours of postpolycondensation reaction (catalyzed
by Sn(Oct)y, 2 wt. %)

Slika 5: DSC krivulja (prvo gretje) PLA predpolimera in produktov
po 24 urah postpolikondenzacijskih reakcij (katalizirano z 2 ut. %
Sn(Oct);)
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methyl groups at 1453 cm' (Ass3). Dependence of
Ajoso/A1ss3 versus time of the postpolycondensation
reaction is depicted in Figure 4. It can be seen that
concentration of ester bonds increases with rising time of
the reaction. It is in agreement with the GPC results.

The significant enhancement of M,, described above
affects properties of the resulting PLA including thermal
behavior of the polymer. Figure 5 shows DSC spectra
(first heating scan) of the prepolymer and PLA postpoly-
condensation product obtained after 24 hours in presence
of 2 wt. % of the catalyst. It can be noticed that
increasing M,, of the PLA samples (see Table 1) led to
significant shift of the 7,, towards higher values (from
147.3 to 175.7 °C). Enthalpy of melting, AH,,, was 47.3
and 67.4 J/g, respectively (Figure 5). It means that a
content of crystalline phase in the treated samples
increased noticeably (from 50.5 to 71.9 %, AH,, = 93.7
J/g)*" due to postpolycondensation reaction connected
with rising of M,. In addition, glass transition tempe-
rature, T, (taken from the second heating scan — not
shown here) was also increased from 45.2 °C (PLA
precursor) to 53.6 °C (after 24 hours of the reaction, 2
wt. % of the catalyst). These observations together with
the GPC results reveal linear structure of the PLA
macromolecules while the postpolycondensation process
takes place at the end of the PLA precursor chains in the
amorphous phase region?.

4 CONCLUSIONS

This work was dedicated to investigation of the high
molecular weight poly(lactic acid) (PLA) synthesis
through multistep process including postpolyconden-
sation reactions in solid state. Unlike other already
published works in this field, presented work involves
using of catalyst (stannous 2-ethylhexanoate) only in
postpolycondensation step. The main attention was paid
to determination of the catalyst concentration and time of
the postpolycondensation reaction on the molecular
weight of the resulting products by using gel permeation
chromatography. It was correlated with the results from
Fourier transform infrared spectroscopy and differential
scanning calorimetry.

The results show that the role of the catalyst
concentration is crucial to enhancement of molecular
weight of the PLA during the solid state postpolycon-
densation process. While low concentration of the
catalyst (up to 1 wt. %) do not provide sufficient results
(enhancement up to 502 % after 24 hours), systems
containing 2 wt. % of the catalyst showed noticeably
higher molecular weight enhancement — 1655 % (from
5.5 to 91.0 kg/mol). Another important parameter is time
of the postpolycondensation step. Obtained results reveal
a possibility of an additional enhancement of PLA
molecular weight for the postpolycondensation reaction
times above 24 hours. However, finding of a time
optimum must be further investigated.
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Conformal films of fluoropolymer have been made onto carbonyl iron microparticles by plasma-enhanced chemical vapour
deposition of octafluorocyclobutane in this study. RF plasma reactor with a frequency of 40 kHz and rotating barrel fixed
between the two discharge electrodes arrangement was used to achieve a uniform surface modification of particles. The samples
were treated for different times and various RF powers. Chemical changes in the surface composition after plasma modifications
were, subsequently, determined using high-resolution X-ray photoelectron spectroscopy, while the surface texture was analyzed
via scanning electron microscopy. The results revealed successful fluorination of carbonyl iron particles with a maximum of
fluorine content of 2.9 %. The fluoropolymer film fabricated onto particles generally improves the corrosion protection and
friction properties resulting in possible use of such magnetic particles in magnetorheological suspensions.

Keywords: carbonyl iron, functionalization, fluoropolymer, octafluorocyclobutane, modification, plasma, surface

Za namen tega dela je bila opravljeno plazemsko kemi¢no naparevanje fluoropolimera na karbonilno Zelezo v prahu.
Enakomerno modifikacijo povrSine smo dosegli z uporabo RF plazemskega reaktorja s frekvenco 40kHz in z rotirajo¢im
bobnom, ki je bil postavljen med razelektritveni elektrodi. Vzorci so bili obdelani pri razli¢nih ¢asih in pri razli¢nih RF moceh.
Spremembe kemijske sestave po obdelavi so bile dolocene z visokolocljivostno rentgensko fotoelektronsko spektroskopijo,
morfoloske spremembe povrsine pa smo dolocili iz slik vrsticnega elektronskega mikroskopa. Povrsina karbonilnega Zelezovega
prahu je bila uspesno flurinirana, saj smo na povrsini dosegli maksimalno 2.9 % fluora. Z nanosom fluoro polimernega filma na
prasnate delce naceloma izboljSamo njihovo korozijsko odpornost in trenje ter jih naredimo primerne za uporabo v

magnetnoreoloskih suspenzijah.

Kljuc¢ne besede: karbonilno Zelezo, funkcionalizacija, fluoropolimer, oktafluorociklobutan, modifikacija, plazma, povrSina

1 INTRODUCTION

Magnetic particles have attracted increasing interest
recently due to their novel applications. For example,
magnetorheological (MR) fluids consisting of magnetic
particles dispersed in carrier liquid can controllably
change their rheological properties such as viscosity,
yield stress and viscoelastic moduli according to the
external magnetic field applied. These smart fluids can
be used with benefit in applications utilizing adjustable
control of the applied damping/force.! The corrosion,
oxidation, and abrasive properties of iron and iron alloys
frequently used as optimal magnetic agents in MR fluids
are, however, obstacles for their wider commercial usage.
To overcome this problem, modification of particle sur-
face chemical composition has proven to be efficient.?

Recently, there is growing interest in using low-tem-
perature plasma to modify the surface of various
materials.>”’ This interest has developed for two reasons.
First, plasma can produce a unique surface structure and
modification, and, second, the extent of modification can
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be easily controlled by treatment conditions.”'* More-
over, plasma treatment method is a non-polluting
technique, which is not negligible for industrial fabri-
cation, and only short reaction times are required.!>'¢
Although there are several methods employed for film
deposition onto iron, including sputtering, arc-plasma
spray deposition, or various wet chemistry methods such
as sol-gel deposition, the formed films are not uniform
many times. Instead of the plasma reacting with and
etching the substrate surface, plasma-enhanced chemical
vapour deposition employs the conversion of gaseous
monomer into reactive radicals, ions and neutral
molecules and subsequent deposition of these precursors
onto the substrate surface. Films formed in this way
afterwards exhibit strong adhesion, low pinhole density
and high surface uniformity.!” Choice of proper plasma
reactor type is another important factor for obtaining of
conformal deposited film. Hence, fluidized bed or rotary
plasma reactors with constant particles recirculation
resulting in optimal fluid-solid contact and increased
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heat transfer coefficient have to be used for three-dimen-
sional materials such as powders.

As mentioned above, the corrosion and oxidation
protection as well as friction properties have to be
improved in order to use iron and its alloys in MR appli-
cations. For these purposes fluorocarbon plasma seems
to be an efficient tool to improve the substrate hydro-
phobicity and frictional properties, since the produced
Teflon-like surface film possess chemical inertness, low
surface energy (non-wettable), excellent frictional pro-
perties, lower permeability, and relatively good thermal
stability.!®2° In addition, the relative amount of func-
tional groups can be profitably controlled upon para-
meters adjustment during fluorocarbon plasma treatment.

The objective of this work is plasma-enhanced
chemical vapour deposition of octafluorocyclobutane
(OFCB) onto carbonyl iron (CI) particles using rotary
plasma reactor. Effects on surface functionalization after
variation of RF power and plasma treatment time were
investigated by XPS, while surface morphology was
determined from SEM images.

2 EXPERIMENTAL

2.1 Plasma modification

The main material characteristics of CI particles (SL
grade, BASF, Germany) are following: spherical shape
of particles, non-modified surface, and content of
a—iron in a bulk > 99.5 %. Plasma treatment of CI
particles was carried out with Diener Femto (Diener
Electronic, USA) plasma reactor. The reactor, designed
for powder treatment, is equipped with a 250 ml flask
which is kept rotating during the treatment for a uniform
modification, as schematically shown in Figure 1. The
plasma is created inside the discharge chamber with an
inductively coupled RF generator, operating at a fre-
quency of 40 kHz. A controlled flow of OFCB gas
(purity = 99.998, Linde AG, Germany) diluted with
argon gas (purity = 99.998, Messer Industriegase
GmbH, Germany) in the ratio of 1:1 was introduced
inside the chamber. The resulting gas flow rate was 45
ccm and operating pressure of approx. 30 — 40 Pa.

pressure motor "
gauge | rotating barrel
sample j
vacuum ‘
pump rf generator
40 kHz

Figure 1: Rotary plasma reactor used for the treatment of CI particles
Slika 1: Rotirajo¢i plazemski reaktor za obdelavo CI prasnatih delcev
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Treatment time (60 — 600 s) and RF power (33 — 100 W)
were used as experimental variables. All samples were
kept under the atmosphere of processing gas for next 2
minutes after the plasma was quenched.

2.2 Scanning electron microscopy

Visual observation of fabricated films was carried out
using a scanning electron microscopy (SEM, VEGA II
LMU, Tescan Ltd., Czech Republic) operated at 30 kV
with 30 kx magnification. Samples were coated with a
thin layer of gold using a polaron sputtering apparatus
before the observation.

2.3 XPS characterization

In order to determine the surface chemical changes
after the plasma treatments, XPS measurements (X-ray
photoelectron spectroscopy, TFA XPS, Physical Elec-
tronics, USA) were used. To avoid dispersion of the
sample during the pumping, investigated particles were
compressed with a laboratory press at 250 kN to obtain
the test pellets. The base pressure in the chamber was
about 6 x 10 Pa. The samples were excited with X-rays
over a 400—um spot area with a monochromatic Al K,
radiation at 1486.6 eV. Survey spectra were performed at
two different spots on the surface of CI particles (pellet).
Photoelectrons were detected by hemispherical analyzer
positioned at the angle of 45° with respect to the sample
surface. Survey-scan spectra were made at pass energy of
187.85 eV and an energy step was 0.4 eV. The con-
centration of individual elements was determined using
MultiPak v7.3.1 software from Physical Electronics,
which was supplied with the spectrometer.

3 RESULTS

A thin film suggesting a possible formation of
fluoropolymer onto CI particles can be observed in
Figure 2. Clearly from SEM images, OFCB plasma
treatment does not change markedly surface morphology
or roughness of modified samples. This is in good
correlation with previously polymerized fluoropolymer

Figure 2: SEM images of mere CI particles (a) and plasma-treated
(600 s, 100 W) CI particles (b); bar length 2 ym

Slika 2: SEM slika neobdelanih prasnatih delcev (a) in plazemsko ob-
delanih (600 s, 100 W) CI prasnatih delcev (b); dolZina merila 2 um
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Figure 3: XPS survey spectra recorded on mere CI particles (a) and
on plasma-treated (600 s, 100 W) CI particles (b)

Slika 3: Pregledni XPS-spekter neobdelanih CI prasnatih delcev (a) in
plazemsko obdelanih (600 s, 100 W) CI prasnatih delcev (b)

films on various substrates in which extremely smooth
interfaces and structures that were uniform through the
thickness of the film have been demonstrated.?!

Figure 3 shows the XPS survey spectra of the CI
particles recorded before and after the plasma treatment.
The peaks attributed to Ci;, Oy, and Fe orbitals are
observed in both spectra. Nevertheless, two new peaks
are observed in the XPS spectrum recorded after OFCB
plasma treatment. A peak near 684.3 eV suggests the
formation of covalent C—F bond and hence, effective
grafting of fluorine on the CI surface while a weak peak
near 400.7 eV attributed to nitrogenated species is pro-
bably due to the post-plasmatic reaction ongoing in the
air.

The surface composition of untreated and treated
particles is listed in Table 1. It is worth noting that stan-
dard deviation of atomic concentration of elements was
below 10 % in all cases.

As can be seen in Figure 4, the efficiency of fluorine
bonding is affected by treatment time. The F/C atomic
ratio on the CI surface firstly increased with treatment
time for all RF powers used and then reached more less
equilibrium value.

Furthermore, the effect of the plasma power on the
fluoropolymer formation was examined. The treatment
power was varied from 33 W to 100 W under the same
pressure. The obtained F/C atomic ratio dependence on
RF power in various treatment times is shown in

0.2 T T T

0.15

FIC [

01

0.05

0 200 400
Treatment time [s]

600

Figure 4: Dependence of the F/C atomic ratio versus the treatment
time under an applied RF power of 33 W (M), 66 W (V¥), and
100 W (A)

Slika 4: Odvisnost atomskega deleza F/C glede na ¢as obdelave pri
RF moci 33 W (B), 66 W (¥), in 100 W (A)
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Figure 5: Dependence of the F/C atomic ratio versus the plasma
power under 60 s (M), 180 s (A), 360 s (¥), and 600 s (®) treatment
time

Slika 5: Odvisnost atomskega deleza F/C glede na RF mo¢ pri ¢asu
obdelave 60 s (W), 180 s (A), 360 s (¥) in 600 s (®)

Figure 5. The F/C atomic ratio is almost independent on
the RF power used for treatment times until 360 s.
However, the highest fluorine bonding efficiency for
600 s treatment time is reached at 66 W plasma power.

4 DISCUSSION

From the XPS results shown in Table 1, it is obvious
that certain amount of fluorine covalently-bonded to the
CI particles surface is present after the OFCB plasma-

Table 1: Surface composition of CI particles at different treatment times and RF powers

Tabela 1: Kemijska sestava povrsine CI prasnatih delcev, obdelanih pri razli¢nih ¢asih in RF moci

Power [W] 0 33 66 100
Time [s] 0 60 180 360 600 60 180 360 600 60 180 360 600
C [%] 42.3 26.1 15.2 22.7 17.4 15.1 20.2 17.9 15.2 19.8 15.1 15.9 21.9
O [%] 39.5 49.1 473 47.0 43.9 44.1 49.2 49.9 42.6 49.3 41.5 44.4 48.4
N [%] 0 1.3 0.7 1.6 1.6 0.7 0.5 1.3 1.5 0.9 0.7 0.5 1.2
F [%] 0 1.3 1.4 2.9 24 0.6 1.6 2.2 2.5 1.0 1.5 2.1 2.9
Fe [%] 18.2 22.2 35.5 25.1 34.7 39.5 28.5 28.8 38.2 29.0 41.3 37.0 26.6
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enhanced chemical vapour deposition in a rotary plasma
reactor. Fluorine atomic concentration on the surface of
CI particles grows with the treatment time. However, the
increase in fluorine content is getting slower at higher
treatment times probably due to the saturation of surface
reactive sites. The atomic concentration of bonded
fluorine does not increase significantly with RF power
used as could be expected. This is supposedly caused by
the degradation of formed surface layer which takes
place under severe conditions of plasma treatment. In
other words, the etching phenomenon will occur and
remove the surface atoms along with the functionalized
groups at higher plasma powers. Above mentioned state-
ments, which are furthermore in good correlations with
dependencies shown in Figure 4 and Figure 5, suggest
that the parameters of OFCB plasma for optimal fluoro-
polymer film formation onto CI particles are lower
power (33 or 66 W) and higher treatment time (360 or
600 s).

5 CONCLUSIONS

A successful plasma-enhanced chemical vapour
deposition of OFCB as precursor and argon mixture was
used to deposit ultrathin fluoropolymer films onto CI
particles in a rotary plasma reactor. The fluorine atomic
concentrations on the plasma treated CI particles surface
increased with increasing treatment time until approxi-
mately 400 s while remained almost constant afterwards.
The concentration of fluorine did not significantly
increase with higher RF power and thus, lower plasma
powers are preferred from economical point of view.
Since plasma treatment is a non-polluting method with
shorter treatment time compared with chemical modifi-
cations, this study provides a new way for the Teflon-like
surface modification of CI particles to improve their
corrosion, oxidation, and abrasive properties for MR
applications.
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X-ray photoelectron spectroscopy (XPS) is probably the most popular method for characterization of polymer surfaces.
Although this technique is widely used, small details are often very important for proper evaluation of experimental results.
Some details are addressed in this paper. First, the influence of surface roughness is examined and the results show substantial
differences in high-resolution Cls spectra although the survey spectra remain fairly unaffected by the roughness. Second, the
influence of the X-ray brilliance is studied for classical sources such as Mg K, at 1253 eV, Al K, at 1486 eV and Al K,
monochromized light. No substantial difference between the classical Mg and Al sources were found, while the high resolution
spectra obtained using monochromatized light have a much better resolution. These details are very important in practical
applications. Some examples including vascular grafts are shown in this paper.

Keywords: polymer, PET, surface characterization, XPS, roughness, vascular graft

Rentgenska fotoelektronska spektroskopija je brzkone najSirSe uporabljena metoda za karakterizacijo povrsin polimerov. Kljub
Siroki uporabi pa se pogosto pripeti, da postanejo podrobnosti izredno pomembne za pravilno interpretacijo rezultatov. Nekatere
tovrstne podrobnosti so obravnavane v tem prispevku. Pregledni spektri niso posebej obcutljivi na hrapavost vzorcev, kar pa ne
velja za visoko locljive Cls spektre. Slednji so drugacni za gladko polimerno folijo, hrapavo folijo in umetno Zilo, izdelano iz
identi¢no enakega materiala. Poleg hrapavosti lahko na videz Cls spektra vpliva tudi brilijantnost uporabljene svetlobe. V tem
prispevku so bili uporabljeni trije razli¢ni izviri rentgenske svetlobe in sicer Mg K, pri 1253 eV, Al K, pri 1486 eV in
monokromatizirana Al K., pri ¢emer je bil za monokromatizacijo uporabljen silicijev kristal. Meritve so pokazale bistveno
boljso resolucijo visoko locljivega Cls spektra z uporabo monokromatizirane svetlobe. Rezultati preiskav imajo neposredno
prakti¢no uporabnost, saj jasno nakazujejo omejitve Rentgenske fotoelektronske spektroskopije za karakterizacijo povrsin
realnih vzorcev, ki so znacilno hrapavi in povrSinsko funkcionalizirani, posebej Se umetnih Zil izdelanih iz polietilentereftalata.
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1 INTRODUCTION

Polymer materials are nowadays widely used in
different branches of industry as well as in biology,
pharmacy and medicine."”” Examples of applications in
biomedicine include a variety of containers for drugs as
well as biological samples, simple instruments such as
catheters, and very sophisticated body implants such as
artificial blood vessels.*” Polymer materials often
express fairly good biocompatibility. In many cases,
however, the biological response to polymer materials is
not adequate. In such cases the surface properties of
polymers should be modified. Modification stands for
changing the surface morphology, composition and
structure.?!2 The surface properties depend on many
parameters but the most important one is the presence of
different surface functional groups. Polymers that are
nowadays used for biomedical applications have fairly
optimized surface properties — some of them are highly
hydrophobic, some moderately hydrophilic, while the
majority are in between these two limits. As mentioned
earlier, such surface properties may be adequate for
some applications, but in many other cases, more
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extreme surface properties are required. In such cases,
the surface of biopolymers should be modified. A variety
of methods for modification of the biopolymer surface
properties have appeared including wet chemical
treatments,'> ion bombardment, exposure to intensive
ultraviolet light sources, and application of gaseous
discharges.'*!" The latter seems to be predominant in the
last decade. A reason for this is probably the fact that
gaseous discharges combine effects that are achieved by
other three groups of techniques mentioned above.
Depending on specific requirements one can always
choose a right discharge to create gaseous plasma with
required characteristics. Most gases transformed to the
state of plasma emit radiation in a wide range from
infrared to ultraviolet, and some gases also emit in
vacuum ultraviolet range.'®2° On the other hand, the
formation of specific functional groups on the surface of
polymer materials during plasma treatment depends
largely on the type of gas used to create plasma. In
general, hydrophobization of polymer materials is
achieved by application of fluorine rich gases with
minimal admixture of oxidative gases.?'> On the other
hand, hydrophilization is achieved using gases that form
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highly polar functional groups on the surface of poly-
mers.?*3* Although air, nitrogen and sulphur oxide
plasma can be used, best results are usually achieved
using pure oxygen or a mixture of oxygen and a noble
gas.® The newly formed functional groups depend also
on the flux of plasma radicals onto the sample surface so
it pays to measure basic plasma parameters,’ especially
density of neutral atoms formed from parent molecules
by electron impact dissociation.36-38

Application of gaseous plasma for functionalization
of polymers usually leads to improvement of the surface
properties, but extreme results are always obtained only
in the case of increased roughness of the material. The so
called lotus effect which is well known from nature is
actually a very good combination of surface hydropho-
bicity and microstructured surface.’® This combination
leads to extremely high contact angle of a water drop and
thus to the so called self-cleaning effect.** Something
similar holds for superhydrophilicity: it is a combined
effect of a high surface energy and micro- or nano-
structured texture that allows for the capillary effect.
Such extreme conditions of the surface properties have
found some important applications in biomedicine.
Obviously, the nano- or microstructured polymer mate-
rials are of great importance in advanced biomedicine.
Unfortunately, however, experimental techniques for
surface characterization have been developed for charac-
terization of perfectly flat materials. The most powerful
methods for surface characterization of functionalized
organic materials are X-ray photoelectron spectroscopy
(XPS) and secondary ion mass spectroscopy (SIMS).4=#3
Application of such techniques to rough polymers
represents a task that is not at all trivial. In this paper
some practical considerations about characterization of
such real materials by X-ray photoelectron spectroscopy
(XPS) are addressed.

2 EXPERIMENTAL

Experiments were performed with a biopolymer that
is often used for medical applications — polyethylen-
etheraphtalate (PET). The material is used for instance
for body fluid containers, some types of catheters and
some types of vascular grafts (artificial blood vessels).
Three types of PET materials were used at our experi-
ments: (i) a flat foil, (i/) a rough foil and (iii) a real
vascular graft. The flat foil was purchased from Good-
fellow. It was semi-crystalline PET foil with a thickness
of 0.25 mm. A piece of the foil was treated with sand
paper (grid 320) in order to increase the surface rough-
ness. Both treated and untreated foils were cleaned in
ultrasound bath with pure alcohol in order to remove any
surface impurities.

X-ray photoelectron spectroscopy characterization
was performed with our XPS device TFA XPS Physical
Electronics. We used three different sources of X-rays:
(1) Mg K, (ii) Al K., and (iii) Al K, monochromatized.
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The first source gives fairly monochromatized light at
the photon energy of 1253 eV. The FWHM is supposed
to be 0.7 eV. The second source peaks at the photon
energy of 1486 eV and has the FWHM of 0.85 eV. The
second source was also used with a further monochro-
matization which was realized with a silicon crystal. The
monochromatization allows for a better FWHM of 0.25
eV, but the monochromator itself represents a loss for
X-rays.

The photoelectrons were detected with a hemisphe-
rical analyzer positioned at an angle of 45° with respect
to the normal to the sample surface. Survey-scan spectra
were obtained at a pass energy of 187.85 eV and 0.4 eV
energy step. High-resolution spectra of Cls were made at
a pass energy of 23.5 eV and 0.1 eV energy step. An
additional electron gun was used for surface charge
neutralization since the samples are insulators. The
concentration of elements was determined by using
MultiPak v7.3.1 software from Physical Electronics,
which was supplied with the spectrometer.

3 RESULTS

All three types of PET samples were mounted in the
XPS instrument just after the ultrasound cleaning.
Survey spectra were taken with Al monochromatized
light which we use as a default source of X-rays for
polymer characterization. A typical survey spectrum is
shown in Figure 1. As expected, only peaks corres-
ponding to carbon and oxygen are found in the survey
spectrum. Such spectra were found on all three samples
and differences between different samples and between
different spots on particular samples were hardly
detected. The deviation in elemental composition as
calculated from the survey spectrum shown in Figure 1
was only about 1 at.%. It is important that the ratio
between carbon and oxygen is very close to the
theoretical value for PET material which is 71.4 at.% of
carbon and 28.6 at.% of oxygen.
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Figure 1: A typical XPS survey spectrum of a rough PET foil
obtained by excitation with monochromatized X-rays

Slika 1: Znacilni pregledni XPS-spekter hrapave PET folije, posnet z
monokromatizirano rentgensko svetlobo
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Figure 2: High resolution XPS spectra obtained for a flat PET foil
(lower curve) and a rough foil (upper curve). Monochromatized
X-rays were used for sample excitation.

Slika 2: Visokolocljivi XPS-spekter gladke folije PET (spodnja kri-
vulja) in hrapave folije (zgornja krivulja), posnet z monokromatizirano
rentgensko svetlobo.

Comparison between high-resolution Cls spectra
obtained at a flat and a rough polymer foil is shown in
Figure 2. It is clearly visible that a knee observed on the
rough material at the binding energy of about 286 eV
transforms to a well defined peak when the experiment is
performed with a flat foil. Furthermore, the shape of the
high-resolution Cls peak for the rough sample depends
on the particular spot, while for flat samples we always
obtain a spectrum as shown in Figure 2. In order to
demonstrate the site dependence of the Cls spectrum for
a rough surface, we performed characterization at diffe-
rent spots and selected results that differ extraordinary.
Such a selection is shown in Figure 3. It is clearly
visible that the knee which is at about 286 eV appears at
different intensities. All spectra shown in Figure 2 and 3
were taken with a monochromatized Al source.

In order to check the influence of the X-ray source on
the quality of high-resolution Cls peaks we performed
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Figure 3: High resolution XPS spectra obtained at four different spots
on the surface of a rough PET foil. Monochromatized X-rays were
used for sample excitation.

Slika 3: Visokoloc¢ljivi XPS-spektri, posneti na Stirih razli¢nih pod-
ro¢jih na povrSini hrapave folije PET. Za vzbujanje smo uporabili
monokromatizirano rentgensko svetlobo.
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Figure 4: High resolution XPS spectra of a flat PET foil obtained
using three different X-ray sources: monochromatized (lowest curve),
standard Mg (middle) and standard Al (upper)

Slika 4: Visokolocljivi XPS-spektri, posneti na povrsini gladke folije
PET s tremi razli¢nimi rentgenskimi izvori: monokromatiziranim
(spodnja krivulja), standardnim Mg (srednja krivulja) in standardnim
Al izvorom (zgornja krivulja)

characterization of the same material with all three
different sources. Typical results are presented in Figure
4.

Finally, an experiment has been performed also using
a real vascular graft. A comparison between a typical
spectrum measured on a flat Al foil and a vascular graft
is shown in Figure 5. In this case, as in most others, we
used X-rays from a monochromatized source for sample
excitation.

4 DISCUSSION

The high-resolution Cls spectra presented in Figures
2-5 were all taken on exactly the same material (PET
polymer) but one can observe rather big differences. Let
as first address the influence of the surface roughness.
The results obtained with a monochromatized light are
shown in Figures 2 and 3. All spectra were normalized
according to the height of the major peak which
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Figure 5: High resolution XPS spectra for a flat PET foil and a
vascular graft made from PET polymer

Slika 5: Visokoloc¢ljivi XPS-spektri, posneti na povrsini gladke folije
PET in na povrSini umetne zile iz polimera PET
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corresponds to chemical bonds between carbon atoms or
between carbon and hydrogen atoms. An important
difference between a flat foil and the rough foil is
observed in Figure 2. The most striking effect is the
peak at the energy of about 286 eV which is fairly well
seen from the spectrum obtained at the flat foil, while it
transforms to a knee for the rough foil. More than
obvious, the de-convolution of the spectrum obtained for
the flat foils is a much simpler task than for the rough
foil. Furthermore, the width of the major peak is larger
for the case of the rough foil than for the flat foil.
Finally, the minimum observed at the binding energy of
about 287.5 eV is much better expressed for the flat foil.
All these details are very important in proper explanation
of the XPS results. Namely, many functional groups
appear as peaks or just knees on the curve between 282
and 290 eV.8#! The left-most peak in Figure 2 corres-
ponds to the ester group. The middle peak (represented
by a knee for the rough foil) corresponds to the ether
group. In between there could be a carbonyl group. The
height of the minimum between the left-most and the
middle peak can be merrily due to a poor resolution of
the spectrometer, but it can be also due to the presence of
a functional group. Since our material is chemically very
pure, we can exclude the presence of a functional group,
so the behaviour of the curve for the rough foil is due to
worsened resolution induced by surface roughness rather
than presence of a carbonyl group.

The roughness effect on the high resolution XPS Cls
spectrum is even much more pronounced in Figure 3. As
mentioned earlier this Figure represents four measure-
ments obtained at different spots on the surface of the
same sample. De-convolution of the spectra presented in
Figure 3 is rather arbitrary. The middle peak could be
attributed to different concentrations of ether group on
the surface of the material. Such interpretation is defi-
nitely wrong since all spectra were taken for the same
material which has been well cleaned prior to the XPS
analyses. Similar considerations also apply for the
left-most peak which corresponds to the ester group.
Broadening of this peak is merely due to roughness and
not appearance of new functional groups.

Spectra shown in Figure 3 were all taken using
monochromatized light. The effect of un-chromatized
light is not shown in this paper for rough materials
because even characterization by the rather brilliant light
causes many artefacts. The effect of different light
brilliance is therefore shown only for flat materials.
Figure 4 represents high-resolution Cls spectra obtained
using all three different sources. The spectra are
normalized to the height of the major peak. One can
clearly observe that the effect of poor monochroma-
tization of X-rays is similar to the effect of rough
material. In both cases we can observe only a knee on
the curve at the energy of about 286 eV. Also, the height
of the well between the left most and the middle peak is
increased in the similar way as in the case of the rough
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material characterized by monochromatized light.
Namely, comparison of Figures 3 and 4 show very little
difference in the behaviour of the well.

The effect of surface roughness is even more pro-
nounced for the case of vascular graft. The comparison
between a spectrum obtained on the flat foil and a
spectrum obtained on a vascular graft is presented in
Figure 5. Here, the dominant peak becomes very broad
due to extremely rough surface of knitted artificial blood
vessel. It is even difficult to distinguish the knee corres-
ponding to the ether group, although it is definitely
present in the material. Also, the shape of the well
between the left-most and the middle peak is difficult to
interpret. Since we know well that material is pure PET,
we can conclude that the peculiar shape is an artefact of
the extremely high surface roughness. A person not
knowing the exact chemical composition could have
easily attributed the shape of the well to an existence of
another functional group.

5 CONCLUSIONS

Experimental observations presented in this paper
clearly indicate the importance of monochromatized
light for characterization of PET biopolymer. While the
survey spectrum is practically not influenced by the
brilliance of the X-rays, the high resolution peaks are.
Poor X-ray brilliance causes broadening of the spectral
features and a loss of details that might be crucial for
proper reading of high resolution spectra. The effect is
particularly important for polymers where peak shifting
due to different chemical bonding is relatively weak. The
silicon-crystal monocromator obviously performs well
although the FWHM is improved only by a factor of 2 as
compared to an un-chromatized magnesium source. An
even stronger broadening of peaks is observed for rough
surfaces. High resolution Cls spectra measured for
rough PET foil vary considerably from spot to spot so it
pays to perform experiments on several spots and
average them for better accuracy. Application of non-
chromatized light for characterization of rough polymers
is strongly discouraged — the distortion of spectra is
often so strong that any result drawn from spectra
de-convolution is questionable.
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Adhesion of human osteosarcoma (HOS) cells on hydrophobic polymer surface was studied. Surface of polymer polystyrene
(PS) was made hydrophobic by treatment in plasma created in tetrafluoromethane gas (CFs). The PS samples were exposed for
30 s to CF,; plasma created by RF generator powered at 200 W. This treatment time allowed for optimal polymer surface
functionalization with fluorine functional groups. This caused an increase of surface hydrophobicity from initial 85° to about
110° as measured by water contact angle. The HOS cells were deposited on untreated and plasma treated samples and incubated
for 1, 2 and 6 days. Both untreated and plasma treated samples were tested for biocompatibility by two different methods:
optical micrographs were used to study the cell morphology and MTT test was used to study the cell viability. The results
showed better adhesion of cells on plasma treated samples with more hydrophobic surface in comparison to the untreated
sample. MTT test revealed about 1.6-times higher activity of cell enzymes after 6-day incubation for plasma treated sample.
Optical micrographs have shown that both untreated and fluorine-plasma treated polymer surfaces are not optimal for cell
proliferation, since cells need about 2 days to adapt to the surface. After this adaptation time cells start to proliferate on the
polymer surface, especially, on that one treated in plasma.

Keywords: plasma surface modification, human osteosarcoma cells (HOS), biopolymers, hydrophobic surface, CF4 plasma

Preucevali smo adhezijo rakastih (HOS) celic na hidrofobnih polimernih povrSinah. Hidrofobizacija povrS§ine polimera
polistirena (PS) je potekala v CF4 plazmi generirani z RF generatorjem moci 200 W. Vzorce polimera PS smo izpostavili plazmi
za 30 s, kar je zado$calo za optimalno funkcionalizacijo polimerne povrSine z nepolarnimi fluorovimi skupinami. To je
povzrocilo porast kontaktnega kota vodne kapljice iz 85° za neobdelan vzorec na 110° za plazemsko obdelan vzorec, kar je
jasen dokaz, da se je hidrofobnost povrSine povecala. Biokompatibilnost neobdelanih in plazemsko obdelanih vzorcev smo
spremljali z opti¢énim mikroskopom in MTT testom. Z opti¢nim mikroskopom smo preucevali morfologijo celic, medtem ko
smo z MTT testom preucevali viabilnost celic. HOS celice smo deponirali na vzorce in jih inkubirali 1 dan, 2 dni in 6 dni. Iz
rezultatov je razvidna boljSa adhezija celic na plazemsko obdelanih bolj hidrofobnih povrSinah v primerjavi z neobdelano
zmerno hidrofobno povrsino. Z MTT testom smo na plazemsko obdelani povrsini ugotovili 1,6-krat vec¢jo aktivnost celi¢nih
encimov po 6-dnevni inkubaciji v primerjavi z neobdelano. Posnetki z opti¢nim mikroskopom nakazujejo, da neobdelana in
plazemsko obdelana povrSina nista najbolj optimalni za vezavo celic, saj celice potrebujejo precej Casa (Se posebej v primeru
neobdelane povrsine), da se privadijo na okolje. Sele po tem Casu privajanja je opaziti proliferacijo celic po povrsini, ki je Se
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posebej opazna na plazemsko obdelanem vzorcu.

Kljucne besede: plazemska modifikacija povrSin, rakaste celice, biopolimeri, hidrofobna povrSina, CF, plazma

1 INTRODUCTION

Polymer materials are nowadays widely used in many
different applications in medicine for various implants,
tissue engineering, etc.!** Chemical and physical pro-
perties of polymer surfaces are therefore very important
since they have influence on interactions between the
polymer material and a host environment which is
normally composed of body fluids, proteins and various
cells.*> Therefore, often competitive adsorption appears.
In some applications selective adhesion of cells is
important. Adhesion and proliferation of cells on poly-
mer surfaces can be controlled by preparing surfaces
with particular characteristics.”'> This can be done by
appropriate surface modification.>® Polymer surfaces can
be modified by different techniques. Among them
plasma treatment is the most popular.”'! By plasma
treatment we can introduce different chemical groups to
the polymer surfaces and thus make surfaces either

Materiali in tehnologije / Materials and technology 46 (2012) 1, 53-56

hydrophilic or hydrophobic; we can also change surface
crystallinity, surface energy, roughness and morpho-
logy.’3-!7 All these factors may play important (also
synergistic) role in surface interactions. For making
surface hydrophilic usually oxygen, nitrogen, ammonia,
water or CO, plasma are used, while for making the
surface hydrophobic the treatment is performed in a
plasma created in halogens like CF,. Hydrophilic
surfaces are characterized by good wettability and good
adhesion properties, while hydrophobic surfaces are
known to be quite inert. Since the body liquids are
normally composed of water, various proteins and cells
synergistic interaction may appear so it is difficult to
predict the exact interaction mechanism of hydro-
philic/hydrophobic surfaces when exposed to biological
system.>!8

In the present paper we were studying the adhesion
of human osteosarcoma cells on polystyrene polymer
which was treated in CF4 plasma to make the surface
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hydrophobic. Comparison of cell proliferation on plasma
treated hydrophobic surface to the untreated one was
performed by two different methods: optical micro-
graphs were used to study the cell morphology and MTT
test was used to study the cell viability.

2 EXPERIMENTAL
2.1 Preparation of HOS cells

The human osteosarcoma cell line HOS was obtained
from American Type Culture Collection (ATCC). Cells
were grown in DMEM (Dulbecco’s modified eagle’s
medium, Sigma, USA) supplemented with 10 % (v/v)
foetal calf serum (FCS, Sigma, USA), 2 mM L-gluta-
mine and penicillin/streptomycin (1 000 U/mL and 1000
pg/L respectively). Cells were maintained in an incu-
bator (Heraeus, Germany) at 37 °C, with a humid air
atmosphere containing 5 % CO,. The cells were
detached from semiconfluent cultures with a 0.25 %
(w/v) trypsin solution for 5 minutes. Viable cells (upon
trypan blue exclusion assay) were counted on a
Biirker-Tiirk hemocytometer and used for experiments.

2.2 Plasma treatment

Commercially available polystyrene (PS) foils
supplied by Goodfellow Ltd were cut to discs with a
diameter of 1 cm. The thickness of the foil was 0.25 mm.
Before plasma treatment the samples were cleaned in
ethanol in an ultrasound bath. No special sterilization of
the samples was performed since plasma itself acts as a
good method for surface sterilization.'-2!

Samples were mounted in the glowing plasma of a
radio-frequency (RF) discharge as shown in Figure 1.
The RF generator operated at a power of 200 W and a
frequency of 27.12 MHz. A discharge tube of a length 60
cm and a diameter of 4 cm is made of Pyrex glass. A
rather uniform glow discharge is created within a RF coil
which is 15 cm long. The impedance of the generator
was optimized for such a configuration using a vacuum
capacitor in parallel with the RF coil. The treatment was
performed in tetrafluoromethane gas (CF,) at a pressure
of 75 Pa. The plasma treatment time was 30 s. According
to our recent paper,?? polystyrene foils become saturated

pump
gauge

gas
inlet

ey

forced air cooling

Figure 1: Optical microscopy image of polymer surface after 24 h of
incubation for: (a) untreated sample and (b) plasma treated sample
Slika 1: Posnetek polimerne povrsine po 24-urni inkubaciji s celicami
HOS: (a) neobdelan vzorec in (b) plazemsko obdelan vzorec
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with fluorine functional groups already in 10 s of treat-
ment. Therefore, 30 s of treatment assured for optimal
functionalization.

2.3 HOS cells viability

Cells were seeded at 2 x 10* cells in 100 pl of
medium on the upper side of polymers at density of 2.55
x 10* cells/cm?, and were left for 3 h to attach before
covering the whole polymer discs with media.”? Cells
were plated in DMEM medium supplemented with 10 %
FCS and left to grown on polymer discs in an incubator
at 37 °C in a humidified atmosphere of 5 % CO,. Tripli-
cates of cultures for each time and treatment were
prepared for adhesion and cell viability assay.

Cell adhesion was monitored daily and after 1%, 2
and 6" day of culture on the different polymer surfaces
micrographs were taken. The MTT-related colorimetric
assay (EZ4U; Biomedica, Austria) was used to deter-
mine cell growth and viability, according to the manu-
facturer’s instructions and Jaganjac et al.>* The method is
based on the fact that living cells are capable of reducing
less colored tetrazolium salts into intensely colored
formazan derivatives. This reduction process requires
functional mitochondria, which are inactivated within a
few minutes after cell death.

Briefly, after 1 and 6™ day of HOS cell culture on
the different polymer surfaces the medium was removed
and 1 ml of fresh Hanks’ Balanced Salt Solution (HBSS)
and 100 pl of the tetrazolium agent were added to each
culture. After 2 h incubation, supernatants were trans-
ferred into 96-well plates and measured in a microplate
reader (Easy-Reader 400 FW, SLT Lab Instruments
GmbH, Austria) at 450/620 nm.

3 RESULTS AND DISCUSSION

Numerous samples were prepared by plasma
treatment in CF, gas. As shown in our resent paper
plasma treatment caused incorporation of about 56 at.%
of fluorine to the surface of polystyrene which originally
contains only carbon and hydrogen atoms.??> Incorpo-
ration of nonpolar fluorine functional groups like CHF,
CF, CF, and CF; caused increased surface hydro-
phobicity which was checked by water contact angle
measurements.?> The surface of untreated polystyrene is
moderately hydrophobic with a contact angle of about
85°. After plasma treatment the surface hydrophobicity
was increased giving a contact angle of about 110°.

Adhesion of HOS cells on plasma treated samples
was monitored daily. After 1%, 2% and 6" day of cell
culture incubation on the polymer surfaces optical
micrographs were taken. Some representative images are
shown in Figures 2—4. Figure 2a shows optical image of
the untreated sample after 24 h incubation, while Figure
2b reveals an optical image of the plasma treated sample
incubated for the same time. We can see that in both

Materiali in tehnologije / Materials and technology 46 (2012) 1, 53-56
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Figure 2: Optical microscopy image of polymer surface after 24 h of
incubation with HOS cells for: (a) untreated sample and (b) plasma
treated sample

Slika 2: Posnetek polimerne povrsine po 24-urni inkubaciji s celicami
HOS: (a) neobdelan vzorec in (b) plazemsko obdelan vzorec

S

Figure 3: Optical microscopy image of polymer surface after 2 days
of incubation with HOS cells for: (a) untreated sample and (b) plasma
treated sample

Slika 3: Posnetek polimerne povrSine po dvodnevni inkubaciji s
celicami HOS: (a) neobdelan vzorec in (b) plazemsko obdelan vzorec

Materiali in tehnologije / Materials and technology 46 (2012) 1, 53-56

Figure 4: Optical microscopy image of polymer surface after 6 days
of incubation with HOS cells for: (a) untreated sample and (b) plasma
treated sample

Slika 4: Posnetek polimerne povrsine po 6-dnevni inkubaciji: (a)
neobdelan vzorec in (b) plazemsko obdelan vzorec

cases the surface is not optimal for cell adhesion, since
the cells tend to keep together and form agglomerates.
The situation is better after 2 days of incubation as
shown in Figure 3b, where we can observe that cells
already have obtained elongated shape meaning that they
have adapted to the plasma treated surface. Contrary, we
can not observe this for untreated sample (Figure 3a)
where situation is similar as after 1 day as already shown
in Figure 2a. After 6 days of incubation (Figure 4) we
can observe proliferation of HOS cells for both surfaces

PS+02

=

PS control

PS+02

1

PS control

oy

Figure 5: Results of MTT assay — comparison of untreated and
plasma treated sample after 1 and 6 days of incubation with HOS cells

Slika 5: Rezultati MTT testa — primerjava neobdelanih in plazemsko
obdelanih vzorcev po enodnevni in 6-dnevni inkubaciji s celicami
HOS
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untreated (Figure 4a) and treated one (Figure 4b). In the
case of plasma treated surface (Figure 4b) the cells form
dense structure on the surface. This is not observed for
the case of untreated sample (Figure 4a) where we can
still find empty places not covered by cells. These results
clearly indicate that untreated surface is not optimal for
cell adhesion, since the cells even after long incubation
time did not completely adapt to the surface. In the case
of plasma treated surface the cells managed to adapt to it
after 2 days of incubation and then good proliferation is
observed.

Qualitative results presented in Figures 2-4 are
confirmed by a quantitative technique — MTT assay.
Figure 5 summarizes the results of the cell enzyme
activity which is an indicator of the cell viability. The
histograms presented in Figure 4 again indicate better
proliferation of the HOS cells on plasma treated samples
than on untreated ones. But within the experimental error
no increase in the number of cells is observed with
increasing incubation time meaning that the environment
is not so optimal for cell division and multiplication
although we can observe some rounded cells in Figure
4b which could be in process of division.

4 CONCLUSION

Polymer samples were treated in CF, plasma to make
the surface hydrophobic. It is known that hydrophobic
surfaces have water repealing character and worse
adhesion properties. Therefore, effect of surface
hydrophobicity on cell adhesion was studied. We have
found that by making surface very hydrophobic we could
not reduce adhesion and proliferation of HOS cells to the
surface in comparison to the untreated moderately
hydrophobic polymer. The cells only needed more time
to adapt to the surface. The results clearly indicate that
also untreated surface with moderate hydrophobicity is
not optimal for cell adhesion, since the cells even after
long incubation time did not completely adapt to the
surface. In the case of plasma treated surface the cells
managed to adapt to it after 2 days of incubation and
after 6 days good proliferation is observed since the cells
form dense structure on the polymer surface. Therefore,
we can conclude that plasma has even little enhanced
(and not prevent) proliferation of the cells on the sample
treated in CF, plasma in comparison to the untreated
one.
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SYNTHESIS OF MICRO-COMPOSITE BEADS WITH
MAGNETIC NANO-PARTICLES EMBEDDED IN POROUS
CaCO3 MATRIX

SINTEZA MIKROKOMPOZITNIH KROGLIC Z MAGNETNIMI
NANODELCI V POROZNI MATRIKI CaCO3

Alenka Vesell, Aljosa KoSak2, David HaloZan3, Kristina Elersi¢!

IDepartment F4, JoZef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia
2University of Maribor, Faculty of mechanical engineering, Smetanova 17, 2000 Maribor, Slovenia
3Institute of Physical Biology, Toplarniska 19, 1000 Ljubljana, Slovenia
alenka.vesel@ijs.si

Prejem rokopisa — received: 2011-05-20; sprejem za objavo — accepted for publication: 2011-07-22

A method for synthesis of soft magnetic microbeads is presented. The microbeads are made from magnetic nanoparticles
dispersed in CaCOj; (calcium carbonate) matrix. The composite beads are almost perfectly spherical with a diameter of few
micrometers. The majority of the composite beads consists of a porous CaCO; matrix. Magnetic nanoparticles with a size of
about 10-15 nm are made of Fe;O;. They are captured inside the pores of CaCO3; matrix during its formation. CaCO3z matrix is
formed by crystallization from saturated solution of sodium carbonate and calcium chloride. The composite beads are coated
with a layer of functionalized polymer. The magnetic microbeads were characterized by SEM and XPS. Different functional
groups were detected by XPS measurements including SO;~, NH;*, NH,, COs>~ and OH groups. The results indicate that the iron
oxide particles are absent on the surface and that the polymer coating serves as a good biocompatible film.

Keywords: composite, surface characterization, XPS, functionalization, Fe nanoparticles, microbeads

V tem prispevku predstavljamo metodo za sintezo delcev, ki so sestavljeni iz kompozita magnetnih nanodelcev v matrici iz
kalcijevega karbonata (CaCOs). Velikost kompozitnih delcev, ki so popolnoma sfericne oblike, je nekaj mikrometrov. Klju¢ni
del ogrodja kompozitnega delca sestavlja zelo porozna matrica CaCOs. Magnetni nanodelci velikosti pribliZzno 10-15 nm so
narejeni iz Fe,O;. Ti nanodelci se med tvorjenjem matrice CaCO; ujamejo v notranjost por. CaCO; matrica se tvori pri
kristalizaciji nasiene raztopine natrijevega karbonata in kalcijevega klorida. Tako nastali kompozit je nato oplascen Se s plastjo
funkcionaliziranega polimera. Sintetizirane magnetne kompozitne delce smo analizirali z metodama SEM in XPS. Kot je
razvidno iz XPS meritev, je priSlo na povrSini do nastanka razli¢nih funkcionalnih skupin kot so SO;~, NH3*, NH,, CO;* in OH
skupine. Rezultati dokazujejo, da na povrSini mikrodelcev ne najdemo nanodelcev, ki so skriti znotraj por, ter da lahko
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polimerna prevleka, ki prekriva mikrodelce, sluZi kot dobra biokompatibilna podlaga za nadaljnjo vezavo bioloSkih substanc.

Klju¢ne besede: kompozit, povrSinska karakterizacija, XPS, funkcionalizacija, Fe nanodelci, mikrokroglice

1 INTRODUCTION

Superparamagnetic nanoparticles have found po-
tential application in various diagnostic tests and assays
as substrates or supports for immunollogically based
reactions. They can be also used in therapeutic purposes
for the transportation of active substances to specific
targets.!* Magnetic material for nanoparticles used in
medicine is usually maghemit y-Fe,O; which is a non-
toxic material.> Application of external magnetic field
enables easy handling and distant manipulation with
magnetic nanoparticles, or separation of nanoparticles
from liquids. Magnetic nanoparticles must express their
magnetic properties only in the presence of an external
magnetic field but otherwise they must have no magnetic
polarization which would otherwise cause their agglome-
ration. They must be well dispersed in a liquid medium.
To fulfil these requirements they must be small enough
(below approx. 15 nm) meaning that particles are single
magnetic domains. On the other hand, in some appli-
cations they must also have sufficiently large specific
surface, which provides enough binding sites. In such
cases usually polymer metal composites are used.®
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Before application in diagnostic tests and assays the
surface properties of magnetic nanoparticles or their
composites must be improved by coating them with a
layer of specific functionalized material to which spe-
cific molecules (e.g. proteins, antibodies) are linked.
Usually they are first coated with a layer of polymer or
silica and then functionalized with specific functional
groups depending on particular application. Numerous
methods for synthesis of metal oxide nanoparticles have
been elaborated. Although advanced plasma treatments
based on application of non-equilibrium processes
enable synthesis of particles with interesting proper
ties,’"1? classical chemical methods are still popular since
they often allow for uniform size distribution in quan-
tities of industrial importance. These groups provide
necessary binding sites for further covalent attachment of
proteins (e.g. streptavidin) for capturing of molecules of
interest.

In this paper we present a method for synthesis of
magnetic composites consisting of CaCO; porous matrix
with captured magnetic nanoparticles. The composite is
coated with a layer of functionalized polymer. The
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magnetic composites were characterized by SEM and
XPS methods.

2 EXPERIMENTAL

2.1 Synthesis of magnetic nanoparticles

The synthesis of superparamagnetic maghemite
nanoparticles (y-Fe,Os) has been carried out via a
controlled chemical co-precipitation approach.!''* Prior
to synthesis an aqueous mixture of ferric and ferrous
salts and sodium hydroxide as an alkali source were
prepared separately as stock solutions. In this method,
the corresponding metal hydroxides were precipitated
during the reaction between the alkaline precipitating
reagent and the mixture of metal salts. The metal
hydroxides were subsequently oxidized in air resulting in
the formation of the y-Fe,O; spinel product.

Superparamagnetic y-Fe,Oz nanoparticles obtained
after the synthesis can not be directly dispersed in a
liquid medium to obtain stable colloids. In this regard, it
is necessary to chemically modify the particle surface in
order to prevent the particles from aggregation and
subsequent sedimentation. The surface of the prepared
y-Fe,O; nanoparticles were stabilized electrostatically,
and sterically with amino (-NH,) and hydroxyl (-OH)
alkyl groups.

Prepared samples were characterized using X-ray
diffractometry (XRD) and transmission electron micro-
scopy (TEM). Specific surface area of powders was
determined by BET method (Brunauer, Emmett and
Teller).'* A specific magnetization of the prepared
samples was also measured using a vibrating sample
magnetometer (VSM). These results have been already
published and can be found in Ref 2.

2.2 Synthesis of magnetic composite microbeads

2.2.1 Materials

Polymer materials poly(sodium 4-styrenesulfonate)
(PSS) and poly(alianin hydro chloride) (PAH), were
received from Aldrich (Germany). Ethylene-diamine-
tetraacetic acid trisodium salt (EDTA), calcium chloride
(CaCly) and sodium carbonate (Na,CO;) were received
from Sigma (Germany). HCl and NaOH were purchased
from Riedel-de Haén and Sigma, respectively. Stabilized
suspensions of iron oxide (Fe,Os;) nanoparticles with
average diameter 10 nm = 2 nm and specific surface of
90 m2g~! were prepared as described in a previous
paragraph.

2.2.2 Microparticles fabrication

Polyelectrolyte microcapsules were self-assembled
on narrow size CaCO; microparticles that were synthe-
sized through recrystallization form 0.33 M CaCl, and
Na,COj; saturated solutions. The following chemical
reaction occurred: Na,CO; + CaCl, - CaCO; + 2NaCl.
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At room temperature the equal volumes of solutions
were rapidly mixed and agitated for 30 s. Mixture was
left for 15 min to form porous spherical-like micro-
particles. Synthesized microparticles were four times
washed with water. Iron oxide nanoparticles were
encapsulated in the porous microparticles by addition to
one of saturated solutions on volume ratio 1,33 % of
final solution to create magnetic CaCOs microparticles.

2.2.3 Polyelectrolyte deposition

The 1 gL-! polyelectrolyte solutions were prepared in
0.25 M NaCl. Magnetic CaCO; particles were suspended
in PAH (polyallylaminehydrochloride) and PPS (polysty-
renesulfonate) solutions, following the 15 min adsorption
time during which the particles were continuously
shaken. The pH value of polyelectrolyte solution was
adjusted to 6.5. Following the adsorption procedure, the
particles were rinsed using three centrifugal washings
with 5 mM NaCl and subsequently re-suspended in
different polyelectrolyte solutions. This sequential
process was repeated, until a layer-by-layer polyelec-
trolyte film of eight bi-layers was assembled onto the
magnetic microbeads. The resulting microcapsule
suspension with encapsulated iron oxide nanoparticles
was stored in water at 4 °C.

2.3 Characterization of composite particles with XPS

Composite microbeads were also analyzed by XPS
(X-ray Photoelectron Spectroscopy) to see their chemical
composition. Samples were analyzed with an XPS
instrument TFA XPS Physical Electronics. Since XPS
analyzes are performed in vacuum, a drop of solution
containing microbeads was put on Si slice and dried.
Such sample was then placed in XPS chamber and
excited with X-rays with a monochromatic Al K,
radiation at 1486.6 eV. The photoelectrons were detected
with a hemispherical analyzer positioned at an angle of
45° with respect to the normal to the sample surface.
Survey-scan spectra were made at a pass energy of
187.85 eV and 0.4 eV energy step. High-resolution
spectra of Cls, N1s and S2p were made at a pass energy
of 23.5 eV and 0.1 eV energy step The concentration of
elements was determined by using MultiPak v7.3.1
software from Physical Electronics, which was supplied
with the spectrometer.'> The high-resolution spectra were
fitted using the same software. The curves were fitted
with symmetrical Gauss-Lorentz functions. A Shirley-
type background subtraction was used. Both the relative
peak positions and the relative peak widths (FWHM)
were fixed in the curve fitting process.

3 RESULTS AND DISCUSSION

The schematic structure of magnetic composite
microbeads which were prepared according to our pro-
cedure is shown in Figure 1. In Figure 2 is shown the
chemical structure of the polymers which were used for
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~um magnetic nanoparticles

polymer multilayer
(PPS, PAH)

CaCO; porous matrix

Figure 1: Schematic composition of magnetic microbeads
Slika 1: Shema sestave magnetnih mikrodelcev
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PSS (p-styrenesulfonate) PAH (p-allylamine hydrochloride)

Figure 2: Chemical structure of PPS and PAH polymer
Slika 2: Kemicna struktura polimerov PPS in PAH

final coating the magnetic composite microbeads. We
have used different polymers like PAH (polyallylamin-
ehydrochloride) and PPS (polystyrenesulfonate) which
were deposited in a multilayered structure. The whole
polymer thickness is estimated to several nanometers.
This will be discussed later in the text. SEM image of the
magnetic composite microbeads is shown in Figure 3.
We can see that composite microbeads are almost
perfectly spherical. Their size is about 5 micrometers.
The surface chemical composition of the magnetic
composite microbeads was studied by XPS (X-ray
photoelectron spectroscopy) in order to prove the pre-
sence of functionalized polymer coatings on the surface
of magnetic composites. XPS is very powerful method
for studying surface chemical composition of different
materials especially organic samples'®-?2 as well as other
materials including micro and nanomaterials or powders
like in our case.?*> In Figure 4 is shown survey XPS
spectrum of the composite microbeads. Concentration of

Figure 3: SEM image of the magnetic composite microbeads
Slika 3: Posnetek magnetnih mikrodelcev
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Figure 4: XPS survey spectrum of the magnetic composite micro-
beads
Slika 4: Pregledni XPS-spektri magnetnih mikrodelcev

the elements is shown as well. Elements like nitrogen,
sulphur, carbon, and oxygen originates from the polymer
shell. We can observe also calcium Ca from CaCOs;
matrix. Therefore, some of the oxygen and carbon are
coming also from calcium matrix. We can not see any
traces of iron meaning that iron oxide nanoparticles are
hidden well inside the composite microbeads. A prove
that composite microbeads really contain magnetic
nanoparticles was mobility of these composite micro-
beads which was observed under the influence of exter-
nal magnetic field.

Observation of calcium in the survey spectrum needs
further discussion. Since a detection depth of XPS
method is few nanometers only we can conclude that the
polymer thickness must be of the same order. If it was
thicker, we could not see calcium. By tilting the sample
and changing the angle between electron analyzer and
the sample’s surface plane we can little vary the detec-
tion depth. But unfortunately, this works well only for
perfectly flat samples. In our case the surface is rough
and furthermore the samples are spherical. Therefore, we
could not observe any difference in the surface compo-
sition during rotation of the sample.
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Figure 5: XPS high resolution spectrum of nitrogen measured at the
surface of magnetic composite microbeads with polymer shell

Slika 5: Energijsko visoko locljivi XPS-spektri dusika, izmerjeni na
povrsini magnetnih mikrodelcev s polimerno prevleko
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Figure 6: XPS high resolution spectrum of sulphur measured at the
surface of magnetic composite microbeads with polymer shell

Slika 6: Energijsko visoko locljivi XPS-spektri Zvepla, izmerjeni na
povrsini magnetnih mikrodelcev s polimerno prevleko
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Figure 7: XPS high resolution spectrum of carbon measured at the
surface of magnetic composite microbeads with polymer shell. Sub-
peak Cl is attributed to C-C bonding, C2 to C-S bonding, C3 to C-N
bonding, C4 to C-O bonding and C5 to O=C-O bonding.

Slika 7: Energijsko visoko lo¢ljivi XPS-spektri ogljika, izmerjeni na
povrsini magnetnih mikrodelcev s polimerno prevleko. Spektri so bili
razstavljeni na vrhove C1-C5, ki pomenijo razli¢ne vezi ogljikovih
atomov: C1 pripada C-C vezavi ogljika, C2 pripada C-S vezavi, C3
pripada C-N vezavi, C4 pripada C-O vezavi ter C5 pripada vezavi
ogljika v O=C-O skupini.

High resolution spectra of nitrogen Nls, sulphur S2p
and carbon Cls which are shown in Figures 5-7 can
give further information about the surface functionali-
zation. As shown in Figure 5 nitrogen peak consists of
two peaks located at the binding energy of about 399.8
eV and 401.7 eV. These two peaks correspond to NH,
and NH;* groups. NH3* groups are expected for PAH
polymer according to its chemical structure shown in
Figure 2. During the formation of this polymer layer also
NH, groups were formed. Sulphur peak is shown in
Figure 6. It is located at a binding energy of about 168
eV and it is attributed to SO; groups originating from
polymer PPS. Very interesting is a carbon peak shown in
Figure 7. Carbon peak consists of many subpeaks
indicating different binding of carbon atoms. The major
peak marked as C1 is due to C-C (aliphatic) and -C=C
(aromatic) bonds. Other small peaks are contributed to
C-S bonds (C2), C-N bonds (C3), C-O bonds (C4) and

60

carbonate bonding COs*> (C5). Bonds like C-S and C-N
originate from PPS and PAH polymers respectively,
while CO;> groups are from CaCO; matrix. These
means, that a mixture of both polymers was successfully
deposited on the outer surface of magnetic composite
microbeads. These functional groups can enable further
binding of specific molecules like proteins.

4 CONCLUSION

We have developed a method for synthesis of
magnetic composite microbeads consisting of CaCOs;
matrix with magnetic nanoparticles and outer polymer
shell. The composite magnetic microbeads were found to
be almost perfectly spherical and their size was about
few micrometers. The surface composition of the
particles was analyzed by XPS. Elements like carbon,
oxygen, nitrogen and sulphur were found on the surface.
Calcium from CaCOj; matrix was found as well meaning
that the polymer shell has a thickness of about several
nanometers. No iron was detected in XPS spectra. This
means that magnetic nanoparticles are hidden well inside
the CaCO; matrix. XPS measurements showed also
formation of different functional groups like SO;-, NH;*,
NH,, COs>- and OH groups. Groups like SO5~ originate
from PPS polymer, NH;* and NH, are from PAH poly-
mer and CO;> groups are from CaCOs; matrix. We can
conclude that a mixture of both polymers was success-
fully deposited onto the outer surface of magnetic
composite microbeads. These functional groups can
enable further binding of specific molecules like proteins
used in biomedical application. Furthermore, polymer
coating not just provides surface functional groups
needed for good biocompatibility, but it also prevents
aggregation of microbeads.
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THE PLASMA POLYMERISATION PROCESS FOR THE
DEPOSITION OF AMINO-CONTAINING FILM ON THE
POLY(ETHYLENE TEREPHTHALATE)
DRESSING-LAYER FOR SAFE WOUND-HEALING

PLAZEMSKA DEPOZICIJA AMINO-FUNKCIONALIZIRANEGA
FILMA NA POLIETILEN TEREFTALATNEM SLOJU OBLOGE ZA
UCINKOVITO CELJENJE RAN
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This article presents a new approach for preparing antimicrobial layer as a part of multi-composite dressing for safe and efficient
wound — healing within a moist environment. Plasma polymerisation using a mixture of argon, ammonia, and hexane gases was
used for preparing a thin polymer film on the poly(ethylene terephthalate) (PET) surface. The plasma deposition efficiency,
regarding the amount of nitrogen, was evaluated by the Kjeldahl method, whilst the absorption of C.I. Acid Orange 7 dye onto
accessible amino groups was monitored within the UV/VIS spectral region. The quantitative amount of charged surface groups
was determined by potencometric titration.

The results obtained using Kjeldahl method indicated the presence of a substantial amount of nitrogen within the deposited film.
Furthermore, mono — azo acidic dye was absorbed onto the polymerised sample, pointing to the formation of an ionic bond
between the sulphuric and amino groups. The plasma deposited PET samples resulted in inhibitions regarding all the pathogen
microorganisms used, mostly those present in the infected wound.

Keywords: plasma polymerisation, argon, ammonia, hexane, poly(ethylene terephthalate), antimicrobial properties, wound
dressing

Prispevek predstavlja nov pristop priprave protimikrobnega sloja, ki ga bo mogoce vkljuciti v obstojece ali nove razvite obloge
za ucinkovito celjenje ran v vlaznem okolju. Postopek plazemske polimerizacije z uporabo meSanice plinov argona, amonijaka
in heksana je bil uporabljen z namenom vpeljave funkcionalnih skupin na povrSino polietilen tereftalata (PET). Ucinek nanosa
oziroma vsebnost duSika se je ovrednotila s pomoc¢jo konvencionalne Kjeldahl metode. Adsorpcija C.I. Acid Orange 7 barvila
na dostopne aminske skupine funkcionaliziranega materiala se je spremljala s pomocjo UV/VIS spektroskopije. Kvantitativna
koli¢ina funkcionalnih skupin z nabojem se je ovrednotila s potenciometri¢no titracijo.

Rezultati po Kjeldahl-u nakazujejo na prisotnost dusika v nastalem polimernem filmu na povrSini PET. Mono — azo barvilo se je
uspesno adsorbiralo na povrsSino polimeriziranega vzorca, kar nakazuje na nastanek ionske vezi med sulfonskimi in aminskimi
skupinami. Plazemsko polimeriziran polietilen tereftalatni vzorec izkazuje ucinkovito inhibicijo na vse testirane bakterijske
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kulture, ki so najveckrat prisotne v okuZeni rani.

Klju¢ne besede: plazemska polimerizacija, argon, amonijak, heksan, polietilen tereftalat, protimikrobne lastnosti, obloga

1 INTRODUCTION

Dressing is designed to come into direct contact with
a wound. Its properties should meet a number of
requirements e.g. to abate blood — flow, to enhance the
healing process, to absorb any fluids discharged from the
wound, etc. Whilst the wound itself may be of particular
cause for concern, the potential infections that could
enter the body through the wound opening may be more
serious.

One important aspect of a dressing usefulness is its
ability to prevent infection. The development of such a
dressing is thus based either on biologically — active
polymers? or on the inclusion of potential antimicrobial
compounds®® within the dressings. Antimicrobial
dressings can be made by binding drug onto the poly-
mers®’ or chemically modifying the polymers®® by

Materiali in tehnologije / Materials and technology 46 (2012) 1, 63-68

introducing various functional groups such as amino!'%-'!,
hydroxyl, carboxyl, aldehyde®*!2, and combinations of
carboxyl and amino, epoxy, methoxy, thiol and sulphone.

There are a wide — variety of dressings possessing
antiseptic chemical agents'®!3!* that have been identified
as acting destructively towards microbes, but only a few
of them are safe for patients'>-'® and the environment.
Their efficiency often decreases after incorporation into
a dressing. In addition there is a well — known evidence
for bacterial resistance to silver'’-23 that has a long
history as an antimicrobial agent.

Plasma polymerization is known as an effective
method for the modification of polymer surfaces?*?* by
generating a thin layer of polymerized material con-
taining functional groups. Plasma polymerisation effect
is mainly limited in regard to improving the adhesion,
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mechanical, and optical properties®® of those materials
mainly developed for usage in agricultural, food and
packaging industries, and protective clothing. The
deposition of antimicrobial coating through plasma
polymerization onto surfaces is mainly focused on
improving polymer functional performance and proper-
ties*’2%, and the bacterial adhesion and biocompatibility
of the biomedical implants?*-°. Synthetic polymers (e.g.
polyethylene terephthalate, polyamide, polypropylene,
polyurethane, etc.) are generally applied for packaging
and synthesis of textile fibres, whereas their application
as medical polymers3!-3, especially as wound dressings,
is less known and not exploited much, as yet*.

Other possible methods for incorporation of nitrogen
— rich functional groups into the surface films of polymer
materials are functionalization by reactive nitrogen
plasma and ion implantation of nitrogen ions*-37. The
first one employs non — equilibrium plasma created
either in pure nitrogen or a mixture of nitrogen and
hydrogen or a mixture of nitrogen and a noble gas or
ammonia. All these plasmas produce substantial
quantities of reactive nitrogen particles*-*°. Electrodeless
discharges often create plasma with a huge density of
neutral nitrogen atoms and negligible kinetic energy of
nitrogen ions. Capacitively coupled high frequency
discharges and simple DC discharges create plasma rich
in ions that are accelerated in sheath to relatively high
kinetic energies. The concentration of neutral atoms in
such discharges is generally smaller than in electrodeless
discharges. A best source of energetic ions is a simple
ion gun or a more sophisticated ion implantation device.
Ton guns create positively charged nitrogen ions with a
kinetic energy of the order of 100 or 1000 eV, while
implantation devices often operate at much higher
kinetic energies*. The thickness of the modified film
obviously depends on the type of plasma particles and
kinetic energy of ions. The surface layer of polymer is
enriched with nitrogen using electrodeless discharges.
Discharges of reasonable high voltages would cause
modification of surface films of the order of few
nanometers. Thicker layers are modified using energetic
ions either from ion guns or implantation devices.

Baring this in mind, plasma polymerization, using a
mixture of argon, ammonia, and hexane gases, was
introduced in order to gain antimicrobial activity on the
poly(ethylene terephthalate) (PET) surface. A plasma
deposited PET surface was characterized by the conven-
tional Kjeldahl method, UV/VIS adsorption studies and
potenciometric titrations. The antimicrobial activities of
the non-treated and plasma polymerised samples were
determined by the AATCC 100-1999 standard test.

In this way modified PET material would be
designed to come into direct contact with a wound as a
first layer within a multi-layered medical dressing
possessing effecting inhibition strategy directed towards
skin microorganisms.
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2 EXPERIMENTAL PART
2.1 Materials

Poly(ethylene terephthalate) (PET) was studied in its
mesh form, as produced by BETI d.o.o., Slovenia. The
sample was made of 100 % polyester, with a specific
surface mass of 75 g/m?, and atlas weaving.

2.2 Treatment procedures

Plasma polymerization was carried out in a stainless
steel reactor. Stainless steel reactor was an in house
constructed modified GEC reference cell*! of 200 mm
i.d. and 284 mm in height. The plasma in the reactor was
inductively coupled through a silica window by a
five-turn planar coil of 3 mm diameter*? with a maximum
power of 30 W, and at a frequency of 13.5 MHz. During
polymerisation the pressure in the reactor was fixed at
0.4 mbar. The sample was placed in a reactor chamber
and evacuated to 1073 Pa. When the pressure in the
plasma reactor fell below 0.001 mbar, argon gas with a
flow rate of 8.0 mL/min (standard conditions, T=0 °C,
1.01 bar) was introduced into the system using a mass
flow controller. The material was first treated with argon
plasma in order to ensure better adhesion of the plasma
polymer to the substrate material. The plasma was
ignited with an electric spark and after three minutes,
hexane (0.65 mL/min) and ammonia (74.5 % NH; in
hexane; 0.5 to 6.0 mL/min) were introduced as working
gases. The polymerisation procedure lasted 2 h and then
the sample was stored in argon atmosphere. Details of
the apparatus and treatment procedure are given
elsewhere®.

2.3 Methods

2.3.1 Kjeldahl method

The quantitative amount of nitrogen (%) present in
the samples was determined using the conventional
Kjeldahl analysis*. About 0.5 g of the sample was
digested with H,S04 and a catalyst containing 2.8% TiO,,
3.0% CuS04 5H,0, and 94.2 % K,SO,. The residue was
treated with NaOH to liberate NH; which was
subsequently absorbed in boric acid and titrated with
HCI. The total of bound — nitrogen (TN) was determined,
in such way that the bound nitrogen was oxidized and
thermally — decomposed into NO,, which was then
detected using an electrochemical detector (ChD). The
nitrogen oxides underwent oxidation at the anode,
causing a change in the current between the electrodes.
This change was proportional to the concentrations of
nitrogen oxides. All samples were analysed in at least
triplicate to ensure reproducibility and to exclude
statistical errors.

2.3.2 UV/VIS spectroscopy

The absorption of C.I. Acid Orange 7 (AO7) dye onto
the accessible amino groups was monitored using
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UV/VIS spectroscopy. Adsorption experiments were
carried out at 20 °C, in magnetically — stirred
thermostated cylindrical glass vessels, under batch
conditions. 2 mL of AO7 dye solution (1.75 g/L) was
added to 250 mL of aqueous solution. The pH of the
solution was adjusted to 3.66 using Acetic acid. An
absorbance value at 482 nm was used to monitor the
adsorption process, and the colour was measured
according to Lambert—Beer’s Law* using a UV-Visible
Spectrophotometer Cary 50 Conc. The initial absorbance
(A,) of the solution (without a sample) was measured at
the beginning, whilst when adding the sample (0.25 g),
the absorbance (A,) was automatically measured as a
function of time. The data was collected every 30 s
within the first hour, then every hour within 24 h until
equilibrium was established. All the experiments were
carried out in triplicate. The dye concentration on the
sample in equilibrium was calculated as:
c

S Ay =4,
C A, —Aeq

eq

ey

where A, is the initial absorbance, A; is absorbance in
time f, Aeq is absorbance in equilibrium, ¢ is concen-
tration in time f, ceq is concentration in equilibrium.

2.3.3 Potenciometric titration

Potenciometric titration was used to define
quantitative amount of charged groups present in the
sample. Potenciometric titration is an electrochemical
titration based on determining the volume of the reagent
(titrant) that is stehiometrically equal to the amount of
measured substance. The pH potentiometric titration of
the sample suspension was carried out with a Mettler
Toledo T70 two-burette instrument, within an inert
atmosphere (N, bubbling). The burettes were filled with
0.1 M HCl and 0.1 M KOH. All solutions were prepared
in Mili-Q water with low carbonate content (< 10~ M).
This was achieved by boiling and cooling in nitrogen
atmosphere. The suspension was titrated in a back and
forth manner between the initial pH = 2.8 to the pH = 11.
The titration experiments were carried out at 0.01 M
ionic strength, set to its appropriate value with KCI. The
titrant was added dynamically within a step interval of
[0.001 — 0.25] mL. The equilibrium criteria was obtained
by dE/dt = 0.1/150 s. 150 s was the minimum time to
reach equilibrium conditions between the two additions
of the titrant, and the maximum time was set at 7200 s.
The pH value was measured with a Mettler Toledo
DG-117 — combined glass electrode. All the experiments
were carried out in triplicate. Blank HCI-KOH titration
was carried out under the same conditions as above.

2.3.4 Antimicrobial activity

The general method described in ‘AATCC Test
Method 100 — 1999, Antibacterial Finishes on Textile
Materials: Assessment of’# with modifications, was the
basis for the protocol used when measuring the quali-
tative and quantitative antibacterial tendencies of the
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investigated materials. The three challenging bacterial
species were used throughout: Staphylococcus aureus,
Escherichia coli, and Enterococcus faecalis. Before each
assay, the test bacteria were incubated in either a
trypticase soy broth (TSB, BBL® No. 11768 trypticase
soy broth) or on trypticase soy agar slants (TSA, BBL®
No. 11768 trypticase soy broth, and 2.0% agar) at 37 + 2 °C
for 1 — 3 days, before being used to inoculate the broth’s
(TSB) cultures for testing. The inoculated broth cultures
were incubated at 37 + 2 °C and stored at 5 + 1 °C.
Standardized density of bacteria ((1 — 2) x 105 CFU/mL)
was used for the challenge inoculation. For each sample
replicate, 1.0 = 0.1 mL of inoculum was dispersed over
the samples, inoculated at 37 = 2 °C for 24 h, before
being assayed for bacterial population density, or were
immediately assayed for bacterial population density as
the zero — time population density. The bacterial
population densities were determined by first extracting
the bacteria from the sample by adding 100 mL of
diluent to each jar, and then shaking the jars on a table
top shaker for 1 min. Then the aliquots were removed
and plated directly into petri dishes or further diluted,
before being plated. The percentage reduction of bacteria
by the samples was determined as:

R =100 (B-A)/B )

where R is the reduction (%), A is the number of
bacteria recovered from the inoculated test specimen
swatches in the jar, incubated over the desired contact
period (24 h), and B is the number of bacteria recovered
from inoculated test specimen swatches in the jar
immediately after inoculation ("zero" contact time).

No antibiotics were used and incubation was at 37 +
2 °C for at least 24 h before counting the plates.

3 RESULTS

In Table 1, the results for the amount of nitrogen per
mass of sample (Ni) are shown.

Table 1: Amount of nitrogen per mass (Ni) of non-treated and plasma
polymerised samples

Tabela 1: Vsebnost dusika glede na maso (Ni) neobdelanega in
plazma polimeriziranega vzorca

Sample Volume of Mass of Ni
P sample (mL) | sample (g) (mmol/kg)
Non-treated 250 0.5133 15.48
Plasma 250 0.5174 38.62
polymerised

The Total Nitrogen results indicated a significant
increase in the nitrogen present in the deposited film on
the PET samples. These results were supported by the
infra — red spectroscopy results, determined previously;
for details see Z. Persin et al.¥’. The spectra showed an
appearance of peaks within 3500 — 3300 cm™!, or at
around 1600 cm™, 1100 cm™, 900 cm™, and 700 cm™.
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These peaks are characteristic for R-NH, functional
groups.

The concentrations of the adsorbed C.I. Acid Orange
7 dye on the samples, depending on the treatment are
presented in Table 2.

Table 2: Concentrations of the adsorbed C.I. Acid Orange 7 dye on
the non-treated and plasma polymerised samples

Tabela 2: Koncentracija barvila C.I. Acid Orange 7 na neobdelanih in
plazemsko polimeriziranih vzorcih

Sample

Concentration of
AQ7 dye on the
sample (mmol/kg)

Concentration of
AOQOT7 dye on the
sample (g/g)

Non-treated

0.00368

1.3 E-06

0.16607

5.8 E-05

Plasma polymerised

A very low concentration of AO7 dye was adsorbed
on the non-treated sample, whilst the dye concentration
on plasma — polymerised sample was significantly
higher.

Table 3 present the amount of charged groups in the
non-treated and plasma-polymerised poly(ethylene
terephthalate) samples.

Table 3: Amount of charged groups in the non — treated and plasma
polymerised poly(ethylene terephthalate) samples

Tabela 3: Koli¢ina funkcionalnih skupin z nabojem v neobdelanem in
plazemsko polimeriziranem polietilen tereftalatnem materialu

Sample treatment AmounF f)f charged groups (mmol/kg)
Positively Negatively
Non-treated 12.7 -
Plasma polymerised 194 -

Both PET samples, regardless of the treatment used,
exhibited no negative charge, whilst the non-treated PET
sample showed approximately 13 mmol/kg of positive
charge. The PET mesh coated with a plasma-poly-
merized film revealed 19.4 mmol/kg of positive charge.
Compared to the non-treated sample, the treated sample
showed an increase of positive charge for 6.4 mmol/kg.

The results for antimicrobial activity by non-treated
and plasma polymerised PET samples are presented in
Table 4. The results represent a reduction (R) of bacteria
that are likely to be present in an infected wound.

Table 4: Reduction R (%) of the bacteria, mostly present in the
infected wound, for non-treated and plasma polymerised sample
Tabela 4: Stopnja redukcije R (%) neobdelanega in plazemsko
polimeriziranega materiala na bakterije, ki so najpogosteje prisotne v
okuZeni rani

Reduction R (%) on bacterial culture
Sample Staphylococcus Esci}erichia Enterqcoccus
aureus (gram coli (gram |faecalis (gram
positive) negative) positive)
Non-treated 75 % No reduction | No reduction
polP}lllallfgrliie 4 100% 99.96 % 93.7 %

The results for the non-treated samples, as shown in
Table 4, indicate no reduction for Escherichia coli and
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Enterococcus faecalis, but a significant reduction for
75% for Staphylococcus aureus. The plasma poly-
merised PET samples indicated higher antimicrobial
activity. The deposited film containing amino groups
resulted in inhibition on all the used pathogen
microorganisms. These results are valid within the limits
of the experimental error.

4 DISCUSSION

A polymer film containing nitrogen functional groups
arose on the material surface after applied plasma
polymerisation. The efficiency of plasma deposition
resulted in a 150 % increase of total nitrogen content as
revealed from measured IR — spectra.

UV/VIS spectrophotometric  results indicate
increased concentrations of AO7 dye on the plasma
polymerised samples. The groups introduced by plasma
polymerisation present accessible locations for the
efficient binding of mono — azo acidic dye molecules.
The ionic bond between dye sulphate groups (SO7) and
amino (NHj) groups introduced by plasma polymeri-
sation occur in a stehiometric ratio of 1 to 1.

Results obtained by potenciometric titration indicate
by non-treated sample a presence of a positive charge
groups. This surprisingly existence of positive charge
might be explained due to dyes and other chemicals used
during the manufacturing process of the PET sample in a
form of a mesh. The PET sample coated with a film
deposited by plasma polymerization shows a higher
amount of positive charge, which could be attributed to
the introduction of amino groups by plasma polymeri-
sation treatment. On contrary, no negative charge by non
— treated sample as well by plasma polymerised samples
was observed. The obtained results could be explained
due to fact that titration is a technique used for deter-
mining the H* ions resulting due to present functional
groups that are able to dissociate (e.g. weak acid, amino
groups). Since basic PET molecule do not possess weak
acid functional groups, while plasma treated sample
possess amino groups, the obtained results are
reasonable and explain the discrepancy regarding high
negative surface charge groups obtained in the same
material by other authors*4°.

When compared with the non-treated sample, only a
75 % reduction was evidenced on S. aureus. This result
was rather unpredictable, although the percentage does
not account for antimicrobial activity; the noticeable
antimicrobial challenge delivering a higher value®. In
addition, it could indicate that the inhibition of the
specific bacteria is not only due to the presence of amino
groups, but could also be due to the changed (i.e.
improved) hydrophilic properties of the tested material®'.
In addition, bacteria exist over a wide range of shapes,
ranging from spheres to rods and spirals, which differ in
dimensions. S. aureus is a round — shaped cocci bacte-
rium with a diameter of 0.5 — 1.0 um®, compared to the
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rod — shaped E. coli that is 0.5 — 1.0 ym wide and 1 — 4
um long3. In this agreement, the bacteria molecule
having smaller diameter could more easily penetrate into
the porous sample, resulting in apparent antimicrobial
activity.

A PET material coated with a layer deposited by
plasma polymerisation turned out to be antimicrobial.
Such a property is expressed for all the tested bacteria.
Within the limits of experimental error a 100 % reduc-
tion was observed for Staphylococcus aureus, which is
one of the more important pathogens, causing illnesses
from minor skin infections to life — threatening diseases.
Its incidences are from skin, soft tissue, respiratory,
bone, joint, and endovascular wound infections. S.
aureus is nowadays one of the five most common causes
of nosocomial infections, often causing postsurgical
wound infections. A 93.7 % reduction was obtained for
the second gram — positive bacteria used. E. faecal’* is
listed as the first to the third leading cause of nosocomial
infections. Most of these infections occur after surgery
on the abdomen or a puncturing trauma, but can also be
linked to the increased use of catheters, which are
considered compromising devises. It is also responsible
for urinary tract infections, bacterimia, endocarditis,
meningitis, and can be found in wound infections along
with many other bacteria®*. A noteworthy reduction
(99.96 %) was also evident for gram — negative bacteria
from a species type of the genus Escherichia. The E. coli
bacteria is known for spreading from one person to
another, as well as being able to spread from an infected
person hands to other people or to objects®.

5 CONCLUSION

The plasma polymerization process proved to be a
successful tool for polymer surface functionalization.
Using the proposed preparation procedure, a universal
layer could be prepared and incorporated into newly —
prepared and also existing multilayer composites. Based
on the inertness and acquired antimicrobial activity of
such a layer, it could even be used for dressings having
direct contact with the wound. The latter enables the use
of such dressings, even for patients suffering from
hypersensitive reactions.

Acknowledgement

This work was supported by the Ministry of Higher
Education, Science and Technology of the Republic of
Slovenia [Grant number 3211-10-000057].

6 REFERENCES

'T. Mustoe, American Journal of Surgery, 187 (2004) 5A, 65S-70S

1. A. Chekmareva, Bulletin of Experimental Biology and Medicine,
133 (2002), 226-30

*A.R. Lee, W. H. Huang, Journal of Pharmacy and Pharmacology, 47
(1995) 6, 503-9

Materiali in tehnologije / Materials and technology 46 (2012) 1, 63-68

4J. Hart, D. Silcock, S Gunnigle, International Journal of Bioche-
mistry & Cell Biology, 34 (2002), 1557-70

SA. E. C. C. Pecharroman, E.A. J. S. S. Moya, Journal of Materials
Science, 41 (2006), 5208-5212

6 C. Watanakunakorn, C. Glotzbecker, Antimicrobial Agents and
Chemotherapy, 11 (1977) 1, 88-91

"M. R Wessels, Streptococcal and enterococcal infections, in Harri-
son’s principles of internal medicine, 14th edition, (Isselbacher, K. J.,
Braunwald, E., Wilson, J. D., Martin, J. B., Fauci, A. S., Kasper, D.
L., eds), McGraw-Hill, Inc (Health Professions Division), 1998,
890-891

8T. N. Yudanova, I. V. Reshetov, Pharmaceutical-Chemistry-Journal,
40 (2006), 24-31

°L. G. Ovington, Clinics in Dermatology, 25 (2007), 33-8

P, Gilbert, L. E. Moore, Journal of Applied Microbiology, 99 (2005)
4,703-15

"y, Zemljic Fras, S. Strnad, O. Sauperl, Textile Research Journal, 79/3
(2009), 219-226

2K. Jansson, A. Haegerstrand, G. Kratz, Scandinavian Journal of
Plastic and Reconstructive Surgery and Hand Surgery, 35 (2001),
369-75

'3J. B. Wright, K. Lam, D. Hansen, R. E. Burrell, American Journal of
Infection Control, 27 (1999) 4, 344-50

"“H. Q. Yin, R. Langford, R. E. Burrell, Journal of Burn Care &
Rehabilitation, 20 (1999) 3, 195-200

'5J. F. Fraser, L. Cuttle, M. Kempf, R. M. Kimble, ANZ Journal of
Surgery, 74 (2004) 3, 139-42

'S, L. Percival, P. G. Bowler, D. Russell, Journal of Hospital
Infection, 60 (2005) 1, 1-7

7G. L. McHugh, R. C. Moellering, C. C. Hopkins, M. N. Swartz,
Lancet, 1(7901) (1975), 235-40

'SR. P. Wenzel, K. J. Hunting, C. A. Osterman, M. A. Sande, American
Journal of Epidemiology, 104 (1976) 2, 170-80

W. E. Gayle, C. G. Mayhall, V. A. Lamb, E. Apollo, B. W. Haynes,
Journal of Trauma-Injury Infection and Critical Care, 18 (1978) 5,
317-23

K. Bridges, A. Kidson, E. J. Lowbury, M. D. Wilkins, British
Medical Journal, 1 (1979) 6161, 446-9

2'X. Z. Li, H. Nikaido, K. E. Williams, Journal of Bacteriology, 179
(1997) 19, 6127-32

22H. J. Klasen, Burns, 26 (2000) 2, 131-8

2 N. McCallum, B. Berger-Bichi, M. M. Senn, International Journal of
Medical Microbiology, 300 (2010) 2-3, 118-129

2*H. Yasuda, Journal of Polymer Science Macromolecular Reviews, 16
(1981), 199-293

2 H. Yasuda, Journal of Membrane Science, 18 (1984), 273-284

2E. M. Bachari, S. Ben Amora, G. Baud, M. Jacquet, Materials
Science and Engineering B-Solid State Materials for Advanced
Technology, 79 (2001) 2, 165-174

7K. H. Hong, N. Liu, G. Sun, European Polymer Journal, 45 (2009) 8,
2443-2449

% R. Davis, A. El-Shafei, P. Hauser, Surface & Coatings Technology,
205/20 (2011) 15, 47914797

?J. Wanga, N. Huang, P. Yang, Y. X. Leng, H. Sun, Z. Y. Liu, P. K.
Chu, Biomaterials, 25/16 (2004), 3163-3170

8. Lerouge, A. Major, P. L. Girault-Lauriault, M. A. Raymond, P.
Laplante, G. Soulez, F. Mwale, M. R. Wertheimer, M. J. Hébert,
Biomaterials, 28/6 (2007), 1209-1217

*'W. Zhang, J. Jia, Y. Zhang, Q. Yan, E. Z. Kurmaev, A. Moewes, J.
Zhao, P. K. Chu, Applied Surface Science, 253/22 (2007),
8981-8985

2T, P. Martin, S. E. Kooi, S. H. Chang, K. L. Sedransk, K. K. Gleason,
Biomaterials, 28/6 (2007), 909-915

#J. Wang, J. Li, L. Ren, A. Zhao, P. Li, Y. Leng, H. Sun, N. Huang,
Surface & Coatings Technology, 201/15 (2007), 6893—-6896

67



Z. PERSIN et al.: THE PLASMA POLYMERISATION PROCESS FOR THE DEPOSITION ...

#D. Hegemann, M. Mokbul Hossain, D. J. Balazs, Progress in Organic
Coatings, 58 (2007), 237-240

3 A. Vesel, L. Junkar, U. Cvelbar, J. Kovac, M. Mozetic, Surf. Interface
Anal., 40/11 (2008), 1444-1453

% A. Vesel, M. Mozetic, S. Strnad, Vacuum, 85/12 (2011), 1083-1086

3T A. Vesel, M. Mozetic, A. Zalar, Surf. Interface Anal., 40 (2008) 34,
661-663

3 M. Mozetic, U. Cvelbar, A. Vesel, A. Ricard, D. Babic, 1. Poberaj, J.
Appl. Phys., 97 (2005) 10, 103308-1-103308-7

3 F. Gaboriau, U. Cvelbar, M. Mozeti¢, A. Erradi, B. Roufflet, J. Phys.
D Appl. Phys., 42 (2009) 5, 055204-1-055205-5

407, Jagielski, G. Gawlik, A. Zalar, M. Mozeti¢, Inf. MIDEM, 29
(1999) 2, 61-67

"'P. J. Hargis Jr., K. E. Greenberg, P. A. Miller, J. B. Gerardo, J. R.
Torzynski, M. E. Riley, G. A. Hebner, J. R. Roberts, J. K. Olthoff, J.
R. Whetstone, R. J. Van Brunt, M. A. Sobolewski, H. M. Anderson,
M. P. Splichal, J. L. Mock, P. Bletzinger, A. Garscadden, R. A.
Gottscho, G. Selwyn, M. Dalvie, J. E. Heidenreich, J. W.
Butterbaugh, M. L. Brake, M. L. Passow, J. Pender, A. Lujan, M. E.
Elta, D. B. Graves, H. H. Sawin, M. J. Kushner, J. T. Verdeyen, R.
Horwath, T. R. Turner, Rev. Sci. Instrum., 65 (1994), 140-154

“2P. A. Miller, G. A. Hebner, K. E. Greenberg, P. D. Pochan, B. P.
Aragon, Res. Natl. Inst. Stand. Technol., 100 (1995), 427—439

P, Klampfer, T. Skapin, B. Kralj, D. Zigon, A. Jesih, Acta Chimica
Slovenica, 50 (2003), 2941

* K. Vaideki, S. Jayakumar, R. Rajendran, G. Thilagavathi, Applied
Surface Science, 254 (2008), 2472-2478

“P Atkins in J. de Paula, Atkins’ Physical Chemistry, 7th Edition,
Oxford University press Inc., New York 2002, 483-497

68

*® Anonymous, 1999 Anonymous, ’AATCC Test Method 100-1999,
Antibacterial finishes on textile materials: Assessment of” AATCC
Technical Manual 75 (2000), Technical Manual of the American
Association of Textile Chemists and Colorists 1999, AATCC,
Triangle Park, NC 1999, 147-149

477, Persin, K. Stana-Kleinschek, A. Jesih, U. Maver, 4th International
Conference on Advanced Plasma Technologies (iCAPT-IV) with
Workshop on Plasma Synthesis and Applications of Nanomaterials &
112th ITUVSTA Executive Council Meeting, September 9th [i. e.]
11th — September 13th 2011, Strunjan, Slovenia, Conference
proceedings. Ljubljana: Slovenian Society for Vacuum Technique: =
DVTS - Drustvo za vakuumsko tehniko Slovenije, (2011), 127-130

“T. Indest, S. Strnad, K. S. Kleinschek, V. Ribitsch, L. Fras, Colloids
and Surfaces A: Physicochemical and Engineering Aspects, 275
(2006) 1-3, 17-26

*J. Wang, N. Huang, P. Yang, Y. X. Leng, H. Sun, Z. Y. Liu, P. K.
Chu, Biomaterials, 25 (2004) 16, 3163-3170

¥L. Fras-Zemljic, V. Kokol, D. Cakara,
0040517511404600

UL, Fras Zemljic, O. Sauperl, I. But, A. Zabret, M. Lusicky, DOI:
10.1177/0040517510397572

2U. Cvelbar, M. Mozeti¢, N. Hauptman, M. Klanjsek Gunde. J. Appl.
Phys., 106 (2009) 10, 103303-1-103303-5

33 K. Elersic, 1. Junkar, A. Spes, N. Hauptman, M. Klanjsek Gunde, A.
Vesel, Mater. Tehnol., 44 (2010) 3, 153-156

HK. T Ryan, C. G. Ray, Sherris Medical Microbiology (4th ed.),
McGraw Hill, 2004, 294-5

3 K. Todar, "Pathogenic E. coli", Online Textbook of bacteriology,
University of Wisconsin—-Madison Department of Bacteriology,
Retrieved 2007, 11-30

DOI:  10.1177/

Materiali in tehnologije / Materials and technology 46 (2012) 1, 63-68



UDK 533.9
Original scientific article/Izvirni znanstveni ¢lanek

EFFECTS OF PLASMA TREATMENT ON WATER
SORPTION IN VISCOSE FIBRES

UCINKI PLAZEMSKE OBDELAVE NA SORPCIJO VODE V
VISKOZNIH VLAKNIH

Miha Devetak!, Nejc Skoporc?, Martin Rigler?, Zdenka Persin'3,
Irena Drevensek-Olenik?4, Martin Copi¢?4, Karin Stana-Kleinschek!?

1Co PoliMaT, Tehnoloski park 24, SI-1000 Ljubljana, Slovenia
2Faculty of Mathematics and Physics, University of Ljubljana, Jadranska 19, SI-1000 Ljubljana, Slovenia
3Faculty of Mechanical Engineering, University of Maribor, Smetanova 17, SI-2000 Maribor, Slovenia
4Department of Complex Matter, JoZef Stefan Institute, Jamova Cesta 39, SI-1000 Ljubljana, Slovenia
miha.devetak@polimat.si

Prejem rokopisa — received: 2011-09-30; sprejem za objavo — accepted for publication: 2011-10-14

We investigated water sorption in viscose nonwoven fibres manufactured by Tosama d.d. with the surface density of 175 g/m?* A
comparison between untreated fibres and by oxygen plasma treated fibres was made using optical polarization microscopy.
Plasma treatment was done for 10 minutes at pressure of 75 Pa at current of 250 mA at the power of 500 W. Swelling was
characterized by measurements of fibre diameter. Modifications of intensity of the polarized light transmitted through the fibre
were measured as a function of time of exposure to water. Characteristic swelling and intensity modification times were
resolved for untreated and oxygen plasma treated fibres. The swelling time of oxygen plasma in comparison to untreated plasma
is reduced by the factor of 0.54 and intensity change time by the factor of 0.4. From the characteristic swelling and intensity
change times it was concluded that oxygen plasma treatment of viscose increases the speed of water sorption.

Keywords: plasma treatment, viscose, swelling, optical polarization microscopy

Proucevali smo sorpcijo vode pri vlaknih v viskozni kopreni, ki jo proizvaja podjetje Tosama d.d., s povrSinsko gostoto 175
g/m?. Primerjali smo neobdelana in s kisikovo plazmo obdelana vlakna z uporabo opti¢no-polarizacijske mikroskopije.
Plazemska obdelava je trajala 10 minut pri tlaku 75 Pa, toku 250 mA in pri moc¢i 500 W. Nabrekanje viskoznih vlaken smo
opazovali preko sprememb premera vlakna. Z opti¢no polarizacijsko mikroskopijo smo merili spremembe intenzitete
polarizirane svetlobe, ki potuje skozi vlakno med mocenjem. Iz meritev na neobdelanih in s plazmo obdelanih vlaknih smo
ocenili karakteristi¢ne Case nabrekanj vlaken in spremembe intenzitete polarizirane svetlobe, ki potuje skozi vlakna. Pri s
plazmo obdelanih vlaknih se Casi nabrekanja zmanjSajo za faktor 0.54 in Cas spremembe intenzitete za 0.4. Iz meritev smo
zakljucili, da obdelava s kisikovo plazmo pohitri proces sorpcije vode.
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Klju¢ne besede: plazemska obdelava, viskoza, nabrekanje, opti¢na polarizacijska mikroskopija

1 INTRODUCTION

The importance of viscose fibres in medical, sanitary,
textile and construction industry is vastly increasing.
Viscose fibres are often chemically treated to improve
their wettability. Especially the surface layers of fibre
structure have to be modified to achieve higher uptakes
of liquids.! Chemical treatment of fibres to alter their
physical properties can be ecologically questionable and
expensive. An environmental friendly alternative to
chemical treatment is plasma treatment of viscose veils.?
Viscose nonwoven exposed to oxygen plasma exhibit
modified surface layers in comparison to untreated
viscose nonwoven fibres.>’ The same applies to
numerous other textiles as well as organic materials. 813
Surface and internal structure modifications are reflected
in altered physical and sorptive properties of material
that are very important for production of napkins,
tampons, tissues, waddings and other sanitary materials.
Viscose contains high level of crystalline structure and
some amorphous regions, which are responsible for the
accessibility of water binding groups.' To increase the
performance of viscose fibres a variety of chemical
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compounds is used to introduce new functional groups or
compounds to the fibres."

Current fibre treatment analysis focuses mainly on
measurements of properties like water retention, water
contact angle, braking force and elongation’. We focused
mainly on changes of optical properties, which can be
related to fibre treatment.!®?! Optical polarization
microscopy (OPM) is a contrast enhancing technique
that improves the quality of the images of birefringent
materials.?>?* OPM uses the concept of two polarizers
oriented at right angles with respect to each other,
commonly termed as crossed polarization. The most
notable application of OPM is to examine birefringent or
doubly refractive specimens. To determine quantitative
aspects of the observed specimen with birefringent
properties, the optical axis of the sample should be
rotated at the angle of 45° with respect to the analyser to
achieve maximum brightness. The surrounding isotropic
material remains dark, providing basis for the analysis of
birefringent material only.*

Our aim was to analyse the light transmission
changes trough fibre and swelling using highly sensitive
recording camera.
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2 EXPERIMENTAL METHODS

The material used was a Tosama d.d. viscose
nonwoven fibre with the average nonwoven sample
surface density of 175 g/m?.3* The fibres were stored in a
sealed environment.

2.1 Oxygen plasma treatment

Viscose non-woven samples were mounted into the
discharge chamber of a plasma system. The chamber is
pumped with a two stage rotary pump with a pumping
speed of 60 m3/h. The chamber was pumped down to the
ultimate pressure which was about 10 Pa. Weakly
ionized plasma was created in the discharge chamber by
an inductively coupled radiofrequency (RF) dis
charge.?” The RF generator operates at a frequency of
27.12 MHz and nominal power up to 5000 W. The power
absorbed by plasma is adjustable by a matching unit. At
these particular experimental conditions the absorbed
power was about 500 W. The plasma parameters were
estimated by electrical and catalytic probes.?3> When
oxygen is applied as the working gas and the pressure in
the system is 75 Pa, the electron temperature is about 3
eV, the density of charged particles (predominantly O,*)
is about 1 x 10> m™ and the dissociation fraction of
oxygen molecules is about 10%. Samples were kept in
plasma for 10 min. The nonwoven sample was then
sealed and stored in plastic containers at room
temperature until used in experiments. An untreated
viscose nonwoven was also sealed and stored under the
same condition until used in experiments.

2.2 Optical polarization microscopy imaging and
analysis

Optical polarization imaging was done with a Nikon
Polarizing Microscope Optiphot2-pol. Viscose fibres
were fixed between object and cover microscopy glass to
enable stable focusing of a specific part of the fibre or
the entire fibre depending on the magnification. The
glass plates were glued by epoxy two component glue
leaving small holes for water injection. For long term
measurements these holes were sealed with a silicon
lubricant to prevent water leakage and evaporation. High
resolution video recordings of the time evolution of
wetting process were captured by the high resolution
video camera (PixeLINK Monochrome Machine Vision
Camera) that enables recording 8 frames per second. The
recordings were made in two regimes: cross polarizer-
analyser configuration and parallel polarizer-analyser
arrangement. The fibre axis was oriented at 45° with
respect to the polarizer direction to get the maximal
intensity output even during cross-polarization measure-
ments. When the fibre was put in contact with water, the
intensity of the transmitted light changed, which was
ideal for quantitative analysis of kinetics of the water
sorption process. The recorded high resolution movies
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were decomposed into frames, followed by frame to
frame analysis of the transmitted intensity values of a
selected region of the fibre. To enable statistical analysis
several fibres were analysed and for each fibre several
regions were investigated to avoid any anomalies that
can occur due to the morphological inhomogeneity in
some fibre parts. Frame by frame intensity analysis was
made by using Matlab software environment. The
exponential growth function was used in fitting
procedures to obtain characteristic time of the wetting
process. Swelling changes were determined by usage of
ImageJ programme.

3 RESULTS

In Figure 1 an example of the time evolution of the
swelling process of an untreated viscose fibre is
presented from 8 selected frames. Fibre diameter was
determined and a relative radius was plotted versus time
the fibre was exposed to water. Figure 2 shows time
evolution curves of the relative radius values for the
treated and untreated viscose fibres.

Figure 3 shows the wetting process of a viscose
fibre. The selection squares indicate the image area
where the normalized intensity of transmitted light was
calculated from.

Frame by frame intensity values provide information
on kinetics of the sorption process. In Figure 4 the
normalized intensity versus wetting time is presented for
untreated and plasma treated viscose fibres.

Figure 1: Observation of the wetting process under parallel polarizers.
The dependence of fibre diameter versus time, when the untreated
fibre is exposed to water. The image sequences a)-h) display the
swelling of the fibre after introducing water at t = 0.00 s.

Slika 1: Premer viskoznega vlakna v odvisnosti od ¢asa, ko je vlakno
izpostavljeno vodi. Zaporedje slik a)-h) prikazuje nabrekanje vlakna z
zacetkom mocenja ob t = 0.00 s.
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Figure 2: The relative diameter of viscose fibre versus the time, when

water was introduced to the fibre for untreated and plasma treated
viscose fibres

Slika 2: Relativni premer viskoznega vlakna v odvisnosti od Casa, ko
je vlakno izpostavljeno vodi za neobdelana in s plazmo obdelana
vlakna

To obtain characteristic swelling times for treated and
untreated viscose fibres a fitting function of exponential
saturation was used:

R(t)=R, +AR(1—e ") (1)

where the R(7) represents the relative radius at time ¢, Ro
= 100 % is the relative radius of a dry fibre, the AR
represents the relative changes of radius before and after
the wetting process takes place and the tr represents the
time in which the fibre becomes swollen.

To obtain characteristic intensity changing times for
treated and untreated viscose fibres a fitting function of
exponential saturation was used:

IO =Al(1-e"""") 2)
where the I(f) represents the normalized intensity at

time ¢, the Al represents the normalized changes of
intensity before and after the wetting process takes place

) 4.40s

Figure 3: Image sequence a)-f) attained in cross-polarized. At time
0.00 s the water was introduced to the fibre. The squares represent the
areas for normalized intensity calculation of the light transmitted
through the fibre.

Slika 3: Zaporedje slike viskoznega vlakna a)-f). Polarizator in
analizator sta bila prekrizana. Ob casu 0.00 s je vlakno bilo
izpostavljeno vodi. Okviri na slikah predstavljajo povrsino, ki je bila
izbrana za izra¢un normalizirane intenzitete svetlobe, ki je potovala
skozi vlakno.
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Figure 4: The normalized intensity of the polarized light that was

passing through the viscose fibre versus the time, when the water was
introduced to the fibre for untreated and plasma treated fibres.

Slika 4: Normalizirana intenziteta polarizirane svetlobe, ki je potovala
skozi viskozno vlakno v odvisnosti od casa, ko je bilo vlakno
izpostavljeno vodi. Slika prikazuje normalizirano intenziteto za
neobdelana in s plazmo obdelana vlakna.

and the 71 represents the time in which the intensity
changes.

In Table 1 the average values of g and 7, are
displayed. They were calculated from data obtained in
analysis from graphs, such as in Figure 2 and Figure 4.

Table 1: Characteristic response times for untreated and plasma
regenerated viscose fibres when exposed to water

Tabela 1: Karakteristi¢ni odzivni ¢asi za neobdelana in s plazmo
obdelana vlakna, ko jih za¢ne mociti voda

Fibre treatment Untreated Plasma
TR (8) 2.2 +0.8 1.2+0.2
71 (S) 1.0 0.3 0.4 +0.1

4 DISCUSSIONS

The viscose fibre consists of micro fibrils. The water
sorption is dependent on the accessibility of amorphous
regions to the water, and the water accessibility to the
space between the micro fibrils.”® The content of
carboxyl group increases with plasma treatment which
increases the wettability of the fibre.*3 Fibre morphology
due to the sub-fibre structure makes the fibres optical
properties more complex.?®* The intensity of the light
transmitted trough the fibre in crossed-polarized regime
changes during wetting, since water sorption changes
fibre’s optical properties. Experimentally obtained
characteristic intensity change times indicate the velocity
of internal structure change while the water is introduced
to the fibre. The swelling of the fibre is also an indicator
for water sorption.'® As water is absorbed, the water
bound into cell wall exerts a swelling pressure, resulting
in increase of the volume of the material.** The differ-
ence between swelling times and intensity change times
indicate that we have to differentiate between internal
changes of optical properties in the fibre and swelling
during water sorption. Namely the sorption process
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results in several modifications of fibre mechanical and
optical properties.'® Oxygen plasma treatment modifies
the fibre’s surface, making it more susceptible to faster
water sorption.’® The changes of properties of modified
viscose fibres with chemical treatment like bleaching and
slack mercerization can be compared with plasma
treatment modifications.’> Comparable increase of
hydrophilicity in comparison to chemical treatment was
achieved by plasma modifications of viscose non-woven
fibres. Measurements of contact angle, surface energy
and polar interactions were performed in previous
research to compare plasma treatment effects with
different chemical treatment for sorption of water and
other fluids.’> Water retention and improvement of some
of the physical properties after oxygen plasma treatment
was also studied.* On the basis of the experiments
described in previous research in addition to this this
article it can be stated that oxygen plasma treatment is a
viable alternative to chemical treatment of fibres to
increase the kinetics of water sorption.>!8:3335

5 CONCLUSIONS

Oxygen plasma treatment of viscose fibres increases
the kinetics of water sorption, making it a promising
candidate for substitution of chemical treatment. The
swelling time of oxygen plasma in comparison to
untreated plasma is reduced by the factor of 0.54 and
intensity change time by the factor of 0.4. Findings,
obtained with the optical polarization microscopy
approach, agree with the other research done on
comparison between chemical and plasma treatment of
viscose fibres, making plasma treatment an alternative
procedure of viscose nonwoven modification in sanitary
and medical applications, which require faster water
sorption kinetics.
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The paper presents possible solution of Ag binding using commercial sol-gel systems which enable its low release into a wound,
providing a good antimicrobial effect on those bacterial cultures that are most likely present in the wound. The influence of
different sol-gel systems on the hydrophilic properties of carrier materials and the level of released silver has been studied. The
results showed that sol-gel as binding-systems could provide proper hydrophilic properties of material, whilst binding silver
strongly enough providing at the same time excellent antimicrobial activity of the treated viscose meterials.

Keywords: silver nano-particles, sol-gel, viscose non-woven, silver release, hydrophilicity, antimicrobial properties

V prispevku je predstavljana ena izmed moznih resitev za uporabo srebra z majhnim spros¢anjem v rano, pri ¢emer se je dosegel
dober protimikrobni ucinek na bakterijske kulture, ki se v rani najpogosteje pojavljajo. Uporabili smo komercialne sol-gel
sisteme s katerimi smo inkorporirali srebrove nano-delce na viskozo. Spremljali smo vpliv razli¢nih sol-gelov na hidrofilne
lastnosti nosilnega materiala in raven spros¢enega srebra. Rezultati so pokazali, da lahko uporaba sol-gel sistema zagotovi dobre
hidrofilne lastnosti in obenem dovolj mo¢no veZe srebro, ki daje odlicne protimikrobne lastnosti obdelanemu materialu.

Klju¢ne besede: srebrovi nanodelci, sol-gel, viskozna koprena, spros¢anje srebra, hidrofilnost, protimikrobne lastnosti

1 INTRODUCTION

The skin is an extremely effective biological barrier
but if breached by trauma, the body becomes highly
susceptible to microbial attack. Certainly, wound
infection presents one of the major problems and can
evolve into different serious medical complications.
Treatment with silver-content wound dressings is
becoming an increasingly popular strategy for elimi-
nating the growth of opportunistic wound pathogens
during the healing process. Silver has been known as a
very effective natural antibiotic and for centuries has
been in use for the treatment of burns and serious
wounds. The antimicrobial property of silver is related to
the amount of silver and the rate of silver released. Silver
in its metallic state is inert but it reacts with the moisture
in the skin and the fluid of the wound and becomes
ionized. The ionized silver is highly reactive, as it binds
to tissue proteins and causes structural changes in the
bacterial cell wall and nuclear membrane (nucleolemma
orkaryotheca), leading to cell distortion and death. Silver
also binds to bacterial DNA (deoxyribonucleic acid) and
RNA (ribonucleic acid) by denaturin, and inhibits
bacterial replication. Recently, due to the emergence of
antibiotic-resistant bacteria and limitations on the use of
antibiotics, clinicians have started to implement silver
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into wound dressings containing varying levels of
silver'*. Ag NPs (silver nano-particles) have emerged as
an important class of nano-materials over a wide range
of industrial and medical applications, but nevertheless
they present a potential risk to human health. In vitro
studies have reported that Ag NPs produce toxicity
targeted at a variety of organs including the lungs, liver,
brain, vascular system and reproductive organs. Ag NPs
have induced the expressive level of those genes involved
in cell cycle progression and apoptosis. The possible
mechanisms of Ag NPs toxicity include the induction of
ROS (reactive oxygen species), oxidative stress, DNA
damage and apoptosis®®. Therefore, silver release is very
important for antimicrobial activity, but only in a con-
trolled manner, due to toxicity.

The sol-gel process is one of the possible methods for
incorporating Ag NPs onto cellulose matrices as viscose,
and for the attainment of controlled Ag release. The
sol-gel technique is a suitable method for incorporating
homogeneously bioactive compounds, biomolecules and
even whole living cells, into metal oxide matrices® 3. In
comparison with organic matrices, inorganic sol-gel
matrices provide higher mechanical, thermal, chemical
and photochemical stability and are toxicologically and
biologically inert, i.e., they are not a food source for
microorganisms'3-13.
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In presented study insignificant Ag release from
treated samples in a controlled manner was attained,
using commercial sol-gel systems for the incorporation
of Ag NPs on viscose non-woven, which is sufficient for
providing good antimicrobial activity, as well as a proper
hydrophilicity of viscose non-woven.

2 EXPERIMENTAL

2.1 Preparation
2.1.1 Materials

A 100 % viscose non-woven (Kemex, The Nether-
lands) with a mass of 175 g/m? was used during the
experiments. Ag NPs were incorporated onto viscose
using different sol-gel procedures. Silver nano-particles
in AgCl form, iSys Ag (CHT, Germany) were used as an
antimicrobial agent in combination with iSys MTX or
iSys LTX (CHT, Germany) being organic-inorganic
binders. Kollasol CDO (CHT, Germany) was used as a
wetting agent.

2.1.2 Viscose non-woven treatment

Firstly, the solutions of binder and silver nano-
particles were prepared. The composition of the solution
is shown in Table 1.

Table 1: The composition of the treatment solutions
Tabela 1: Sestava obdelovalne raztopine

5 /L iSys | 5 g/L iSys | 5 g/L iSys | 0,7 g/L
sample g/kgsy e 4" | R
s1 v v
s2 v v
S3 v v v

10 g of viscose non-woven was impregnated in 300
mL of solution for 1 h at room temperature. After
treatment, the viscose was wrung-out with a foulard
(Werner Mathis Ag, Switzerland), dried in an oven in a
stretched state at 80 °C, and also condensed for 1 min at
150 °C (Werner Mathis Ag, Switzerland).

2.2 Methods

2.2.1 Inductively-coupled plasma using mass spectro-
scopy (ICP/MS)

The concentrations of Ag on the viscose samples
were determined by inductively-coupled plasma using
mass spectroscopy (ICP/MS).

7 mL of HNO; (s.p.) and 1 mL of H,O, (s.p.) were
added to 100 mg of sample. The microwave system
Milestone Ethos® touch control with a segmented rotor
for high pressures (HPR — 1000/10S) was used for
digestion of the samples. The sample digestion was
performed over two steps: step 1 — sample was heated to
200 °C (1000 W) for 10 min, step 2 — the temperature
was kept stable at 200 °C (1000 W) for 10 min. After
digestion the sample was diluted to 50 mL with 1%
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HNO;. Further dilutions were automatically performed
with 1% HNOs to adjust the measuring ranges (10 / 50 /
100 pg/L) of the Ag solutions.

A Perkin Elmer® Sciex Elan DRC-e was used for
ICP/MS analysis. The instrumental and acquisition
parameters were: RF power 1125 W, lens voltage 12,75V,
argon gas flow: nebulizer 0,95 L/min, auxiliary 1,20
L/min, plasma 15 L/min, dwell time 50 ms and number
of sweeps 20. Three replicates of the samples were
measured using the peak-hopping measuring mode (one
point per peak) at an integration time of 1000 ms. The
reference element (Rh) at a concentration of 10 pg/L was
used as internal standard.

2.2.2 Atomic absorption spectroscopy (AAS)

Ag concentration in milli-Q solution after the Ag
release from viscose samples was determined using
atomic absorption spectroscopy (Perkin-Elmer AAnalyst
600). An atomic absorption spectrometer equipped with
an air-acetylene burner and silver hollow cathode lamp
operating at 5 mA was used for determining silver with-
out background correction. The operating conditions
were as follows: wavelength: 328.1 nm, band pass: 0.7 nm,
flow rate of acetylene: 2.5 L/min, and thr flow-rate of
air: 8 L/min.

A stock standard solution of silver (500 mg/L) was
prepared by dissolving the appropriate amount of silver
nitrate (AgNOs;) in water with 1 % (v/v) HNOs. The
working standard solutions were prepared by dilution.

2.2.3 In vitro silver release

In vitro release studies were performed using static
diffusion cells, according to Franz'¢. The receptor com-
partment had a mean volume of 7,5 mL, filled with
milli-Q water, and its temperature was maintained at 37
°C by stirring of termostated water surrounding the cell.

inlet for sampling

upper part of diffusion

membrane

Milli-Q water

lower part of diffusion
cell

magnetic stirrer with
termoregulation

Figure 1: Thermoregulated system of Franz diffusion cell
Slika 1: Termoregulacijski sistem s Frazevo difuzijsko celico
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This temperature value was chosen in order to reproduce
the human temperature under normal conditions. The Ag
release was determined after 24 h. The thermoregulation
system of the Franz diffusion cell, is presented in Fig-
ure 1.

2.2.4 Tensiometry

The hydrophilic/hydrophobic character was studied
by contact angle measurements between the polymer
material samples and water. The Powder contact angle
method was used as developed for determining the
wetting properties of porous materials. The samples were
cut into 2 X 5 cm rectangular pieces and suspended in a
special sample holder of a Kriiss K12 processor Tensio-
meter. Immediately before measurement, the container
with the liquid (n-heptane; water) was raised until the
sample edge touched the liquid surface.

The change in samples’ mass (m), as a function of
time (¢) during the water adsorption phase, was moni-
tored. The initial slope of the function m? = f{(t) is known
as the capillary velocity, from which the contact angle
between the solid (polymer sample) and the water was
calculated using a modified Washburn equation!”:

2
cos 0= = ZL
r pyc
where 0 is the contact angle between the solid and liquid
phases, m?/t is the capillary velocity, # is the liquid
viscosity, p is the liquid density, y is the surface tension
of the liquid, and c is a material constant.

For more detailed description of this experimental

method, see Persin et al.'® and Fras Zemljic et al.'?.

ey

2.2.5 Reduction of bacteria

The antimicrobial effect of viscose non-woven loaded
with AgNPs on gram-negative bacteria Escherichia coli
and Pseudomonas aeruginosa and on gram-positive
bacteria Staphylococcus aureus and Enterococcus
faecalis was investigated by modified AATCC 100-1999
standard method. These bacteria were chosen as being
the most frequently isolated micro-organisms from skin
wounds in humans?'-23.

Circular swatches (4,8 cm in diameter) of viscose
samples were put into a 70 mL container and inoculated
with 1.0 mL of inoculums containing 1-2 - 103 colony
forming units of bacteria. After incubation at 37 °C for
24 h, the bacteria were eluted from the swathes by
shaking in 50 mL of sterilized water for 1 min. 0,1 mL of
these suspensions (2 - 10% cfu) and diluted suspensions
with physiological solution (2 - 10' cfu) were plated on
trypticase soy agar (TSA) and incubated at 37 °C for 24
h. Afterwards the number of bacteria was counted and
the reduction of bacteria, R, was calculated as follows:

R= x 100 (%) (2)

where A is the number of bacteria recovered from the
inoculated swatch of the viscose sample in the plastic
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container incubated over the desired contact period
(24 h) and B is the number of bacteria recovered from
the inoculated swatch of the viscose sample in the
container immediately after inoculation (at "0" contact
time).

3 RESULTS

The amount of silver on the viscose samples and
amount of silver in the milli-Q solutions after Ag release
from the samples, are shown in Figure 2.

Although the amount of silver in the treated solutions
was the same for all samples, the concentrations of Ag
on the treated fibres differed. The highest measured
concentration of silver was detected for sample S3.

Independent of the binding procedure (using different
sol-gel systems) the amount of released silver was very
low. All the measured concentrations were at or below
the detection limit (LOD) of AAS.

0
S
2
o

o0
(=3
i

- 0,008

-
=]

=
S

- 0,006

w
S

) Z 0,004

62

v
S

[
S

- 0,002

—_
o

amount of released silver in 7,5 mL milli-Q water [ppm]

amount of silver on viscose sample [ppm]
-
=]

LOD*

:- T<0000E=T 7 E——

S1 S2 S3

o
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*LOD: less than 0,05 mg /L (or 0,0003 ppm Ag in 7,5 mL of the
milli-Q solution)

Figure 2: The amount of silver on the viscose samples, and amount of
silver in the milli-Q solutions after Ag release from the samples

Slika 2: Vsebnost srebra na viskozni kopreni in vsebnost srebra v
milli-Q raztopini po spro$¢anju srebra iz vzorcev

100 - %
89
90 — = 83

80 =
-0 | {
60

50

40 -
30 A

water contact angle (°)

untreated N S2 S3
sample

Figure 3: Water contact angle
Slika 3: Sti¢ni kot med vodo in vzorcem
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The water contact angles for the untreated sample
and with the silver treated samples, are shown in Fig-
ure 3.

The contact angle of sample S1 was higher than that
of the untreated one. An improvement in the hydrophilic
properties can be observed for both the other samples.
The contact angle for sample S3 decreased by 19 %.

The results of antimicrobial activity for the untreated
and with silver-treated viscose samples, are presented in
Table 2.

Table 2: Reduction, R, of bacteria determinate according to the
AATCC 100-1999 standard method

Tabela 2: Redukcija, R, bakterij, dolo¢ena po AATCC100 — 1999
standardni metodi

Reduction, R (%)
Staphylococc| Escherichia |Pseudomonas|Enterococcus
sample us aureus coli aeruginosa |  faecalis
(G (G (G) (G+)
No No No
untreated reduction | reduction | reduction 77
S1 100 100 98,8 100
S2 100 100 100 100
In regard to the concentration of silver on this
S3 sample, the same antimicrobial activity as for
other samples can be predicted.

As expected, no reduction of the bacteria S. aureus,
E. Coli and P. aeruginosa was found for the untreated
viscose sample. The reduction of E. faecalis was 77 %.
All the silver-treated samples showed excellent anti-
microbial activity. Sample S3 was not tested. In regard to
the concentration of silver on this sample, the same
antimicrobial activity as for other samples can be
predicted.

4 DISCUSSION

Existing studies of the binding of silver to fibrous
materials!>'# using a sol-gel procedure show that the
selection of this method is a good solution for the
development of materials intended for the treatment of
open wounds. Sol-gel systems vary significantly in their
chemical composition. Differently chemically modified
sol-gels therefore act differently and can thermally and
chemically change or improve the material to which they
were bound. Thus, a sol-gel system that will provide the
desired properties can be chosen with regard to the
intended purpose of the material. For example, in order
to achieve hydrophilicity of a material intended for
wound dressings for faster wound healing, sol-gel
precursors that are completely hydrolysed can be chosen.
Sol-gels containing derivates with long alkyl chains,
phenol rings or fluorine'3 work the opposite way (are
hydrophobic). Commercial products that give textile
materials such properties are already available on the
market.

In our research commercial sol-gel systems produced
by CHT (Germany) were used. Our aim was to observe

78

how differently chemically modified sol-gel systems
affect the quantity of the adsorbed silver on the material,
and its release from the material. Dispersion of AgCl
nanoparticles (iSys Ag) was used as the source of silver
nanoparticles in all samples. The following binding
agents were used for binding Ag particles: iSys MTX, a
sol-gel system with a hydrophobic character, in the S1
sample, and iSys LTX, a sol-gel system with a hydro-
philic character, in the S2 and S3 samples. Kollasol
CDO, described by the producer as a hydrophilic
silicone surface-active substance mixed with higher
alcohols, was also added to the S3 sample.

The selection of the sol-gel has a different influence
on the silver adsorption on viscose and, consequently,
the amount of Ag on the material, as is evident from
Figure 2. Discrepancies in the measured concentrations
of silver on viscose are, of course, also possible because
of measurement errors, but an increase in adsorption of
AgCl nanoparticles is expected when using a more
hydrophilic sol-gel system. It is clear that the addition of
a surfactant (Kollasol CDO) to a hydrophilic cross-link-
ing agent, iSys LTX, in the treatment of the S3 sample
increased the concentration of the bound Ag by 6.5 %.
The measurement results of silver released also show
better adsorption of AgCl nanoparticles when using a
hydrophilic sol-gel system. The hydrophilic sol-gel
system in combination with a surfactant affects the
formation of a three-dimensional network that is created
from SiO. tetrahedrons®** and captures the AgCl
nanoparticles in its structure, as well as causes a slight
release of silver from viscose (S2 and S3 samples).

It is known that AAS in ICP/MS methods enable the
detection of Ag without high measuring error, what is
not the case in presented results. The explanation for this
we can find in the low solubility of the commercial
viscose non-woven due to the commercial coatings
residues (on the basic of different polysaccharides). The
commercial viscose samples were not soluble good
enough in HNO;. We founded out that the use of the
H,SO. and HNO; mixture give us a clear solution of
dissolved commercial viscose, nevertheless the AAS
detected Ag was below 1 ppm. Another used dissolution
procedure (dissolving of the commercial viscose
non-woven in microwave under the high pressure in the
solution of HNO; and H,O,) leads to a clear viscose
solution, but again the measuring error of ICP/MS
detected Ag have been too high. Contrary to described
viscose dissolution and connected Ag detection
problems, our preliminary studies showed that the pure
viscose (without surface coating) could be dissolved very
well in the heated HNOs, contrary to commercial viscose
non-woven used in this study. The AAS detected Ag, of
well dissolved viscose, without measuring error could be
obtained.

The hydrophilic/hydrophobic properties of the sam-
ples were determined by measuring the contact angles
between water and differently treated viscose non-
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wovens. The results shown in Figure 3 confirm that the
use of iSys MTX in the S1 sample leads to an increase in
the hydrophobic character compared to the untreated
sample, while the use of the cross-linking agent iSys
LTX increases the hydrophilic properties of cellulose
non-wovens by 8 %. These properties are further
improved by 19 % with the addition of the wetting agent
Kollasol CDO to iSys LTX in the S3 sample. The
hydrophilic properties of fibrous materials can also be
provided by other methods as the non-equilibrium
gaseous plasma treatment that represents a quick tech-
nique which could be performed after silver deposition
using sol-gel procedure?*-*°, Finally, these must be taken
into account in our future development of materials
which could be used in wound dressing.

According to the literature, antimicrobial activity of
silver is related to its concentration and its release rate';
therefore, the antimicrobial activity of our samples on
the bacteria most commonly found in wounds?-?* was
also examined. It was established that silver concen-
trations ranging from 62 ppm to 77 ppm are sufficient to
give a viscose non-woven excellent antimicrobial proper-
ties, regardless of the strength of its adsorption to viscose
and its release, contrary to the literature reports which
show that even the application of modern reliable tech-
niques for destruction of bacteria like S. aureus and E.
coli shows limited sterilization efficiencies®' -3, Further-
more, M. Gorjanc et al. studied similar effects on textiles
and never found 100 % bacteria reduction®. Contrary to
this report S. Strnad at al. found out that even pure
viscose shows antimicrobial activity on some micro-
organisms®®, but the appearance is not completely
explained. It can be seen that it is very difficult to
compare different antimicrobial material activities
reported in the literature. The main reason for that are
testing procedures used in different studies and reported
in the literature (testing procedures as ASTM E2149-01,
AATCC 100-1999 which are not direct comparable...) as
well as the differences in studied and modified materials
which differ in their supra-molecular structure and
chemistry.

Franz diffusion cells in combination with AAS were
used to monitor the release of Ag from viscose non-
woven. We believe the use of Franz cells serves as a
good representation of realistic conditions inside a
wound and therefore an excellent method for monitoring
the release of other drugs*. We also believe that the AAS
method is a good choice to determine the concentration
of the silver released. Although silver concentrations that
can acceptably enter the body have not been determined
in the literature, we believe that detection limit of AAS is
so low that those viscose non-woven samples with a
released silver concentration below the detection limit
can be seen as potential wound dressings for open wound
treatment.
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5 CONCLUSION

In our research, the greatest attention was paid to the
study of the influence of differently chemically modified
sol-gel systems on the adsorption of AgCl nanoparticles
to viscose non-woven and the release of Ag from viscose
non-woven. It was established that, when compared to a
hydrophobic sol-gel system, a combination of a
hydrophilic sol-gel system and a surfactant improves the
hydrophilic properties of the carrier material (19%),
increases the concentration of bound Ag (6.5%) and
reduces the release of Ag from the non-woven to a
concentration detectable below the AAS detection limit.
With regard to the excellent antimicrobial properties of
treated materials, it can be concluded that the selection
of the right sol-gel system combination, which ensures
the best hydrophilic properties of the materials and the
strongest binding of silver to it, can be seen as a good
starting point in the preparation of safe wound dressings
with positive effects on the wound healing process.
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The adsorption of anticoagulant heparin onto model poly(ethylene terephtalate) (PET) film was monitored using a quartz crystal
microbalance with a dissipation unit (QCM-D). Synthetic vascular grafts are usually made from PET, a material with
appropriate mechanical properties but moderate haemocompatibility. Therefore anticoagulant heparin is usually used to improve
haemocompatibility of PET surfaces. Heparin possesses a high negative charge and as such does not adsorb directly onto
hydrophobic PET, which is also negatively charged. To increase heparin adsorption different cationic polymers were
investigated as spacers and the highest adsorption was achieved using polyethyleneimine (PEI) as an anchoring agent. The
heparin was adsorbed from water solution as well as from phosphate buffer saline (PBS). Heparin dissolved in PBS adsorb
better onto PET than heparin from water solution. The results were characterized using Sauerbrey equation and Voigt based
viscoelastic model. We found out that heparin adsorbed onto PET formed a thin and rigid film and that Sauerbrey equation is
appropriate for characterization of heparin adsorption onto PET.

Keywords: poly(ethyleneterephtalate), PET, heparin, QCM-D, haemocompatibility

Adsorpcijo antikoagulanta heparina na modelni film polietilentereftalata (PET) smo merili s pomoc¢jo kremenove mikrotehtnice
s spremljanjem duSenja nihanja (QCM-D). PET, ki se uporablja za izdelavo sinteti¢nih Zilnih vsadkov, ima sicer primerne
mehanske lastnosti, vendar slabSo hemokompatibilnost. Heparin, ki izboljSa hemokompatibilnost povrSine polimera v stiku s
krvjo, ima moc¢no negativen naboj, zato je njegova adsorpcija na hidrofobni in zato prav tako bolj negativen PET, zanemarljiva.
Zato je bilo za uspes$no adsorpcijo potrebno uporabiti vmesni vezivni sloj kationskega polimera. Preverili smo ucinke vec
razli¢nih kationskih polimerov in ugotovili, da se heparin najbolje adsorbira na sloj polietilenimina (PEI). Heparin smo
adsorbirali iz vodne raztopine in iz fizioloske raztopine (PBS). Heparin se je iz raztopine PBS znatno bolje adsorbiral. Meritve
smo ovrednotili z uporabo Sauerbreyeve enacbe in Voigtovega viskoelasti¢nega modela in ugotovili, da heparin na povrSini PET
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1 INTRODUCTION

There are around 500 surgical treatments using
vascular prosthetic material per 1 million residents per
year in Western countries, and the number is increasing
every year.! Woven or knitted vascular grafts are mainly
made from polyester (poly(ethylene terephthalate) or
PET) filaments of tubular shape. When foreign material
is exposed to blood, the blood proteins adsorb on the
surface, which triggers the activation of an intrinsic
clotting system, the activation of platelets, thrombolysis,
and the activation of a complementary system.?

Surface properties that influence blood interactions at
polymer interfaces are described by surface morphology
and roughness, surface chemistry and charge and, as
such, by surface- free energy. Therefore, improved
knowledge about chemical and physical surface charac-
teristics can lead to improved material haemocompa-
tibility. Intensive investigations are in progress*~!° to
define and develop polymeric materials with appropriate
haemocompatibility.
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It is a generally accepted theory that hydrophilic
environment at the blood polymer interface is beneficial
for reducing platelet adhesion and thrombus forma
tion.>7!! Several techniques have been proved to improve
surface hydrophilicity and, in this way the haemocompa-
tibility of materials.!>'* Many techniques are based on
application of highly non-equilibrium gaseous
plasma.'>?* Very high surface free energy can be
obtained using such a plasma created in different gases
including oxygen?-2, nitrogen3%3!, air*?3* and carbon
dioxide.?** Optimal treatments are often achieved using
plasma with a very high degree of dissociation. Such
plasma is usually created in high-frequency electrodeless
discharges.*37 In such discharges the dissociation
fraction exceeding 10% is often achieved although the
kinetic temperature of neutral gas remains close to room
temperature.’’

Other commonly used techniques for obtaining better
hemocompatible properties are surface modifications by
grafting with hydrophilic materials or bioactive agents.
Currently the commercially available PET vascular
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grafts are coated with heparin for improving their
antithrombotic properties. However, it has been proved
that heparin coating on an inner graft surface remains
stable only for 4 weeks after implantation, and during
that time it is gradually released from the graft
surface.’®3° This effect can lead to certain adverse
effects, such as abnormal bleeding of treated patients.

In this research detailed analysis of heparin
adsorption and interaction with model PET surfaces
using a quartz crystal microbalance with a dissipation
unit (QCM-D) was performed in order to define the most
appropriate system and conditions for more efficient
heparin binding.

2 EXPERIMENTAL

Quartz crystal microbalance with a dissipation unit
(QCM-D) was used for adsorption studies of heparin
onto model PET surfaces. QCM-D is one of few
techniques that give direct information on the adsorption
process in situ. It is based on the change in resonance
frequency of a thin AT-cut piezoelectric quartz crystal
disc. The crystal frequency change is in correlation to the
adsorbed mass following the Sauerbrey relationship (Eq.
1), which is only valid for rigid, evenly distributed thin
adsorbed layers.

C-Af
n

m= (1)

Where C is the mass sensitivity constant (17.7
ng Hz!' cm™? for a 5 MHz quartz crystal), n is the
overtone number (1, 3, 5,7, 9, 11, 13), Am is the change
in mass and Af is the frequency change.

To obtain more accurate mass change and structural
properties during adsorption, energy dissipation should
be taken into account. Dissipation occurs when
periodically switching the AC voltage on and off over
the crystal and the energy from the oscillating crystal
dissipates from the system. Dissipation is proportional to
film elasticity and viscosity and is defined as:

E,.
lost (2)

D =
2nE

stored

Where E, is the energy lost during one oscillating
cycle, and Egoeqa 1S the total energy stored in the
oscillator.

The applied apparatus (QSense, Sweden) was
supplied with QTools software, which includes as well
the Voigt viscoelastic model. The application of this
model was included in our study, and the results were
compared to Sauerbrey relation. Voigt viscoelastic model
takes into consideration also the dissipation change and
is, as such, more suitable for the evaluation of soft
adhering layers, for which the Sauerbrey equation is not
valid anymore. The instrument measures frequency and
dissipation at several overtones, and this enables
modelling in QTools using the mentioned Voigt visco-
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elastic model (Figure 1), where Af and AD are cal-
culated according to Voinova et al. (Equations 3,4).

2 2
1 n, 7, ny®
f= {+h w-2h (} } (3)
27p,h, 61 7P ! 61 l"t; +77j2(w2

: w
D~ ! {m+2hf (m) 727” 2 2}
wfpohy 9, 0, uy+n,o

Where py and Ay are the density and thickness of the
crystal, #; is viscosity of the bulk fluid, d; is the viscous
penetration depth of the shear wave in the bulk liquid, p,
is the density of the liquid and w is the angular frequency
of the oscillation. The adsorbed layer is the function of
density (o), thickness (%), elastic shear modulus (ur) and
shear viscosity (7).

The experimental values of Af and AD of several
overtones were fitted and Simplex algorithm was used to
find the minimum in the sum of the squares of the scaled
errors between the experimental and modelled Af and
AD values.* This model has been successfully used in
many publications, however it is assumed that the coated
quartz crystal was purely elastic and the bulk solution is
Newtonian and purely viscous.

From adsorbed masses (ng/cm?) is also possible to
obtain the thickness (Equation 5) of the adsorbed layer,
however in this case the effective density of adsorbed
layer p.r should be estimated.

107[ ™ Jam{ "%
_ cm Cm2
o (ng g
10°(22 ],
(g Py (Cms ]

In our study the quartz crystals covered with a thin
gold film (QSX 301, QSense, Sweden) were used as
substrates for model PET surface preparation. The model
PET surfaces were prepared by a "spin coating"
technique from a 1 wt % PET solution in 1,1,2,2-tetra-
chloroethane. Detailed procedure is described elsewhere.

Since heparin possesses a highly negative charge at
pH of around 7.0*" and the PET is negatively charged as
well*4, the repulsion forces between them are too high
and heparin did not adsorb onto the surface (not shown
here). Therefore, different cationic polymers were
studied as anchoring layers in order to achieve sufficient

A

“

h &)

Bulk liquid (p, ,n,)

Protein layer (p;, W N;, )

Quartz crystal +PET film

Figure 1: The Voigt based visoelastic film model
Slika 1: Voigtov model viskoelasti¢nega filma
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Figure 2: Schematic presentation of layer-by-layer polymer film
formation onto quartz crystal coated with model PET surface

Slika 2: Shematski prikaz formiranja sloj-na-sloj polimernega filma
na kremenovem kristalu z modelno PET povr§ino

adsorption and binding of heparin. After rinsing of the
model PET film with MilliQ water for 20 min at 0.25
mL/min, the cationic polymers (0.02 wt %, dissolved in
MilliQ water) were adsorbed on PET surfaces with
solution flow rate 0.1 mL/min. Thereafter the solution of
heparin in MilliQ water and phosphate buffer saline
(PBS) at 200 mg/L was used with the same flow rate
(0.1 mL/min) to form layer by layer film as shown in
Figure 2.

3 RESULTS AND DISCUSSION

In the Figure 3 typical diagrams of frequency change
during the heparin adsorption are represented for PET
films previously coated with different cationic polymers
(PEI — Poly(ethylene imine), PAH — poly(allylamine
hydrochloride), pDADMAC - Poly(diallyl dimethyl
ammonium chloride), and polylysine). The anchoring
polymer and heparin additions as well as rinsing steps

rinse

anchor

hep

pei
- l l l +  pah
- o pdadmac
] "Qmwmmmoomoomm ------- polylysine

df, (H2)

TTrrrrrrrrrrrrrr-rrrr 71T TrTTr T
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
t (min)

Figure 3: Frequency change (at 3" overtone) during the adsorption of
heparin (hep) from the water solution onto the model PET surfaces
coated with different cationic polymers (PEI — Poly(ethylene imine),
PAH - poly(allylamine hydrochloride), pPDADMAC — Poly(diallyl

dimethyl ammonium chloride), and polylysine)

Slika 3: Sprememba frekvence tretjega nadtona med adsorpcijo
heparina (hep) v vodni razopini na modelne PET povrSine predhodno
obdelane z razli¢nimi kationskimi polimeri (PEI — Poly(ethylene
imine), PAH - poly(allylamine hydrochloride), pDADMAC -
Poly(diallyl dimethyl ammonium chloride), and polylysine)
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Figure 4: Area mass of adsorbed heparin calculated using the
Sauerbrey equation from frequency change at 3™ overtone for PET
films covered by different cationic polymers (PEI, PAH, pPDADMAC,
polylysine)

Slika 4: PovrSinska masa adsorbiranega heparina, dolocena s pomocjo
Sauerbreyeve enacbe, pri spremembi frekvence tretjega nadtona za
PET film, prekrit z razlicnimi kationskimi polimeri (PEI, PAH,
pDADMAC, polylysine)

are marked with arrows. It can clearly be seen from the
diagram that the largest frequency change was achieved
in the case of PEI followed by heparin adsorption.

In Figure 4 area masses of adsorbed heparin
calculated using the Sauerbrey equation (1) from
frequency change at 3™ overtone are represented for the
PET films with adsorbed different anchoring agents. In
the case of PEI application as an anchoring layer, the
area mass of adsorbed heparin was approximately
5-times higher in comparison with other anchoring
agents (Figure 4).

In the Figures 5 and 6 the frequency and dissipation
changes at 3™ overtone during the adsorption of heparin
dissolved in MilliQ water (hep/w) and heparin dissolved
in phosphate buffer saline PBS (hep/pbs) are repre-
sented. From the figures it can clearly be seen that the
decreases in frequencies are significantly higher in the
case of adsorption from buffer solution in comparison to
the adsorption from pure water. From the extreme
minimum of the frequency during the heparin adsorption
from water solution it can be assumed that the

pei 0.02% hep

10+ l l

rinse

hep/w
hep/pbs

df, (Hz)
g
1

t (min)

Figure 5: Frequency change (at 3" overtone) during the adsorption of
heparin, dissolved in MilliQ water (w) and in phosphate buffer saline
(PBS) onto the polyethyleneimine (PEI) layer on the PET film

Slika 5: Sprememba frekvence tretjega nadtona med adsorpcijo
heparina, raztopljenega v MilliQ vodi (w) in v fosfatnem pufru (PBS)
na sloj polietilenimina (PEI) na PET filmu
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Figure 6: Dissipation change (at 3" overtone) during the adsorption
of heparin, dissolved in MilliQ water (w) and in phosphate buffer
saline (PBS) onto the polyethyleneimine (PEI) layer on the PET film
Slika 6: Sprememba disipacije tretjega nadtona med adsorpcijo
heparina, raztopljenega v MilliQ vodi (w) in v fosfatnem pufru (PBS)
na sloj polietilenimina (PEI) na PET filmu

migration/desorption of heparin molecules at the
beginning is rather intensive. After that the adsorbed
layer is relatively thin and firm (Figure 6).

In water solution, which is slightly acidic (pH=5.7),
most of the functional groups of heparin molecules are
deprotonated and the molecule is negatively charged.
This is the reason the molecules are in more or less
unfolded conformation. As such they relatively quickly
cover the positive charges on the PET/PEI surface. Ionic
strength of buffer solution is high and deprotonated
functional groups of heparin are occupied by counter
ions from the buffer. Therefore, heparin molecules in
such a solution obtain a more folded conformation and
much higher amounts of such molecules are needed to
cover positive PET/PEI surface (Figure 7).

From the Figure 7 it is obvious that different models
(Suerbrey eq. and Voight model) had no influence on the
calculated mass area in the case of adsorption from water
solution. It can be assumed that the adsorbed layers in
these cases are more or less firm. The evaluations using
these two models, however, gave different results in the
case of adsorption from the buffer solution, which
indicates formation of much softer adhering layers, for
which Suerbrey equation is not valid anymore.

Assuming that density of adsorbed layer of heparin is
around 1 g/cm? one can easily get the thickness of the
adsorbed heparin, just dividing the estimated area mass
with 10? (according to Eq. 5). That means that layer
thickness of heparin on PET surface is around 2.5 nm in
case of water solution and the heparin layer thickness is
almost 10 nm when heparin in PBS was used.

4 CONCLUSION

In order to find out most appropriate system for
heparin binding in the present research heparin
adsorption onto PET model surfaces was investigated
using QCM-D. Several cationic polymers were analysed
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Figure 7: Area mass of heparin adsorbed from water solution (hep/w)
and adsorbed from PBS (hep/pbs), calculated using the Sauerbrey
equation (S.e.) or Voigt based viscoelastic model (V.m.)

Slika 7: Povrsinska masa adsorbiranega heparina, raztopljenega v vodi
(hep/w) in v PBS (hep/pbs), dolo¢ena s pomocjo Sauerbreyeve enacbe
(S.e.) in s pomocjo Voigtovega viskoelasticnega modela (V.m.)

as an anchoring layer for better heparin binding onto
PET surfaces.

The results showed that quartz crystal microbalance
was a suitable tool for the analysis of the adsorption of
heparin onto PET surfaces. Furthermore, from the QCM
measurements, important data about adsorbed polymer
masses and adsorbed film thicknesses onto surfaces can
be achieved using the Sauerbrey equation and Voigt
viscoelastic model.

Poly(ethyleneimine) (PEI) showed best results as an
anchoring layer, thus in that case the area mass of
adsorbed heparin was approximately 5-times higher as
for other anchoring agents.

The adsorbed layers of heparin were much thicker
and adsorbed amounts much higher in the case of
heparin adsorption from PBS solution in comparison to
the adsorption from pure water solution. Folded
conformation of heparin molecules in the solution with
high ionic strength form thicker and softer adsorbed
layer on the PET/PEI surfaces.
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This contribution is focused on the determination of polymerization and crosslinking mechanism of poly (N-isopropyl-
acralymide) hydrogel and its swelling properties. Hydrogels were synthesized by environmental friendly UV polymerization
method, from monomer N-isopropylacrylamide (NIPAM) and crosslinker N,N’"-methylenebisacrylamide (BIS) of different
concentrations. UV polymerization was performed in an UV chamber using UVA light with the wave length 350 nm. Surface
morphology and pore structure analysis was carried out using SEM microscopy. The polymerization and crosslinking
mechanism was determined by Fourier Transform Infrared spectroscopy (FT-IR). It was confirmed that crosslinker
concentration influences the hydrogel structure and swelling properties. By increasing the crosllinker concentration the hydrogel
structure changes from homogen to heterogen and the equilibrium degree of swelling decreases.

Keywords: poly (N-isopropylacrylamide) hydrogel, UV polymerization, FTIR, polymerization mechanism, swelling properties,
SEM

V prispevku je predstavljen mehanizem polimerizacije in zamreZenja poli(N-isopropilakrilamidnega) hidrogela in njegova
sposobnost nabrekanja. Hidrogele smo sintetizirali z okolju prijazno metodo UV polimerizacije iz monomera
N-isopropilakrilamida (NIPAM) in zamreZevalca N,N "-metilenebisakrilamida (BIS) razli¢nih koncentracij. UV polimerizacija je
potekala v UV komori z UVA svetlobo valovne dolzine 350 nm. PovrSinsko morfologijo in strukturo por smo spremljali s SEM
mikroskopijo. Mehanizem polimerizacije in zamreZenja smo doloc¢ili na podlagi posnetih spektrov s Fourier Transform
Infrardeco spektroskopijo (FT-IR). Ugotovili smo, da koncentracija zamrezevalca vpliva na strukturo hidrogela in njegovo
sposobnost nabrekanja. Z vecanjem koncentracije zamreZevalca pride do spremembe v strukturi hidrogela iz homogene v
heterogeno, kar vpliva na zmanjSanje sposobnosti nabrekanja.

Kljuc¢ne besede: poli (N-isopropilakrilamide) hidrogel, UV polimerizacija, FTIR, mehanizem polimerizacije, nabrekanje, SEM
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1 INTRODUCTION

Hydrogels are three-dimensional hydrophilic poly-
mer networks. Their most characteristic property is
swelling in aqueous solutions'. Hydrogels can be used
for several applications including superabsorption in
diapers and for contact-lenses, just to mention two
well-established applications®®. Recently, they have
gained considerable attention also within the environ-
mental field especially for wastewater treatments (dye
and heavy metal adsorption)’.

Hydrogels are crosslinked during polymerization via
condensation polymerization or free radical polymeri-
zation (thermal polymerization, radiation polymeriza-
tion, photopolymerization or plasma polymerization)3-'2.
Photopolymerization, in addition to its environmental-
friendly aspect, offers a number of advantages, such as
ambient temperature operations, location and time-
control of the polymerization process and minimal heat
production, in comparison with other techniques's.
Photopolymerization can be induced by ultraviolet
(100-400 nm), visible (400-700 nm) or infrared
(780-20000 nm) radiation. Light quanta are absorbed by
molecules via electronic excitation'*. During photo-
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polymerization process, photoiniciators are generally
used having high absorption capacities at specific
wavelengths of light thus enabling them to produce
radically initiated species'>.

Our work is focused on the preparation of
nanocomposite hydrogels for water purification. This
contribution represents preliminary studies that were
performed for better understanding of synthesis
mechanism of UV polymerized poly (N-isopropyl-
acrylamide) hydrogel, which is essential for formation of
nanocomposite hydrogel with defined properties.

2 EXPERIMENTAL

For the polymerization of poly (N-isopropyl-
acrylamide) hydrogels we used N-isopropylacrylamide
(NIPAM) as monomer, N,N-methylenebisacrylamide
(BIS) as crosslinker and Irgacure 2959 as photoiniciator.
All chemicals were purchased form Sigma-Aldrich and
their chemical structures are presented in Figure 1.

PNIPAM hydrogels were synthesized in aqueous
solutions containing 1% of NIPAM monomer in the
presence of different concentrations of N,N-methylen-
ebisacrylamide (0 — 5 wt%). NIPAM and BIS were kept
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i I
H,C=—=CH——C——NHCHCH,

CH,
Monomer

Crosslinking monomer

O  CH,
] I ]
|I C—C—OH
H,C==CH—C—NHCH,NH—C—CH==CH, C|H3
OCH,CH,OH
Photoiniciator

Figure 1: Chemical structure of monomer, crosslinker and photoiniciator

Slika 1: Kemijska struktura monomera, zamreZevalca in fotoiniciatorja

under constant stirring for 1 hour at room temperature.
After this period, Irgacure 2959 photoiniciator was
added and the solution was kept under the same
conditions for additional 30 minutes. Prepared solutions
were pored in glass Petri dishes, bubbled with nitrogen
for 5 minutes and covered. Petri dishes were placed on
the sample holder in the middle of a UV chamber
(Luzchem). Polymerization was carried out in UV
chamber using 6 UVA lamps (centered at 350 nm) placed
on top of the chamber with the distance to the sample 15
cm. Time of polymerization was 2 hours. After polyme-
rization the hydrogels were washed with deionized water
for 4 days (daily exchange of water). After washing, the
hydrogels were dried at 40°C until a constant mass was
reached.

For determination of an equilibrium degree of
swelling (EDS) and equilibrium water content (EWC),
we used pre-weighted hydrogel samples and immersed
them into deionized water. Samples were removed from
water every hour, wiped with filter paper in order to
remove surface water, weighted and placed back into the
water for further swelling. The equilibrium was reached
when no mass difference was determined. EDS and
EWC were calculated using these equations!'¢:

—"a

W,
EDS(%)=—"1 "

d

100 (1)

AR

WS
EWC(%)=—"1—"

s

-100 (2)

where Wy and Wy are the masses of the gel in swollen
and dried states, respectively.

Figure 2: Polymerized hydrogels with different crosslinker concen-
trations (A:0 wt%, B:0.25 wt%, C:0.5 wt%, D: 1 wt%, E:2.5 wt%, F:5
wt% BIS regarding the monomer content)

Slika 2: Polimerizirani hidrogeli z razli¢nimi koncentracijami zamre-
zevalca (A:0 u.t.%, B:0,25 u.t.%, C:0,5 u.t.%, D: 1 u.t.%, E:2,5 u.t.%,
F:5 u.t.% BIS glede na deleZ monomera)
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The structural properties of the hydrogels were
examined using the Perkin-Elmer Spectrum One FT-IR
spectrophotometer. Hidrogel disks were cut into small
pieces and dried at 40°C until a constant mass was
reached. Spectra were recorded by placing a dried gel
piece over the attenuated total reflectance crystal.
Recording conditions were: 16 scans and an estimated
resolution of 4 cm™!.

The surface morphology of the hydrogels was studied
using the scanning electron microscope FE-SEM-ZEISS
Gemini Supra 35 VP. The samples were equilibrated in
distilled water at room temperature and freez-dried
(Lyotrap freez-drier) for 2 days prior to SEM analyses.

3 RESULTS AND DISCUSSIONS

Polymerized hydrogels with crosslinker concentra-
tions less than 1 wt% regarding the monomer content
form sticky gels that decay during the washing or
subsequent swelling. At the cross-linker concentration of
1 wt% and above regarding the monomer content,
polymerized hydrogels retained their structure also
during the washing and swelling process. We assume
that the ratio monomer/crosslinker under 100:1 is too
small for the material to polymerize completely and form
a firm and resistible hydrogel. In Figure 2 it is demon-
strated that hydrogel with crosslinker concentration of

100 — 2500
80+ S | 2000 &'

= N E
g R 5
F T £
g 60 . - 1500 2
151 , ; Q
g ! R )
g 404 * 11 1000 2‘
£ Gels decay during washing ':ind swelling =
E &
20 1500 @

&

0 "AI_ # —Ar T T T 0
0 0,25 0,5 1 2,5 5

Crosslinker concentration (wt%)

Figure 3: Equilibrium water content and equilibrium degree of
swelling vs. crosslinker concentration

Slika 3: Delez vode v hidrogelu in stopnja nabrekanja v ravnotezju v
odvisnosti od deleza zamreZevalca v hidrogelu
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Figure 4: SEM micrographs of cross-section (A) and surface (B) of
hydrogel with crosslinker concentration 1 wt% regarding the monomer
content

Slika 4: SEM posnetki prereza (A) in povrSine (B) hidrogela s kon-
centracijo zamreZevalca 1 u.t.% glede na delez monomera

1 wt% 1is transparent, which indicates that the crosslink-
ing structure is homogeneous. Increased concentration of
crosslinker causes formation of opaque segments, which
indicate a formation of heterogen hydrogel structure
(Figure 2).

When hydrogel is exposed to water, water molecules
diffuse into hydrogel structure and consequently
hydrogel swells. Hydrogel ability to swell or uptake
water is one of the key characteristics. Therefore, the
optimal monomer/crosslinker concentration ratio was
determined in regard to the degree of swelling. Figure 3
represents the equilibrium degree of swelling and

NIPAM

BIS
Poly -NIPAM

40000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000

800 650,0
Figure 5: FTIR spectra of monomer (NIPAM), crosslinker (BIS) and
synthesized hydrogel (poli-NIPAM — 1 wt% of BIS)

Slika 5: FTIR spektri monomera (NIPAM), zamreZevalca (BIS) in
polimernega hidrogela (poli-NIPAM -1 u.t.% BIS)

Materiali in tehnologije / Materials and technology 46 (2012) 1, 87-91

equilibrium water content for polymerized hydrogels
with different concentrations of crosslinker.

It was established that when increasing the cross-
linker concentration above 1 wt% the amount of water in
equilibrium and consequently the degree of swelling
starts to decrease. This decrease can be related to the
formation of hydrogel heterogene structure. With the
increasement of crosslinker concentration we create a
denser hydrogel structure which affects the water uptake.
Water uptake represents the migration of water mole-
cules into preformed gapes between polymer chains!’.
Denser hydrogel structure diminish the accesability of
water molecules to hydrophilic parts of polymer
molecules, therefore less water can penetrate into the
hydrogel structure.

Figure 4 shows SEM micrographs of a cross-section
and a surface of hydrogel with crosslinker concentration
of 1 wt% regarding the monomer content. Samples were
lyophilized after the equilibrium swelling has been
reached at room temperature in order to preserve natural
hydrogel structure in swollen state. Hydrogel cross-
section (Figure 4a) shows very porous structure with
several pores and wide pore size distribution. The pore
structure has a sponge-like shape with spherical opens
and interconnected cells. This porous microstructure is
essential for a large active surface of hydrogel and
assures the capillary effect of water uptake. Figure 4b
shows a hydrogel surface. It is noticeable that hydrogel
surface is covered with a surface layer with few smaller
pores. Hydrogel surface differs from its interior probably
due to the difference in effect of UV light. On the surface
the UV intensity is higher in comparison to the interior
and therefore it causes higher crosllinking efficiency and
density on the surface. Therefore a core/shell structure is
suggested for the polymerized hydrogels.

Unfortunately, however, neither the UV radiation
intensity nor the penetration depth of the photons with
the wavelength of 350 nm is known, so we can not give
any quantitative estimation. Differences in SEM images
between the surface of a porous sample and the bulk
could be easily attributed to the artefact of the cutting
technique. Namely, porous materials are inhomogeneous
and thus difficult to cut and/or polish. The proper
method for monitoring distribution of grains and/or

i
uv H:C_T”};M —— whac—c~fy  wfHc —C|H o

H:C:TH Photoiniciator |
O==cC O=—c C=0 C==0
Il\lII n I|\III Ilrll I|\Ill
H,C—CH H,C—CH II3C—(|_'][ HyC—C -w
CH, CH, CH; CH,
A B

Monomer Linear polymerization Polymer crosslinking

Figure 6: Mechanism of UV polymerization of poly (N-isopropyl-
acrylamide) hydrogel

Slika 6: Mehanizem UV polimerizacije poli (N-isopropilakrilamid-
nega) hidrogela
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pores inside a porous material is based on selective
removal of the upper layers of materials. A common
used method applies highly non-equilibrium gaseous
plasma treatment. Gaseous particles interact with the
surface material but not with the bulk. If proper
parameters are taken, the material can be slowly removed
without influencing the structure or composition below
the surface. Such a method has been used for investi-
gation of the structure of variety of composite mate-
rials'®25. Unfortunately, however, this technology was
not available at our experiments.

FTIR spektra of monomer, cross-linker and poly-
merized NIPAM hydrogel (poly-NIPAM) are presented
in Figure 5. The FT-IR spectra of the monomer and
crosslinker show typical absorption peaks that are
summarized in Table 1. In comparison to FT-IR spec-
trum of poly (N-isopropylacrylamide) hydrogel several
changes can be observed. First difference is observed in
the spectrum from 3600-3100 cm'. In this part of the
spectrum of monomer the absorption peak characteristic
for N-H vibrations is located at 2970 c¢cm!, while in
spectrum of hydrogel this peak is much broader due to
the overlapping with an absorption peak which is
characteristic for O-H vibrations of water molecules.
This change is attributed to the interactions of polymer
molecules with neighbouring water molecules.
Generally, the state of water in the polymer hydrogel can
be divided into free water, freezing bound water and
non-freezing bound water. Free water is the water which
does not take part in hydrogen bonding with polymer
molecules. Freezing bound water (intermediate water) is
water which interacts weakly with polymer molecules.
Non-freezing water (bound water) are the water
molecules which are bound to polymer molecules
through hydrogen bonds?¢-%°. Therefore the water that is
presented in the FTIR spectrum of poly (NIPAM)
hydrogel represents non-freezing bound water that
remains in hydrogel structure also after extensive drying.
The absorption peak at 1640 cm™! is assigned to C=0
stretching vibrations in C=0-+-H,O and C=0O--H-N
hydrogen bonding with neighbouring water molecules.

Tabel 1: Characteristic absorption peaks in FTIR spectrum of
monomer and crosslinker! 3031

Tabela 1: Znacilni absorbcijski vrhovi FTIR spectra monomera in
zamreZevalca'!30-31

Absor(;étr;(irll)peaks Assignment
3280 N-H stretching of secondary amide
2970 Asymmetric and antisymmetric
2876 stretching of C-H bond
1656 C=0 stretching of amide I bond
1620
1540 N-H stretching of amide II bond
1387 Antisymmetric deformation of
1367 isopropyl —C(CH3), group
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Due to the polymerization and crosslinking process
of hydrogels, significant differences in absorption
maxima of FTIR spectra were observed. Absorption
peak at 2970 cm™' in the hydrogel spectrum, that is
characteristic for =C-H vibrations, is higher in compa-
rison to the same peak of the monomer spectrum, which
indicates that a double bond of NIPAM is initiated by the
photoinitiator radicals, resulting in the point of polymeri-
zation (Figure 6 — linear polymerization). Absorption
peaks at 1387 and 1367 cm™!, characteristic for
vibrations of isopropyl group, are lower in comparison to
monomer spectra, what indicates that the isopropyl
groups represent the crosslinking points. Crosslinking is
formed on the tert-C atom of the side isopropyl group
and tert-C atom of the main chain isopropyl group
(Figure 6 — polymer crosslinking). According to FTIR
measurements proposed mechanism of UV polymeri-
sation of poly (N-isopropylacrylamide) hydrogel is
shown in Figure 6.

4 CONCLUSIONS

In the present study poly (N-isopropylacrylamide)
hydrogels were UV polymerized. The method presented
in this paper represents an environmental friendly
alternative to conventional polymerization techniques.
By the procedure elaborated here both the poly-
merization and crosslinking processes occur. Stabile
hydrogels were obtained, which are water insoluble but
swell considerably in water. The optimal concentration
of crosslinker in polymerization process of poly
(NIPAM) hydrogel was found to be at about 1 wt%
regarding the monomer content, where polymerized
hydrogels form a rather homogeneous structure with the
swelling degree of 2100% and the equilibrium water
content of 95,5 %. An increase in crosslinker concen-
tration influences the crosslinking point density in the
hydrogel and, consequently, it becomes more hetero-
geneous. A heterogeneous structure is undesirable since
it creates a fragile hydrogel causing a decrease of the
swelling capacity.
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