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Nazev prace: Strukturovani plazmovych polymert: nové metody piipravy tenkych
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Abstrakt: Disertacni prace je zaméfena na studium nanostruktur na bazi plazmovych
polymerti. Hlavni pozornost je vénovana piiprave antibakterialnich nanokompozitnich
vrstev kov/polymer za pouziti plynového agregacniho zdroje nanocastic a plazmatem
asistované depozice z plynné faze. Do biokompatibilni matrice plazmového polymeru
poly(ethylen oxidu) (ppPEO) byly zaclenény médéné nanocéstice. Byla prokdzana
ucinnost téchto nanokompozitli proti multi-rezistentnim bakteriim. Pomoci méteni
dynamické teploty skelného prechodu bylo zjisténo, Ze se v ptitomnosti nanocastic
vyznamné zmeénila segmentovd dynamika plazmového polymeru. To zasadné
ovlivnilo bio-rezistentni vlastnosti poly(ethylen oxidu).

Samostatna kapitola je vénovana studiu vzniku, ristu a transportu nanocastic uvnitt
zdroje. Médené a stiibrné nanocastice byly detekovany in situ v plynné fazi bud’to
pomoci malotihlového rozptylu rentgenového zafeni, nebo pomoci UV-Vis
spektroskopie. Vibec poprvé bylo zjisténo zachytavani kovovych nanocastic
v plazmatu. Navic byla potvrzena ¢aste¢na re-depozice nanocastic na ter¢ a stény
zdroje.

Posledni kapitola prace popisuje pouzitelnost naseho ptistupu pro modifikaci

polymernich nanostruktur (naptiklad nano-ostrivkil) pomoci kovovych nanocastic.

Klic¢ova slova: nanostruktura, plynovy agrega¢ni zdroj nanocastic, plazmovy

polymer, nanokompozit, segmentova dynamika.
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Abstract: The PhD thesis aims at the investigation of nanostructures based on plasma
polymers. The main attention is paid to the combination of a gas aggregation cluster
source with plasma-assisted vapor phase deposition for the fabrication of metal-
polymer nanocomposites with bactericidal potential. Copper nanoparticles were
incorporated into a biocompatible matrix of plasma polymerized poly(ethylene oxide)
(ppPEO). The efficiency of such nanocomposite against multi-drug resistant bacteria
was demonstrated. It was found that the segmental dynamics of the plasma polymer
significantly changed in the presence of nanoparticles as revealed by the measurements
of the dynamic glass transition temperature. The nanoscale confinement crucially
influences the non-fouling properties of poly(ethylene oxide).

A separate chapter is dedicated to the examination of the nanoparticle formation,
growth and transport inside the source. Copper and silver nanoparticles were detected
in situ in the gas phase by small angle X-ray scattering and UV-Vis spectroscopy. The
effect of trapping of metal nanoparticles in the plasma was discovered. Moreover, a
partial loss of nanoparticles on the target and on the chamber walls was confirmed.
The last chapter of the thesis describes the applicability of our approach for the

decoration of polymer nanostructures (e.g. nanoislands) by metal nanoparticles.
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1. INTRODUCTION

Nowadays, polymers and polymer-based composites play an important role in human
life. It is no exaggeration to say that polymers are everywhere. People use polymers in
the construction, engineering, electronics, medicine, textile industry etc. It should be
clarified that most often it is talked about a large amount of polymeric material (in
other words, bulk polymer). Nevertheless, some applications require the
miniaturization, such as microelectronic devices, biomedicine or functional coatings.
In these cases the nanostructuring of polymers is necessary. Starting in the 2nd half of
the 20th century, a variety of polymeric nanostructures has been fabricated, such as
thin films, nanoislands, nanofibers, nanowires or micro- and nanoparticles (NPs).[1]
Most of these materials were successfully synthesised by the traditional wet chemical
methods including spin-coating, inkjet or roll-to-roll printing, electrospinning, laser
ablation or Langmuir-Blodgett technique.[2, 3] The traditional techniques are already
widely used for the industrial production of polymer nanomaterials now. However, it
should be noted that they are the resource intensive and environmentally unfriendly.
Thereby, the development of new methods for the fabrication of polymeric
nanostructures is a hot topic for the material scientists. In the last decades, the vacuum-
based techniques began to gain popularity. The processes occuring under the vacuum
conditions satisfies the ecological requirements; moreover, they are relatively easily
controlled and environmentally friendly. A special attention is paid to the plasma
assisted techniques, which enable to produce a unique class of the materials named

plasma polymers.

1.1. Plasma polymerization process: state-of-art

In accordance with the International Union of Pure and Applied Chemistry, a polymer
is “A molecule of high relative molecular mass, the structure of which essentially
comprises the multiple repetitions of units derived, actually or conceptually, from
molecules of low relative molecular mass.” In contrast, plasma polymers represent
highly branched and highly cross-linked networks, which form as a result of the
fragmentation of gaseous precursor under the low temperature plasma action with
subsequent recombination. The hypothetic structure of typical plasma polymer is
shown in Figure 1. The first mentioning of plasma polymers dates back to the 1870s

when the films of polymerized oil were found on the walls of the discharge tubes.[4]
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For a long time, they were considered as an undesirable product. Only in the first half
of the 20th century, plasma polymer films were firstly characterized. In the 1960s, the
first application of plasma polymerized styrene as a barrier layer was published by
Goodman.[5] In the next decades, the interest to plasma polymers in the scientific
community rapidly increased. It was found that the increase of pressure in the reactor
initiates the formation of micro- and nanosized particles in the plasma zone. This

phenomenon was called dusty plasma.
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Figure 1. Hypothetical structure of plasma polymer.

Several mechanisms of polymerization were proposed to describe the process
of interaction between the plasma and monomer molecules. The simplest concept was
described by Lam and was called free-radical plasma polymerization.[6, 7] It is known
that plasma is a quasineutral medium containing neutral species, positive and negative
ions, and free electrons. The non-equilibrium electrons interact with precursor
molecules inelastically which results in the formation of free radicals (activation
stage). Radicals then attach to intact precursor molecules by opening of unsaturated
carbon bonds and thus the molar mass increases (propagation stage). Finally, the
termination of polymer chains takes place if radicals recombine. For clarity, the free-
radical mechanism is drawn in Scheme 1. Lam assumed that the propagation and

termination are going simultaneously in a gas phase and on the adjacent surfaces.



Afterwards, the more real scenario was proposed by Pall when the radicals form in a

gas phase and subsequently interact with monomer units adsorbed on the substrate.

Initiation Propagation Termination

Rn+Rm_>Pm+n
+ +
Mtie 32R; te R +R_>P +P

Scheme 1. Free-radical mechanism of plasma polymerization elaborated by Lam.[7]

Plasma polymerization theory was further developed by Yasuda and Hsu.[8, 9]
They introduced the processes of polymer ablation, which were initiated by the
bombardment of the growing film by positive ions from plasma (competitive ablation
and polymerization mechanism, Scheme 2). The gaseous products of ablation can be
reactivated and can participate the polymerization again or can be removed from the
reaction volume by pumping. In the case if the rate of ablation exceeds the rate of free-

radical polymerization, the polymer film does not form on the substrate.

Gas

!  Plasma

Plasma Induced

Polymerization Path ﬁtblation

/
1
/

Vapor phase\

Scheme 2. Competitive ablation and polymerization mechanism proposed by Yasuda

and Hsu.



Moreover, Yasuda introduced more complex mechanism of plasma
polymerization (see Figure 2). He assumed the existence of two cycles responsible for
plasma polymer growth. The first was similar to the standard free-radical mechanism.
The second involved so-called bifunctional species (i.e. the monomer species
containing together cationic and radical propagating centers or bi-radicals).
Bifunctional species permitted the simultaneous growth of polymeric chain in multiple

directions by the multiple pathways. This mechanism was named rapid step-growth

polymerization.

T
l o Me s M MM
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Plasma

excitation

Figure 2. The rapid step-growth polymerization mechanism introduced by Yasuda

(adapted from [10]).

Later, d’Agostino developed an activated growth model of plasma
polymerization of fluorocarbons. It was described in detail in [11]. According to this
model, the processes of electron and ion bombardment of the surface are very
important in the plasma polymer growth. They can be responsible for such processes
as precursor desorption from the substrate, film sputter erosion and degree of cross-
linking. Thereby, the control over the deposition parameters (working gas pressure,
discharge power) which influence the energy of bombarding ions is necessary for the
control over the final film properties. For example, if it is required to retain the

structure close to the initial monomer, the ion energy should be reduced.



Different deposition techniques utilizing low pressure plasma were developed
for polymerization. Several variations of the reactors are presented in Figure 3. In
Figure 3a, a system with internal parallel-plate electrodes is shown. Two metal
electrodes are powered by the AC or RF voltage. The discharge is ignited in the
atmosphere of a working gas mixture (typically, inert gas with monomer vapor) and
plasma polymerization occurs. The discharge pressure is varied from 1 to 100 Pa.
Another approach for deposition of plasma polymer films involves sputtering of
polymer targets (Figure 3b). An RF powered planar magnetron is employed as an
excitation electrode. A substrate holder can be electrically isolated, grounded or
biased. This approach was successfully applied for sputtering of
polytetrafluoroethylene (PTFE),[ 12—14] polypropylene,[15, 16] polyethylene,[17-19]
polyimide,[20, 21] amorphous hydrocarbon,[22] polyaniline [23] and nylon.[24] Other
very popular deposition reactors include glass tubes with outer-ring capacitively
coupled excitation electrodes or an excitation coil (see Figure 3¢ and Figure 3d). Such
systems were widely used for a long time and even were chosen for a round-robin
experiment on the deposition of polyacrylic acid thin films.[25] For more energetic
excitation, a microwave-powered (2.45 GHz) arrangement is needed. The scheme of
the microwave-powered reactor is shown in Figure 3e. Finally, a relatively new
method for the deposition of plasma polymer films is presented in Figure 3f. Plasma
assisted vacuum evaporation technique represents thermal decomposition of bulk
polymer precursor with the subsequent transition of oligomers into the vapor phase.
The oligomer flux passes through the plasma and radicals are generated. Afterwards,
radicals recombine on the substrate surface forming the plasma polymer film. Thin
films of plasma polymerized polyimide and poly(ethylene oxide) (PEO) have been
deposited by this method.[26-28]
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Figure 3. Several deposition systems: a) parallel-plate electrode reactor; b)
magnetron sputtering system; c), d) tubular reactors with outer-ring capacitively
coupled excitation electrodes or an excitation coil, respectively; €) microwave
reactor; f) plasma assisted vapor phase deposition system. Abbreviations: PS — power
supply, C — cooling, W — window, P — pumps, M — monomer, Sh — shutter, S —
substrate, uUW — microwave energy, MD — microwave discharge, SSR — stainless
steel resonator, SCh — silica chamber, Q — quartz crystal microbalance, MS — mass

spectrometer, T - thermocouple, C —evaporator. (adapted from [25])



In accordance with the aims of the current work, PEO plasma polymer was
chosen because of its unique ability to resist against the adsorption of proteins. Such
ability is called non-fouling properties. It is assumed that these properties may partially
originate from the presence of ether groups in polymer structure.[29] The ether groups
interact with water molecules from protein solution by hydrogen bonds and orient them
forming a screening layer on the water/polymer interface. This layer prevents the
binding of proteins with PEO. On the other hand, a steric repulsive interaction of the
macromolecules with proteins may also play a role. The polymer chains in PEO act as
macromolecular springs due to the segmental mobility and repulse the protein
molecules. It is worth noting that the segmental dynamics may significantly differ in
thin films adhering to rigid substrate. Recent studies revealed that a distinctly different
adsorbed layer forms at the substrate/polymer interface.[30] This layer is characterized
by the constrained segmental dynamics. The same effect was observed for thin films
of PEO plasma polymers for which a confinement of segmental mobility was detected

by the measurements of the dynamic glass transition temperature T"

using a novel
technique of the AC-chip nanocalorimetry.[31]

Improved adhesion to substrates and mechanical stability of plasma polymer
thin films in comparison with the conventional ones make them very perspective for
the variety of applications. Superhydrophobic and superhydrophilic surfaces,
electrically resistant surfaces, materials for drug delivery and non-fouling surfaces can
be developed on the base of plasma polymers. Moreover, the application potential of

plasma polymers can be improved by their nanostructuring. The Chapter 1.2 describes

the methods of nanofabrication, which are successfully implemented now.

1.2. Nanostructuring of plasma polymers

Possible applications of nanostructured plasma polymers strongly influence the choice
of the experimental method. For example, the surfaces with tunable wettability have
attracted much attention during the last decades. The hydrophilic and hydrophobic
surfaces can be easily prepared by the deposition of corresponding plasma polymer
films. One of the ways to prepare the polymer (including plasma polymer) surface
pattern is plasma etching. Many papers about the plasma treatment of polymers using
different systems and different gases were published. In [32—-34], processing of plasma
polymer films by Ar plasma for the production of nanocolumnar structures is

described. The nano-hierarchical surfaces can be prepared also by the direct plasma
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polymerization. The developed fluorocarbon coatings were created by plasma
polymerization of tetrafluoroethylene or allylpentafluorobenzene and demonstrated
superhydrophobicity.[35-37]

Co-deposition of hydrophilic and hydrophobic polymers allows to form the
coatings with tunable wettability. The wettability is regulated by changing of the
deposition parameters that influence the component ratio in the final film. Such
coatings were produced by co-sputtering of hydrophilic silicon oxide with
hydrophobic polytetrafluoroethylene, polyethylene, polypropylene or polyimide.[13,
19, 21] In these works, the deposition rate of the individual components was tuned by
the regulation of the power applied to the magnetrons. Nanoporous coatings can be
produced by plasma copolymerization of 3,3.4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-
heptadecafluoro-1-decene (HDFD) and poly(ethylene glycol) methacrylate (PEGMA)
with subsequent acid treatment.[38] Plasma assisted co-deposition of two immiscible
polymers can be performed by means of physical vapor deposition. In [39], the authors
evaporated simultaneously hydrophilic poly(ethylene oxide) and hydrophobic
polyethylene from 2 independent crucibles with subsequent activation of oligomers by
glow discharge. As a result, the bi-component plasma polymer film with nanophase
separation was produced. It is worth noting that the regulation of the chemical
composition was able to tune the wettability as well as the cell adhesion. On the other
hand, the sequential deposition of polyethylene onto the surface of pre-deposited
poly(ethylene oxide) by a similar approach also leads to the formation of interesting
nanostructures. As was published recently in [40], the fractal structures of different
shape can be obtained.

As was mentioned in Chapter 1.1, the increase of the monomer pressure in the
deposition chamber initiates the aggregation and growth of plasma polymer NPs.
These NPs have been used for the preparation of nanostructured surfaces. For example,
the superhydrophobic surfaces can be produced using hydrocarbon or fluorocarbon
NPs as was shown in [41, 42]. Moreover, it is possible to reverse the wettability of
hydrocarbon surfaces toward the superhydrophilicity by a simple plasma treatment or
UV-irradiation. Plasma polymerized hexamethyldisiloxane (HMDSO) NPs were
applied for the fabrication of biomimetic surfaces with multiscale roughness.[43] The
size of the NPs was regulated by the RF discharge power. The surfaces with multiscale
roughness provided very high surface area, which made the surface slippery with small

hysteresis of water contact angle.



Glancing angle deposition is a relatively new technique for the fabrication of
porous and nanostructured coatings. In this method, the flux of incident particles or
polymer fragments is directed at oblique angles toward the substrate. As a result, tilted
columns, chevron or zig-zag columns, helical columns and vertical columns can be
formed.[44] Plasma polymers have been successfully utilized for the formation of such
structures. For example, sputtering of nylon under the glancing angles permits to
produce the tilted columns or vertical columns.[45] Moreover, nanocolumnar
composite coatings can be formed by the simultaneous glancing angle magnetron
sputtering of titanium and plasma enhanced chemical vapor deposition of hydrocarbon
plasma polymer.[46] According with previous findings, the Ti/hydrocarbon
nanocomposite coatings can be useful for biological applications, for example as
supports for the cell growth.[47]

The combination of metals and plasma polymers in nanocomposites has
attracted much attention in the past decades due to their numerous potential
applications, such as electrically conductive, optically active, catalytic or antibacterial
coatings.[48, 49] Metals can be included into the plasma polymer matrix in the form
of NPs. In terms of biomedical applications, silver and copper are useful because of
their strong antibacterial action. The antibacterial efficiency of these metals has been
confirmed by many investigations.[50—58] Moreover, it has been recently revealed,
that copper is able to kill the dangerous multi-drag resistant bacterial strains, such as
Methicillin-resistant staphylococcus aureus.

The antibacterial character of Ag and Cu NPs was discussed mainly in terms
of two mechanisms: the ion release and the generation of reactive oxygen species
(ROS).[55, 59] The reactions corresponding to the ion release are presented below:

2Ags + 1/20, +2H" — 2Ag" + H,O
Cus + Oz + 2H" — Cu?" + H20..
Metal ions may destroy membrane of bacteria, react with DNA and stimulate the death
of the microorganism. Note that in the case of Cu, the ion release is accompanied by
the formation of hydrogen peroxide, and it was supposed that ROS may also contribute
to the antibacterial effects.

The antibacterial properties of plasma polymers loaded with Ag and Cu NPs
were reported previously. The NPs produced both by wet chemical and physical
methods (vacuum evaporation, magnetron sputtering) were embedded into the plasma

polymerized PTFE, acetylene, n-heptylamine, HMDSO and ethylenediamine.[60—65]
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Nevertheless, the search of new effective and environmentally friendly methods for
the metallic NPs fabrication is still in progress. Synthesis of NPs by the aggregation in
a cold buffer gas has become one of the most promising techniques in the last 10 years.
The basics of gas aggregation source (GAS) technique and its combination with

plasma polymerization is decribed in the next Chapter.

1.3. Gas aggregation cluster source for the deposition of

antibacterial nanocomposite films
In recent years, there has been great interest in application of GASes for the production
of different kinds of NPs. The first mentioning of the bismuth cluster formation in the
gas phasee is dated by 1930.[66] Later in 1971, Broida and co-workers produced
sodium clusters for optical applications.[67] The popularity of GAS gradually
increased.[68, 69] In all these works, an initial construction based on the evaporation
of material was utilized (see Figure 4, left). A crucible with material to be evaporated
was installed inside a water cooled vacuum chamber which was ended by a small exit
orifice. The evaporation was performed in the atmosphere of inert gas. The further
progress is associated with Haberland and co-workers, who offered to use magnetron
instead of the evaporation cell as a source of material in GAS.[70] The scheme of such
model is drawn in Figure 4, right. The use of magnetrons has evident advantages, such
as a stable deposition rate, easier control of NP characteristics and longer operation
time of the target. NPs of numerous metals were successfully synthesized by the
magnetron-based GAS.[71-79] Furthermore, GAS was successfully applied for the
fabrication of semiconductor, insulator and even plasma polymer NPs.[80—83] The
magnetron-based GAS can also be utilized for the fabrication of heterogeneous NPs.
For example, the combination of two magnetrons with different targets in the same
GAS leads to the formation of core-shell bi-metallic NPs.[84] It is also possible to
combine magnetron sputtering with plasma polymerization inside the aggregation

chamber to obtain metal — plasma polymer core-shell NPs.[85]
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Figure 4. Schematic images of GASes with the evaporation cell (left) and with

magnetron (right) as material sources. (adapted from [86])

GASes have become widely used for the fabrication of nanocomposite
coatings. The compactness and convenience of modern cluster sources allow installing
them easily onto vacuum chambers for plasma polymerization. As a result, metal
NPs/plasma polymer nanocomposites can be produced both by simultaneous and
sequential deposition. For example, coatings with tunable wettability might be
prepared by embedding Cu and Ag NPs into matrices of sputtered nylon [87], a-CH
[78] and fluorocarbon plasma polymer [88]. Antibacterial coatings were also prepared
by mixing of Ag NPs with a-CH and Si-containing plasma polymers.[89, 90] Recently,
superwettable textiles with antibacterial properties were developed by mixing of
plasma polymer and Cu NPs.[91] The possible application of such textiles as highly-
effective water/oil filters was demonstrated.

In spite of a huge number of the studies that dealt with the gas phase preparation
of metal NPs and their applications, little concern has been raised with regard to the
processes occurring inside the aggregation chamber. Several works dealing with
modeling of the NP motion were performed, although the experimental approaches are
scarce. [92, 93] Only recently, Langmuir probe and passive thermal probe were applied
for the in-situ diagnostics of the NP formation.[94, 95] Nevertheless, the search of
experimental method for the in-sifu characterization of NPs inside the cluster source

is still actual.
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AIMS OF THE DOCTORAL THESIS

The thesis is focused on the development of novel nanostructured materials based on
plasma polymers. In particular, the gas aggregation source of nanoparticles is to be
combined with plasma polymerization to fabricate the nanocomposite materials for the
potential biomedical applications. For the realization of this goal the following aims
were formulated:

e [n-situ investigation of the processes of metal NPs formation, growth and
transport inside the GAS.

e The development and characterization of nanostructured films based on PEO
plasma polymer with inclusion of Ag and Cu NPs. The evaluation of their
antibacterial activity.

e The investigation of the influence of metal NP on the chemical composition
and segmental dynamics in thin plasma polymer layers.

e The fabrication and characterization of polystyrene-like nanostructured
coatings. The decoration of PEO-like and PS-like coatings by Cu NPs and

characterization of their wetting behavior.
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2. EXPERIMENTAL

In this work, two independent plasma-based steps were used for the fabrication of the
samples. Chapter 2.1 represents the experimental equipment in detail. Silver and
copper NPs were produced using GAS mounted in vertical configuration onto a
stainless steel main chamber. The main chamber was equipped with a system for
Plasma-Assisted Vapor Phase Deposition of plasma polymers, e.g. PEO thin films, PS
nanoislands. All the experiments were performed under vacuum conditions. The
vacuum system was initially pumped using rotary and diffusion pumps to the pressure
of 1x10 Pa. The combination of both processes in one equipment allowed to produce
the nanostructured materials based on metall NPs and plasma polymers without
breaking vacuum. This part of the thesis was realized at the Department of
Macromolecular Physics of the Faculty of Mathematics and Physics in Charles
University.

The investigation of the NP formation and growth inside the GAS was
performed at DESY synchrotrone, Hamburg, Germany. The in situ small angle X-ray
scattering (SAXS) experiments were carried out using a special model of the GAS
with diagnostics windows. The same GAS was utilized for the in situ UV-Vis
spectroscopy measurements and depositions inside the aggregation zone to
characterize the NP distribution and transport. These experiments were realized at the
Chair of Mulicomponent Materials of the Insitute for Material Science in Christian-
Albrechts University at Kiel. In both cases, the experimental equipment was pumped
by scroll and turbomolecular pumps to obtain the base pressure of 3x107° Pa. The
schemes of both experiments are presented in Chapter 2.2.

The diagnostic equipment used for the detailed characterization of the samples
is described in Chapter 2.3.

Finally, the Chapter 2.4 is dedicated to the presentation of the experiments that
took place at the Gamaleya National Research Center of Epidemiology and
Microbiology, Moscow, Russia and involved the research on bactericidal effects of
nanostructured samples against multidrug-resistant pathogens. The in-house tests of

protein adsorption are also presented here.

2.1. Plasma-based equipment for the preparation of samples
Figure 5 shows the scheme of the experimental equipment utilized for the preparation

of samples. The GAS was used for the production of Cu and Ag NPs. It consisted of a
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cylindrical chamber of 10 cm in diameter. The walls of the chamber were cooled by
water. A planar magnetron with diameter of 81 mm was used for the direct current
sputtering of Cu or Ag targets (3 mm thick, 99.99 % purity). The magnetron was
connected to a power supply (DCO1 BP, Kurt J. Lesker). The chamber was ended by
a cone with an exit orifice. The diameter of the orifice was 2 mm. The distance between
the target surface and the aperture (a so-called aggregation length) was set at 8.5 cm.
The pressure inside the source was controlled using pressure gauge with range 1x1072
— 133 Pa (Pfeiffer Vacuum). Sputtering of metals was performed in the atmosphere of
Ar (Linde, purity 99.996%) supplied to the GAS through a nozzle behind the
magnetron. The Ar flow was regulated using a flow controller MKS MF-1. The flow
rate was optimized for Cu NPs at 5 sccm that corresponded to the pressure of 75 Pa in
the source. The discharge current was 130 mA. In the case of Ag NPs, the Ar flow rate
was 8.5 sccm corresponding to the pressure of 100 Pa in the GAS whereas plasma was
ignited at the current of 150 mA.

The GAS was connected to a main deposition chamber. The equipment for
Plasma Assisted Vapor Phase Deposition consisted of a copper crucible that was filled
with polymer granules (PEO, M, = 1500 g/mol, Sigma-Aldrich; PS, M, = 192000
g/mol, Sigma-Aldrich). The crucible was mounted onto molybdenum wires serving as
electric heaters. The temperature of the crucible was increased up to 300 °C to begin
the evaporation of polymeric melt. A planar electrode with diameter of 81 mm was
situated under the crucible and used for the generation of Ar plasma. Ar was supplied
through the GAS to achieve the working pressure of 1 Pa in the main chamber. The
planar electrode was powered by an RF power supply (Dressler Ceasar 13.56 MHz)
using a matching unit. The discharge power was kept constant at 5 W during all the
depositions.

Substrates (Si wafers 1 x 1 cm, laboratory and quartz glasses with diameter of
1 cm) were glued by carbon tape onto a manually rotated sample holder, which was
located in the main chamber at the distance of 10 cm above the crucible and 12 cm
below the GAS orifice. The deposition rate of the metallic NPs and plasma polymers
was controlled by quartz crystal microbalance (QCM) mounted in plane with the

substrates.
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Figure 5. The scheme of the deposition equipment.



2.2. In situ nanoparticle diagnostic techniques

2.2.1. SAXS measurements

A special model of the GAS was constructed for the in situ SAXS investigation of the
formation and growth of metallic NP inside the aggregation zone. It is presented in
Figure 6. For these experiments, the cylindrical body of the source was equipped with
kapton windows of 40 mm in diameter located opposite to each other. The full system
was mounted at the PO3 beamline of PETRA III, DESY, Hamburg, Germany. An
elliptically microfocused X-ray beam (22.0 x 32.0 = 0.5 um, V x H axes) was directed
through the windows in the GAS toward a detector (Pilatus 1M, Dectris Ltd.; pixel
size 172 um). The detector was located at the distance of 5696+ 0.5 mm from the GAS
axis. The energy of photons was 13.01 keV. Such equipment made it possible to
perform the measurements from 0 to 40 mm across the x axis and radially at the
distance from 0 to 12 mm from the magnetron axis. Cu NPs were fabricated at pressure
86 Pa and flow 25 sccm. The discharge was ignited using current 500 mA and voltage
320 V. Ag NPs were produced at pressure 125 Pa and flow 18 sccm. The magnetron
was operated at current 600 mA and voltage 300 V.

To detector
3 4
1

Water

Synchrotron

Figure 6. Schematic image of the equipment applied for SAXS measurements in

DESY: 1 — adjustable magnetron, 2 — water cooling, 3 — Kapton™ windows.
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The scattering curves were measured at different positions inside the
aggregation zone. The software DPDAK was utilized for post-processing of the raw
data.[96] Figure 7 demonstrates the examples of the cattering curves. The scattering
patterns are presented as the dependencies of average integrated scattered intensity /
on scattering wave vector ¢g. The measurements were done inside the aggregation zone
at different points on the magnetron axis and at different radial distances with the x

position fixed at 5 mm.
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Figure 7. SAXS scattering curves measured at different positions on the GAS axis

(the background was previously subtracted).

For the fitting of the experimentally measured scattering curves, the SASView
software package was used with a full sphere model and lognormal size
distribution.[97] This approach allowed to determine the average NP size and the
relative volume fraction (i.e. the part of the volume occupied by all the NPs to the

sampled volume defined by the X-ray beam size).

2.2.2. Deposition of NPs inside the GAS

A special construction of the sample holder was developed to characterize the
morphology and the size of Ag NPs formed and deposited inside the aggregation zone.
The scheme of the experiment is presented in Figure 8. The sample holder consisted
of a stainless steel base with perpendicularly mounted stainless steel wires. The wires
were located at different distances from each other. Si substrates with the size of 1.0 x

0.5 cm were fixed on the wires. Such design allowed locating the substrates close to

17



the GAS axis and to collect the NPs travelling through the aggregation zone. An
additional substrate was placed on another holder behind the orifice at the distance of
20 cm. The deposition time was 10 s. The morphology of Ag NPs was determined
using scanning electron microscopy (SEM, SupraS5VP-Carl Zeiss). The NP size was
determined using the Solarius Particles software developed at our department. For each
sample, at least 150 NPs were processed to obtain the size distribution and to calculate

the mean diameter.

Ar

top

bottom

Figure 8. The equipment applied for the deposition of Ag NPs inside the aggregation
zone: 1 —magnetron with Ag target; 2 — sample holder; 3 — Si substrates; 4 — orifice;

5 —sample holder behind the orifice; 6 — glass window.

2.2.3. UV-Vis spectroscopy characterization of NPs in the gas phase

UV-vis spectroscopy is a promising technique for in situ studying of the formation and
growth of metallic NP in the GAS. It allows to detect and to monitor the peak of
Localized Surface Plasmon Resonance (LSPR). It is possible to discuss about the

number and size transformation of NPs based on the intensity, position and shape of
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the peak. The main disadvantage of this approach is associated with limitations of the
material to be detected: only plasmonic materials can be analyzed. Figure 9
demonstrates the experimental set-up used for the in situ UV-Vis measurements inside
the aggregation zone. The construction of the GAS described in detail previously was
utilized. Ag was chosen because it typically exhibits a sharp and intensive LSPR peak
with the maximum around 360 nm. A source (Ocean Optics DH2000 BAL) was used
to obtain a beam of light perpendicular to the GAS axis. An Ocean Optics STS
Microspectrometer, 190-600 nm was utilized to collect the spectra. Both the light
source and the detector were equipped with fiber optic cables which were mounted on
quartz windows. A special optical system was used to produce the parallel light beam
with diameter of 1 cm. The background was recorded without plasma. The integration
time was varied from 0.01 s to 1 s depending on the experiments. The experimental
parameters were completely the same as in the SAXS experiments. The construction
of the moveable magnetron allowed to measure spectra at different distances from the

target surface. Therefore, it was possible to perform mapping along the GAS axis.

Water

Pumping 5

Figure 9. The scheme of the experimental equipment utilized for the in-situ UV-Vis
spectroscopy measurements: 1 — movable magnetron; 2 — plasma; 3 — water cooling;
4 — quartz window; 5 — orifice; 6 — fiber optic cables; 7 — light source; 8 — UV-Vis

spectrometer; 9 — computer.
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2.3. Methods for the sample characterization

2.3.1. Spectroscopic techniques

UV-Vis spectrophotometry

For the ex situ characterization of Cu and Ag NPs deposited on the substrates, UV-Vis
spectrometry was applied. This technique allows the investigation of LSPR peak of
plasmonic NPs deposited onto quartz substrates. Here, a spectrophotometer Hitachi U-
2900 was used. The light source was equipped with deuterium and tungsten lamps for
ultraviolet and visible spectral regions, respectively. The measurements were

performed in the wavelength region of 200 — 1100 nm.

X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS) was employed to determine the chemical
composition of NPs, plasma polymer coatings and composites. The majority of the
measurements were performed using an XPS spectrometer at the Department of
Macromolecular Physics. It was equipped with an Al Ko X-Ray source, which
produced the photons with energy of 1486.6 ¢V, and with a hemispherical analyser
(Phoibos 100, Specs, Germany). An anode was operated at the power of 200 W. Wide
spectra were measured in the energy region of 0—1100 eV using the pass energy
value of 40 eV. High resolution spectra were collected using 10 eV pass energy and
10 scans for each spectrum. All the measurements were performed under the ultra-
high vacuum conditions (5 x 10® — 5x 1071% torr). For the processing of the data, the
Casa XPS software was utilized. All the spectra were calibrated with respect to the
position of ether groups of Cls peak, which is located at 286.5 eV. Linear background
was applied for the fitting of spectra.

Additionally, the measurements were performed using another spectrometer
(Kratos Axis, Supra). It was equipped with a hemispherical analyzer and a
monochromatic Al Ka X-ray source (1486.6 eV). The XPS spectra were acquired from
the area of 700 x 300 um? with the take-off angle of 90°. Wide spectra were recorded
with the pass energy of 80 eV, whereas the high resolution spectra - with the pass
energy of 10 eV. The quantitative analysis of the Cls high resolution spectra were
performed using the ESCApe (Kratos Analytical Ltd.) software after Shirley
background subtraction. The best peak fits were obtained using a Gaussian-Lorentzian

(70/30) algorithm.
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Fourier-transform infrared spectroscopy

The Fourier-transform infrared spectroscopy (FTIR) measurements were performed
using a spectrometer (Bruker Equinox 55) in a reflectance-absorbance mode. The
spectra were recorded in the region of 4000 — 400 cm™'. For these measurements,
samples were deposited onto silicon substrates coated by a thin gold film. The
resolution was set at 2 cm™'. Processing of the spectra was performed using the

software OPUS (BRUKER Optics).

Ellipsometry

Ellipsometry was applied to measure the thickness of thin polymer films. An
ellipsometer (Woollam M-2000 DI) was used in this study. The measurements were
realized at the angles varied from 55° to 75°. The results were fitted using a Cauchy

model to determine the thickness of the coating.

Specific heat spectroscopy

An advanced technique of specific heat spectroscopy (SHS) in the configuration of
AC-chip calorimetry was employed for the investigation of glass transition
temperature of ppPEO matrix in nanocomposite Cu NPs/ppPEO coatings.
Calorimetric sensors (XEN 39390, Xensor Integration, NI) were used (Figure 10).
Every sensor was equipped with 6-couple thermopiles and two four-wire heaters (bias
and guard heater). All the components were protected by a layer of SiO; with a
thickness of 0.5 — 1 um. Thin composite coatings were deposited directly over the

entire surface of sensors.
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Figure 10. Photo of the sensor XEN 39390 (Xensor Integration, NI) (left) and SEM
image of the hot spot (right).

The calorimeric investigations were performed in a temperature scan mode.
The rate of heating/cooling was 2 K/min at a fixed frequency. The frequency was
changed after every scan in the range of 1 Hz — 10* Hz. The power of heating was
constant at 25 pW. This value corresponds to the situation when the amplitude of the
temperature modulation is less than 0.5 K. Thereby, the measurements were performed
in a linear regime.

The differential approach was applied to minimize the heat capasitance of a
blank sensor. According to this approach, the heat capasitance of the film may be
determined as follows:

Crimm = iwC (AU — AU,)/SP, (1)

where, @ — angular frequency (@ = 2nf, f - frequency), i = (-1)"2. C = Cy + G /iw
characterizes the effective heat capacity of the blank sensor (Cyp — heat capacity of the
sensor; G/i@ is the heat loss through the ambient atmosphere), S is the sensitivity of
the thermocouple and Py is the applied power consumed for heating. AU means the
complex differential signal of thermocouple for a blank reference chip and a chip with
deposited film. AUy is the complex differential voltage recorded for two blank chips.
AU means the complex heat capacity of the sample.

The AC-chip calorimetry principle consists in the measurement of complex
differential voltage (AU) at different temperature and frequency. As follows from the
equation 1, AU is related to the complex heat capacity and consists of the real part Uz
and imaginary part corresponding to the phase angle @. Therefore, the dynamic Tg can

be determined as the temperature at half the step-height of the stepwise function of the
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Ur and/or the temperature at which the peak function of the ¢ is maximum. The

examples of both dependencies are presented in Figure 11.
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Figure 11. Raw data of the complex differential voltage with the real part (black)
and the phase angle (green) for the ppPEO film without NPs, measured at a
frequency of 160 Hz.

For the accurate and convenient determination of Ty from the temperature
dependence of the real part Ur the approach described in Reference [30] was
employed. Here, the first derivative of the Ur function with respect to temperature is
taken. As a result, a function with maximum is obtained. This function can be fitted
by a Gaussian curve and the dynamic Ty is determined as the position of the function
maximum.

The thermal stability of the composite film is also an important factor for the
calorimetric measurements. The preliminary experiments found that the calorimetric
curves deviated significantly upon cycling heating up to the temperature 338 K
whereas heating to 300 K did not lead to any change of the signal. This result allowed

setting up the maximal temperature for the AC-chip measurements at 300 K.
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2.3.2. Microscopy techniques

Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was used for the analysis of the NP morphology
and for the calculation of the NP size distribution. A SEM (Tescan Mira III, at Charles
University, Prague, Czech Republic) and a SEM (Supra55VP-Carl Zeiss, at Kiel
University, Kiel, Germany) with in-lens detectors were operated in a secondary
electron mode for the topography measurements. The acceleration voltage of 5 kV was
employed during the measurements. The diameter of NPs was determined using the
Solarius Particles software developed at the Department of Macromolecular Physics.
The data for at least 150 NPs were taken into account for each sample. Moreover, the
cross-section SEM measurements were performed in secondary electron and
backscattered electron modes to characterize the interior structure of bi-layered Cu
NPs/PEOpp composites. For these measurements, the hybrid films deposited on Si
wafers were frozen in liquid nitrogen for 10 minutes and then were mechanically

cleaved.

Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) was utilized for deeper characterization of
NP morphology and structure as well as for the investigation of the structure of the Cu
NPs/PEOpp nanocomposite. A TEM (Jeol 2200FS) was used. The samples were
deposited onto the carbon coated copper TEM grids (300 Mesh, Agar Scientific).

Atomic force microscopy

The topography of plasma polymer and composite samples was studied using atomic
force microscopy (AFM). The measurements were performed by an AFM (Ntegra
Prima, NT-MDT) in a semi-contact regime under the ambient atmosphere. Silicon
AFM probes were used (Multi75A1-G with aluminum reflective coating,
BudgetSensors®, force constant = 3 N/m, resonance frequency = 75 Hz, typical radius
of curvature < 10 nm). Every sample was measured at 5 different points. Processing

of the images was done using the software Image Analysis (NT-MDT).
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2.3.3. Water contact angle measurements

The surface wettability of the coatings with nanoarchitecture was measured using a
self-developed goniometer based on a sessil water drop principle. The goniometer was
equipped with a high-resolution camera and was controlled by the Solarius Wettability
software (Department of Macromolecular Physics). Water drops of 20 pl volume were

placed at 5 different places of a sample for better statistics.

2.4. Biological tests
2.4.1. Protein adsorption

The important characteristic of PEO is a non-fouling activity, i.e. the ability to stand
against the adsorption of biomolecules. In this research, the non-fouling properties of
Cu NPs/ppPEO films were tested in terms of the adsorption of proteins. Bovine serum
albumin (BSA, Sigma-Aldrich, Inc.) was chosen as a model protein. The experimental
protocol is schematically drawn in Figure 12. First, the solution of the protein was
prepared such that BSA was dissolved in the phosphate buffered saline (PBS, Sigma-
Aldrich, Inc.) to obtain the concentrated solution of 5 mg/ml. The working solutions
were prepared by diluting the stock solution to the final concentration of 50 pg/ml.
Silicon wafers (1 cm x 1 cm) covered by the studied films were placed into standard
well-plates. 2 ml of BSA solution was added to every sample. The incubation time was
20 min. After the incubation, the samples were rinsed by de-ionized water twice to
remove physically sorbed BSA and were dried under the ambient conditions. The XPS
measurements were performed to detect the signal from nitrogen which is present in
BSA but absent in the films.

Washing
and drying

N1s signal
XPS measurement

Protein
N1s

Sammple incubation p \
A
PEO |

",

o w’\ﬂJ by \h
~- _DW-DA - 90000 — /'

420 400
Binding energy, eV

Figure 12. The scheme of protein adsorption test.
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2.4.2. Antibacterial tests

One of the aims of current research was to obtain the Cu NPs/PEOpp composites with
bactericidal properties. The control of the antibacterial activity of the composites was
performed at the Gamaleya National Research Centre in Moscow (Russia). The Gram-
positive bacterium Staphylococcus aureus (methicillin-resistant strain SA180-F) and
the Gram-negative bacterium P. aeruginosa (strain PA21) were used as multidrug-
resistant bacteria. Table 1 describes the characteristics of the bacterial strains, where
AMC — amoxicillin, AMP — ampicillin, CTX — cephotaxim, CN — gentamicin, F —
nitrofurantoin, IPM- imipenem, M — methicillin, MEM- meropenem, SXT-

trimetoprim/sulfamethoxazol, SCF- sulbactam/cephoperason.

Table 1. The main characteristics of the bacterial strains used in the research.

Species Strain Genotype Resistance Source
_ Clinical
Staphylococcus aureus | SA180-F | Wild type M ‘
isolate
AMC, AMP,
Pseudomonas CTX,CN, F, Clinical
PA21 Wild type
aeruginosa IPM, MEM, isolate
SXT, SCF

To evaluate the bactericidal activity against planktonic bacteria, the
nanocomposite films were prepared by depositing two layers of Cu NPs onto glass
substrates followed by overcoating them with 10 nm of ppPEO. The samples were
placed into 12-well plates with the active surface facing upward. Overnight S. aureus
SA180-F culture was diluted in PBS up to 1x10° CFU/ml. Each well was filled with 3
ml of the bacterial suspension and the samples were incubated at constant temperature
of 37 °C and constant shaking (150 rpm) for 3 hours. Decimal dilutions of the bacterial
suspension were seeded onto nutrition agar (BHI agar, Difco) and incubated at 37 °C
for 24 h, then the bacterial colonies were counted and the concentration in CFU/ml
was calculated.

The antibacterial activity against bacteria in biofilms was tested on the P.
aeruginosa strain 21. The samples were placed into 24-well plates with the active

surface facing upward and 1 ml of the bacterial suspension was added to each of the
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wells with the initial concentration of 1x10” CFU/ml. The samples were incubated for
24h at 37 °C without shaking. After the incubation, the samples were taken out from
the solutions and flushed with the culture medium to remove weakly-adhering bacteria.
The bacteria remaining on the surface were stained by a LIVE/DEAD kit (Invitrogen,
USA) to distinguish the living bacteria (green) from the dead (red) by fluorescence
microscopy. The staining was produced according to the instructions of the

manufacturer.
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3. RESULTS AND DISCUSSION

3.1. Ag and Cu nanoparticle deposition and characterization

3.1.1. Ex-situ characterization of Ag and Cu NPs

The condtruction of GAS described in Section 2.1 was utilized for the fabrication of
Ag and Cu NPs used afterwards in the preparation of antibacterial coatings. The
experimental parameters for both metals were optimized to achieve the highest
depozition rate which was monitored using QCM. First of all, the NPs were deposited
onto the Si substrates and TEM grids to characterize their morphology and size. Figure
13a and Figure 13b show the shape of Cu NPs and Ag NPs, respectively. The high
resolution TEM images of NPs are presented as incuts. Well dispersed and
polydisperse NPs of both metals are shown. TEM images successfully confirmed the
crystalline nature of NPs. Moreover, the NPs of size > 20 nm are polycrystalline. Size
distributions were calculated from these images. The size histogram for Cu NPs is
shown in Figure 13c and for Ag NPs in Figure 13d. The mean diameters estimated for

Cu and Ag NPs were 22 + 5 nm and 25 + 6 nm, respectively.
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Figure 13. The SEM and TEM micrographs of (a) Cu NPs and (b) Ag NPs. Images
(c) and (d) demonstrate corresponding size distributions (1 — mean diameter, ¢ —

standart deviation).

It is known that Cu and Ag NPs are useful for optical applications. Both types
of NPs demonstrate pronounced LSPR peak in the visible spectral region [98, 99]. The
UV-Vis spectra of the NPs deposited on glass microscope slides are shown in Figure
14. The absorbance maximum of Cu NPs is situated at 745 nm (see Figure 14a).
Moreover, the peak is relatively broad that also indicates polydispersity of NPs. The
opposite situation was observed in case of Ag NPs. The sharp and narrow LSPR peak
with maximum at 365 nm was found (see Figure 14b). The presence of LSPR peaks in
UV-Vis spectra indirectly confirms the absence of strong oxidation of NPs after their

extraction from vacuum to the ambient atmosphere.
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Figure 14. UV-Vis spectra of (a) Cu NPs and (b) Ag NPs.

For direct confirmation of the oxidation state of NPs the XPS spectra were
measured. For these measurements several layers of NPs were deposited onto the
PTFE foil to exclude the oxygen contribution from the substrate. High-resolution
spectra of Cu 2p and Ag 3d peaks are presented in Figure 15. Unfortunately, it is
challenge to differentiate metallic Cu and Cu (I) oxide. However, the Cu (II) oxide has
obvious satellites in the spectrum that help to identify it. In case of our NPs, no
satellites were observed in Figure 15a. Silver differs from silver oxide by small binding
energy shift toward higher values. This shift was not seen in Figure 15b. Therefore it
was confirmed by UV-Vis and XPS that after the exclusion from vacuum Cu NPs did
not oxidize very fast and keep their metallic state. This result is important for later

experiments with nanocomposites.
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Figure 15. High-resolution XPS spectra of (a) Cu 2p peak and (b) Ag 3f peak.
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3.1.2. In-flight diagnostics of the NP growth performed by SAXS

The variety of methods, such as SEM, TEM, UV-Vis spectroscopy, XPS etc., are used
for thorough characterization of NPs deposited onto substrates. However,
characterization of NPs during their formation and growth in GAS has not been
realized. The original model of GAS with several ports for the in-situ diagnostics was
designed in our department.

The SAXS measurements using the synchrotron radiation is a powerful source
of information sensitive at nano-scale. Therefore, our prototype of GAS was installed
at the P03 beamline of PETRA III, DESY. The SAXS measurements were preformed
using Cu and Ag targets and a part of results will be described below.

One of the advantages of our GAS was the possibility to realize spatial
measurements in axial and radial directions. Minimally 16 scattering curves were fitted
with a full sphere model with lognormal size distribution to calculate the NP mean
diameter and error bar at every spatial point. Moreover, the relative volume fraction,
which describes the ratio of the volume occupied by all the NPs to the sampled volume
defined by the beam size, was determined. The axial distributions obtained for Cu NPs
and Ag NPs are presented in Figure 16. The position x = 0 mm corresponds to the
surface of the target. In both cases, the first NPs were found already at 1 mm from the
target. The diameter of Cu NPs was around 30 nm. Then the NP diameter increased
and reached maximal value around 90 nm at 3 mm from the target. It should be noted
that we observed occasionally such big NPs on the substrates positioned outside the
GAS, but their number was negligible in comparison with the number of <30 nm NPs.
At the same time, the relative volume fraction also increased by a three-order
magnitude. We concluded that in first 3 mm from the target, the nucleation and growth
of NPs took place. However, the mean diameter and the relative volume fraction kept
approximately constant in the region from 3 to 9 mm away from the target. In the next
region, both parameters abruptly decreased and also remained approximately constant
up to the deposition on the substrate placed behind the orifice. The mean diameter of
NPs in this region reached 15 nm. NPs of the similar size were found behind the exit
of the GAS.

The same tendency was found during the experiments with Ag NPs. Trapping

region rich in big NPs was observed in a few nm from the target. Further, the NP
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diameter and the relative volume fractions smoothly decreased with the distance from

the magnetron.
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Figure 16. The distibutions of mean diameter and relative volume fraction along

GAS axis calculated for (a, ¢) Cu NPs and Ag NPs (b, d).

The determination of radial distributions of the NP size and the relative volume
fraction was another important part of the research. The measurements were performed
for Cu NPs at the x distance of 5 mm from the target in the radial direction. This
position was chosen due to the good intensity of the scattering signal. The radial
distributions are presented in Figure 17. It is seen that the NP size kept constant above
the center of the target. Nevertheless, it slightly decreased in the direction toward the
erosion track. The similar tendency was found for the relative volume fraction. The
scattering intensity was obviously lower at 12 mm from the magnetron than on the
axis, regardless the higher concentration of sputtered atoms here. The characteristics
of the experimental equipment did not allow for the measurements directly above the

erosion track.
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Figure 17. Radial distributions of (a) Cu NP mean diameter and (b) relative volume

fraction at the axial distance of x = 5 mm.

For the confirmation of the SAXS results, Cu NPs were collected on the Si
substrate placed at the distance of x = 200 mm behind the orifice and SEM analysis
was performed. The NP top view and the size distribution calculated from the SEM
image are shown in Figure 18. The NP spot had a circular shape on the substrate and
the number of NPs decreased from the center toward the edge of the spot. The SEM
images were measured at the edge for more precise calculation of the NP size. It is
worth noting that the mean diameter of 32 + 14 nm obtained from the SAXS data is in

good agreement with 27 + 8 nm determined by SEM.
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Figure 18. (a) SEM image of Cu NPs deposited during the SAXS measurements and

(b) corresponding size distribution.

Thereby, it can be concluded that Cu and Ag NPs are formed in the vicinity of
the target. Moreover, big NPs with the mean diameter > 80 nm were observed by
SAXS in the region at 3.0 — 10.0 mm from the target. Radial measurements revealed
that big NPs were mostly trapped above the center of the target while small NPs were
distributed also in the direction of the erosion track. Nevertheless, we assume that the
trapping region is restricted in the lateral plane by the plasma ring. It was also found
that a certain amount of small NPs was not captured in the close-to-magnetron region
and travelled with the flow of the carrier gas out of the source. It was successfully
confirmed by SEM measurements of NPs deposited on the substrates placed behind
the orifice. In our opinion, the trapping effect is caused by the action of different forces
including electrostatic, gravitation, the ion drag, the neutral drag and the
thermophoretic force. The force equilibrium may induce the formation of the NP cloud
above the target. It is known that particles acquire the electric charge in plasma.
Therefore, the electric field may strongly affect their behavior. It was published
previously that NPs of the size of 70 — 90 nm possess the negative charge of about 102
elementary charges per particle.[100] Probably, the forces induced by the electric field
of these charges are able to balance another forces acting on NPs. The hypothesis of
the electrostatic origin of trapping is supported by the effect observed by QCM. The
temporal dependence of the deposition rate during the Ag NP deposition is presented
in Figure 19. The significant increase of the deposition rate at 66 s corresponds to the

moment when the discharge was switched off. At this moment, electrostatic force

34



obviously stopped acting and the NP cloud was blown out of the aggreagtion zone with

the Ar flow.
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Figure 19. The temporal dependence of the deposition rate measured by QCM
outside the GAS at x =200.0 mm.

3.1.3. In-situ detection of NPs by UV-Vis spectroscopy

SAXS provides a wealth of information about the NP size distribution and their
number density inside the GAS. However, it should be noted that synchrotron
experiments are very complicated, time consuming and expensive. Therefore, the
search for relatively simple and cheap route for the in-flight control under the NP
formation is an actual problem. The preliminary experiments demonstrated that UV-
Vis spectroscopy could be applicable for the detection of Ag NPs inside the GAS.[101]
In such approach, the UV-Vis light beam meets the Ag NP beam and plasmon
resonance signal appears on the detector. It is known that the position of the plasmon
peak is related to particle size, the parameter of full width of half maximum (FWHM)
characterizes the dispersity and the peak intensity is associated with the NP number
density. Therefore, the analysis of UV-Vis spectra measured in-situ in GAS may be
useful for the investigation of the formation and growth of metal NPs exhibiting the
plasmon resonance.

Firstly, in-flight UV-Vis detection of the Ag NPs was tested in the main
chamber (outside the cluster source). Figure 20 shows the UV-Vis spectra measured
during the GAS operation and in 1.5 seconds after the discharge shutdown. Here, the
obvious band appears in the visible region of spectrum. The position of this band at 4

=365 nm fits with the position of LSPR of Ag NPs.[102] It is worth mentioning that
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the abrupt increase of the transmittance was detected in a few seconds after the
discharge shutdown. This observation can be assigned to the movement of the NP
cloud, which was trapped in near-to-electrode region under the simultaneous action of
the electrostatic and aerodynamic forces, across the light beam. Indeed, such effect
directly confirms the findings obtained earlier by SAXS and QCM. When the
discharge was switched off, the equilibrium of the forces was violated and NPs were
swept out of the aggregation zone. Noteworthy, the 7 nm blueshift of the peak
maximum was revealed. The origin of such shift is not evident; however, it can be
attributed to the increase of the number of small particles in the NP beam which were

also captured in the aggregation zone and then released after plasma shutdown.
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Figure 20. UV-Vis spectra measured outside the GAS.

When the feasibility of UV-Vis spectroscopy measurement for the NP
detection was verified, the measurements inside the GAS were performed. The optical
waveguides from the light source and to the detector were mounted onto the quartz
windows in the configuration shown in Figure 9. The UV-Vis spectrum was acquired
when the discharge was off and it is shown as the background levelled at 100 % of
transmittance (Figure 21). A distinct absorption band appears in the spectrum when
the discharge is turned on. The strongest LSPR is observed in the closest position of 5
mm between the light beam axis and the target plane (here, the light beam with a
diameter of 10 mm is just about to touch the target by its lateral side, see also Figure
21). Even a small shift of the magnetron to the position of 10 mm leads to a significant
decrease, yet to a detectable level, of the absorption intensity, which remains

approximately constant at farther distances from the magnetron. The results indicate
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that the concentration of Ag NPs does not change significantly along the GAS, except
for the region nearest to the magnetron target where the amount of NPs is substantially
higher. This finding agrees with a concept of the ‘trapping region’ that exists at the
several mm distance from the target and where NPs become ‘trapped’, as discovered

by our recent in situ SAXS measurements on Cu NPs.[103]

a) Magnetron |  #

rF —

UV-Vis light

(o)
-

100 fozmarfh Spdo - oo

EQO-
3
c 80
S
UE, 70 - —X=5mm
S - — x=10mm
‘I: ......... X =20 mm
60 - ----x=40 mm
—-=X=60mm
----Background
50 T T T T T 1
300 350 400 450

Wavelength [nm]

Figure 21. a) Scheme of the light beam probing the space in the vicinity of the
magnetron; b) UV-Vis spectra measured at different distances from the target. The

distance is taken from the light beam axis to the target plane.

Further evidence about the existence of the trapping region can be obtained

from the time-resolved UV-Vis measurements performed after switching off the
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discharge. In this experiment, the magnetron was positioned at 20 mm from the light
beam axis, leaving a 15 mm gap between the target plane and the lateral side of the
light beam. The discharge was turned on and the acquisition of the spectra was started
with periodicity of 0.1 s and the acquisition time of 100 ms. After the stabilization of
the parameters, the discharge was turned off, but the acquisition of the spectra
proceeded. Figure 22. Optical transmission spectra acquired at x = 15 mm when the
discharge is on (time 12.3 s) and after turning off the discharge (time > 12.3 s). shows
the spectrum acquired just before and after the discharge was turned off. The plasma-
on spectrum is distinct from the other spectra by the presence of Ag atomic emission
lines. After the extinction of the discharge, the Ag lines immediately disappear but the
LSPR band demonstrates a noteworthy evolution. Not only does it remain detectable,
but it even increases in intensity for about 0.5 s, abruptly disappearing afterwards.
The phenomenon can be also related to the existence of high amount of NPs
trapped in the capture zone which exists at the distance < 15 mm from the magnetron
target. The trapped Ag NPs become released after the extinction of the discharge and
start travelling with the gas flow along the aggregation chamber to the exit orifice.
Under the chosen Ar flow rate, a fraction of a second is required for the gas to bring
the cloud of the NPs from the trapping region to the light beam axis and this agrees
with the 0.5 s time lag at which the intensification of the LSPR band was observed. At
later time, the NP cloud leaves the space probed by the light beam and travels towards

the orifice. This leads to a decrease of the LSPR band intensity to the background level.
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Figure 22. Optical transmission spectra acquired at x = 15 mm when the

discharge is on (time 12.3 s) and after turning off the discharge (time > 12.3 s).

3.1.4. SEM imaging of Ag NPs collected inside the aggregation chamber

In previous chapters, the successful application of SAXS and UV-Vis spectroscopy
for the in-situ detection of NPs in the aggregation zone was demonstrated. At the same

time, the prediction of the NP morphology by these techniques is a challenge due to
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the complicated fitting of scattering curves and ambiguous data interpretation.
Nevertheless, the scientific community utililizing GASes is highly interested in
unveiling the kinds of NPs that exist in the aggregation chamber. One of the
possibilities is to collect the NPs inside the aggregation chamber and to characterize
them ex-situ. As was previously mentioned, our design of the cluster source was
equipped with a window for the discharge observation. Surprisingly, a huge dark spot
appeared in the center of the silver target after 20 hours of the operation under the
conditions similar to the DESY experiment (current — 600 mA, gas — Ar, flow — 18
sccm and pressure — 126 Pa). This target was immediately uninstalled from the
magnetron for the subsequent characterization. The top view of the target and side
view of the spot are shown in Figure 23a and Figure 23b. It is seen that the diameter
of the spot is larger than 1 cm. The profilogram, which was measured across the central
part of the target, is presented in Figure 23c. The height of the ,,hill* formed by the
NPs was estimated to be ~ 800 um. It was also found that the depth of the erosion track
was ~ 300 pm. We assume that this spot consists of the NPs redeposited onto the target
after the discharge shutdown.

In order to analyze the structure of the deposit, we used a fresh Ag target and
sputtered it only for 10 sec. The SEM analysis was performed outside the erosion track
corresponding to point 2 (Figure 23d) and at the target center corresponding to point 1
(Figure 23e). The central spot is characterized by the presence of agglomerates of NPs,
with the mean size of individual NPs reaching 89 nm. Markedly, the 10 second
sputtering is sufficiently long for the deposition of the amount of the NPs which
exceeds the monolayer coverage in the central area. A smaller amount of NPs is

detected outside the erosion track.
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Figure 23. Characterization of the target surface: a), b) top view and side view
photos of the target showing the macroscopic re-deposit of Ag NPs in the central
area (taken after 1 week of the experimental campaign); c) profilometry height
profile of the re-deposit of NPs corresponding to the dotted line on the top view
image; d) and ) SEM images of the target surface acquired at the periphery (spot 1)
and in the center (spot 2) after 10 s of sputtering of fresh target; f) size distribution of
the NPs redeposited in the central area of target, the curve corresponds to the

lognormal fit to the data.

The observed effect of the backward deposition of the NPs onto the target
surface is quite remarkable, especially taking into account that NPs have to overcome
the neutral drag force (i.e. the force produced by the momentum transfer from the
neutral atoms of the flowing gas onto the NPs) and the gravity force to reach the target.
For example, the simulations of the Ar flow (Figure 24a) indicate that the gas velocity
vectors have a strong co-axial component directed downward to the exit orifice, except
for the space closest to the target, where the radial component dominates and is
directed from the target edges towards the center. In the region of interest (several mm
from the target), the gas flow therefore tends to push the NPs radially from the
periphery towards the center and then axially downward towards the orifice. This
contributes to the localization of the NPs in the central part below the target.
Nevertheless, there is no velocity component that would drag the NPs from the

trapping region in the upward direction. It has been already discussed that NPs become
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electrically charged when formed in the plasma. Our earlier in situ SAXS
measurements confirmed that charged Cu NPs can be held close to the magnetron by
electrostatic interactions.[103] These may force part of the NPs to travel against the
gas flow and the gravity and reach the target. Therefore, we believe that electrostatic
interactions are also responsible for the phenomena observed here for Ag NPs,

although the detailed mechanisms are yet to be discovered.
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Figure 24. Simulation of the Ar flow in the vicinity of magnetron a) without sample

holder; b) with sample holder inside.

The redeposition of big NPs onto the target was successfully confirmed above;
however, there are other possible ways of the NP loss in the aggregation chamber, for
example, the deposition on the walls. This idea is indirectly supported by the SAXS
results obtained for Ag NPs (see Figure 16b) where the average size of NPs gradually

decreased in the direction of orifice. Therefore, the next step was to investigate the
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changes of the NP size along the GAS axis. For this aim, the self-constructed cascade
sample holder was mounted onto the diagnostic port. The main advange of this holder
was the possibility to place Si substrates close to the magnetron axis (20 mm radially
shifted) at different distances from the target plane (as shown in Figure 8 in
Experimental). The simulations of the gas flow confirmed that the gas velocity map
changes in the proximity of the substrates but remains qualitatively similar close to the
target (Figure 24b). Hence, we believe that the introduction of the substrates does not
change significantly the phenomena related to sputtering itself as well as to nucleation
and growth of the NPs. In the first attempt, the NPs were collected by the side facing
the plasma. The distance between the target and the substrates was 2.0, 5.0, 7.5, 10.0
and 11.5 cm, respectively. After loading, the system was evacuated and 10 s deposition
was performed. Then the holder was extracted from the GAS and the samples were
analyzed by SEM.

The SEM micrographs of the NPs found at distances 2.0, 7.5 and 11.5 cm from
the target are presented in Figure 25. Huge amount of Ag NPs was collected on the
substrate closest to plasma. These NPs were mostly coagulated and constituted the
mesophorous pattern. Such effect may be associated with relatively high temperature
of the NPs during the first seconds after their formation, which triggers the coagulation
after the deposition on the substrate. Average diameter estimated using just isolated
NPs was 46 nm that is twice less than the size of the NPs redeposited onto the target.
At the distance of 7.5 cm, the number of the NPs as well as their average size evidently
decrease (32.7 nm) and the NPs were not coagulated. However, the growth of Ag
nanoislands was detected on Si surface in between the NPs. It can be concluded that
even at the distance of 7.5 cm the concentration of Ag atoms in the gas phase is high
enough to initiate the Volmer-Weber growth of Ag film. Finally, only isolated NPs

were found near the orifice.
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Figure 25. SEM images of Ag NPs collected inside the GAS at different distances
from the target: a— 2.0 cm; b—7.5cm; E—11.5 cm.

Figure 26 a-f) shows the size distributions calculated for each position of the
substrate including NPs collected behind the orifice. All distributions were
approximated by the lognormal function and the average diameters were determined.
The axial distribution of the NP size is presented in Figure 26g. The NP average
diameter in the GAS gradually decreases in the direction of the exit orifice. It should
be noted that the diameters measured in the last two positions well correlate with the
mean diameter of the NPs collected behind the orifice. This observation is in good
accordance with the results obtained by SAXS which revealed the particle size of about
40 nm at the distance of 1 cm from the magnetron. Moreover, the size distribution
demonstrates a progressive decrease of the number of big NPs with the average size >

40 nm in the direction of the orifice. It can be concluded that bigger NPs become
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captured in the plasma and lost afterwards on the target as well as inside the
aggregation chamber. On the contrary, small NPs continue their movement toward the

orifice where they are accelerated by the gas expanding to the deposition chamber.
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Figure 26. NP size distributions calculated for the samples placed at different
distances from the target: a) 2 cm; b) 5 cm; ¢) 7.5 cm; d) 10 cm; e) 11.5 cm; f) 16 cm

(behind the orifice) and g) axial distribution of average size.
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The SEM images of the deposited samples are shown in Figure 27, where the
NPs collected on the substrates facing the target (top — a, b, ¢) are compared with those
collected on the substrates facing the orifice (rear — d, e) as well as with those deposited
outside the GAS (f). The reason for the observations from the rear side was to limit the
deposition of Ag atoms and minimize the formation of nanoislands from them. Indeed,
the sample deposited at the closest distance of 2.0 cm and facing the target is
characterized by a complex structure. It consists of a discontinuous film (most
probably grown as a result of atomic sputter-deposition) and individual spherical NPs
incorporated into it. The rear side sample is characterized by the absence of the film
and by the presence of the NPs of a spherical as well as of an irregular shape. The
formation of the irregularly-shaped NPs is probably given by the coalescence of
smaller NPs which did not suffice to thermalize and remained at the temperature close
to the melting point.

At farther distances, the formation of the film is not observed anymore for
either of the samples, pointing to a decrease of the atomic metal flux to negligible
values. Coalesced NPs can be occasionally observed; however, individual spherical
NPs dominate in the samples. This finding agrees with an idea that NPs are born in a
liquid state close to the magnetron target but then undergo phase transition and
thermalization via the collisions with atoms of the cold buffer gas.

The size distribution histograms were calculated (Figure 28) and they show that
the mean NP diameter decreases from 33 nm to 18 nm with the distance from the target
(Figure 29). It should be noted that the NP diameter stops changing at distances closer
to the exit orifice. The phenomenon supports the idea that part of the NPs grow in the
trapping region to a larger size but become lost on the walls and on the target surface

after reaching the critical size.
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Figure 27. SEM images of Ag NPs deposited inside the GAS at different distances
from the target in configuration with 2 substrates at every position (a, b — 2.0 cm top
and bottom; ¢, d — 5.0 cm top and bottom; e, f — 7.5 cm top and bottom; g, h — 10.0

cm top and bottom; 1 — 11.5 cm top) and (j) axial distribution of the average NP size.
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Figure 28. NP size distributions calculated for the samples placed at different
distances from the target: a) — 2.0 cm, b) — 5.0 cm, ¢) — 7.5 cm, d — 10.0 cm and ¢) —
11.5 cm, respectively, and f) — 20.0 cm behind the orifice.
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Figure 29. The dependence of the mean diameter on the distance from the

magnetron.

It can be concluded that the deposition of NPs inside the aggregation chamber
gives useful information about the real NP size and morphology. It was confirmed that
big NPs with diameter up to 100 nm exist inside the GAS and after the discharge
shutdown they are lost onto the target and walls. In its turn, small NPs are swept from
the aggregation chamber by Ar stream. The falling dependency of NP average size on

the distance from the target obtained by SAXS was confirmed.

3.2. Preparation of composite thin films for bio-applications

3.2.1. Deposition of Cu NPs/PEO nanocomposites

In the beginning of the previous chapter, we successfully characterized silver and
copper NPs deposited under the chosen conditions. Spherical clusters with mean
diameters of 22 nm and 25 nm, respectively, exhibited optical properties and chemical
composition typical for metallic Ag and Cu (see Figure 13-15). Therefore, both should
provide strong bactericidal effect, which arises from the Ag* and Cu®" ion release.
However, using of as-deposited NPs is limited by two main factors: poor adhesion of
NPs to the surfaces and their significant toxicity in relation to the living organism. The
incorporation of NPs into biocompatible polymer matrix may help to overcome these
disadvantages. The polymer will keep NPs fixed on the surface to avoid their contact

with the organism. Moreover, it will regulate the metal ion release. According to the
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literature, PEO plasma polymer (ppPEO) thin films deposited by Plasma Assisted
Vapor Phase Deposition are promising for biological applications because of
biocompatibility, good stability in aqueous media and especially non-fouling activity,
1.e. the resistance to biomolecule adsorption.[28, 104] The combination of PEO with
antibacterial NPs will allow to obtain multi-functional coatings for medical devices,
which are able to kill bacteria and to withstand the biofilm formation. It is known that
the presence of the ether groups in the plasma polymer and the mobility of molecular
segments are two main factors responsible for the non-fouling properties of PEO.
The nanocomposite coatings were produced by the sequential deposition of a
100 nm layer of ppPEQO, a monolayer of Cu NPs and a 10 nm capping layer of ppPEO.
Figure 30 shows the SEM images measured on the top side of the nanocomposite and
on the cross-section. The majority of clusters are successfully incorporated into the
PEO matrix. The bottom 100 nm layer of ppPEO was pre-deposited to enhance the
adhesion of NPs to the substrate and to decrease the risk of film delamination during

the sample splitting.
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Figure 30. (a) Top side image and (b) cross-sectional SEM image of the
nanocomposite film prepared by the sequential deposition of a 100 nm layer of

ppPEO, a mono-layer of Cu NPs and a 10 nm capping layer of ppPEO.

The chemical composition of the nanocomposite film was studied by XPS with
and without breaking vacuum. The ppPEO film 110 nm thick without NPs was
measured as a control. The high resolution spectrum of C 1s peak is shown in Figure
31a. The predominant signal of the ether bonds is situated at 286.5 eV. Moreover,
smaller contribution from aliphatic hydrocarbons (285.0 eV), the carbonyl- (288.0 eV)
and the carboxyl-based (289 eV) functional groups was also detected. The detailed
analysis of the spectrum revealed the content of the C-O-C groups of 83 at. % in
the plasma polymer, which characterizes a good retention of the original PEO
structure.[27, 28] The results of the evaluation of the chemical composition are
presented in Table 2. The significant differences were found in the C 1s spectrum

acquired for the nanocomposite consisted of a monolayer of Cu NPs covered by 10 nm
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of ppPEO (see Figure 31b). The obvious increase of the peak corresponding to
aliphatic hydrocarbons was detected. At the same time, a slight increase of the
carboxyl and carbonyl components was also found. All these transformations led to
the reduction of the C-O-C concentration almost twofold to 45 at. %. Such behaviour
may be critical for the retention of the non-fouling properties of ppPEO, which hold
only if the concentration of the ether groups is > 70 %. Additionally, the high
resolution spectrum of the Cu 2p peak was acquired (Figure 31c). The presence of

shake-up satellites corresponding to CuO was revealed.[105, 106]
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Figure 31. High-resolution XPS spectra taken after transferring the samples for the
analysis in air (left column) or without breaking vacuum (right column): a) d) Cls
for the ppPEO without NPs; b) €) Cls for Cu NPs overcoated by the 10 nm ppPEO
capping layer; ¢) f) Cu2p for Cu NPs overcoated by the 10 nm ppPEO capping layer.
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Table 2. Chemical composition of ppPEO as obtained from fitting of the C1s XPS

spectra.
Sample C-C/(S/(—)H, at. C-O(—)/S, at. C=0. at. % O-CT/OO’ at.
After contact with air

ppPEO 10 83 6 1

Cu NPs/ppPEO 45 45 6 4
Without breaking vacuum

ppPEO 11 83 4 2

Cu NPs/ppPEO 28 63 5 4

It should be noted that the spectra in Figure 31 a-c were recorded after the 2
week storage of the samples under the ambient conditions. To preserve the films from
the influence of atmosphere and to avoid aging effect on chemical composition of the
samples they were transferred to XPS set-up under vacuum immediately after the
preparation. The spectra acquired on these films are shown in Figure 31 d-f. The C 1s
spectrum of ppPEO looks almost the same as the one acquired after the 2 week storage
(compare Figure 31a and d). However, the spectrum of the nanocomposite film is
different. The retention of the C-O-C groups is better in comparison with the aged
sample (Figure 31e). It is interesting to see the absence of the shake-up satellites in the
Cu 2p spectrum (Figure 3 1f). Therefore, partial oxidation of Cu NPs most likely occurs
after their contact with air. It can be concluded that the changes of the chemical
composition of ppPEO were induced by the action of Cu NPs. They catalyze the
transformation of the ethers into other chemical groups, e.g. aliphatic hydrocarbons
and carboxyl groups, near the particle — polymer interface. In the literature, such
modified layers in contact with rigid surfaces are named adsorbed layers. The
thickness of adsorbed layer is < 10 nm (penetration depth of XPS ~ 6-8 nm). However,
the chemical mechanism of this process is still not clear. The changes of the ppPEO
chemical composition are critical in terms of non-fouling properties. It was earlier
revealed in [28] that non-fouling action of ppPEO depends on the retention of C-O-C
groups, therefore in such metal NPs — ppPEO nanocomposites biomolecule adsorption
could be expected.

Another important factor that influences the non-fouling properties is the

segmental dynamics. It is known that mobility of macromolecular chains in
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conventional PEO is high to allow them acting as macromolecular springs. If
macromolecular mobility is confined, biomolecules have higher probability to adhere
to the polymer surface. Such effect was observed, for example, when thin film of
ppPEO was deposited onto rigid Si substrate.[31] In that case, the segmental mobility
in thin polymer films was studied by means of specific heat spectroscopy in AC-chip
calorimetry mode. It is known that dynamic Ty is directly related to the segmental
mobility in polymers. Therefore, a decrease of segmental mobility results in an
increase of dynamic Tg. Here, Cu NPs can play the role of confinement-forming units.
To investigate the influence of NPs on segmental dynamics of PEO plasma polymer
the multilayered nanocomposite films with different PEO thickness were deposited
directly onto AC-chips without breaking vacuum. The bi-layered nanocomposite
samples were prepared step by step, as follows:
I.  Deposition of a 5 nm film of ppPEO, as an underlying layer.
II.  Deposition of the first layer of Cu NPs with a particle flux of 250 NPs/um?.
III.  Deposition of the ppPEO interlayer over the first layer of Cu NPs. The
thickness of the interlayer was varied between 10 nm and 100 nm.
IV.  Deposition of the second layer of Cu NPs with a particle flux of 250
NPs/pm?.
V.  Deposition of a capping 10 nm ppPEO layer.

Schematic representation of these coatings is shown in Figure 32.
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Figure 32. Cross-sectional representation of the bi-layered structure of the

Cu/ppPEO nanocomposites with different thickness of the ppPEO interlayer.

TEM and SEM analysis was performed for the characterization of the
multilayered samples. Two sub-monolayers of Cu NPs were separated by a ppPEO

interlayer of 40 nm thickness for better resolution on TEM. The top-view image and
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the corresponding NP size distribution are presented in Figure 33a. It is seen that Cu
NPs are well-dispersed in the matrix. Unfortunately, it is impossible to distinguish
between the individual layers of NPs when looked at from top. The average diameter
determined from the corresponding histogram (see Figure 33b) fitted by lognormal
distribution function was 16 + 5 nm. This value is in good accordance with the mean

diameter calculated by SEM image processing (2245 nm, see Figure 13c).
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Figure 33. a) Top-view TEM image of two sub-monolayer of Cu NPs separated by
the 40 nm ppPEO interlayer. b) Size distribution of the NPs.

SEM cross-sectional measurement was performed for the film with 100 nm of
the ppPEO interlayer in order to characterize the internal structure of composite. The
cross-section images were recorded both in the secondary electron mode (Figure 34a)

and the backscattered electron mode (Figure 34b) for better imaging of NPs in bulk
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polymer. Both micrographs successfully revealed the presence of 2 NP layers (bright)
separated by the ppPEO interlayer (dark) as especially evident in the backscattered
image. The layer thickness cannot be determined accurately from these images;
however, it seems to be slightly less than 100 nm. As result, our deposition technique
is applicable for the preparation of multilayered samples that can be used for the

subsequent AC-chip calorimetry investigation.

PEO

Figure 34. SEM cross-sectional images of the nanocomposite film consisting of two
monolayers of Cu NPs separated by the 100 nm ppPEO interlayer acquired in (a)

secondary electron and (b) backscattered electron modes.

3.2.2. The segmental dynamics of ppPEO in nanocomposites

The procedure of AC-chip calorimetry measurements was described in Chapter 2.2.2.
It was utilized to determine the 7,*" from the peaks obtained by the first derivative of
Ur with respect to temperature. A Gaussian was fitted to the peak and temperature of
the peak maximum is taken as 7,™". Calorimetric curves processed for bi-layered Cu
NPs/ppPEO nanocomposite films of different thickness are shown in Figure 35. The
thickness of ppPEO interlayer was varied from 100 to 10 nm. All the samples
demonstrate the similar main peak corresponding to the dynamic glass transition
temperature of ppPEO (see Figure 11). However, the less intensive shoulder appears

in higher temperature region for the samples with the interlayer thickness of 70 nm
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and below. Therefore, the curves were fitted by two Gaussian peaks to determine two
values of T,?". The appearance of an additional dynamic glass transition temperature
indicates the presence of the second polymer phase with significantly different
properties that was earlier found by the XPS analysis. The ether-depleted layer in the
vicinity of NPs exhibits different segmental dynamics in comparison with bulk
ppPEO. The similar effects were recently described in the works considering the
incorporation of Si particles into thin polymer films.[107, 108] It was revealed that in
the case of thin polymer films with non-repulsive polymer/particle ineractions an
irreversibly adsorbed modified layer is expected to form close to the polymer/particle

interface. Therefore, the formation of the modified ppPEO layer in the vicinity of Cu

NPs can be expected during the nanocomposite deposition. The change of the

segmental dynamics is indicated by the increase of 7"
100 nm
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Figure 35. The first derivative of the real part of the complex differential voltage
with respect to temperature for samples with interlayer thicknesses of 100, 70, 30,

and 10 nm. The measuring frequency was 160 Hz.
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The dependence of the relative peak area of the seconf component on the
thickness of the interlayer is presented in Figure 36. The relative intensity
demonstrates a distinct growth at thicknesses 70 nm and below, so the
PEOpp/nanoparticle interactions become critical for the properties in very thin
composite layers. Our observation is in good agreement with the results published
previously for poly(vinyl methyl ether) PVME and PVME/polystyrene (PS) blend thin
films studied by Broadband Dielectric Spectroscopy.[109, 110] These facts indicate
that the second peak on the dynamic glass transition curves corresponds to the T,%" of
the modified PEOpp layer formed in the vicinity of Cu NPs. As a result, the polymer

matrix consists of two phases with significantly different segmental dynamics.
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Figure 36. Relative peak intensity of the second peak given in percent versus
thickness of the ppPEO interlayer. Typical error bars are given. The line is a guide to
the eyes.
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For more complete analysis of the segmental dynamics in the multi-

layered nanocomposite films, 7"

was determined in a full range of frequencies
and the relaxation maps were constructed, which are shown in Figure 37. The
temperature dependence of the relaxation rate f, is curved when plotted versus
1/T, as expected for a dynamic glass transition, which can be well described by
the Vogel/Fulcher/Tammann- (VFT-) equation.[111-113]

logfy = logfe — (DTo *In(10)) /(T —T)) (2)

Here, f, is the relaxation rate at infinite temperature, 7y is called the ideal glass
transition or Vogel temperature, which is found to be 30-70 K below the thermal
T,. The parameter D is called the fragility parameter. It characterizes a quantity
to classify glass-forming systems. Glass formers are classified as fragile when
the temperature dependence of the relaxation rates is closer to the VFT

dependence and strong when f,(T) is closer to the Arrhenius law. The fitting was

done by keeping all parameters free.
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Figure 37. Relaxation rate f, versus inverse temperature: (A) dynamic glass
transition of the bulk-like ppPEO interlayer for the samples with different interlayer
thickness: pentagons — 100 nm; diamonds — 70nm; squares — 40 nm; stars — 30nm;
hexagons — 15nm; triangles — 10nm; (B) The second process for the modifed ppPEO
layer at the Cu NPs/ppPEO interface: squares — 70nm; downside triangles — 30nm,
circles — 15nm, triangles — 10nm. Solid lines are fits of the VFT equation to the

corresponding data.

The T,*" of both bulk-like ppPEO and modified layer estimated from the
measurements at frequency 160 Hz are shown in Figure 38a. The significant difference

dyn

between these values is seen for all the samples. The 7,*" corresponding to the
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modified ppPEO exceeds the T,®" of bulk-like ppPEO by ~ 30 K that indicates the
presence of constrains in the mobility of macromolecular chains in the vicinity of Cu
NPs. At the same time, the gradual growth of the 7,%" of bulk-like ppPEO by ca. 8 K
was found with the decrease of interlayer thickness. Noteworthy, the T,®" of modified
ppPEO remains constant until the critical thickness of interlayer is achieved. It should
be noted that the observed changes are much larger than the experimental error. An
abrupt increase of the T,®" of modified PEOpp was revealed at thickness of ppPEO
interlayer 10 nm which can be explained by the critical state which influenced the
behavior of macromolecular segments in the adsorbed layer. Overall, it can be
concluded that the thickness of modified layer is less than the average size of Cu NPs.

It was interesting to see that the additional parameters determined from the
VFT-equation also depend on the interlayer thickness. Figure 38b indicates the
systematical growth of the ideal glass transition temperature or Vogel temperature )
with the decreasing interlayer thickness. It is worth noting that this dependence is more
obvious than the one obtained for the T,”". The temperature shifts by ca. 45 K. The
same behaviour was earlier demonstrated for thin films of conventional
polymers.[114, 115] Another parameter determined from VFT-equation is the fragility
D. Contrary to T,®" and T, it decreases with decreasing interlayer thickness as shown
in Figure 38c. This effect corresponds to the change of the glassy dynamics from a
stronger to a fragile behavior. A similar behavior was observed for thin films of a

homopolymer by dielectric spectroscopy.[114]
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Figure 38. (a) Dynamic 7, measured for the bulk and modified ppPEO at 160 Hz
versus interlayer thickness. (b) 7y versus interlayer thickness. (c) Fragility parameter

D as a function of interlayer thickness. Lines are guides to the eyes.

3.3.3. Biological activity of metal — polymer nanocomposites

As was demonstrated previously, thin films of PEO plasma polymer exhibit the
resistance against the adsorption of different proteins from their solutions.[28, 104]
However, it was shown that the non-fouling effectiveness depends on the cross-link
density related with the segmental mobility of macromolecules in plasma polymer.
The transition between fouling and non-fouling modes of ppPEO occurs at the cross-
link density corresponding to To®" ;60 - < 249 K.[31] This value characterizes the film

with the concentration of the ether groups around 65 at. %. This finding might be
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significant for the production of nanocomposite materials for biomedical applications
based on ppPEO matrix.

In our case, two types of nanocomposites with similar structure (5 nm of
ppPEO — 2 layers of Ag or Cu NPs — 10 nm of ppPEO) were prepared and the
adsorption of BSA was studied. The XPS measurement of the nitrogen content was
used for the control of the protein adsorption. Neither ppPEO nor metal NPs contain
nitrogen; therefore, the presence of the N 1s sygnal in XPS after the protein incubation
and water rinsing indicates the protein binding. The concentration of nitrogen on the
surface of the samples after their incubation in BSA solutions is presented in Table 3.
PpPEO film of 15 nm thickness and bare metal NPs were used as positive and negative
controls, respectively. As was expected, the XPS spectrum of ppPEO exhibited the
abscence of nitrogen and proved the non-fouling behaviour of the plasma polymer. An
opposite situation was observed in the case of Ag NPs and Cu NPs where 8.7 at. %
and 5.5 at. % of nitrogen was found. These values correspond to a complete coverage
of the surface with a protein layer.[116, 117] The Ag NPs/ppPEO and Cu NPs/ppPEO
composites showed an intermediate value of 2.1 and 1.7 at. % of nitrogen, respectively.
These results demonstrate that the inclusion of metal NPs into the matrix of ppPEO
deteriorates the non-fouling properties of plasma polymer, although it reduces the

protein adsorption in comparison with bare NPs.

Table 3. Nitrogen content on the surface of different samples after their incubation in

a 50 pg/ml BSA solution.

Sample N, at. %
ppPEO films, 10 — 100 nm 0
Ag NPs 8.7
Ag NPs + ppPEO film, 10 nm 2.1
Cu NPs 55
Cu NPs + ppPEO film, 10 nm 1.7
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The results of the protein adsorption tests correlate with previous finding of
two different polymer phases, characterized by two different 7,%", in the Cu
NPs/ppPEO nanocomposites. We assume that the first T,®" characterizes the bulk
ppPEO and the second T,*" corresponds to the modified layer of ppPEO with reduced
mobility of macromolecular chains. For example, in the case of multilayered
nanocomposite with 10 nm of the ppPEO interlayer (see Figure 38a) the glass
transition temperature for the bulk phase was found to be T,®" ;60 - = 238 K. This
value is lower than 249 K at which ppPEO demonstrates non-fouling behavior. At the
same time, the T,?" ;60 - of the modified layer is about 270 K and this layer constitutes
about 30 % of the entire polymer phase as was shown in Figure 36. It has been
determined previously that the concentration of the C-O-C groups on the surface of Cu
NPs/ppPEO composite film was significantly lower than critical 65 at. % (Table 2).
Thus, the deterioration of the non-fouling properties of ppPEO in metal NPs based thin
composite films can be explained by the formation of the modifed ppPEO layer in the
vicinity of NPs, which is characterized both by the ether-deficient chemical
composition and by the constrained segmental mobility.

The problems of the chemical changes and constrained macromolecular
dynamics in the modifed ppPEO layer can be overcomed by the increase of the
thickness of the ppPEO capping layer. However, such approach will influence the
other functionalities of the nanocomposite, such as the antibacterial properties.
Antibacterial action of Ag and Cu NPs in acqueous media is associated with the release
of metal ions. Therefore, for the efficient functionality of the composite the capping
ppPEO layer in the composite must allow for the inward penetration of water and
outward release of metal ions. At the same time, it should prevent the NPs from
escaping into the solution and exhibit the non-fouling properties. The fixation of NPs
on the surface and the non-fouling action need thicker ppPEO capping layer. However,
its enhancement significantly slows down the ion release. In our case, the capping layer
of 10 nm thickness seems to be a compromise.

The antibacterial tests of copper-based nanocomposite were carried out against
2 dangerous multidrug resistant strains: gram-positive Methicillin-resistant
Staphylococcus aureus (MRSA) and gram-negative Pseudomonas aeruginosa. In the
case of MRSA, the bacterial suspension test showed a 1 log increase of the initial
bacterial concentration for the control samples of glass and ppPEO (without Cu NPs,

Figure 39). For the 2 layers of Cu NPs overcoated with 10 nm of the ppPEO capping
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layer, a 63 % decrease of the initial bacteria concentration was detected. The fact that
the capping layer introduces an additional barrier to the molecular diffusion becomes
evident from the comparison of this sample with 2 layers of bare Cu NPs uncovered
by ppPEO. In the latter case, a stronger 70 % decrease of the initial bacterial
concentration was achieved. In both cases, the bactericidal activity falls far from the
typically required several log reduction, the shortcoming evidently related with the
small amount of copper present on the surface or in the coatings. Nevertheless, the
detected decrease of the bacterial concentration allows designating the coatings as
having at least the bacteriostatic effect. The bactericidal activity is anticipated to
become stronger if a larger amount of Cu NPs is used, similar to the recent findings

with other types of the nanocomposites and bacteria.[118, 119]
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Figure 39. The concentration of SA/80-F (MRSA) after the 3-h incubation with the
Cu NPs/ppPEO composite films (2 layers of Cu NPs overcoated by 10 nm of
ppPEO). Blank glass, 2 layers of Cu NPs without ppPEO and 10 nm ppPEO film

without Cu NPs are used as controls.

It is well-known that bacteria rarely live as individual organisms neither in an
environment, nor in a host body. Usually, bacteria form surface-attached 3D structures
known as biofilms where microorganisms are embedded in extracellular protein

matrix. Bacteria in biofilms are highly resistant to external stresses, including
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antimicrobial treatments of any kind.[120] Development of materials with non-
adhesive properties to prevent bacterial colonization or having bactericidal effect is a
field of high interest. To study whether the Cu NPs/ppPEO films have a bacteriostatic
effect due to the release of Cu or to the prevention of biofilm formation, we used the
P.aeruginosa strain 21, which is characterized by a high ability to form biofilms and
by multi-drug resistance. The bacteria were found alive on the surface of the control
glass and ppPEO without Cu NPs (Figure 40). In contrast, almost all bacteria in
biofilms formed on Cu-containing samples were found dead. These results proved the
efficiency of Cu in killing multi-drug resistant bacteria even in biofilms. Nevertheless,
the non-fouling properties were not achieved as significant amount of the bacteria
(either dead or alive) were found present on all kinds of the surfaces. Apparently, the
same reasoning can be suggested here: restrained macromolecular mobility and/or
chemical changes in the capping ppPEO layer are the factors that prevent the surface
from exhibiting the non-fouling properties against bacteria. Furthermore, the weak
bactericidal effect of Cu NPs/ppPEO composite films, which was observed for the
individual bacteria, could be also contributed by the biofilm formation that hindered
the delivery of Cu ions to the liquid phase of the bacterial medium. These findings
highlight the fundamental importance of unveiling the structure-chemistry-property
relationship in metal/polymer nanocomposites, especially if catalytic transition metals

are considered and ultra-thin coatings are to be used.
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Figure 40. The fluorescent microscopy images of the control glass substrate, 10 nm
ppPEO film and Cu NPs/ppPEO composite film (2 layers of Cu NPs overcoated by
10 nm of ppPEO) after 24 hours incubation with P. aeruginosa 21. Green — alive

bacteria, red — dead bacteria.
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3.3. Decoration of polymeric nanostructures by Cu NPs

3.3.1. The deposition of polystyrene nanoislands

The PS-like material was created by Vapor Phase Deposition without plasma as
previously described in Section 2.1. For the investigation of chemical composition of
the resulted coating, the FTIR spectroscopy was measured in the Attenuated Total
Reflection mode. The final spectrum presented in Figure 41 demonstrates all the peaks
typical for the conventional PS. Bands at 3082, 3059 and 3026 cm™! correspond to the
aromatic C—H stretching, while the bands between 2925 and 2850 cm! characterize
the aliphatic stretching vibrations. The bands at 1600 and 1493 cm™ can be related to
the aromatic C=C vibrations, which confirms the retention of aromatic rings in the
deposited material. The bands at 1451 and 1372 cm! correspond to the C—H bending
vibrations in methyl groups and the bands at 757 and 697 cm™ are associated with
aromatic out of plane vibrations. The analysis revealed that the chemical composition
of the coating produced by Vapor Phase Deposition of PS is similar to the composition

of the original polymer.
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Figure 41. FTIR spectrum of the coating prepared by Vapor Phase Deposition of PS.

As was published previously, vacuum thermal degradation proceed with the
cleavage of macromolecular chains. As a result, the deposited coating consists of
oligomers. In this work, gel permeation chromatography (GPC) was applied to

determine the molar mass distributions of the precursor and the deposited coating.
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Figure 42a demonstrates the molar mass distributions of the precursor and deposited
coating obtained using a column with pore size 10000 A. An original PS demonstrates
a relatively wide molar mass distribution with the maximum around 200000 g/mol,
which is in good agreement with 192000 g/mol declared by the manufacturer. In
contrast, the PS-like coating does not have high molar mass fragments in the structure.
The distribution maximum is shifted toward the values < 20000 g/mol. Other GPC
measurements were performed using the column with smaller pore size of 1000 A
(corresponding to the molar mass range 100 — 50 000 g/mol). They demonstrate the
distribution with 2 evident maxima situated at 230 g/mol and 442 g/mol (see Figure

42b), and indicate the presence of low molar mass fragments in the PS-like coating.
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Figure 42. Distributions of molar mass of the PS precursor and the film deposited by
Vapor Phase Deposition on Si as determined by GPC: (a) the column with pore size

10000 A and (b) the column with pore size 100 A.
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The existence of low molar mass fractions in the PS-like coating was confirmed
by NMR spectroscopy as well. The NMR spectrum of the precursor is shown in Figure
43a and it reveals the presence of the peaks corresponding to the CH chemical bonds
in PS molecule. Many sharp and narrow peaks appear in the spectrum of the PS-like
coating (Figure 43b). These peaks indicate the existence of a variety of low molecular
mass fragments in the polymer structure. The peak at 0.9 ppm might correspond to the
CHj3 terminal groups. Moreover, it can be explained by highly branched structure of
the PS-like coating. The calculated molar ratio of conventional units vs. branched or
low molecular mass units is 1:0.8. It can be concluded that Vapor Phase Deposition of
the conventional PS results in the formation of PS-like coating on the substrate surface
with the chemical composition being similar to the initial polystyrene; however, with

smaller molar masses.
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Figure 43. Liquid state "H NMR spectra of (a) the precursor polystyrene and (b) the
film produced by Vapor Phase Deposition on Si.
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The morphology of the PS-like coatings was studied by AFM. It was found that
PS forms nanoislands on Si substrates. The image of the nanoislands prepared at the
deposition rate of 20 Hz/min and the deposition time of 5 min is shown in Figure 44.
The nanoislands have a semispherical shape. The surface of the islands is smooth and
without any visible pattern. The mean island height calculated from the AFM images
is 70 £ 10 nm whereas the mean island area is 0.75 + 0.2 pm?. It is worth noting that
PS-like islands cover just ~ 23% of the substrate under chosen experimental
parameters. The similar semispherical islands were previously observed as a result of
plasma polymerization of PS and vacuum evaporation of poly(a-methylstyrene).[121—

123] However, the mechanism of spherical nanoisland formation is still not clear.
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Figure 44. AFM micrograph of PS-like nanoislands. Deposition rate — 20 Hz/min.

Deposition time — 5 min.

3.3.2. The decoration of ppPEO film and PS nanoislands by Cu NPs

Bare Si substrates, Si substrates covered with 50 nm ppPEO films and with PS-like
nanoislands were installed onto the substrate holder. Cu NPs were deposited in top to
down configuration as was described in Chapter 2.1. The deposition time was chosen
as 5 s and 30 s to obtain substantially different coverage. The resulting surfaces were
first characterized by SEM. The micrographs of bare Si and Si with PEOpp presented
in Figure 45a), b), d) and e), and demonstrate relatively homogeneous distribution of
the NPs over the surface. Surprisingly, the NPs were found in a notably higher amount

on PEOpp than on bare Si. This effect can be assigned to the different interaction of
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NPs with bare Si and PEOpp. It can be assumed that NPs migrate over the surface after
contact with Si or they can be repelled. On the other hand, the Cu NPs become more
effectively stuck when deposited onto soft plasma polymer film. This hypothesis is
supported by SEM images captured on PS-like nanoislands shown in Figure 45¢), f).

It is clearly seen that NPs are primarily located on the nanoislands and fewer amount

of them can be observed on Si in between.

Figure 45. SEM images of (a, d) Si substrate, (b, €) PEO plasma polymer and (c, f)
PS nanoislands with Cu NPs deposited for 5 s and 30 s, respectively.

Further characterization of the samples was performed using AFM. The images
obtained on the samples after the 5 s decoration by Cu NPs with corresponding height
profiles are shown in Figure 46. It is seen that Cu NPs become partially submerged
when deposited onto ppPEO. The immersion of metal NPs into soft polymers was
reported earlier [124]; however, in that case the NP implantation was driven by the
heating of sample. Unfortunately, it is difficult to discuss the behavior of Cu NPs on
the surface of PS-like nanoislands due to the difficulties with the background
correction. Nevertheless, the topography image in Figure 46¢) and shape of the cross-

section in Figure 46f) do not exclude the presence of similar effect.
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Figure 46. AFM top view images measured on (a) Si wafer, (b) PEO plasma
polymer film and (c) PS nanoislands decorated by Cu NPs. Deposition time — 5 s.

Corresponding height profiles are presented on the bottom images (d, e and f).

The parameter of Root Mean Square (RMS) roughness has been also
determined using AFM. It is seen from Table 4 that the RMS roughness of PEOpp film
decorated with Cu NPs increased with an increase of the amount of NPs. It provides
the increase of WCA from 36° up to 93° . Such behavior is typical for the Cassie-
Baxter wetting regime. The surface transforms from hydrophilic towards hydrophobic
state. The RMS of the surface of PS-like nanoislands covered by Cu NPs is also higher
compared with uncovered one. The WCA similarly increases after the decoration from
65° up to ~ 90° . Therefore, the decoration of polymeric surfaces including plasma

polymers by metallic NPs allow to tune the surface wettability.
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Table 4. The RMS and WCA estimated for PEOpp and PS-like nanoislands

decorated by Cu NPs.
Paramoter Deposition Deposition Deposition
time — 0 s time — 5 s time — 30 s
PEO film (50 nm)
RMS, nm 1.23+0.23 3.38 £0.24 6.47 £0.35
WCA, ° 36.0+2.5 85.6+ 7.6 93.0+5.6
PS island
RMS, nm 3.48 £0.61 4.55+1.14 11.31 £0.83
WCA, ° 65.0 £6.7 93.0+8.5 87.1+£9.2
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CONCLUSIONS

1.

The combination of magnetron-based gas aggregation cluster source with plasma
polymerization is an effective approach for the production of nanostructured thin

films for the variety of potential applications.

Ag and Cu nanoparticles were first successfully detected in-flight inside the gas
aggregation cluster source using synchrotron Small Angle X-ray Scattering. The
distributions of particle size and relative concentration in the gas phase were
determined. It was dicovered that NPs are formed and grow at the distance of
several mm from the magnetron target plane. Part of the nanoparticles becomes
captured electrostatically in the vicinity of magnetron and therefore they grow to

a bigger size of about 100 nm.

The UV-Vis spectroscopy can be applied for fast and simple in-sifu detection of
plasmonic NPs. The effect of NP trapping in the vicinity of magnetron was

confirmed.

The deposition of NPs on the substrates mounted inside the aggregation chamber
was performed. It was revealed that bigger NPs partially redeposite on the target
and are lost on the walls. The redeposition is, most likely, due to the electrostatic

force action.

Cu NPs/ppPEO plasma polymer nanocomposite films demonstrate bactericidal
activity against multidrug resistant bacteria MRSA and Pseudomonas Aureginosa.

However, the suppression of the non-fouling properties of ppPEO was established.

The formation of modified ppPEO layer at the Cu NPs/plasma polymer interface
was discovered using AC-chip calorimetry technique. The modified layer has
different chemical composition and reduced segmental dynamics compared to

bulk ppPEO. Both factors can lead to the deterioration of non-fouling properties.

Polystyrene-like nanoislands were fabricated by Vapor Phase Deposition. The
chemical composition of nanoislands is identical to the original polymer; however,

molar mass distribution is shifted to smaller values.

The decoration of ppPEO thin film and PS-like nanoislands by Cu NPs influences
the RMS and wettability of coatings.
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