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Introduction

Bacillussp. PDD3b-6, bacterium isolated in cloud water, was a subject of our studyaoy
years. Particularly, a biotransformation of sugars and other substances, usually encountered in the
atmosphere by this microorganism. We have shown that on high glucose concentration this bacterium
produces ex@olymeric compounds (Matulova, 2014)eild we evaluate resultsiafsituandin vivo
incubations of this bacterium on low concentration ofZ1]-D-glucose and [43C]-D-glucose,
respectively.

Material and methods

In vivo 13C NMR: Bacterial suspension was diluted with Volvic water (with 10% g®to obtain

final volume 150ml. Suspension was placed into
Equipment foiin vivoNMR was set up (Fig. 1). Into 10 mm NMR sample tubeateskcapillary with

benzene (external standard for chemical shift calibration) was inserted. After a perfusion stabilisation
[1-13C]-Glucose (300 mg) was added into bacterial suspension and the first spectrum was registered.
Subsequently a series € NMR spectra were measured (each with 1 000 scans, overnight, 19.5h).
Samples of bacterial suspensteandt2s were taken after 3 h and 24 h of incubation and centrifuged

(3 min, 12 500 rpm). Supernatants and sediments containing cells were stete®l AtC unt i | t
detailed NMR analyses.

i

Fig. 1  Perfusion system for vivoNMR described b)ChoraoetaI. 2009.

Perchloric acid extract preparationPCA extracts were prepared according Chorao et al. 2009.
Briefly, cells (10 gwet weight) were quickly frozen in liquid nitrogen and thawed several times to
ensure disruption of cells. Then 1 mL of 70 % (v/v) perchloric acid was added to the solution.
Suspension was centrifuged @ 0 g, 15 min, 4 AC) pdHowasradjusitedv e ma



to 5.0 using KHCG@ followed by centrifugation (100 0 0 g, 10 min, 44aiC) t o
resulting supernatant was frozen in liquid nitrogen and frdeee. Freezalried material, containing
nonvolatile compounds, was-aissolved in2.5 ml of water containing 10 % (v/v)D, neutralized

to pH 75 with 5 M KOH and buffered with 50 mM HEPES-(2hydroxyethyl}1-
piperazineethanesulfonic acid). Divalent cations (particularly Mn2+ and Mg2+) were chelated by
addition of enough amountsG@DTA ranging from 50 to 100 mM depending on the sample. Chelating

of paramagnetic cations is a prerequisite for obtaining sharp resonance signals during the NMR
experiments. The main advantage of this technique is that during the cell disruption thns pratei
eliminated from the sample and thus it is less complicated to observe the intracellular metabolites of
sugar origin.

Results and Discussion

Fig. 2 Shows>C NMR spectra of th& vivo monitoring of f3C-1]-glucose consumption by
Bacillus sp. PDD3b-6. Detailed analyses darfi vivo *3C NMR spectra from kinetic of thé3C-1]-
glucose degradation and those of the supernatant samaiel24 have shown that succinate, lactate
and acetate were the most alant metabolites. In the sample taketine**C label was incorporated
only into lactate and acetate with an enrichment 29% and 16%, respectively. Succinate was not
enriched (spectra not shown). However, in#HeNMR spectra (Fig. 3A) of samples of cektracts
tsandtzapr epared from broken cells in sediments, t
ppm due to not labelled MBA is present. MBA was the dominant metabolite ign 88mple. In cells
MBA was found not*C enriched. This fact sggsts that its production is linked with internal
processes of bacterial metabolism (or internal deposits of glucose) and its formation seems to be
substrate independent. Fig. 3B shows a comparisdid dIMR spectra of samples from incubation
media on }3C-1]-glucose (96h °C Glc t96 and 89h'C Glc t89), and not labelled’C-1]-glucose
(39h- 2C Glc t39 and 63k *2C Glc t63).In samples?C Glc t39 and?C Glc t63the presence of the
diagnostic MBA H1 singlet signal t 1 50167 ppm is evident, while in sampfé€ Glc t96 and>C
Glc t89 this signal is absent/disappearing in noise. It means thatlalbelled MBA was excreted
from cells. However, instead of the anomeric signahab.167a doublet signal, with chemicahift
corresponding tdi: 5.167 of MBA. Itwas split due to an interaction witbC1 (J41-3: 170.2 Hz)
due to[*3C-1]-glucoseconfirm the presence dfC labelled MBA. We can deduce thatthis case
MBA should be synthetized extracellularly.

Productionof MBA by this bacterium was later discovered in incubation media on other sugar
substrate$ on fructose, maltose, sucrose, turanose and trehalose. In all cases, the most important
quantity of MBA was produced in time interval 8338 hours, in the casef turanose at 72 h of
incubation. It was further degraded within 5 to 8 hours without its accumulation in incubation medium.
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Introduction

The capacity of microorganisms to biotransform low value and waste compounds to high
added value products is a topic with wide industrial and environmental istefddbbionic acids
(ABA), lactobionic (LBA), maltobionic (MBA) and cellobionic (CBA), are attractive due to their
properties and numerous applications in different branches of industry, health sector or cosmetology,
and their market is growing. ABA aregpared from corresponding disaccharides (lactose, maltose
and cellobiose, respectively) by oxidation of the aldehyde group of the reducing end glucose to a
carboxyl. Oxidation can be achieved by many ways,; elattemically, chemically, through
heterogeneus catalysis, enzymatically or by biocatalytic oxidation. Industrially used oxidation
processes are tackling many problems such regeneration of costly metal catalysts (Pd, Au) or enzymes,
impurities present in the form of residual solvents or metalstaarbm oxidation processes leading
to a mixture of oxidized products (Vedovato et al. 2020). Separation techniques, inevitable to obtain
pure products or a wetlefined mixture, increase products costs. Selective biocatalytic oxidation by
microorganisms aalead straightforward to a desired product. Bioproduction of lactobionic acid
(LBA) is the most studied due to a cheap starting substrate for its production, which influence its
emerging applications.

Bot h MBAlucgpyranosy( 1 Y-B-pluconic acid) a d  C B-B-glucdpyranosyl
( 1 Y-B-pluconic acid) have similar physiahemical properties as LBA. Due to its humectant
properties and dermajwotective effect, MBA has important applications in dermatology and
cosmetology, in the medical field due to #gong radical scavenging property it is used as a
preservative for organs intended for transplantation, and recent studies revealed other health benefits
(Tanabe et al. 2020; Suehiro et al. 2020, 2022). Demand for MBA on the market is growing due to its
numerous applications in textile, oil and refining industry, for household cleaning products, in food
industries for food preservation as well as in building industry. Depending on the application, different
grades of MBA purity (cosmetic or industrial)earequired. Cheaper MBA production solutions by
bio-fermentation of lowcost substrates are also investigated, from high maltose corn syrup (Oh et al.
2020a, 2022a) or waste cooked rice (Oh e2@i22b).

Some bacterial strains, most frequently affiliateth Pseudomonascan directly oxidize
lactose and maltose to LBA and MBA, respectively, and then use these sugars as carbon sources
(Kluyver et al. 1951). Such reutilization of LBA and MBA as a source of carbon was not observed in
B. cepaciandicating dstinct functioning (Murakami et al. 2002).

Bacillus sp. PDD3b-6, a bacterial strain isolated from cloud water phase of tropospheric
clouds (Genbanlkaccession number DQ512741) has numerous metabolic properties of interest
regarding sugar catabolism, contaminants such as herbicides (Durand et al., 2006), or volatile
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compounds present in the atmosphere (Husarova et al. 2011). Special propBambusfsp. PDD

3b-6 were discovered during a screening of its capacity to metabolize carbohydrates on sucrose or
high concentration of glucose were already described in Matulova et al. 2011 and Matulova et al.
2014.

Study of degradation of different sugams pure water byBacillus sp. PDD3b-6 sugars
resulted in a revelation of its capacitybiotransform some of these sugars to AB¥ere we describe
MBA production by this bacterium in pure water on different sugar substrates, which were the only
carbon sarce.

Key words aldobionic acids, maltobionic aciBacillussp. PDD3b-6, sugar metabolism, NMR
Material and methods

Already described in Matulova et al. 2011 and Matulova et al. 2014.

Results and Discussion

The ability of Bacillus sp. PDi3b-6 to degrade a variety of saccharides was studied by ifHitu
NMR spectroscopy (Matulova et al. 2014). Diverse saccharides were examined, including pentoses
and hexoses, oligand polysaccharides as well as acycliatals. According degradation rates the
tested substrates could be divided into 3 groups: i) substrates completely degraded viithih 24
hours of incubation; ii) slowly degraded substrates: their concentration slowly decreased, and only
traces of substras were present at the end of the incubatiorr (2Bh); iii) substrates not degraded.

In some cases, the presence of new metabolites with a disaccharide structure was observed. In
sample taken after 4h incubation on maltose signals of new metabolgereg@iii 5.167 ppm.
They became the only ones in the sample taken after 39h, used for detailed NMR analysis. It was
identified as MBA (Table 1)MBA was further used by bacterium when all maltose was consumed.

Tab|NMRilataof MBAand CBAInNBD at 25UC.
Position H/C 1 2 3 4 5 6 66
Un 5.167 3.586 3.768 3.46 3.93 3.85 3.80
Gl cU ( 3 (Hz) 4.1 10.3 9.9 9.9 2.2 4.8 12.0
MBA lElc 101.36 72.68 73.90 70.32 73.42 61.34
Un 4,137 4,156 3.92 4.013 3.83 3.697
GlcA 334 (Hz) 2.6 6.2 3.4 3.8 7.7 11.9
Uc 179.35 73.60 73.35 83.30 73.37 63.1
Gl cb ( l:JH 4.62 3.34 3.50 3.40 3.45 3.90 3.72
Uc 105.68 76.10 78.23 72.16 76.10 63.27
GIcA L:JH - 4.15 4.08 4.00 3.98 3.85 3.75
Uc 180.96  75.07 74.22 84.48 74.47 64.47

COSY and HSQC spectra of the sample containing only MBA (on maltose at 39h) showed
characteristic spectral patterns of cross peak signals ddBAo(Fig. 1, spectra C and F, respectively). The
same spectral patterns were revealed in COSY and HSQC ofesamplo n  s-D-fructafisagosyUHD-
glucopyr anosi d®)glucapgranosyl ulrYaBrpdracwpyrandse) giving an evidence about
MBA formation also on these substrates. Screening of COSY and HSQC spectra of all samples, taken at



different time ntervals and for different sugars, was performed. Fig. 1 shows also as an example
COSY (A, B, C) and HSQC (D, E, F) spectra of incubation media with fructose and glucose (Glc 39h;
B, E). In these samples MBA was the only/nearly only metabolite, showimgatlastic spectral
patterns of MBA.
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Fig. 1 Characteristic MBA spectral pattern in COSY (A, B, C) and HSQC (D, E, F) spectra: incubation media
of Bacillussp. PDD3b-6 with: fructose after 46 h of incubation (Fru, A and D, respectiyedljcose after 39

h (Glc, B and D, respectivelynaltose after 39 h (Malt, C and F, respectively). Colours: Graegclic part

of the molecule (aglycon), violétcyclic part of the molecule (at the not reducing end).

Six other strains oBacillus spp. B. amyloliquefacien€IP 103256T*,B. cereusATCC
14579*,B. licheniformisATCC 21733,B. megateriunDSM32*, B. sphaericusATCC 10208*,B.
subtilis CIP 52.65*) andPseudomonas fluoresce@®P 69.13 have been tested under identical
incubation conditions for their capacity to produce MBA from maltose. MBA was detected only in
the incubation medium d@acillussp. PDD3b-6 andP. fluorescen€IP 69.13.

Fig. 2 shows structures of carbohydratgbstrates (glucose, fructose, maltose, sucrose,
trehalose, and turanose) on whBacillus sp. PDD3b-6 has the capacity to produce MBA. These
sugars were directly transformed into MBA without any intermediate compound. On maltose,
trehalose, sucrose atuwtanosethenen educi ng g | u ccondiguratiom Ort cellobsose, a n
wi t deonfiguration of the nomeducing glucose unit, bacterium produced CBA as the only
metabolite present in the medium. Furthermore, biotransformation of lactose led amhpinre of

C ¢



metabolites including LBA. These observations indicate that during syntheses of these ABA no
cleavage of the intaglycosidic linkage takes place.

The main difference between disaccharide structures in Fig. 2 resides in the reducing end
suga: glucose in maltose and trehalose; fructose in sucrose and turanose. This indicates that different
enzymes should be involved into their transformation into a gluconic acid to form MBA. However,
the situation is different in trehalose as in its moledula o-glutbse units are GC1 E -i nt er
glycosidically linked. Here, anomeric centres are blocked for an oxidation.

Further studies are necesstargxplain the mechanism of MBA production or type of enzymes
involved in MBA production byBacillussp. PDD3b-6. Nevertheless, theigar metabolism study of
Bacillussp. PDD3b-6 led to surprising information: the capacity of this bacterium to produce MBA
on different sugars and CBA on cellobiose in pure water. Obtained results are of great
biotechnological inteist because of a simple process of MBA isolation and purification.
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Fig. 2. Sugars directhpiotransformed to MBA byBacillussp. PDD3b-6 in pure water.
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Cellobionic and Lactobionic acids produced byBacillus sp. PDD-3b-6,
bacterium isolated from cloud water

M8r i a Mavartine Banc®Infe Pierre Amatdand AnneMarie Delort

lnstitite of Chemisty S1 ovak Academy of Sciences, D¥bravsk8 ce
chemmatu@savba.skinstitut de Chimie de Clermot#terrand (ICCF), UMR6096 CNRBCA-Sigma, Clermont
Ferrand, France

Introduction

Aldobionic acids (ABA), lactobionic (LBA), maltobionic (MBA) and cellobionic (CBA) are
attractive in different branches of industry due to their interesting properties for numerous
applications. Due to their similar structures they have simphlgsicechemical properties.

L B A -Dtghlactopyranosy{ 1 Y-B-pluconic acid) takes an important place in food,
medicine, cosmetics and chemical industries due to its metal chelating, moisturizing effect,
biocompatibility, biodegradability, antioxidarg,nt i mi cr obi al , and many ot |
et al. 2012; Alonso et al. 2013). LBA is produced by many bacteria, but the screening for new LBA
producing bacterial strains continues (Murakami et al. 2002; Lee et al. 2022, Han et al. 2022). For
biotechnological largescale application of LBA production high yields are desirable and thus optimal
incubation conditions are searched including genetical engineering methodologies (Alonso et al. 2013,
2017; Sarenkova et al. 2018; Oh et al. 2020a, 2020b, 2002ab). Some research group deal with
optimisation of CBA bioproduction from cheap cellulosic biomass conversion to cellobiose and its
subsequent biotransformation to cellobionate (Zhou M et al., 2022; Industrial Crops and Products
2022, 188:115650.). $te bacterial strains, most frequently affiliated vilgeudomonagan directly
oxidize lactose and maltose to LBA and MBA, respectively, and then use these sugars as carbon
sources (Kluyver et al. 1951). Such reutilization of LBA and MBA as a sourcertwdrcavas not
observed iB. cepaciandicating distinct functioning (Murakami et al. 2002).

Keywords aldobionic acidsBacillussp. PDD3b-6, sugar metabolism, NMR

Material and methods
Already described in Matulova et al. 2011 and Matulewal. 2014.

Results and Discussion
Bacillussp. PDD3b-6, a bacterial strain was isolated from cloud water phase of tropospheric

clouds (Genbanlaccession number DQ512741). It has numerous metabolic properties of interest
regarding sugar catabolism, contaminants (Durand et al., 2006), or volatile compounds present in the
atmosphere (Husarova et al. 2011). Particular were those observed on sutigbeconcentration
of glucose in pure water (Matulova et al. 2011 and Matulova et al. 2014). Study of sugar metabolism
revealed further surprising information. TH¢, COSY and HSQC NMR spectral patterns enabled
identification of MBA production in purgvater on low concentration of glucose, fructose, maltose,
sucrose, turanose and trehalose without any intermediate compound. However, when all substrate was
exhausted MBA was further used by bacterium as a source of energy.

The rate of cellobiose biotransformation Bacillussp. PDD3b-6 was similar as that
of trehalose and maltose and it resulted in the CBA production. CBA was the only metabolite present
in its incubation media after 46h (cellobios@s totally consumedly bacterium), and its signal
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intensities in NMR spectra (Table 1) gradually decreaséey Tisappeared after 55 h. Lactose
degradation was much slower than maltose and cellobiose. Signals of LBA (Murakami et al. 2002)
appeared early (after 4 h), its amoumtreased slowly and reached a maximum after 22 h of
incubation, then it remained constant and gradually disappeared after 55 h. However, LBA never
remained the only metabolite in the medium. At the end of the incubation (96 h) only 35% of LB was
degradedThese observations indicate that during syntheses of these ABA no cleavage of the inter
glycosidic linkage takes place.

Tab|INMR@ataof CBAINDO at , TSREdL) SDOMHz.

Position H/C 1 2 3 4 5 6 66

Gl cb ( l:JH 4.62 3.34 3.50 3.40 3.45 3.90 3.72
CBA ljc 105.68 76.10 78.23 72.16 76.10 63.27

GlcA le - 4.15 4.08 4.00 3.98 3.85 3.75
Uc 180.96  75.07 74.22 84.48 74.47 64.47

The main structural difference between disaccharide transformed to MBA resides in the
reducing end sugar: glucose in maltose and trehalose; fructose in sucrose and turanose. This indicates
that different enzymes should be involved into their transformattora gluconic acid to form MBA.

However, the situation is di fgluseseanisareiC®l E r-ierhtad ro
glycosidically linked. Here, anomeric centres are blocked for an oxidation. Free gluconic acid was not
identified inthe incubation mediNot r educi ng end sugar in both,

configuration and thus biotransformation led to LBA and CBA respectively.
The sugar metabolism study ddacillus sp. PDD3b-6 led to surprising information: the
capadiy of this bacterium to produce MBA on different sugars and CBA on cellobiose in pure water.
Obtained results are of great biotechnological interest because of a simple process of MBA
and CBA isolation and purificatiorRich enzymatic system of this badten is promising for a
development of new strategies in biosynthesis of ABA.
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Monitorovanie hladiny Glc4 u Pompe pacientov pomocotH NMR
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Visledky a diskusi a

Pre Pompe ochorenie sa na vyhodnotenie Kkor
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Pvod
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Influence of silver incorporation on chemical bonding in plasma polymerized
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Silvercontaining nanocomposite thfiims were deposited using the High Target Utilization
Sputtering technique ({AUS) by simultaneous sputtering of Ag target and polymerization of
hexamethyldisiloxane (HMDSO) vapors in radiofrequency plasma. The presence of silver in form of
nanoclusters was confirmed byray diffraction and transmission electron microscopy. Thesicontent in
the films under investigation decreases with increasing HMDSO monomer partial pressure. Addition of silver
leads to a steep decrease of organosilicon polymer density, decrease of bonded carbon content and increase
of oxygen content bonded silanol groups (SiOH). The increase of silver content leads to more intensive
fragmentation of polymer chains and changes th®-Si backbone of polymer matrix from suboxide structure
typical for organosilicon polymers towards nanoporous inorganic ailioxide cage structure. Silver
i ncorporation changes the plasma polymerized HMDS(
plasma conditions.

INTRODUCTION

Silver nanopatrticles (AgNPs) exhibit significant bactericidal, bacteriostatic, antigivdlantifungal action on
various pathogenic microorganisms, yeast fungi, and viruses thanks to‘tienégeleased in the media from the large
specific surface area of nanopartic[a$. However, passivati on observecaimmauralr t i c | €
environments even in the case of AgQNPs because of the presenceasfdH&lide ions that create an insoluble sulfide
Ag>S and a silver halide shell, which limits further dissolution of silver through conventional2pui&]. As a result,
antibacterial properties of AGNPs degrade, and biofilms can develop on their surface. On the other hand, the metallic silver
demonstrates weak mechanical propergash as low hardness and poor adhesion to most surfaces. The adhesion issues
of AgNPs in free form prepared by various technologies are even more evident. Thus, AgNPs by themselves cannot be
considered as a sedfistaining functional coating. On the othand, hard plasma polymers, including plasma polymerized
organosilicon compounds, have been recognized for several decades for their unique prbmetiepatibility and
widespread use in modebbiomedical applicationgl]. They exhibit strong adhesion to various surfaces, including flexible
organic materials, and can serve simultaneously as a supporting amorphous matrix for metal NPs and as a functional
barrier for adjusting the silver ion relead he potential of RF plasma polymerized hexamethyldisiloxane (HMDSO) as a
barrier for adjusting the silver ion release from AgNPs was studied in detail by N. Alissawj5t &he first silver
containing plasma polymer composite films prepared inesstep continuous process were reported by H. Biederman et
al. [6]. N-hexane was used as a precursor for the amorph@ubl anatrix and an unbalanced DC magnetron with a
metallic silver target as an Ag sourceH. 2 de k et al . st ud ilms depasitednlpy ongand of anA g/ C:
unbalanced magnetron operated in a gas mixture of nitrogen-lagxhne and controlled the surface properties of the
resulting films by varying the nitrogen contdid. Fourier transform infrared spectroscopy (FTIR) was usediétail
study of chemical bonding and ageing effects in nitrogen doped amorphous carbon-+@atriX .aSaulou et al. prepared
composite thin films containing silver nanoclusters embedded in an organosilicon matrix by means oéplesmad
chemical vaor deposition (PECVD) onto stainless steel in order to prevent microbial adhesion by combining the anti
adhesive potential of the organic matrix with the brepdctrum antimicrobial properties of silver. This was assumed to
be related to Agprogressivaelease from the embedded nanoparticles into the surrounding medium and was confirmed
by ICRMS measuremeni8]. The authors presented a brief study of Ag incorporation influence on the chemical bonding
in organosilicon amorphous matrix by FTIR and reporsilver favored methyl incorporation in the film network. The
similar study of AgDLC nanocomposite films prepared by dtmigets HiPIMS was published recently by Wang et al.
[9].
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Grill and Neumayer presented a detailed study of structure and cheroiding in plasma polymerized
tetramethylcyclotetrasiloxane films with various content of organic carbon using [ET]RDakroub et al. used FTIR
technique to study the influence of discharge power to HMDSO vapor flow rate ratio on the structure of plasma
polymerized HMDSO (pgdMDSO). In the current paper we present a deeper view into the chemical bonding in
organosilicon polymer matrix of Ag containing nanocomposites obtained by High Target Utilization Sputtering (HiTUS).

EXPERIMENTAL

Silver-containing pasma polymerized organosilicon nanocomposite films were deposited using novel sputter
deposition technique HiITUS (High Target Utilization Sputtering) @utcsapphire and single crystal Si wafer substrates
in PQL (Plasma Quest Limited) S500 laboratorytenaquipped with MKS RPGO0 pulsed DC power supply for target
biasing and MKS elite 600 RF Plasma Generator for substrate biasing. Combination of pulsed DC target bias with remotely
generated dense RF ICP plasma ensures stable deposition process withl f@rget poisoning and arcing while
depositing the nowonductive plasma polymerized coatings. HMDSO (hexamethyldisiloxane) monomer used as a
precursor for organosilicon amorphous matrix was introduced from preheated stainless steel flask throuBFelf&sated
UDV 040 gas dosing valve. The HMDSO vapor pressure in the deposition chamber was manually regulated to maintain
the stable total pressure monitored by MKS Baratron capacitive gauge. The deposition chamber was evacuated to base
pressur e “Pabeforetheddepbdtion. The substrates were plasma etched before deposition with 300 W of RF
power applied to substrate holder during 5 min. period. No additional heating of substrates was performed. The
temperature of substrates increased above 18Qridg this step and was seifaintained around 100 C from plasma
heating during the following deposition process. The deposition time was set to 10 min.

Tescan Vega SEM equipped with Oxford Instruments IN@BXEDS analyzer was used for measurement of
the deposited films chemical compositidrhe samples for TEM investigation were prepared by short deposition of the
thin films with thickness around 20 nm on the TE200CUCC continuous ultrathin carbon film coated copper grids.
No plasma etching weaapplied before the deposition. Instead, the copper grids were preheated to 100 C to achieve the
deposition conditions of the thicker samples. Microstructural investigations were performed with «qrebted
FEl/Thermofisher Scientific Titan Themis 300r ans mi ssi on el ectron microscope in
accelerating voltage equipped with an EDS system (SXjpeFhe probe convergence angle was set to 17.5 mrad for
imaging applications. Scanning micrographs were acquired simultaneouSigétectors: DF2, DF4, HAADF. -Xay
diffraction measurements were performed using PANalytical X'Pert PRO difractometer with copper anode in symmetrical
BraggBrentano and in grazing incidence configurations. Faayreflectivity configuration we haveilited parabolic
X-ray mirror providing quasi parallel narrow primary beam and narrow slits between sample and detector. Williamson
Hall method was utilized to determine the average size of silver nanoclusters.

FTIR spectra were collected using ShimadztRcer100 FTIR single beam spectrophotometer in
transmission mode at room temperature in the range from 350 to 7900ithma 4 cm! resolution and 45 scans. Both
sample types deposited on sapphire and Si substrates were measured to cover the peaxialabage. Additional
thick films were deposited on the single crystal Si substrates to investigate the small absorption peaks. The deposition
time was fixed to 60 min. thatleadto-104 Om t hi ck f i | ms. The substrctmte backgr
during measurement in native spectrometer software. Collected spectra were processed in Fityl Ebfthere.
absorbance was corrected by the films sickness.

RESULTS AND DISCUSSION

The chemical composition of the films undevestigation was varied in a wide range by changing the HMDSO
monomer partial pressuredibso) in the deposition chamber while power applied to Ag target was fixed av50@-
free reference organosilicon polymer film was obtaineduabgp= 0.2 Pa andero target power. The concentration of
silver in the deposited nanocomposite films decreases with HMDSO pressure increasing while the deposition rate
nonlinearly increases. Carbon and oxygen content in the organosilicon polymer matrix increases wititeA co
increasing. The similar but steeper increase of carbon content is observeétée Aigns prepared at the same values of
HMDSO pressure. Ag incorporation leads to a shift of carbon curve to the lower values and decrease of its steepness.
Thus, thedecrease of carbon content can be concluded as a pure effect of silver incorporation while increase of carbon
content with increasing Ag concentration is caused rather by change of monomer partial pressure.

XRD studies indicate that the silver presentamf of metallic nanoclusters. Transmission electron microscopy
confirms the 2phase nanostructure of the deposited-ftiin nanocomposites based on Ag nanoclusters embedded into
amorphous plasma polymerized hexamethyldisiloxaneH#SO). The size of Agranoclusters evaluated from XRD
increases with silver content increasing as well as the density of films obtained from XRR measurements. At the same
time the density of organosilicon polymer matrix calculated from weight concentration of silver, XRR,dansinetallic
silver density decreases with increasing silver concentration. The decrease of polymer matrix density caused by silver
incorporation is much steeper comparing with the decrease of XRR densityfredeAgpHMDSO films obtained at the
same walues of HMDSO partial pressure in the deposition chamber.



To obtain additional information about structure features and chemical bonding in amorphous polymer matrix
FTIR spectroscopy was utilized which is especially effective tool for analysis of oqgasina deposits. IR absorption
spectra are severely distorted with interference fringes and strong background associated with scattering on Ag
nanoclusters. While the interference fringes, observed mainly on the spectra of flms on the silicon sulrsrates,
suppressed with increase of silver content especially in the-whoglength range of the spectrum, the increase of
absorption background caused by scattering increases with wavenumber increase until saturation level defined by the
limited dynamical ange of the spectrometer. Before deconvolution of peaks the interference fringes should be removed
from the analyzed spectra and baseline correction should be performed. Approach publj$Bgwvas used for this
purpose. As can be noticed, the ksitfeshaped measurement artifacts can be still observed in the featureless regions due
to possible deviations of refractive index (

Fig. 1). Assignment of peaks was done accordinglt®, [13] where are summarized results from numerous

publications dedicated to FTIR spectroscopy of organosilicon polymers. In case of large deviation of peak position
additional comparison was done with data fiidm], [15].
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Fig.1. FTIR absorption spectra of-gMDSO (1), Agb6 (2), Agl (3) and Ag5 (4) films deposited onto :
crystal silicon substrates after interference fringes and baseline removed.

Wide absorption bandetween 3000 and 3700 @ris attributed to €H stretching in silanol groups (SiOH) as
well as absorbed molecular wafg6]. Its asymmetric shape needs fitting at least by 2 Gaussians. It is followed by weaker
absorption feature in the rangé15061750 cm' associated with bending in,8 usually observed at ~1650 2rfi6].

The last one is rather affected by change of monomer vapor pressure in deposition chamber than addition of silver itself
as can be seen from Fig.2.

At the same time, drastic increase of ® stretching band is observed during increase of Ag concentration with
maximum at 4®oa: It doesndét correlate with intensity of absor!l
assumption about formation of hydroxyl terminatigroups, hypothetically, on the surface of silver nanoclusters during
growth of the film. This correlates well with Ag promoted increase of oxygen content in the studied films. Absorption
band between 2800 and 3086 is attributed to stretching vibiahs in CH groups and can be deconvoluted into 4
modes corresponding to symmetric and antisymmetric stretching 4m@HCH [10], [13]. In films under investigation
this peak is located on the tail of-KD stretching absorption band and its shape carsdwerely affected by this
superposition. Thus, the precision of its deconvolution is poor except antisymetric stretching modeuial Ghly total
area under this peak is analyzed in current study. The contributiantismmetric stretching mode in @lh CHy
abrosption band is increased with increase of silver content (Fig.3). This can indicate on higher saturation of carbon
termination groups with addition of silver even when fi
ratio.
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Fig.2. Peak area of @ stretching band (1) anc® Fig.3. Contribution of antisymmetric stretching mode
bending band (2) vs. Ag concetnration. CHin CHabrosption band vs. Ag concetnration.

Absarption band observed between 2100 and 2306 isnattributed to the SH symmetric stretching in various
Si environmentsH-SiO;, H-Si0,Si, H-SiOS) [10]. Addition of silver leads to rearrangement of observed modes and their
peak intensities. Whilen pure ppHMDSO reference filnH-Si0O,Si mode is dominant and accompanied with 2 times
weakerH-SiOSimode, the addition of silver leads to increase 8iBSimode contribution and disappearing-bBiO,Si
at 40%at. of Ag. But Ag5 film deposited aiypso = 1 Pa demonstrate appearancdHe8i0,Si mode and evehl-SiO;
additionally. Peak at1455 cm'® indicates on presence of gigroups isolated from Si atoms but without any essential
changes due to Ag incorporation. Absorption banreld06 cmt' corresponds to antisymmertric bending efigin methyl
terminated SiMg Peak at-1362 cmt' is attributed to bending of-E12 in Si-CH,-Si crosslinks. A slight increase of its
intensity is observed with addition of silver. A shift to higher wavenumbematsed rather due to decrease of monomer
vapor pressure at constant discharge power and can indicate on more dense films with additional compressive stress. It is
worth noting that the last 3 peak mentioned above are located close to each other and averapped with increase
of Ag content. Peak corresponding to the symmetric bendingtdf i€ SiMe, groups observed at1263 cm' [10], [13]
exhibits a slight shift to higher wavenumbers with increase of Ag concentration. Together with appearararptiarabs
peak at ~848m* related to antisymmetric rocking of Ghh SiMe; and decrease of absorption peak at ~866
attributed to antisymmetric rocking of GHh SiMe; it can indicate on decrease of SiMand increase of SiMe
simultaneously with increase of silver content in the studied films. A wide region of strong absorption observed between
1240 and 52@m? is composed from 8D-Si peak (10001200cn?), H-Si-O bond bending at ~886n!, antisymmetric
rocking of CH in SiMes at ~843cm? and antisymmetric rocking of GHn SiMe, at ~806cmt, symmetric stretching
vibrations in SiO-Si groups of the SiO network at ~700-€fi4], [15]. Its intensity increases with addition of silver but
decreases with monomer vagoessure decrease. In addition, an intense absorption band observed at -19ir0Agh
film is attributed to symmetric stretching 8FO-C bond§13]. It shifts to higher wavenumbers and increases its intensity
with increase of Ag concentration or deceeas o f monomer vapor pressure alternat
observed in spectra of films with lower Ag concentration and irfrag film, it becomes impossible to distinguish the
effect of silver incorporation and monomer vapor pressure cham&eO-C bonds The major contribution to peak at
~886¢cmt in the studied films can be attributed only teSHO bond bending in which each silicon atom has three oxygen
neighborg10].

Si-O-Si band can be fitted using 3 main peaks that are attribotadtisymmetric stretching &i-O-Si bond at
different bonding angles. Peak at 11B060 cm! is attributedto larger angle $iOi Si bonds in a cage structure with a
bond angl e of §H0.dtagpears madyedngentratdroofsilver and dneases with its increase. Peak
between 1100 and 1050éms assigned to network structure of silicon
high-temperature stoichiometric silicon oxide it is observed at 108bard shifts to lower stretchirfgequencies in low
temperature silicon oxide7] and organosilicon plasma polymeg0]. Peak located in range 160040 cm' is
attributed to antisymmetric stretching ofGiSi bonds in silicon suboxi H&[18]t ructur
Shift of SiO-Si peak components to higher wavenumbers together with appearance of peak corresponding to vibrations
in cage structure is observed with silver content increase. The contribution of each component (cage, network, suboxide)
with silver @mntent increase is present in Fig.4.

The contribution of suboxide component decreases with addition of silver and decrease of monomer vapor
pressure as well while contributions of network and cage structure components increase. The effecisodiplmetion
and HMDSO vapor pressure decrease can be easily distinguished on the concentration curves of suboxide and network



components as reference -fge film is obtained at the same monomer vapor pressure as film with dD&tlver. The
influenceof monomer vapor pressure has more significant effect than addition of silver but changes are similar. Thus,
addition of silver changes the-SiSi skeleton from suboxide towards silicon oxide cage structure the same way as
transition f roonplfassorfat oc otnadifth armd . The transition from s
confirmed by increase of oxygen content. The decrease of polymer matrix density can be caused by nanopores typical for
cage structure.

The ratio of total area under Sé\peaks to total area under@iSi peaks decreases with silver content increase
as well as with decrease of monomer vapor pressure (Fig.5) indicating the decrease of bonded carbon. Together with
increase of total carbon content observed in EDS speciaa ibe an evidence of unbonded amorphous carbon present in
the polymer with decreasing HMDSO pressure as a result of hydrogen loss apé&tits in plasma and graphitization.
At the same time contribution @iMe; termination groups increases with incread silver content and decrease of
monomer vapor pressure the similar way as reported by Saulou et al. [8]. This can be an evidence of increased HMDSO
molecule fragmentation in plasma and crosslinking in the resulting organosilikon polymer matrix caaskeltion of
metal silver during films growth. Thus, addition of silver changes the organosilicon polymer matrix from softliRBMS
pl asma polymer to fAhardero plasma pol ymer gtoithibomesic r uct ur
SiO films.

Fig.4. Contribution of cage (1), network (2) and Fig.5. Ratio of SiMe to SiOSi area (1) emtribution of
suboxide (3) components intoGiSi absorption band SiMe in total SiMe environments (2) vs. Ag concentrati
vs. Ag concentration.

The small peak at the longavelength edge of the FTIR spectrometer range between 440 and 4668spuiated
with bending of GSi-O structural units and ring opening vibratida€] is increased with increase of silver content and
decrease of HMDSO vapor pressure as well. Thus, addition of silver acts the same way as decrease of monomer vapor
pressure and leads to increased formationSHO-Si-O- rings in the structure of orgasiicon polymer matrix.
Additionally, observed peak demonstrates red shift with Ag concentration increase that is the evidence of vibration
frequency decrease caused by decrease®f@angle in ring structures due to decrease of rings average lengie At
same time, FWHM of the observed peak is decreased with addition of silver but further increase is observed together with
decrease of monomer vapor pressure. Thus, transition to
intensified fragmentation of HMDSO molecules and this effect becomes dominant over the effect of silver incorporation.
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