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An object interacts with surroundings through their surfaces… it is therefore crucial to control the physico-chemistry of surfaces…
 Among other approaches, plasma-based technologies are particularly adapted because of their:
 Low environmental cost (no solvent, little waste) Versatility and flexibility Already demonstrated industrial transfer
 2 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15
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3
 Plasma… the 4th state of matter “Ionized gas macroscopically neutral that contains ions, electron, neutral,
 photon and radicals”
 I. Langmuir
 80% of the Universe matter is on the plasma form
 Very few “natural” examples on earth Developed since decades for industrial
 applications
 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15
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Which plasma and… which technology?
 ne ~ 1011 – 1015 cm-3
 Te ~ 1-2 eV (24000 K) Tn ~ kT xi ~ 0.01 %
 Cold plasma (non-equilibrium plasma) are the one employed for the treatment of materials.
 Electron temperature (eV)
 High temperature chemistry at room temperature!
 These plasma are mainly used in PVD and PECVD processes which include the plasma polymerization technique
 4 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15
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Conventional polymer Plasma polymer
 No repeating monomer units [1]
 Intrinsic high cross-linked structure
 Thermo-mechanical properties [2,3]
 ≠
 Chemical stability
 Combination of organic and inorganic features
 [1] Plasma Polymerization, H. Yasuda (Academic Press, Orlando, 1985). [2] A. M. Wrobel et al., “Plasma-Polymerized Organosilicones and Organometallics”, in: Plasma Deposition, Treatment, and Etching of Polymers, R. d’Agostino (Academic Press, San Diego, 1990). [3] B. D. Beake et al., J. Mater. Sci. 2002, 37, 3821.
 Any organic molecule = precursor
 Plasma polymers?
 5 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15
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Substrate
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 6 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15
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 7 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15
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Substrate Plasma polymer film
 Allylamine CH2=CH-CH2-NH2
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 8 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15
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Early works on protective coatings and surface activations highly crosslinked coatings with litle attention to the chemistry of the material.
 Numerous chemical functions even from mono-functional precursor : • plasma fragmentation • plasma/growing film interactions (hν, e- and ions bombardment) • ageing (oxidation) of the PPF (radicals reaction)
 It is necessary to get more understanding on the PPF growth mechanism in order to control
 the physico-chemistry of the material
 Microtechnology (80’s) and nanotechnology (the last 20 years) advancements new challenges in many technological fields synthesis of well-defined molecular structures with a high retention in the functional groups
 Modern applications of plasma polymers
 9 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15
 but….
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Platform for cells/biomomecules immobilisation
 -NH3+
 pH = 7.4 -NH2
 Biotechnology
 NH2-PPF, SH-PPF, COOH-PPF
 (1) W. C. E. Schofield et al, J. Am. Chem. Soc. , 2006, 128, 2280 (2) R. Forch et al., PPP, 2005, 2, 351
 (1) L. denis, PhD thesis, UMONS 2009
 DNA
 Modern applications of plasma polymers
 10 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15
 (1) S.Liu, Langmuir.2005, 21, 8572
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SH SH SH
 S S S
 (1) Svorcik et al, Nucl. Instr. and Meth. B 2009, 267, 1904
 (2) D. Thiry et al. PhD Thesis UMONS, 2013
 Gold nanoparticles stabilization for low temperature oxydation of VOC
 Catalysis
 SH-PPF
 Nanomedecine
 Controlled drug delivery systems
 NH2-PPF
 20 nm
 (1) S. Simonovic et al. Chem Com, 46, 2010, 1317
 Modern applications of plasma polymers
 11 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15
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Aluminium and corrosion Aluminium is after iron/steel the most frequently used metal today. It naturally generates a protective oxide layer of alumina (Al2O3) and is highly resistant to uniform corrosion in neutral media
 but
 Pitting corrosion
 A form of localized corrosion in aqueous solutions containing
 halide ions (Cl-)
 It is necessary to protect Al from
 pitting corrosion attacks!
 Szklarska-Smialowska et al., Corros. Sci., 1999, 41 Frankel et al.., J. Elect. Soc., 1998 145
 12 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15
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Context
 How to protect Aluminium? Cr6+ compounds are commonly employed as they are good corrosion inhibitors due to the self-healing properties
 Twite et al, Prog. Org. Coat., 33 (1998) 91 Cohen, Corrosion, 51 (1995) 77 Bethencourt M. et al, Corros. Sci., 40 (1998) 18030
 but….
 An alternative to Cr6+-based treatment is
 necessary!
 Erin Brockovich (as portrayed by Julia Roberts) won a 333 millions dollars lawsuit against an
 industrial company that was poisoning ground water with hexavalent Cr
 13 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15
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Motivation & objective
 Use of the naturally-generated radicals in the plasma polymer(1) to initiate radical-based
 polymerization of the conventional polymer.
 Chromate free solution? To replace Cr6+ treatment, an organic-based multilayer presenting the possibility for self-healing might be a solution
 Surface preparation
 Barrier layer
 Plasma polymer
 Grafted polymer
 Conventional polymer
 (1)Wilken et al., Surf. Coat. Technol., 116 (1999) 991
 A better understanding of the PPF radical
 generation/stabilization mechanisms is necessary
 Bénard, Snyders et al., Grafted polymer coatings, US 20130029138 A1
 14 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15
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Experimental set-up
 Experimental set-up PPF synthesis
 • Precursor flow rate. = 10 sccm • Working pressure = 50 mTorr • Coil-substrate distance. = 13 cm • 50 W < RF Power (13,56 MHz) < 400 W • Isopropanol, benzene and cyclohexane precursors
 Plasma diagnostic • gas phase FTIR spectroscopy1,2
 (1)Ligot, Snyders et al., PPP, 2014, DOI: 10.1002/ppap.201400123 (2)Ligot, Snyders et al., Submitted to PPP
 (3) Holländer et al.., Surf. Interface Anal., 36 (2004) 397
 Radical evaluation3 • In situ NO derivatization • 75 Torr NO gas pressure • 15 minutes duration
 Polymer chains grafting • Liquid ethylhexyl acrylate (EHA) • Ts = 50 °C • 60 minutes duration
 15 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15
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Results
 Density of radicals?
 Gas phase FTIR spectra of the isopropanol gas and discharge
 • increase of radical density with P until PRF ~ 200 W then, stabilization
 • supported by the plasma chemistry
 Surface free radical density
 The fragmentation of the precursor is observed as a function of PRF (1)Ershov, Snyders et al., ACS Appl. Mat. Int.,5 (2014) 4216
 16 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15
 Isopropanol PPF
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Results
 Stabilization of the radicals?
 (1)Ershov, Snyders et al., ACS Appl. Mat. Int.,6 (2014) 12395
 • For P < 150 W aromatic bands are still strong
 • For P > 100 W aromatic bands are considerably but not completely reduced
 • CH2 rock band (only for 4 or more -CH2 in a row) suggests collective opening of the cycle already at 75 W
 Gas-phase IR spectroscopy
 17 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15
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Results
 PPF structure Thin films FTIR spectroscopy XPS
 C1s
 18 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15
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Results
 To summarize… Schematic structures of PPF synthesized at 75 and 300 W
 (1)Ershov, Snyders et al., ACS Appl. Mat. Int.,6 (2014) 12395
 • Aromatic rings joined randomly by short alkyl chains
 • Decrease of aromaticity with P in favor of an alkyl cross-linked network
 • Alkylcross-linked network which increases its unsaturation with P
 19 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15

Page 20
                        

Radicals density Results
 • stabilization of radical density with P for cyclohexane due to recombination reactions
 between free radicals
 • linear increase of radical density with P for due to the stabilization of free radicals by resonant structures which limits recombination
 (1)Ershov, Snyders et al., ACS Appl. Mat. Int.,6 (2014) 12395
 20 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15
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Results
 EHA grafting?
 ToF-SIMS spectra
 PPF PPF + EHA grafting
 RAFT (Reversible Addition-Fragmentation chain Transfer) polymerization of EHA
 Evidence of grafted poly(EHA) chains on the PPF top surface
 (depth analysis in SIMS is about 1 nm)
 21 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15
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Results
 EHA grafting - XPS
 • observation of the COO component characteristic of EHA
 • Modification of the O1s peak towards the shape of ref poly(EHA)
 Grafted poly(EHA) chains with the length
 of at least 7 nm (XPS depth analysis) Reactive
 radicals
 100 nm >7 nm
 22 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15
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Conclusions
 Al substrate
 Electrochemical Impedance Spectroscopy
 Bode diagrams in modulus (black) and phase (red) after (■) 1 hour, (☐) 6 hours, (•) 3 days, (Ο) 21 days and (✕) 35 days of immersion in NaCl solution.
 • Improvement of the low frequency modulus by 3 orders of magnitude
 • Stable as a function of immersion time in NaCl solution
 23 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15
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Conclusions
 Conclusions
 The understanding of the growth mechanism and particularly of the plasma-surface interaction is a key point to reach this control
 Plasma diagnostic (supported by modeling) is a wise approach to shed light on the plasma polymerization process
 Modern applications of plasma polymers make necessary a high control of the physico-chemical properties of the material (crosslinking, chemical functions,…)
 Plasma polymers are a family of thin films that can be applied in many industrial fields from nanotechnology to steel industry
 24 “Using nanotechnologies to optimize your coatings”, Liège, 15/01/15
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Thank you for your attention!
 Sergey
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