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Abstract.

We present a route for grafting polyacid and polyether coatings on polymers by post-
discharge polymerization of liquid vinyl monomer. Surface modifications of polymer films by
Micro-Discharges in air Dielectric Barrier Discharge (MD, DBD) are depicted with sub-
micrometer craters homogeneously distributed. Both the energy per MD and the power
density are critical to avoid thermal film deformation. Homogeneous surface composition is
related to the DBD energy density.

The polymerization mechanism is depicted from yields versus DBD energy density and time
of exposure to air between DBD and monomer deposition. Both parameters control the
surface density of radicals and peroxides, triggering the post-DBD polymerization with 80
and 73% of monomer functionality remaining in acid and ether coatings, respectively.

The effect of deposition conditions on coatings properties is shown as well as the stability of

coatings upon washing.

& &= Supporting information for this article is available at the bottom of the article’s abstract page, which can be
accessed from the journal’s homepage at http://www.macros.wiley-vch.de, or from the author. ((Other footnotes
to the title/authors can also appear here, such as Author-One and Author-Two contributed equally to this work.))
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1- Introduction

Low-pressure glow discharges produce adherent thin coatings of a few tens of nanometers
with different surface functionalities "%, In that context, great efforts have been made to
develop new processes for surface treatment or deposition in air at atmospheric pressure B4,
Badyal et al. have combined a droplet production device and an Atmospheric Pressure Glow
Discharge in He and N to deposit poly-acid films 2 and silicon-containing films ™. The
precursor was injected as liquid droplets into the Atmospheric Pressure Glow Discharge.
Doing so, the deposition rate is not limited by the vapor pressure of the organic precursor and
even nonvolatile precursors can be used. More recently, Herbert et al. ! directly compared
vapor and liquid aerosol precursors for the deposition of perfluorocarbon coatings by
atmospheric pressure non-thermal equilibrium plasma jet system to evaluate the monomer
fragmentation in the plasma and the subsequent coating properties. While coatings deposited
from liquid precursors showed good retention of monomer molecular structure, they exhibited
poor stability when immersed in toluene. This was attributed to lower levels of cross-linking
in coatings deposited in the plasma from liquid precursor than from gaseous precursors.

This paper deals with the process developed to preserve the monomer functionality by post-
discharge deposition and polymerization of liquid monomer at atmospheric pressure ™.
Indeed, as previously shown with highly functionalized poly-acid coatings, post-DBD
Electro-Spray (ES) deposition is a promising method for polymerization of unsaturated
precursors at atmospheric pressure: the DBD generates surface radicals and labile peroxides
that will initiate the grafting polymerization of vinyl monomers and the interlocking of the
coating with the substrate, while ES leads to high deposition rate of liquid monomer 71,
In this paper, the effects of filamentary air DBD, in which micro-discharges (MD) are
homogenously distributed in time and space, on the surface of the polyethylene (PE) and
polystyrene (PS) substrates are depicted through SEM, XPS and FTIR-ATR analysis. Then,

the polymerization yield of poly-ether coatings has been defined by mass measurements



carried out on PS substrates. The yield is shown to depend on the energy density deposited by
DBD and on the time exposure to air before deposition. To account for the remaining
monomer functionality in the polymerized coatings, we propose a mechanism of post-
discharge polymerization of vinyl monomer induced by surface radicals and peroxides grafted
by the preliminary DBD treatment. The effect of deposition conditions on coatings properties

is shown as well as stability of coatings upon washing.
2- Experimental Part
2.1- Set-up

The post discharge polymerization of the vinyl precursor is a two step process (Figure 1).

1. Plasma activation 2. Electro-Spray deposition
DC
Dielectric Barrier / Liquid
(@lumina) . At pump

777 L sample (PE or PS) I

Figure 1: Schematic of set-up for DBD activation of the polymer film and for ES deposition
The polymer substrate is first activated by a 0.5mm gap plane-to-plane Dielectric Barrier

Discharge (4x2cm covered by a 0.5mm thick alumina) in air at atmospheric pressure to
achieve more homogeneous surface activation than in longer gaps, as detailed in §3.1. The
polyethylene and polystyrene films with respectively 0.1 and 0.125 mm thickness (5x5cm) are
placed on a grounded electrode, translated under the 30 or 45 kHz DBD with velocities from
0.1to 4.5 cm/s. The power density (Ps in W/cm?) is defined as the mean input power divided
by the treated surface of the film. The mean power is calculated as the integral of the (u.i.dt)
product over an integer number of voltage periods divided by the integration duration. The
Energy density (Es in J/Jcm?) has been calculated by two methods: as the power density

integral over the treatment duration, or as the product of the energy per pulse related to single
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micro-discharge, of the number of pulses per time and space units and of the treatment
duration, as derived from a numerical treatment of the discharge currents, * "] The power
density is controlled by tuning the energy density with voltage, gap length and specific
capacitance of the dielectric material at a fixed transit time in the discharge, or conversely.
Results are discussed in terms of power density to deal with the dynamic of substrate heating
by DBD and cooling by heat exchanges to define the range of power density preventing the
thermal deformation of the polymer. On the contrary, to account for the final surface density
of species triggering the post-discharge polymerization, the energy density is used to compare
chemical effects of different DBD pre-treatments of the polymer substrate.

Then, the deposition of the liquid precursor is performed by Electro-Hydro Dynamic
Atomization, also called Electro-spray (ES) in cone-jet mode. The Di-Ethyl-Glycol
MonoVinyl Ether monomer (DEGMVE 98%) is so-deposited at constant distance between the
substrate and the spraying nozzle, defining the deposition spot diameter on the substrate. The
mass deposited per surface unit was tuned by performing either several passages under the
spray at 0.5mL/h or one passage at different liquid flow-rates, both at constant substrate
velocity, as well as by changing the substrate velocity at constant flow rate.

After deposition of the liquid precursor, samples are stored at ambient pressure and
temperature for 25h polymerization before evaporation of residual liquid monomer (at 40mbar
and room temperature) and final mass measurement. This maximal duration of polymerization
has been defined for the thickest polymerized coatings, by showing that the final mass of
coating does not evolve with longer polymerization duration between deposition and
evaporation. However, faster polymerization with related shorter duration in the order of one
hour has been recorded for thinner polymerized coating in ambient conditions. For industrial
purposes, the polymerization can be shortened by tuning the kinetics of polymerization of
thinner coatings with temperature, eventually accelerated by UV irradiation for volume

polymerization and/or evaporated faster by heating at reduced pressures.



2.2- Substrate and coating characterization

Chemical surface analyses were performed on different parts of the sample. At least three
lines with nine spots per line perpendicular to the displacement direction, were analyzed with
deviations smaller than 5 % compared to the mean value. To analyze the surface composition,
XPS spectra were recorded using an X-Ray Photoelectron Spectrometer (XPS — PHI 5600-ci
spectrometer — Physical Electronics) without charge compensation. Survey and high
resolution spectra were acquired at a detection angle of 45°, using the Ka line of a standard
(non-monochromatized) Al (hv=1486.6 ¢V) and Mg (hv=1253.6 ¢V) X-ray sources
respectively, operated at 300 W. The photoelectrons take-off angle was 45°/n, and the
analyzed surface evaluated at 0.8x0.8 mm?.The curve fitting for the high resolution Cys core
level peaks was determined using XPS PEAK (Version 4.1) with a Lorentz-Gauss ratio of 5
(0: G, 100: L) and a Shirley background subtraction for high resolution C1s spectra. The
energy resolution of the survey and the high resolution spectra were approximately 2 eV and
0.8 eV, respectively. The peak positions were determined with an accuracy of 0.2 eV with
widths of 1.5 eV for C1s and 1.6 eV for N1s.

The quantitative analysis of the surface composition was estimated from the integrated peak
areas normalized by the relative sensitivity Scofield factors ™, the electron mean free path,
and the apparatus transmission function. The relative sensitivity factors depending on the
nature of the element were 1.00 and 1.77 for C1s, and N1s, respectively.

FTIR-ATR spectra were obtained with a germanium crystal (MIRacle™-ATR, BRUKER).
The final mass of the polymerized coating was defined on three samples, by mass difference
between the initial and coated samples after evaporation of residual monomer (with 5 % error
from 10 pg to a few mg). The polymerization yield was calculated as the ratio of the final
mass of polymer coating by the initial mass of deposited liquid monomer. Finally, SEM has
been used to characterize the surface topography and side views to measure the coating

thickness.



3- Results and Discussion

3.1- Chemical and structural effects of filamentary DBD on polymer film surface

The expected effects of plasma treatment of polymer surfaces in air at atmospheric pressure
(191 are confirmed. Indeed, a decrease in the contact angle and an increase in the oxygen
content was measured for both PE and PS films for energy densities higher than 2 J/cm?, as
depicted in Figure 2 and related table 1 for PS; It has to be noticed that the surface
composition has been shown to be constant at different locations on the polymer film
substrate treated by DBD, with deviation smaller than 5 % with respect to the mean values in

table 1, as detailed in §2.2 and shown on XPS spectra in Figure 2 and 4 for PS, below.

- 10000 .
(@) UNTREATED PS Cls 26004
__fswo _
5 5
S @
>[600 g3 -
2 z
el =
QL O1s gramo 3
W‘J‘——"ﬂl - 2000
T T T T i T G il
. T R
1000 800 600 400 200 0 ' 200 o285
Binding Energy (eV) Binding Energy (eV)
8000 Loood | o
(b) PS TREATED by DBD
~femo  _
5 5
~ 2
Zlamo 2
c <
Sl20 £
T T v L- ' a
100 800 600 400 200 0 200 85

Binding Energy (eV) Binding Energy (eV)

Figure 2: low resolution and high resolution C1s XPS spectra of (a) non treated PS and (b)
PS film treated by DBD (Es=4J/cm?, f=45 kHz, v=4.3mm/s).

Nitrogen at the topmost surface layer can also be noticed from the low resolution XPS spectra
(around 400 eV) for treated PS presented on Figure 2, representing less than 2% of the atomic
surface composition, far below Oxygen. It highlights the higher reactivity of oxygen than of

nitrogen with PS surface in the discharge used for the DBD pre-treatment in air. Moreover,



the high concentration of oxygen after DBD treatment could be due to post-oxidative
reactions.
Table 1: XPS analysis of PS before and after DBD treatment, showing the evolution of the

C1s core level peak decomposition into five features(expressed in %, as the ratio of the area
for each Carbon bond over the total area of the C1s peak) and the Oxygen to Carbon ratio

Untreated Post-DBD treatment
reference 14 kV 16 kV
PS 4.3 mm/s 3 mm/s 1 mm/s 4.3 mm/s
4 Jlcm? 6 J/ cm? 17 Jlcm? 60 J/cm?
% C-C (285 eV) 89.5 83.2 83.8 82.4 77.0
% C-O-C (286.5¢eV) 5.1 8.7 9.1 8.8 11.5
% C=0 (288 eV) 0.7 2.5 2.3 2.8 4.3
% O-C=0 (289.3 eV) 0.6 2.3 2.0 2.8 3.7
% n—n* (291.5eV) 4.1 3.3 2.8 3.2 35
O/ C 0.058 0.144 0.155 0.17 0.209

The Oxygen to Carbon ratio is the ratio of the atomic percentages of Oxygen and Carbon in
the surface composition derived from low resolution XPS spectra. It lies around 0.058 for the
reference untreated PS, arising from additives or impurities. New CO bonds (C=0 at 288 eV,
0O-C=0 189.3 eV) result from DBD in air increasing the % of CO bonds, initially present in
the non-treated PS and the Oxygen to Carbon ratio.

To achieve stable discharges with homogeneously distributed micro-discharges during the
surface treatment in air DBD without burning or breaking through the substrate, the energy
per MD has to be lower than 1 pJ. This implies discharge gaps shorter than 1mm. Moreover,
power densities have to be smaller than 1.7 and 2.3 W/m? respectively for PE and PS, with
slightly lower power density for longer treatments. Indeed, polymers are thermal insulator
materials, reaching higher surface temperature at slower substrate velocities due to heat
accumulation from poor heat conduction and related cooling rate. Hence, this maximum
power density is related to the softening temperature specific of each polymer film, easily
reached in 30 to 60 kHz DBD °. Indeed, the surface is heated up to macro-scale deformation

of the film and subsequent discharge destabilization arising from the gap length modification.



SEM pictures of PE films treated by DBD (cf. Figure 3a) reveal 100 to 200 nm craters
homogeneously distributed over the surface every 200 to 500 nm with 0.5 mm gap and 200 to
400 nm craters every 400 to 800 nm with 1mm gap. Both craters diameter and density can be
respectively related to the energy per MD and to the surface density of micro-discharges.
Indeed, the energy is twice higher and the surface density of micro-discharges is twice smaller
at 1 mm than at 0.5 mm for a constant power density.

For PS, the DBD treatment produces nano-thick delaminated slices of oxidized PS fragments,

as discussed in §-3.2 Post-discharge polymerization yield and mechanism (cf. Figure 3b).

Figure 3: (a) untreated / treated PE by DBD for 0.5 and 1 mm gap lengths and (b) untreated /
treated PS by 0.5 mm DBD

The erosion of polymer surfaces was expected since the production of vapors and nano-

particles by interaction of micro-discharges in filamentary DBD with metal and metal oxide
surfaces is known 22 However, the quasi-homogeneous distribution of such craters, much
smaller than the 10 to 100 um MD diameter and much closer than the mean inter-MD
distance in the order of the gap length (Figure 3a), still deserves to be clarified. This may be
due to faster depolarization of polymer than of Alumina, leading to successive MD at the
same places on the alumina and at different places on the substrate. Hence, homogeneous
surface properties at a millimeter scale (spot diameter of IR and XPS analysis) can be
achieved by air DBD, despite local heterogeneity of the MD interaction with the surface.

3.2- Post-discharge polymerization yield and mechanism.

3.2.1- Preserved functionalities of the monomers in the polymerized coatings



The monomer functionality is preserved in polymerized coatings. Up to 80% of monomer
functionality remains in poly-acid coatings ©® " as confirmed here for poly-ether coatings by
surface and bulk analysis.

The Figure 4a indicates a decrease of the C-C peak at 285.0eV (C-C/C1s ratio vary from 80 in
the PS treated by DBD to 22% in the polyether coating) and an increase of the C-O peak at
286.5eV for ether and alcohol functions (C-O/C1s ratio vary from 10 to 61%). The
disappearance of the n—m* peak at 291.5eV for the poly-ether coating (Figure 4.b),
corresponding to the phenyl carbons of the PS, indicates that the coating is thicker than the 5-
10 nm depth of XPS analysis and that a homogeneous polymerized coating has been formed
on the substrate, without any pore. Figure 4b shows that the ether functionality of the
monomer is preserved in the polymerized coating. Up to 73% of the C-O functions of the
monomer remain in the final polymerized coating. This is deduced by comparing the C-O/
C1s ratio in the poly-ether coating and in the monomer (CH,=CH-O-CH,-CH,-O-CH,-CH,-
OH with 5 C-O bonds for 6 Carbon atoms, i.e. 83.3%).

Hence, the post-discharge deposition of the liquid monomer is proved to be an efficient
strategy to preserve the monomer functionality by triggering the polymerization of vinyl

monomers from surface radical, previously created on the substrate by DBD.
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Figure 4: high resolution C1s XPS spectra of (a) PS treated by DBD (9.3 J.cm-2 at 0.5 mm)
and (b) poly-ether coating on PS treated by DBD (4t DBD-ES deposition=23s and ms=62.5

pg/cm?).
However, as XPS cannot differentiate alcohol from ether functions, FTIR-ATR has been used
to prove the retention of the ether groups in the polymerized coating. Indeed, Figure 5 reveals

ether functions at 1066 and 1126cm™ and alcohol functions around 3400cm™.
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Figure 5: FTIR-ATR spectra (a) of untreated PS and polyether coating on PS from which the
untreated PS spectra has been subtracted (coated PS) and (b) of the liquid monomer

From FTIR-ATR spectra of poly-ether coatings, some aromatic C-C and C-H bonds from the

PS substrate or from additives are still detected in the bulk of 10 to 20 um coatings, measured

as detailed in 82.2 and 3.3.1. A test experiment has been performed with HPLC analysis of

the liquid monomer deposited on the PS substrate after DBD treatment. Our results indicate

that low molecular fragments containing aromatic moieties are still present at the topmost

surface layer of the PS. Such contaminants could be due to the presence of UV absorbers,

mono-phenol absorbers, generally used as stabilizers retarding yellowing . Besides, they can

also arise from the DBD pre-treatment in air producing delaminated slices of oxidized PS, as
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confirmed by the carbonyl bond detected by FTIR in the polymerized coating on figure 5a.
Comparing the final polymer coating and the liquid monomer spectra in figure 5a and b,
indicates a strong attenuation of the initial C=C function at 1620cm™. Hence, the grafting
polymerization occurs through the vinyl function. This confirms that post-discharge
polymerization is triggered by surface reactions of the vinyl function of the monomer with
species previously grafted on the substrate by DBD as detailed just below , which accounts
for the resistance to washing discussed in section 3.3.2 by covalent interlocking of the coating
with the substrate.

3.2.2- Initiation of Polymerization of Vinyl Precursors from surface radicals

Figures 6 show that the polymerization yield of polyether coatings on PS depends on the
deposited energy density and on the time exposure to air between the substrate activation by
DBD and monomer deposition. The energy density per surface unit was tuned by varying the
substrate velocity and the related transit time of the substrate under the discharge at constant
power density. The mass deposited per surface unit was modified as depicted in §2.1.

Figure 6a shows that the polymerization yield increases for energy density up to 2 J/cm?. At
constant mass of deposited liquid monomer, this implies higher final mass of polymerized
coatings for higher energy density. This result supports that active species grafted on polymer
substrates by DBD trigger the post-discharge polymerization. Indeed, the energy density
deposited by the DBD pre-treatment has been shown to control the wettability © 7, the
oxygen content of the surface (see table 1) which both have been related to the immediate
post-discharge densities of surface radicals and peroxides 2%,

For DBD energy densities higher than 2 J/cm?, the polymerization yield remains constant,

probably due to a maximal surface density of radicals limited by self-recombination 243,
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Figure 6 : Evolutions of polymerization yield of poly-ether coatings on PS versus (a) energy
density for different mass of monomer deposited per surface unit and (b) time exposure to air
between DBD and ES deposition (ms=95ug/cm?)

Then, kinetics of surface radicals recombination with oxygen prior to monomer deposition
can be depicted from yield measurements related to the surface densities of active species
triggering the polymerization of vinyl monomer. Indeed, the recombination of surface radicals
with oxygen leads to peroxides and hydro-peroxides that can still trigger polymerization
despite longer exposure to air before deposition. In the first experiment with acrylic acid, the
transit time from DBD treatment to ES deposition was longer than a few seconds and is here
reduced down to 1s. In this configuration, we can now depict the recombination kinetics of
surface radicals, and/or post-oxidative reactions with air before liquid monomer deposition,
which reduces the surface density of radicals as described with poly-acid formed on PE from

surface peroxides © 7.

Figure 6b shows a three steps decrease of the polymerization yield versus the time exposure
to air before deposition for different energy densities. For exposure to air shorter than few
seconds, the polymerization yields are maximal, which tend to support that the initiation of
polymerization is favored by high density of short life-time species such as radicals. Indeed,
the post-discharge radical density is maximal but rapidly decreases with time by self-
recombination and reaction with oxygen to create more stable species such as peroxide and
hydro-peroxides 21222426281 \which directly affects the polymerization yield. Indeed, Figure
6b shows that the time of life of so-produced surface radicals by DBD pre-treatment of the

substrate is smaller than 10s in air at Standard Temperature and Pressure (STP).
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However, the intermediate plateau of polymerization yields probably arises from a delayed
formation of surface radicals, up to 600s in air at STP after the DBD surface activation step
(cf. Figure 6b). This can arise from the formation of peroxide and hydro-peroxide which can
lead through spontaneous dissociation of peroxide bonds to the delayed production of radicals
to trigger a postponed polymerization, from 10 to 600s.

Then, above 600s, the spontaneous polymerization of the monomer (called homo-
polymerization in volume) without any active species from the growing polymer chains leads
to unadherent polymer without covalent binding to the substrate, as discussed below from
resistance to washing, with 2-3% polymerization yields.

These data indicate that radicals are probably consumed in the first seconds of exposure to air.
Beside, these results shows that grafted peroxides and hydro-peroxides on the surface of the
polymer substrate treated by DBD also lead to a delayed production of radicals (e.g. with
peroxide decomposition leading to oxygen radicals). Indeed, the polymerization from the
surface is still triggered until 600s after the pre-treatment. Hence, to increase the
polymerization yield, the delay between DBD treatment and ES deposition must be the
shortest to take advantage of higher initial radical densities. Finally, for air exposure before
deposition longer than one hour, the yield decreases to a few %, probably due to homo-
polymerization in volume forming non-adherent polymer.

3.2.3- Termination of polymerization

Figure 7 presents the final mass of poly-ether coating versus the deposited mass per surface
unit of PS (ms in pg/cm?). In the case of poly-acid coating on PE, similar trends are observed,
whatever the energy density of DBD pre-treatment of the substrate is.

Whatever the energy density deposited by DBD is, there is two ranges of deposited mass of

liquid monomer leading to different mass of polymerized coatings.
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Figure 7: Evolution of the final mass of 4*5cm polymerized coating versus the mass of liquid
precursor deposited per surface unit for different energy densities.

For the lowest deposited mass of monomer per surface unit, isolated polymer dots were
observed by SEM. Indeed, below 100 pg/cm?, there is not enough deposited liquid monomer
to form a liquid film on the substrate and only individual droplets with diameter from 3 to 10
pm depending on liquid flow-rate, are deposited and polymerized. Since the evaporation rate
increases for decreasing radius of curvature of the liquid surface, individual droplets
evaporates faster than a liquid film. Hence, subsequent lower final mass of polymerized
coatings and related yields arise from the polymerization of isolated droplets than from the
polymerization of a liquid film, only observed for higher mass of deposited liquid monomer.
As a result of isolated droplet polymerization, isolated dots made of agglomerates of
nanometer polymerized grains are observed by SEM analysis (not shown here).

For higher deposited mass of monomer per surface unit, the final mass of polymerized coating
does not evolve anymore with additional mass of deposited monomer per unit surface. Hence,
the polymerization of a liquid film leads to a constant final mass of grafted polymer in
relation to an excess of monomer that never polymerizes for both energy densities and related
densities of active species. This supports the spontaneous termination of polymerization for a
chain length depending on the volume density of radicals on growing polymer chains. On the
plateau, this volume density of radicals appears to be the limiting parameter since the amount

of monomer can increase without polymerizing. This suggests that the volume density of
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radicals on growing polymer chains depends on the energy density of the DBD pre-treatment,
as confirmed in Figure 7 and discussed below for different energy densities.

Finally, for each energy density deposited by DBD, there is a corresponding maximal yield of
polymerization for the optimal mass of deposited monomer, defined as the lower deposited
mass of liquid monomer producing the maximal final mass of polymerized coating (from 0.14
to 0.18mg). The optimal deposited mass of liquid decreases from 120 to 75 pg/cm?, for
energy densities from 0.6 to 2.1 J/cm2. This can be attributed to the reduction of the mass of
polar liquid monomer required for the formation of a liquid film on more wettable polymer
film substrates for higher energy densities. Besides, for higher deposited mass of monomer
per surface unit than this optimal value, the final mass of polymerized coating varies with the
energy density of the DBD pre-treatment. This confirms that the energy density of the DBD
pre-treatment probably controls the initial surface density of actives species triggering the
surface initiation of polymerization and the volume density of radicals required to extend the
growing polymer chains.

3.3- Coating properties versus ES deposition conditions.

The production of monomer droplets is achieved by ES in the so-called « cone-jet » for the
mono-dispersion of the droplet size distribution and for the stable conditions of deposition **
%21 The ES produces unipolar charged micrometer droplets, which prevents coalescence and
promotes fast electro-collection, limiting evaporation during the transit to the substrate 2!,
3.3.1- Roughness, density and thickness of coatings.

After deposition and polymerization of acid and ether vinyl monomers, the initial surface
roughness of the substrates decreases. The presence of a dense polymer (no pores) is

confirmed by the side view of polyacid and polyether coatings, presented on Figure 8.
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Figure 8: SEM pictures of (a) poly-acid deposited on PE at 1 mL/h upper and side views;
(b) poly-ether deposited on PS at 0.5 mL/h upper and side views

With poly-acid and poly ether-coatings, the surface roughness decreases, due to thicker
coatings at higher mass deposited per surface unit. Significant deposition rates of a few
hundred nanometers per second are achieved for the liquid monomer, with final rate of
polymerization of 0.1 nm per second at STP, that can be increased up to 1 to 10 nm per
seconds, as detailed in § 2.1.

As mentioned above, for each energy density of the DBD pre-treatment, there is a maximal
yield of polymerization corresponding to a maximal thickness up to few tens of micrometers.
Below this optimal mass deposited per unit surface, thinner coatings can be processed, since
the thickness can be tuned with the mass deposited per surface unit either with flow rate,
deposition duration and distance between the spraying nozzle and the substrate. Besides, for
very small deposited mass per surface unit, individual drops can be deposited for surface
processing with particular shapes of agglomerated polymer grains formed by polymerization
within each drop. This can be of interest to increase the specific exchange surface for sensors.
With both acid and ether vinyl precursors, the radial profiles of coating thickness have been
defined by SEM side views and confirmed by radial profiles of surface ATR-IR absorbance of
the carbonyl for the poly-acids coatings and of the ether for the poly-ether coatings.

On the other hand, the resulting coatings are thicker in the axis of the ES in relation with the
higher droplet flux in the axis of the axi-symmetrical conical spray than on the edges (cf.

Figure 9).
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Figure 9: Thickness profiles from the spray axis of (a) poly-acid and (b) poly-ether coatings

This result is quite unexpected, because it demonstrates that the initial radial gradient of
deposition flux of droplets is not totally flattened during the liquid film polymerization, which
lasts here for hours. This can be used for structural surface processing with parallel channels
formed with one line of multi-ES nozzles perpendicular to the displacement direction of the
substrate or prevented by the use of a few lines of multi-ES nozzles with spraying heads
position shifted from one line to another leading to flat surfaces on scrolling substrates.
Besides, if related to higher electric field in the spray axis during deposition for a few
seconds, this could be used to produce micro-functional pillars on static film by static field-
enhanced post-discharge polymerization.

3.3.2 Resistance to washing.

Resistance to washing is critical to account for the adhesion on the surface related to covalent
binding to the substrate as well as for the cohesion related to cross-linking in the volume of
the polymerized coating. For poly-acid coatings, XPS analyses have shown their resistance to
severe washing conditions (soxhlet in ethanol, © ™) with a decrease of 10% of the carbonyl
content when grafted on PE pre-treated by DBD. However, a complete loss of the poly-acid
coating is induced by the same severe soxhlet extractions, when polymerized on non-treated
PE film. Hence, the DBD pre-treatment of the substrate is critical for the adhesion of the
polymerized coatings. This confirms that the polymerization is initiated from radicals grafted
on the surface of the substrate by the DBD treatment with subsequent interlocking with the

substrate by covalent bonds as well as cross-linking in the volume of the polymerized coating.
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For poly-ether coatings as well, the resistance to washing has been evidenced by surface
FTIR-ATR, XPS and SEM analysis. Preliminary tests have been performed on coated PE and
PS samples dipped in distilled water from 2 to 12 hours. The surface roughness has been used
to evidence from SEM pictures that the ether coatings on PE were resistant to washing in
water. Besides, the absorbance bands specific to ether (1066 and 1126 cm™) decrease by 20%
after 2h washing and then level off to a stable value with washing time. XPS analysis have
shown an incomplete recovery of the % n—n* (291.5eV) of the initial untreated reference PS upon
washing related to a residual polymerized ether coating of a few nm. However, this also
shows an important loss of ether functions. This is probably due to the release of residual
monomer trapped in the polymer net, of homo-polymer not grafted on the surface and of
polymerized monomer on delaminated slices of oxidized PS. Besides, with softer DBD
treatments preventing the delamination of the PS substrate, better resistance to washing have
been recorded. Our results highlight a good adhesion of the so-formed poly-acid and poly-
ether coatings related to covalent interlocking with both PE and PS substrates pre-treated by
DBD. However, the poor cross linking in the volume of the poly-ether coating on PS would

have to be increased for instance by UV irradiation during polymerization.
4- Conclusion

Functional, homogeneous and dense (no pores) polymer coatings, resistant to washing, can be
achieved at atmospheric pressure with controlled thickness at significant deposition rates of a
few hundred nanometers per second. Indeed, poly-acid and poly-ether functional coatings can
be grafted in air at atmospheric pressure by post-DBD polymerization of liquid vinyl
monomer, such as acrylic acid on PE and mono-vinyl ether on PE and PS substrates. Hence,
we have proved the feasibility of this non-thermal plasma process for functional thin film
deposition at atmospheric pressure. This process would deserve to be developed for industrial

exploitation, all the more that the initial patent ™ is not maintained anymore.
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A special attention is paid to the modifications of polymer films due to the initial surface
treatment by micro-discharges induced in filamentary air DBD. Results have been discussed
in terms of power density to deal with the dynamic of substrate heating by DBD and cooling
by heat exchanges to define the range of power density preventing from thermal deformation
of the polymer substrate. Both the energy per micro-discharge and the power density are
shown to be critical to prevent from thermal film deformation and to achieve homogeneous
surface properties at a millimeter scale despite homogeneously distributed sub-micrometer
craters formed by the micro-discharges interaction with the polymer surface.

On the contrary, when dealing with the post-discharge surface density of species triggering
the polymerization, the energy density deposited during the DBD treatment is used to
compare chemical effects of different DBD pre-treatments. Indeed, the energy density is a
time integrated value which accounts for cumulative effect of successive micro-discharges
and for the related final active species densities on the polymer film substrate to be coated.
Then, the observed saturation of the polymerization yield versus the energy density is
probably related to the self-consumption of active species for higher energy densities.

The post-discharge polymerization mechanism has been depicted with respect to
polymerization yield evolution with DBD treatment and ES deposition parameters.

At first, the retention of both monomer functionalities (acid and ether) implies that
polymerization is initiated by the vinyl group of the precursor keeping the functionality of the
monomer in the final polymerized coating, whatever the deposited mass of liquid monomer is.

Besides, the final mass of such polymerized functional coating per surface unit
depends on the energy density deposited by the initial DBD treatment, on the time of
exposure to air between DBD treatment and monomer deposition and on the mass of liquid
monomer deposited per surface unit. We have shown that the polymerization yields increase
with surface density of active species triggering the polymerization of vinyl precursors from

the surface leading to the adhesion of plasma polymerized layers on the PE and PS substrates.
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The surface density of active sites is shown to depend on the energy density of the DBD
treatment and on the time exposure to air before deposition of the monomer. This is probably
related to the evolution of the surface density of radicals and other peroxides and hydro-
peroxides. Indeed, surface density of radicals decreases within seconds after the discharge
treatment when exposed to air through reactions with oxygen and surface recombination of
oxygenated radicals into peroxides, as shown by the evolution of the related polymerization
yield versus the transit time with air exposure before liquid monomer deposition. Then, the
density of active sites triggering the polymerization remains constant for exposure to air of a
few hundred seconds probably due to delayed production of surface radicals from peroxide
dissociation. For air exposure longer than an hour before deposition, the yield decreases to 2-
3% probably related to homo-polymerization in volume forming non-adherent polymer
without covalent binding to the substrate.

At last, the tests of resistance to washing confirm that the polymerization is initiated
from radicals grafted on the surface of the substrate by the DBD treatment with subsequent
interlocking with the substrate by covalent bonds as well as cross-linking in the volume of the
polymerized acid and ether coatings on PE pre-treated by DBD. However, the cross linking
within these polymer coatings still deserves to be investigated when post-discharge

polymerization occurs under UV irradiation and improved for poly-ether coatings on PS.
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Table 1: XPS analysis of PS before and after DBD treatment, showing the evolution of the
C1s core level peak decomposition into five features(expressed in %, as the ratio of the area
for each Carbon bond over the total area of the C1s peak) and the Oxygen to Carbon ratio

Post-DBD treatment

Untreated
reference 14 kV 16 kV
PS 4.3 mm/s 3 mm/s 1 mml/s 4.3 mm/s
4 J/cm? 6 J/ cm? 17 Jlem? 60 J/cm?
% C-C (285 ¢eV) 89.5 83.2 83.8 82.4 77.0
% C-O-C (286.5eV) 5.1 8.7 9.1 8.8 11.5
% C=0 (288 eV) 0.7 2.5 2.3 2.8 4.3
% O-C=0 (289.3 eV) 0.6 2.3 2.0 2.8 3.7
% m—m* (291.5eV) 4.1 3.3 2.8 3.2 3.5
% O/C 58 14,4 15,5 17,0 20,9
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Polymer surface patterning by DBD and post-discharge polymerization
mechanism

J.-P. BORRA, A. VALT, F. AREFI-KHONSARI, M. TATOULIAN

We present a route for grafting dense poly-acid and poly-ether coatings on polymers by post-
discharge polymerization of liquid monomer. Surface modifications of polymer films due to
the initial treatment by micro-discharges in air DBD (sub-um craters and homogeneous
surface properties) and post-DBD polymerization mechanism of liquid vinyl monomer
triggered by surface radicals are depicted.

Electro-spray

for post-DBD

deposition of
liquid monomer

-27-



