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ABSTRACT: Cold remote nitrogen plasma (CRNP) process is used to deposit organosilox-
ane polymeric films. 1,1,3,3-tetramethyldisiloxane (TMDS) or its mixture with oxygen
is used to deposit polymeric layers on a rubber disks at ambient temperature. The
deposited films appear to be efficient against chemical agents diffusion from the disks
to a distilled water surrounding phase. The barrier efficiency is increased for films
deposited from a TMDS/O2 mixture. The extracted quantity of Zn// after 30 days of
immersion in distilled water at ambient temperature is 70% lower in comparison to
the uncoated ones. The transfer of Zn// into a liquid phase for coated disks is also
discussed. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 64: 699–705, 1997
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INTRODUCTION polymers with the aim of increasing selectivity
for membrane separation processes.9,10 In several

Thin polymeric films have been subject of numer- applications, such as foodstuffs, cosmetics, and
ous previous works, due to their many attractive packaging, polymer or rubber materials are in
and very interesting mechanical,1 electrical,2 or contact with some liquid surrounding the me-
biocompatibility3 properties. There are a large dium, in this case, chemical agents can migrate
number of methods to deposit such films. Plasma- from the material into the liquid. When some
enhanced chemical vapor deposition (PECVD) is pharmaceutical rubber cups are in contact with
one of the widely used process for deposition of poly- distilled water, the liquid penetrates into the ma-
meric films.4 Nevertheless, with the PECVD process terial, and such chemical agents such as Zn// mi-
there is always some substrate damage induced to grate into the distilled water (or into a pharma-
sensitive substrates by high-energy particle bom- ceutical liquid phase) with the following results:
bardment from the plasma. Among the numerous 1) the surrounding medium is contaminated by
varieties of plasma-assisted polymerization tech- the chemical additives; 2) the material shows a
niques, Remote PECVD (RPECVD) has recently deterioration of mechanical properties.
attracted considerable interest to tackle this dis- We have developed a plasma deposition process
advantage.5 In the RPECVD process the substrate induced by cold remote nitrogen plasma (CRNP).
is removed from the plasma as the plasma and Specific industrial aspects of this plasma have
the reaction chamber are spatially separated.6–8

been protected by international patents.11,12 The
Plasma-deposited organosiloxanes films have main reactive species of CRNP are nitrogen
many attractive properties; numerous studies atoms, free radicals, and electronically and vibra-
have been devoted to the permeability of plasma tionally excited nitrogen molecules. The CRNP is

then a nonionized reactive zone and is character-
ized by an important thermodynamic nonequili-Correspondence to : O. Dessaux.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/040699-07 brium state13: the translation temperature is
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Table I Rubber Disks Compositionroughly the ambient temperature but the vibra-
tionnal temperature Tv depends on the pressure
range (for P Å 1000 Pa, Tv Å 2500–3000 K).

The present work deals with the study of the
barrier effect hindering Zn// diffusion from rub-
ber with CRNP-deposited thin polymeric films of
tetramethyldisiloxane (TMDS). The barrier be-
havior is also discussed as a function of oxygen
admixture to TMDS. Transfer kinetics and the
effects of such parameters as temperature and ini-
tial ZnO concentration in the material are investi-

Stabilizing agent Calcium stearategated to evaluate the barrier efficiency of the de-
Antioxidant Phenolicposited films.
Mineral charge Calcinated Kaolin: Al2O3; SiO2

Vulcanization agent ZnO
Pigment Iron oxideTHEORETICAL

When rubber disks are immersed in distilled wa-
ter, the Zn// ions diffuse from the solid to the If Mt denotes the total amount of diffusing sub-liquid. Zn// is transferred from the solid into the stance that left the solid at time t and M` theliquid phase by three steps process: (1) Zn// corresponding quantity after infinite time, thetransport in the rubber, (2) Zn// transport at the Zn// transfer into the liquid is given by the verysolid–liquid interface, and (3) Zn// transport well-known equation where D is assumed to beinto the solution. constant:The two phases are regarded as balanced at
their interface for Zn// concentration, and we as-
sume the transfer resistance through that inter- M` 0 Mt

M`

Å 8
p2 ∑

`

nÅ0

1
(2n / 1)2

face to be negligible.
The following assumptions are made to study

1 expS0D (2n / 1)2 p2

4L2 tD (2)transfer into liquid phase: (1) diffusion is one di-
mensional in an isotropic medium bounded by two
parallel planes at x Å {L, where 2L is the thick-
ness of the disk; (2) the diffusion is a nonsteady Equation (2) converges rapidly and only the
state phenomenon; and (3) at time t Å 0 of the first term is significant for long diffusion times. It
disks immersion into a liquid, the concentration can be then written as:
of Zn// is constant in the solid and equals to zero
on its faces.

LogSM` 0 Mt

M`
D Å LogS 8

p2D 0 Dp2t
4L2 (3)The diffusion is defined by Fick’s law and can

be written in these conditions as:

In order to evaluate the barrier efficiency of thedC
dt
Å d

dx SD
dC
dx D (1)

deposited films, diffusion coefficient for uncoated
films will be determined from eq. (3).

where the diffusion coefficient (D ) depends on the
concentration (C ) of diffusing Zn// , t is the time

EXPERIMENTALand x is the abscissa measured through the thick-
ness of the disk.

MaterialThe boundary conditions are:

Disks (2 mm thick) having diameter 25 mm were
prepared from an elastomer Isoprene (98%) chlo-
rinated Isobutylene (1.5%) copolymer and are

t Å 0 0L õ x õ / L C Å Co

x Å { L C Å 0

t ú 0 0L õ x õ /L C Å f ( x , t )

x Å { L C Å 0

provided by Stelmi S. A. France. The stabilizing
and additive agents represent 0.5%. The composi-
tion of the material is given in Table I.
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studied films denoted TMDS1, TMDS2, TMDS3,
and TMDS4 correspond, respectively, to oxygen
flow rates of 0, 5, 10, and 15 sccm.

Diffusion Measurements

Five disks were immersed in distilled water in a
closed Pyrex vessel. The extractions were realized
under isothermal conditions in a stationary liquid
without any stirring effect at three different tem-
peratures. The Zn// concentration in the liquid
was evaluated by atomic absorption with a VAR-

Figure 1 Schematic diagram of the experimental IAN AA6 spectrometer.
setup.

RESULTSPlasma Device

Figure 1 shows the experimental setup of a Uncoated Material
CRNP-assisted deposition reactor. Nitrogen is in-

Effect of the Concentrationtroduced, under a pressure of 5 hPa at a flow rate
of 1.8 slpm in a Pyrex discharge tube of 33 mm Experiments are carried out at different tempera-
outer diameter. The discharge excitation is cre- tures by working with rubber disks containing
ated by a Moreau-type rectangular coupling de- two different ZnO (which is the initial form of
vice at 2450 MHz.14 The gas containing excited Zn// in the solid) concentrations 2.5 and 5%
species is extracted from the discharge zone by a weight in ZnO. The percentages are relative to
primary pump, ALCATEL 33 m3/h. The monomer 100 g of stabilizing and additive agents. The val-
is 1.1.3.3-tetramethyldisiloxane (TMDS) (97% ues of Zn// concentration in distilled water (ppm)
purity) purchased from Aldrich Chemical Co. It vs. time of immersion (days) at ambient tempera-
is vaporized under experimental conditions. Its ture are shown in Table II. It clearly gives evi-
flow rate, kept constant, is equal to 80 sccm. The dence that the extraction slightly varies with the
reactive gas (TMDS) is injected in the reaction initial ZnO concentration in the material. The ki-
chamber through a coaxial injector at a distance netic of Zn// diffusion appears more rapid for the
of 1.5 m downstream from the discharge. Such a material containing the lower ZnO concentration,
distance avoids substrate damage induced by the which is in disagreement with the Fick’s diffusion
charged particles. law. This result is explained by the fact that ZnO

Fifteen disks are disposed horizontally in the is a vulcanizing agent, so the higher concentration
reactor on a surface of about 8 1 13 cm2 and are of ZnO is, the more crosslinked is the material and
coated on each face. The samples are totally the Zn// extraction difficult, then the diffusion
coated in two steps; these two steps are separated kinetic is slower.
by an open air operation. To obtain homogeneous
deposits, the distance between the substrates Effect of the Temperature
holder and the coaxial injector axis is kept con-
stant at 8 cm. Under these conditions, the disper- Tables II, III, and IV show results on diffusion

kinetics at different temperatures: ambient, 40sion in term of film thickness is less than 5% for
a coated surface of 10 1 15 cm2. and 607C for two initials concentrations of ZnO in

the material. The extraction data show the impor-Nitrogen is Air liquide ‘U’ grade and oxygen
is Air liquide ‘C’ grade. The reactor pressure is tance of the temperature effect on the migration

rate, the kinetic of the Zn// migration is acceler-controlled by an Edwards PRH 10 Pirani type vac-
uum gauge. The flow rates of gases are regulated ated by increasing the liquid temperature.

The concentration after 30 days of immersionby Alphagaz RDM 280 mass flow regulators (MFR).
The incident microwave power is maintained in distilled water M30 days is different for the three

tested temperatures (Table III) . For experimentsconstant and equal to 200 W. The oxygen is mixed
to the constant TMDS flow rate. The deposition at ambient and 407C, the equilibrium seems not

to be achieved. However, for the experience attime is taken equal to 5 min for each face. The
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Table II Evolution of the Zn// Extracted Quantity in Distilled Water vs. Time of Immersion

Disks with 2.5% in ZnO (ppm) Disks with 5% in ZnO (ppm)

Time of Immersion (Days) Ambient 407C 607C Ambient 407C 607C

4 0.498 0.682 0.981 0.446 0.670 0.814
8 0.689 0.966 1.597 0.623 0.907 1.300

15 0.911 1.703 2.743 0.879 1.384 2.178
21 1.208 2.538 3.005 1.178 1.997 2.892
30 1.371 2.786 3.114 1.343 2.294 3.037

607C, the extracted quantity of Zn// reaches a Coated Material
plateau value of 3.114 ppm after 21 days of im-

Effect of Dioxygen Additionmersion in the liquid phase, which gives evidence
that an equilibrium state is achieved.

Figure 3 shows the extraction profiles for coatedFor diffusion coefficient calculations, we make
disks at ambient temperature for a material con-the hypothesis that M` value is the same for the
taining 2.5% weight in ZnO. It shows that thethree temperatures and equal to the concentra-
barrier efficiency is enhanced when oxygen istion extracted after 30 days of immersion at 607C:
added to the TMDS monomer. The higher is the
oxygen flow, the lower is the extracted Zn// con-M` at ambient temperature Å M` at 407C
centration. It is very well known that oxygen addi-

Å M` at 607C Å M30 days Å 3.114 ppm. tion to monomers increases deposition rate,15 so
the films deposited without any oxygen addition

Figure 2 shows that Zn// concentration in dis- (TMDS1) are thinner and the Zn// extraction is
tilled water obeys to a kinetic law according to eq. then easier.
(3). Diffusion coefficients calculated by using this For films deposited with TMDS/O2, the in-
equation and the corresponding correlation coef- crease of the barrier efficiency can be explain by
ficients are presented in Table IV. The correlation the fact that the films are more crosslinked.7,15

coefficients are close to 1. The hypothesis made Callebert et al.7 proved that silica-like structure
for diffusion coefficients calculation is then good. films are deposited from the reaction between
The calculated ratio between the diffusion coeffi- CRNP and TMDS and that highly hydrocar-
cient at 607C and the diffusion coefficient at ambi- bonated crosslinked polysiloxane network is ob-
ent temperature is about nine (D607C/DambientÉ 9). tained with the TMDS/O2 mixtures.
This result means that extraction rate is very low The extracted Zn// quantity after 30 days of
at ambient temperature and is closely dependent immersion is 0.403 ppm for disks coated with
on the liquid phase temperature. This agrees with TMDS4 and 1.317 ppm for uncoated disks. Then
the observation that the equilibrium is not it decreases by about 70%, which gives evidence
achieved after 30 days of immersion in the liquid of the high performance of the deposited films as
phase at ambient temperature. a barrier against Zn// diffusion.

Figure 3 also shows that extraction profiles for
coated disks are different from those obtained

Table III Evolution with the Liquid Phase
with the uncoated ones. The extracted Zn// con-Temperature of the Zn// Extracted Quantity
centration increases slowly for coated disks infor Disks Containing 2.5% in ZnO after 30
comparison to the uncoated ones; the diffusion ki-Days in Distilled Water
netic is then blocked by the deposited films and

Temperature Extracted Quantity particularly for short immersion times. The mi-
(7C) (ppm) gration phenomenon seems to be governed by dif-

fusion through the deposited film for short immer-
Ambient 1.371 sion times (less than 15 days). For long times,

40 2.786 the concentration through the deposited films be-
60 3.114 comes homogenous, Zn// is dispersed all over the
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Figure 2 Diffusion coefficients calculation according to eq. (3) for the material con-
taining 2.5% weight in ZnO.

deposited films, and only then is the migration CONCLUSION
controlled by the diffusion through the disk.

The barrier efficiency to Zn// diffusion of films de-The barrier formed by the deposited films hin-
posited from 1,1,3,3-tetramethydisiloxane (TMDS)dering Zn// diffusion can be related to the very
is demonstrated. It is increased for those depos-low superficial energy due to a specific surface
ited from TMDS/O2 mixtures. The extractedstructure of the deposits. Water drop contact
quantity of Zn// after 30 days of immersion inangle measurements show high values (ú1607 )
distilled water at ambient temperature is dividedon the deposited films.7 This low superficial en-
by nine in comparison with the uncoated ones.ergy is explained by a preferential orientation of
The transfer of Zn// into a liquid phase for coatedapolar methyl groups outside the interface. This
disks is shown to occur in two distinct periods. Inparticular surface aspect leads to a more difficult
the first period, for any time lower than 15 days,distilled water penetration through the disk, and
the Zn// concentration in the liquid increases lin-then the Zn// diffusion from the disk to liquid
early; the diffusion is then controlled by diffusionphase is inhibited.
through the deposited film. In the second period,
for time higher than 15 days, Zn// transfer isEffect of the Temperature
governed by internal diffusion through the disk.

Figure 4 shows the effect of the temperature of
the liquid phase on the Zn// diffusion kinetic for Table IV Calculated Diffusion Coefficients in
disks coated with TMDS4. As we have demon- Distilled Water for Disks Containing 2.5% in
strated for uncoated disks, the migration rate is ZnO and the Corresponding Correlation
accelerated by increasing the temperature. For Coefficients for Different Temperatures
coated disks, the barrier efficiency is preserved for

Temperature Diffusion Coefficients Correlationextraction at ambient temperature and at 407C.
(7C) (cm2/s) CoefficientsHowever, at 607C the barrier efficiency decreases

significantly after 21 days. This can be due to a
Ambient 0.71 1009 0.99degradation of the deposited films for long immer-

40 3.38 1009 0.98sion times leading to a complete disappearance of
60 6.01 1009 0.99the barrier effect.
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Figure 3 Evolution of the extraction profiles for coated disks containing 2.5% weight
in ZnO at ambient temperature with dioxygen flow rate (F O2); TMDS1: F O2 Å 0
sccm; TMDS2: F O2 Å 5 sccm; TMDS3: F O2 Å 10 sccm; TMDS4: F O2 Å 15 sccm.

The present process is now applied to coat in- erties and to avoid chemical agents diffusion. Re-
sults on the performance of a such industrial pro-dustrial sanitary rubber articles for medicaments

packaging in order to improve their surface prop- cess will be published in a future article.

Figure 4 Effect of the temperature of the liquid phase on Zn// diffusion kinetic for
disks coated with TMDS4.
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