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Synopsis

Thin plasma polymerized layers of acrylic acid (PPAA) were deposited onto polyethylene and
muscovite mica surfaces. Structure and surface properties of the deposited layer depend on the
polymerization conditions. The content of carboxylic groups in the layer decreases, whereas the
degree of crosslinking or branching increases, with increasing discharge power. A soft, sticky layer
with a low contact angle against water is obtained when a low discharge power (5 W) is used. In
contrast, a hard film with a rather high water contact angle is obtained when the discharge power
is high (50 W). A surface force apparatus was employed to study some film properties including
adhesion force, crack formation, and capillary condensation. The adhesion force between plasma
polymerized acrylic acid layers prepared at a low discharge power is high in dry air. It decreases
remarkably in humid air and no adhesion is observed in water. In dry air, the adhesion force
between PPAA layers decreases as the discharge power increases.

INTRODUCTION

It is well established that interfacial phenomena such as wetting and adhesion
can be controlled and modified by introducing surface functional groups. This
is important from a technological point of view. For instance, the wettability
of and the adhesion between nonpolar materials are improved when polar groups
are grafted onto the surfaces. The increased adhesion in dry air i$ due to non-
dispersion interactions. Such interactions! may be dipole-dipole interactions,
acid-base interactions, ionic bonds, hydrogen bonds, or covalent bonds. The
surface may be modified by blending nonpolar polymers with polar polymers
or coupling agents,? by chemical treatment,* by irradiation,®”’ or by plasma
treatment.®'* The polar groups and reactive surface sites created by plasma
treatment may subsequently be used for further surface modification by grafting
of specific functional groups or polymers. Plasma polymerization®!*'¢ may also
be used to directly deposit thin polar layers with good adhesion properties.

Plasma technology is becoming a more widely used method due to the fol-
lowing advantages: (1) it is a simple and dry method, (ii) a wide range of polar
groups can be introduced onto various substrates, (iii) the reaction is fairly
rapid, (iv) the extent of surface modification can be controlled, (v) the degree
of modification is rather uniform over the surface, and (vi) the bulk properties
of the substrate is not changed significantly.
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This paper concerns functionalization of nonpolar polyethylene surfaces and
muscovite mica mineral surfaces by plasma polymerization of acrylic acid. The
type of functional groups formed under various experimental conditions was
determined by means of ESCA and FTIR, and the relationship between the
chemical composition and the wettability and the adhesion force was established.
Adhesion force, crack formation, delamination, capillary condensation, and
compressibility were investigated by means of a surface force apparatus of the
type developed by Jacob Israelachvili and coworkers.!”

EXPERIMENTAL

Materials

Acrylic acid (Merck, purity > 99%) was used as monomer for plasma po-
lymerization. Stabilizer-free, 200-um thick, PE film (B7518) was obtained from
Neste, Finland. It was cleaned ultrasonically for 15 minin a1l : 1 water/ethanol
mixture.

Plasma Polymerization

The design of the plasma reactor is shown in Figure 1. It consists of a large
glass vessel (I.D. = 15 cm, length = 65 cm), a double-stage rotary vacuum
pump (Leybold Heraeus model D 40 B), a radio frequency (125-375 kHz)
power generator ( ENI model HPG-2), two external copper electrode bands (3
cm wide, 10 cm apart), a pressure transducer (MKS model 127A), and flow
control systems (LH, HI-TEC, and manual controllers). The PE film or mica
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Fig. 1. A schematic diagram of the plasma reactor: I.D., 15 cm; length, 65 cm.
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sheet, used as a substrate, was mounted on the top of a stainless steel sample
holder. The chamber was evacuated to 5 mtorr before the monomer was intro-
duced from the side of the reaction chamber. The monomer flow rate was 4
standard cubic centimeters per minute (SCCM ) and the pressure before ignition
of the plasma was 17 mtorr. After plasma polymerization, the chamber was
evacuated to 5 mtorr before the sample was removed. The thickness of the
deposited layer was estimated with a thickness monitor (INFICON, model
XTC) placing an oscillating quartz crystal at the position of the substrate. The
plasma polymerized acrylic acid (PPAA) layer was assumed to have a density
of 1 g/cm?® when converting the deposited weight into a layer thickness.

Analysis and Measurement

The chemical composition and the structure of PPAA films were analyzed
by means of ESCA (LH 2000) and FTIR/ATR (Nicolet, 5DXB). The chemical
composition of PPAA layers deposited under the same conditions did not depend
on whether the substrate was mica or PE according to the ESCA C,, spectrum.
The oxygen to carbon ratios of PPAA films were calculated from the integrated
0O, and C,, peak areas and the atomic sensitivity factors determined by Wagner
et al.’® A KRS-5 crystal was used for attenuated total reflection. The wettability
was determined by measuring water contact angles with a goniometer (Rame
Hart, model A100).

Delamination, crack formation, capillary condensation, and adhesion force
were investigated by means of a surface force apparatus.’” Two molecularly
smooth mica surfaces were first silvered on one side and then glued (silvered
side down) onto cylindrical silica discs. The two silvered mica surfaces were
mounted in a crossed cylinder configuration inside the surface force apparatus.
When white light is directed perpendicular to the surfaces a standing wave
pattern (fringes of equal chromatic order) is created. The wavelengths of the
standing waves depend on the optical pathlength between the silver layers, and
the shape of the fringes reflects the curvature of the surfaces.!”® The thickness
and the refractive index of the plasma polymer layer were determined by bring-
ing the surfaces into contact and measuring the wavelengths of the standing
waves before and after the deposition of PPAA. In a similar way, the surface
separation was determined interferometrically to within 0.2 nm. The fringe
pattern may also be used to study surface deformation,? capillary condensa-
tion,?! and crack formation with a resolution perpendicular and parallel to the
surface of about 1 nm and a few um, respectively. All plasma polymer films
appeared to be smooth within this resolution. The surface separation was con-
trolled to within 0.2 nm using a piezo electric tube.

The lower surface is supported by a double variable spring. The deflection
of this spring can be determined interferometrically to within 1 nm,*” which
allows the forces acting between the surfaces to be calculated using Hooke’s
law. According to the Derjaguin approximation,’?? the force (F,) measured in
a crossed cylinder configuration normalized by the geometric mean radius (R)

is related to the free energy of interaction per unit area for flat surfaces (Gy)
by

F./R = 272G, (1)
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RESULTS

Deposition Characteristics

The deposition of a plasma polymer is characterized by the competition
between polymer formation and ablation. The deposition rate increases with
the discharge power until a saturation value, corresponding to complete mono-
mer activation, is reached.?® The deposition rate was measured as a function
of the discharge power at three different positions in the reactor. The three
positions were 10 cm above the monomer inlet (+10 cm ), at the monomer inlet
(0 cm), and 10 cm below the monomer inlet (—10 cm). At all positions, as
shown in Figure 2, the deposition rates reached the maximum values at or
below 5 W. As the discharge power increased the deposition rate decreased due
to an increased ablation. The decrease was more pronounced at the 10 cm and
0 cm positions (in the electrode band gap) compared to at the —10 ¢m position
(out of the electrode band gap). The reason is that species that can cause
ablation, such as high-energy electrons and ions, are concentrated in the electric
field between the electrodes.

A sudden reduction of the discharge power from 50 W to 5 W caused the
deposition rate to increase by a factor of almost 10 for 2 seconds, and then to
decrease gradually to the steady-state value at 5 W. This shows that the number
and energy of species that cause ablation are rapidly reduced, whereas the
polymerizable species remain active until being deposited on a solid surface.
The deposition rate measured immediately after reduction of the discharge
power may be a good measure of the polymer formation rate at 50 W.

The ignition of the plasma caused the pressure inside the reactor to increase
(Fig. 3), i.e., more molecular fragments and reaction by-products formed than
monomers consumed by polymerization. When the plasma is turned off, the
pressure initially dropped below the equilibrium value (17 mtorr) and then
gradually increased to 17 mtorr. This shows that polymerization continues
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Fig. 2. Deposition rates of plasma polymerized acrylic acid as a function of discharge power:
0 cm refers to the position of monomer inlet; 10 cm and —10 ¢m refers to the position above and
below the monomer inlet, respectively: the monomer flow rate, 4 SCCM.
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Fig. 3. Pressures before and after plasma polymerization of acrylic acid: monomer flow rate,
4 SCCM.

even after the plasma has been turned off, whereas hardly any new molecular
fragments or by-products are formed. The continuing polymerization was con-
firmed with the thickness monitor.

Chemical Composition and Structure

The FTIR/ATR spectrum of a PPAA film prepared at a discharge power of
5 W (Fig. 4) was very similar to the spectrum of poly (acrylic acid) prepared
by conventional polymerization techniques.?* In particular, the FTIR spectrum
shows that the film contains a high density of C(O)OH groups. The main

X

1Ly

Q
o
c
©
-
=
E
(23
c
©
L
[
e
4600 3800 3000 2200 1800 1400 1000 800 600

Wavenumbers (cm™)

Fig. 4. FTIR/ATR spectra of (a) untreated, (b) plasma polymerized acrylic acid deposited
at 50 W, (¢) at 20 W, (d) at 5 W, and (e) at 5 W followed by washing in water for 5 min;
polyethylenes: thickness of the plasma polymers, approximately 1000 A.
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absorption peaks are: a broad OH stretching absorption band due to monomeric
and dimeric C(O)OH between 3637 cm™! and 2376 cm™'; a strong C=0
stretching absorption band between 1828 cm ™! and 1559 ¢m ™* with the maxi-
mum at 1713 cm}; an absorption peak due to coupled C—O stretching and
OH deformation between 1400 cm ~? and 1332 cm ~; and a strong C— O stretch-
ing absorption peak between 1332 cm ! and 1135 cm ! with the maximum at
1195 ¢cm ™. An absorption band due to C(0)OH dimers appears between 999
cm ™! and 875 cm ™!, All these peaks are weaker for PPAA films prepared at
higher discharge powers (20 W and 50 W). Instead, new peaks (more intense
for a film prepared at 50 W compared to a film prepared at 20 W) appear,
which demonstrates a structural modification of the acrylic acid during plasma
polymerization /deposition. One new peak, possibly due to keto groups conju-
gated with double bonds, appears as a shoulder at the right side of the C=0
stretching absorption peak. Another peak due to —HC=CH— (trans)de-
formation is present at 969 cm ™. The brownish color of PPAA films prepared
at 50 W is most likely related to these structures.

Quantitative information about the chemical composition and structure of
the outermost (5 nm) surface layer was obtained by means of ESCA. The
samples were analyzed after 1-d storage in dry air. The oxygen to carbon ratios
were 0.65 for a film prepared at 5 W, 0.40 at 20 W, and 0.32 at 50 W. These
values are lower than that of the monomer (0.67). The oxygen deficiency is
due to modification of C(O)OH groups during plasma polymerization/depo-
sition. This is demonstrated in Figure 5, where the C,, spectra of PPAA films
prepared at 5, 20, and 50 W are displayed. The fractions of oxidized carbon
atoms in these films are almost the same as in the pure monomer (0.33). How-
ever, the fraction of C (O)O— type carbon atoms is lower than in the monomer
and decreases with increasing discharge power.

The C(0O)0O— type carbon atoms are those of either carboxylic acids or
carboxylate esters, and the C—O type carbon atoms are those of alcohols, ethers,
or epoxides. If all C(O)O— type carbon atoms are those of acids and all C—O
type carbon atoms are those of alcohols, the oxygen to carbon ratio estimated
from the deconvoluted C, signal (2 oxygens/carbon for C(0O)O— type carbon
atoms and 1 oxygen/carbon for the other type of oxidized carbons assuming
no O—C—0O type carbon atoms and peroxides) should be the same as the
oxygen to carbon ratio estimated from the areas of O;; and C,, signals. This is
almost the case for the PPAA film prepared at 5 W, as shown in Table 1.
However, as the discharge power increases the difference between the two cal-
culations becomes larger, indicating that more ester, ether, and epoxide groups
are formed. The obvious interpretation is that the film becomes more crossiinked
or branched as the discharge power increases. This is consistent with the ob-
servation during adhesion force measurements that the PPAA films prepared
at 50 W have a rigid structure whereas the films prepared at 5 W have a soft
and tacky structure.

Wettability

The wettability of PPAA films depended on the chemical composition of
the surface layer, which was affected by the discharge power and the substrate
position in the reactor. The wettability also varied with the storage time and
environment.
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Fig. 5. ESCA C,; spectra of (a) plasma polymerized acrylic acid at 5 W, (b) at 20 W, and (c)
at 50 W; samples were analyzed 1 d after the preparation; thickness of the plasma polymers,
approximately 300 A.

How the wettability is affected by the sample position was investigated by
placing a PE film (45 X 2.5 ¢m, contact angle 90°) vertically in the reactor and
measuring the contact angle along the filim after deposition of PPAA at 5 W
for 2.5 min. The contact angle varied from 22° on the part of the film exposed
to the intense glow zone (between the electrode bands) to 5° on the part of the
film located outside the glow zone, as shown in Figure 6.

Small (5 X 2.5 ecm) PE films placed horizontally at the —10 cm position were
used to investigate the effect of discharge power on the wettability. The contact
angle immediately after plasma polymerization increased with the discharge
power, as shown in Table II. This is rationalized by the observation that the
polar groups in PPAA films change from highly polar C(O)OH groups to less
polar groups such as C=0, C(0)0—C, or C—0O when the discharge power
increases.
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TABLE 1
Oxygen to Carbon Ratios in Plasma Polymerized Acrylic Acid at Various Discharge Powers®

Discharge power (W) (0/C)c (0/C)a (0/C)e—(0/C)a
5 0.673 0.654 0.019
20 0.431 0.400 0.031
50 0.406 0.320 0.086

2 (0/C)c and (0O/C)a is the oxygen to carbon ratio calculated from the degree of carbon oxidation
(determined from the C;, photoelectron peak deconvolution) and from the O;, and C,, peak areas,
respectively.

The contact angle increased to between 35 and 63° when PPAA films pre-
pared at 5 W had been stored in water overnight. The lowest contact angle was
observed on the part of the film exposed to the intense glow zone (see Fig. 6).
The large increase in contact angle could be due to dissolution of highly hy-
drophilic fragments or molecules (adsorbed monomers or homopolymers not
grafted to the surface), configurational change (rotation of hydrophilic groups),
or migration of hydrophilic segments. The intensities of the carboxylic acid
FTIR/ATR absorption peaks remarkably decrease after immersion in water
[see Fig. 4(d)]. Evidently, dissolution of hydrophilic molecules is one of the
main reasons for the observed increase in water contact angle. This was sup-
ported by the decrease in film thickness observed during adhesion force mea-
surements in water.

The contact angles on PPAA films prepared at 5 W increased during storage
in dry and humid air (see Table II). Dissolution of hydrophilic molecules can
be ruled out under these conditions, and configurational change or migration
in the surface layer has to be responsible for the observed changes in wettability.
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Fig. 6. Advancing water contact angles along a plasma polymerized acrylic acid film deposited
onto a polyethylene film before and after overnight washing in water; the film was vertically placed
in the reactor; monomer flow rate, 4 SCCM; discharge power, 5 W.
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TABLE II
Water Contact Angles on Plasma Polymerized Acrylic Acid Films
Deposited on Polyethylene Films

Discharge power (W)

Sample condition 5 20 50
Just after deposition 15° 42° 55°
Stored 1 d in dry air 20° 48° 55°
Stored 1 d in 50% RH B 48° 56°
Stored 1 d in 92% RH 55° 48° 61°
Stored 8 d in dry air 43° — —_
Stored 8 d in 50% RH 40° — —
Stored 8 d in 92% RH 63° — —
Immersed 5 min in water 53° 48° 55°

® The contact angle varied from point to point on the sample ranging between 10 and 43°.
The contact angle on an uncoated polyethylene surface was 90°.

The C;; ESCA spectra of PPAA films prepared at 5 W (Fig. 7) show that a
large number of C(0O)O— type carbon atoms remain in the surface after 8 d
storage in dry air [ compare Figure 5(a)]. Hence, in dry air hydrophilic groups
reorient in the outermost surface to a degree sufficient to affect the wettability
but not enough to significantly change the ESCA spectrum (the electron mean
free path is 2-5 nm). This implies that configurational rearrangement is the
main reason for the observed increase in contact angle. In contrast, the Cy
ESCA spectrum changes significantly after the sample is stored in humid air.
This shows that extensive migration of polar molecules into the interior of the
sample takes place.

Hardly any change in the contact angle of PPAA films prepared at a high
discharge power was observed during storage in dry or humid air. This is due
to the highly crosslinked structure of these films, which prevents large config-
urational and migrational changes.

Adhesion Force

Adhesion forces between mica surfaces coated with PPAA or plasma poly-
merized ethylene (PPE) films were measured with a surface force apparatus.!”
The adhesion force was determined in dry air with a beaker of P05 in the
measuring chamber, in humid air with a beaker of water in the chamber, and
in water. The results are summarized in Table III. When the curved surfaces
were brought into molecular contact, a strong attractive force deformed the
glue holding the mica to the silica disc and flattened the contact region. The
flat region in dry air had a diameter of about 60-80 um. During the separation
process, the contact diameter decreases gradually until the surfaces suddenly
jump apart. This jurp takes place when the bending force of the spring holding
the lower surface just exceeds the adhesion force. The pull-off force (F) is
determined from the jump distance using Hooke’s law. The value of the pull-
off force is normalized by the local geometric mean radius of the cylindrical
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Fig. 7. ESCA Cy, spectra of plasma polymerized acrylic acid deposited at 5 W after 8-d storage
in (a) dry air, (b) humid air of 50% RH, and (c) humid air of 92% RH; thickness of the plasma

polymers, approximately 300 A.

surfaces (R). For simplicity, the quantity /R will be referred to as the adhe-
sion force.

The adhesion force between bare mica surfaces in dry air was 630 mN /m.
This is in agreement with other values reported in the literature.?! The adhesion
force between PPAA-coated mica surfaces (a 20-nm thick film prepared at 5
W, refractive index 1.51 + 0.05) in dry air was considerably larger (1200 + 200
mN/m). The film was locally disrupted, because of strong adhesion, as the
surfaces were separated from molecular contact.

In 100% humidity the adhesion force was lowered to 670 mN /m, and the
thickness of the layer could be decreased (about 1-2 nm) when a strong external
force was applied. A large capillary condensate formed around the contact region.
It covered a circular area with a diameter of about 200 um and bridged a 200-
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TABLE III

Pull-off Force Normalized by the Geometric Mean Radius

Surfaces Environment Adhesion force (mN/m)
PPAA 5 W/PPAAS W Dry air 1200
100% Humidity 670
Water 0
PPAA 50 W/PPAA 50 W Dry air 200
100% Humidity 490
PPAA 5 W/Ethylene Dry air 320
100% Humidity 260
Ethylene/Ethylene Dry air 70

nm gap between the surfaces. The adhesion force has, in this case, three con-
tributions: a contribution from the molecular forces acting between the PPAA
films across water, a Laplace pressure contribution, and a contribution from
the surface tension of water around the capillary perimeter (for a detailed
discussion the reader is referred to the paper by Christenson?).

No adhesion was observed between PPAA-coated mica surfaces (prepared
at a discharge power of 5 W) in water. Instead, a long-range repulsive force
was measured. The force observed after 1-h immersion in water is shown in
Figure 8. A double-layer force dominates the interaction at large distances
(more than 60 nm out from bare mica contact at D=0). The Debye length
was about 120 nm, corresponding to a monovalent electrolyte concentration of
6 X 107® M. At separations below 60 nm a repulsive steric force due to compres-
sion of the PPAA layer was observed. Clearly, the layer swells considerably in
water. Despite the extensive swelling the thickness of the compressed layer
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Fig.8. The force normalized by the radius as a function of distance between plasma polymerized
acrylic acid (5 W) deposited mica surfaces in water; a strong repulsive force due to steric repulsion
is present at distance below 600 A; the thickness of the layer under a high load (0.1 N/m) is
indicated by the arrow.



1384 CHO ET AL.

was less in water than in dry air (10 nm on each surface compared to 20 nm).
The decrease of the compressed layer thickness is due to both dissolution of
homopolymers and a pressure-induced surface diffusion of polymers from the
contact zone. The refractive index of the compressed layer was the same in
water and dry air.

The adhesion force between a PPAA film prepared at 5 W and a nonpolar
PPE film (10 W, 10 SCCM, 2 min; water contact angle 87°) was 320 mN/m
in dry air and 260 mN /m in 100% humidity. The adhesion force in dry air was
considerably larger than the adhesion force between two PPE surfaces (70
mN /m). The low adhesion in humid air is surprising considering that a capillary
condensate did form around the contact zone. The explanation is that the
separation was largely due to cohesive failure in both the PPE film and the
PPAA film instead of adhesive failure between the PPAA and the PPE film.
After separation it was observed that cracks had formed in the PPE film and
that material had been transferred from the PPAA film to the PPE film.

The adhesion force between PPAA films decreased with increasing discharge
power. The adhesion between two 50-nm thick films prepared at 50 W was 200
mN/m in dry air and 490 mN/m in 100% humidity. In humid air a compar-
atively small capillary condensate with a diameter of 100 um and a thickness
of 20 nm formed around the contact region. The refractive index of the PPAA
film prepared at 50 W was 2.0.

Deformation and Disruption

When two mica surfaces coated with a PPAA film prepared at 50 W were
squeezed together by an external force no change in film thickness was observed.
This indicates that the film is rigid, which is consistent with the high degree
of crosslinking and branching deduced from FTIR and ESCA analyses. In dry
air, the PPAA film remained intact when the surfaces were brought into adhesive
contact and then separated. However, in humid air cracks formed in the film
during the separation process. The cracks appeared mainly in the region covered
with capillary condensate. From the shape of the fringe pattern the size of the
cracks were estimated to be about 5 um wide with edges protruding 20-30 nm
from the surface. The refractive index of the protruding part was only 1.2,
showing that the protrusion is not homogeneous but contains many voids.
Clearly, water molecules lower the internal cohesion and facilitate the formation
of cracks. However, the film thickness was unaffected by the humidity showing
that not very many water molecules penetrated the film. The bond between
the mica surface and the PPAA film was broken when the surfaces were im-
mersed in water. Hence, under this condition, delamination from the mica
surface was observed. )

PPAA films prepared at 5 W had quite different properties. When a strong
external force was applied, a 20-nm thick film could be compressed about 0.5
nm in dry air and about 1-2 nm in humid air. In water, an even more extensive
compression was possible. (Note that the decrease in film thickness observed
in water and humid air is partly due to the surface diffusion of polymers from
the contact zone.) The films were damaged when separated from adhesive con-
tact in both dry and humid air. No cracks were formed but the surface became
rough due to cohesive failure within the films or adhesive failure between the
mica and the film. An electron micrograph of the damaged film is shown in
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Figure 9. Tiny pits and lumps are shown on the microscopically smooth film,
indicating that materials are transferred from one surface to the other during
the separation.

DISCUSSION

Polymerization Mechanism

In a plasma, acrylic acid monomers may polymerize by opening of the double
bond or by formation of reactive species through fragmentation. Opening of a
C=C bond requires less energy, 2.74 eV, than dissociation of a C—C bond, for
instance, which requires 3.61 eV. Hence, at a low discharge power the poly-
merization mainly proceeds by opening of double bonds. However, note that
the polymerization mechanism is not a chain-growth mechanism as in conven-
tional polymerization of acrylic acid.?® The energy transferred to monomer
molecules (primarily by inelastic electron impact) increases as the discharge
power increases and polymerization by fragmentation becomes more important.
Furthermore, at a high discharge power, the deposited layer is bombarded by
energetic species, resulting in structural modification and ablation. The small
pressure increase observed during plasma polymerization at 5 W (from 17 to
18 mtorr) and the larger pressure increases observed at 20 and 50 W (to 25
and 26 mtorr, respectively ) indicate that the degree of fragmentation increases
with increasing discharge power. Accordingly, a soft linear PPAA polymer is
formed at 5 W, whereas a highly branched or crosslinked polymer is formed at

18 uym3B0B kLY

Fig. 9. A scanning electron microscope (SEM) picture of a plasma polymerized acrylic acid
layer (5 W) after separation from molecular contact during adhesion force measurement; the
picture shows tiny lumps and pits indicating material transfer during separation.
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50 W. Fragmentation and ablation processes are responsible for the alteration
of C(O)OH groups observed with FTIR/ATR and ESCA and the reduction
in wettability.

Wettability

Polymers have a high rotational and migrational mobility > unless they

are crosslinked or form crystals. Hence, they may rearrange in response to a
changed environment. In air, hydrophobic groups and molecules tend to orient
or move towards the surface to reduce the interfacial energy. For the same
reason, hydrophilic groups and molecules are concentrated at the surface in
water. Keeping this in mind, the contact angle increase on the PPAA film
prepared at 5 W stored in dry air is easy to understand. However, the even
larger increase observed for samples stored in humid air is unexpected. We
postulate that this is due to hydrogel formation.

The PPAA film prepared at 5 W can form a hydrogel structure through
crosslinking by hydrogen bonds. Water contact angles on hydrogels in air are
surprisingly high when the hydrogel contains water.?” The general explanation
is that hydrophilic groups reorient toward the interior of the hydrogel, which
contains a pool of water. These water molecules will also decrease the number
of polymer-polymer hydrogen bonds and cause an increase in the mobility of
hydrophilic groups and segments. This may lead to an increase in the contact
angle with increasing water content of the hydrogel as observed for PPAA films
prepared at 5 W. While the samples are dried in a vacuum ESCA chamber the
water concentration is higher in the bulk polymer than on the surface. Thus,
hydrophilic groups, especially C(0O)OH groups, hide in the bulk, and a lower
number of hydrophilic groups are located on the surface compared to the sit-
uation in water.

Adhesion Forces in Dry Air

The interaction between uncharged nonpolar surfaces in dry air is determined
by dispersion forces. The nonretarded van der Waals force between crossed
cylinders is given by

F.,/R=A/6D? (2)

where A is the nonretarded Hamaker constant. For most nonmetals interacting
across air the Hamaker constant is of the order of 3-10 X 1072 (J).! For
instance, for hydrocarbon and mica interacting across air the Hamaker constant
is 5 X 1072® and 10 X 107% (J), respectively. When calculating the van der
Waals contribution to the surface energy and the adhesion force it is common
to use a closest approach distance of 0.165 nm.' Hence, the van der Waals
contribution to the adhesion force in dry air between smooth crossed cylinders
is expected to be approximately 300 mN /m for hydrocarbons and 600 mN/m
for mica. The adhesion force in air between mica surfaces rendered nonpolar
by deposition of a 2-nm thick Langmuir-Blodgett layer of dimethyldioctade-
cylammonium bromide has been measured to be 310 mN/m, which is in good
agreement with the calculated value considering only dispersion forces. In con-
trast, the adhesion forces between PPE films (70 mN /m) and between PPAA
films prepared at 50 W (200 mN/m) are lower than the expected adhesion



PLASMA POLYMERIZED ACRYLIC ACID LAYERS 1387

force caused by dispersion interactions. This shows that the surfaces are rough
on a level that cannot be detected by the interferometric technique. It is not
clear whether the higher adhesion force between PPAA films prepared at 50
W compared to PPE films is due to better smoothness or due to contributions
from nondispersion forces.

It is interesting that the adhesion force measured between a PPAA film
prepared at 5 W and a PPE film (320 mN/m) is roughly as expected when
only dispersion forces are operating between smooth surfaces. It is likely that
the soft and flexible PPAA film deforms to match the shape of the rough and
rigid PPE film. Such a flexibility should be of great importance from a technical
point of view considering that molecularly smooth surfaces are never found in
practical systems.

The very large adhesion force observed between PPAA films prepared at 5
W (1200 mN /m, which is almost four times higher than the adhesion force
expected from dispersion interactions only) shows that nondispersion inter-
actions and/or chain entanglement contribute to the adhesion force. The ESCA
and FTIR/ATR analyses show that chemical groups with hydrogen bonding
abilities are present on the surface, and it is likely that such bonds contribute
to the adhesion force.

The adhesion force between curved surfaces is related to the surface tension,
v. For smooth nondeformable surfaces in a crossed cylinder configuration (and
for a sphere against a flat surface) Derjaguin? derived the relationship

Fe/R = 4wy (3)

According to the theory of Johnson, Kendall, and Roberts (JKR theory)? the
adhesion force and surface tension for deformable surfaces are related by

F./R = 3wy (4)

The surfaces in our system are deformable and a large flat region appears when
the surfaces are brought into molecular contact. Hence, one would expect eq.
(4) to describe the present situation better than eq. (3). Notice, however, that
experiments by Israelachvili et al.'®*® have shown that for nonplastic surfaces
the decrease in contact diameter prior to the jump is in agreement with the
JKR theory, whereas the adhesion force appears to have a value in between
those predicted by egs. (3) and (4).

Capillary Condensation and Adhesion

The influence of capillary condensation on the adhesion between smooth
nondeformable solid surfaces has been investigated in detail by Christenson.?
The detailed analysis given in ref. 20 will not be recapitulated here but the
main points will be discussed. When the contact angle of the liquid is low the
main contribution to the adhesion force arises from the Laplace pressure dif-
ference over the curved interface, which is given by

FLap/R=47I"YLCOSG (5)
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where 7, is the surface tension of the liquid and # the contact angle. There is
also a contribution from the direct solid-solid interaction across water given
by

Fss/R = 4w (ysr. — v&s) (6)

where vg is the interfacial tension between the liquid and the solid and vy
the interfacial tension between the two solids in liquid environment. This latter
term is zero for perfect surfaces, but due to imperfections at the solid-solid
contact it is important for real surfaces. A third contribution from the surface
tension around the circumference is negligible when the contact angle is low.
Accordingly, the total adhesion force in the presence of the capillary is

F/R = 4n(yrcos 0 + vsr — vEs) = 4w (ysv — vEs) (7

where ygyv is the interfacial tension between the solid and the vapor. The last
equality arises from the Young equation. By comparison, the adhesion in dry
air is given by

F/R = 4w (ys — vss) (8)

where v is the interfacial tension between the solid and dry air and ygs the
interfacial tension between the two solids in dry air. Adsorption of water vapor
lowers the interfacial tension and ygy is normally lower than vg. If we assume
that the solid-solid interfacial tension is not affected by the humidity, the
adhesion force decreases with increasing humidity. This is observed for PPAA
films prepared at 5 W (the adhesion force decreases from 1200 mN/m in dry
air to 670 mN/m in 100% humidity). The adhesion force expected in humid
air according to eq. (7) (assuming that vg, is zero, v5s = yss and 6 = 15°) is
870 mN/m. This is 30% larger than the observed value.

The adhesion between rough surfaces increases when capillary condensation
takes place.! The reason is that the adhesion in dry air is low due to a small
effective contact area (a large ygs). In the presence of a capillary the adhesion
force for low-contact angles is to a good approximation given by eq. (5). Based
on this equation the adhesion force between PPAA films prepared at 50 W is
expected to be 520 mN /m, which is in good agreement with the measured value
(490 mN/m).

Deformation and Tacticity

The JKR theory? considers the behavior of deformable solids in contact.
Under the action of attractive molecular forces a flat contact region (with di-
ameter d) is created. One prediction of the JKR theory is that during separation
the contact diameter should decrease to 0.63 d before the surfaces jump apart.

In our experiments the surfaces were deformable and the contact diameter
decreased during the separation process. The decrease of the contact diameter
prior to the jump was roughly in agreement with the prediction of the JKR
theory except for PPAA films prepared at 5 W. For such films the contact
diameter decreased to less than 0.2 d before the surfaces jumped apart. This
shows that such films are deformable and tend to stick together like a glue. It
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is likely that linear polymers from the opposing surfaces gets entangled in the
contact region. This would also rationalize the large adhesion force and the
cohesive failure in the PPAA film prepared at 5 W.

Water and Crack Formation

The JKR theory predicts that when deformable surfaces are in adhesive
contact there is a tensile stress near the periphery of the contact region and a
compressive stress near the center.?>? Hence, the surfaces are under the greatest
mechanical stress close to the rim of the flat contact region, and it is expected
that the surfaces are most easily damaged in this region. This was also observed
for PPAA films prepared at 50 W.

The presence of water often reduces the adhesion in various laminates and
other products. One reason for this effect is that water absorption reduces the
cohesion in hydrophilic films and the adhesion to a hydrophilic substrate. This
is due to the fact that water solvates polar groups and whereby lowers the
interfacial tension. Water molecules may also break hydrogen and ionic bonds
and even hydrolyze some covalent bonds. These effects combine to make crack
formation easier in humid air than in dry air. This was clearly observed for
PPAA films prepared at 50 W. In humid air many cracks formed around the
contact zone in the area covered with capillary condensate. The large mechanical
stress combined with the lowered cohesion of the film due to the presence of
water disrupts the film. Note that the mechanical stress alone is not sufficient
for disrupting the film (no cracks were formed in dry air). Water that penetrates
between a hydrophilic surface and a coating may cause delamination. This was
observed for PPAA films (50 W) on mica substrates after immersion in water.

CONCLUSIONS

Deposition of PPAA onto nonpolar surfaces makes the surfaces hydrophilic.
The hydrophilicity increases as the discharge power decreases. The reason is
that C(O)OH groups are converted to less polar C=0,C(0)0—C,and C—0
groups at higher discharge powers. The wettability of PPAA films is affected
by the environment due to reorientation of mobile, hydrophilic groups or seg-
ments. This is clearly seen for the more linear and mobile films prepared at 5
W. The more crosslinked films prepared at 50 W are less sensitive to environ-
mental changes.

PPAA films prepared at 5 W are soft and contain a large number of carboxylic
acid groups. The adhesion force between such films is high due to hydrogen
bonds and/or chain entanglement. The adhesion force decreases when the
humidity is increased. This is caused by absorbed water molecules lowering the
interfacial tension. PPAA films prepared at 50 W are harder and have a com-
paratively low density of carboxylic groups capable of forming hydrogen bonds.
Due to surface roughness and the lack of hydrogen bond interactions the adhe-
sion force between such films is low. When these films are compressed cracks
are easily formed in humid air (but not in dry air).

The surface force apparatus developed by Israelachvili and coworkers has
proved to be an excellent tool for the study of adhesion forces and mechanical
properties of plasma polymerized films.
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