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The adhesion of oriented, high-modulus polyethylene-structures to epoxy resins is greatly
enhanced by pretreatment with oxidizing acids. For KMnO,/H,0/H,S0, treatment a maximum
increase in adhesion, as determined by pull-out tests, of 600% was found. Chromic and
chlorosulphonic acid treatment improves the adhesion with 550% and 300% respectively.
Moreover, this improvement was obtained without substantially affecting the mechanical
properties. The modulus remained the same, whereas tensile strength decreased by less than
10% after this treatment. By monitoring the changes in surface topography (SEM) and surface
composition (X-ray photoelectron spectroscopy) the improvement in adhesion could be related

to the introduction of functional oxygen-containing groups, i.e. hydroxyl, carbonyl, carboxyl.
Furthermore, at the highest level of adhesion obtained the failure mode changed from interface
controlled to shear failure within the polyethylene structure.

1. Introduction

Melt-spinning/drawing and solution(gel) spinning
produce chain-extended polyethylene (PE) structures
possessing excellent mechanical properties [1-3]. In
fact, the specific moduli and strength of aramid and
carbon fibres are surpassed, making these PE struc-
tures a potential candidate for composite applications.

Whether the properties of a fibre can effectively be
imparted to the composite depends on the adhesion
between reinforcement and matrix. However, for these
high-strength high-modulus PE structures the adhe-
sion with most materials is poor, due to the chemical
inertness and a smooth surface preventing chemical as
well as mechanical adhesion.

Over the last 30 years several methods to modify
polyolefin surfaces have been developed, most of them
with the aim to improve metal plating and/or prin-
tability. Examples are acid etching [4], plasma [5, 6],
corona and ozone treatment [7, 8]. It is assumed that
these treatments improve the adhesion in a-two-fold
manner [97: firstly the surface free-energy is increased,
improving wettability, and secondly and most import-
antly functional groups are introduced at the surface,
giving rise to a large increase in the chemical inter-
action at the interface.

However, there is a great difference in the surface
morphology of the polyolefins used in the studies
mentioned above, which were mostly isotropic films or
films of low draw ratio, with the high-strength high-
modulus PE structures produced by gel-spinning or
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melt-spinning/drawing. These differences are, for in-
stance, reflected in the extremely high crystallinity of
the gel-spun/drawn PE structures exceeding 80%—
90%, compared to 20%—60% for conventional low-
density (LD)PE-high-density (HD)PE. Hence, the
question arises whether the above-mentioned treat-
ments are also effective in improving the adhesion of
high-strength high-modulus PE structures.

The first attempt to improve the adhesion of ultra-
drawn PE structures was undertaken by Ladizesky
and Ward [10, 11], who investigated the effect of
plasma and chromic acid treatment on the adhesion of
melt-spun/drawn PE fibres to an epoxy matrix. Both
treatments markedly improved the adhesion, al-
though plasma treatment was far more effective. This
was attributed to the pitted surface produced by the
plasma treatment, providing excellent mechanical in-
terlocking. Similar results following air or oxygen
plasma treatment were reported by Nguygen et al.
[12], Nardin and Ward [13] and Kaplan et al. [14]. A
marked increase in wettability and adhesion was ob-
served after ammonia plasma treatment, although
scanning electron microscopy showed no changes in
surface structure [15]. Recently, Postema et al. [16]
reported a five-fold increase in the adhesion of gel-
spun PE fibres to gypsum plaster after chlorosulphon-
ation. According to the authors this improvement
could be related to surface roughening of the fibres.
Although some remarks concerning the introduction
of functional groups were made in the above articles,
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no attempts were undertaken to monitor the changes
in surface chemical composition, nor to reveal the
nature of the functional groups incorporated.

The purpose of the present study was to explore
whether acid treatment could improve the adhesion of
oriented PE structures to epoxy resin in relation to the
chemical composition of the surface and the surface
topography.

2. Experimental procedure

2.1. Preparation of tapes

Oriented PE tapes, obtained by ultra-drawing cast
films as described previously [17], were employed in
this study. However, a difference in the preparation
procedure was that decaline was replaced by xylene.
The cast films were drawn on hot shoes (T = 125°C)
to & = 60. The PE used was Hostalen Gur 412 with a
molar mass, M,,, of about 1.5 x 103 kgmol ~ . Stabil-
izer and any remaining xylene were removed by sub-
sequent extraction with hexane (15h) and methanol
(5h). The tapes prepared possessed a Young’s modu-
lus of 140 GPa, and a tensile strength-of 2.4 GPa at
room temperature (measured at a strain rate of
10% min 1),

2.2. Acid treatment

PE tapes were immersed in chlorosulphonic acid,
chromic acid, ie. K,Cr,0,/H,0/H,SO, (7:12:150
by weight) or KMnO,/H,0O/H,SO, (1:12:150
by weight) at room temperature for different exposure
times. The chlorosulphonic acid-treated tapes were
rinsed with concentrated sulphuric acid, whereas the
KMnO,/H,0/H,S0,-treated tapes were rinsed with
concentrated HCI. Next, all tapes were rinsed with
distilled water. Finally, the PE tapes were rinsed with
acetone, dried and stored in a desiccator.

2.3. Determination of adhesion

Pull-out tests were performed on specimens as illus-
trated in Fig. 1. A medium-viscosity 'resin, Europox
730, together with an aliphatic amine hardener XE-
278 (both obtained from Schering) in the ratio 100/15
wt/wt were used throughout this study. The resin was
cured for 1 h at room temperature followed by heating
to 80°C at a rate of 2°Cmin~"! ‘and kept at this
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Figure I Pull-out specimen.
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temperature for 1.5h. After curing, and prior to test-
ing, the samples were stored in a conditioned chamber
(23°C, 50% RH). Tests were run on an Instron tensile
testing machine using specially designed grips. The
crosshead speed was 10 mm min ™!, The adhesion was
defined as the failure load divided by the interface
area. At least six measurements were made for each
value of adhesion strength and average values were
taken.

2.4. Determination of mechanical
properties

Tensile tests were performed on a Zwick Rel tensile
machine. Closed-loop operation made accurate con-
stant strain-rate experiments possible. The PE tapes
were tested at a strain rate of 10% min~! in accord-
ance with ASTM D-76. Initial cross-sectional areas,
used for calculating Young’s modulus and tensile
strength, were obtained from the mass and the length
of the tapes assuming a crystal density of 10* kgem ™3,
The values given are the average of at least six
experiments.

2.5. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) spectra were
recorded on a Physical Electronics 550 XPS/AES
spectrometer equipped with a magnesium X-ray
source and a double pass cylindrical analyser. Spectra
were recorded in steps of 0.05eV. The pressure did not
exceed 5x107® torr (1torr = 133.322 Pa), and the
temperature was approximately 293 K. Operating
conditions of the X-ray source were 10kV and 40 mA.
A sweeptime of 10 min was used for complete spectral
scans, while for detailed recordings a sweeptime of
20 min per element was used. The sample was placed
under an angle of 50° towards the analyser, giving a
probing depth of about 4 nm for the electrons of the
cys XPS line.

2.6. Infrared spectroscopy

Fourier transform reflection infrared spectra were
obtained using either a Perkin—Elmer 1750 equipped
with a 1 GE-TRG attenuated total reflection (ATR)
unit or a Nicolet 20 SXB equipped with a Specac ATR
unit. A germanium crystal (45° face angle) was used at
a nominal angle of incidence of 45°. Under these
conditions the penetration depth was about 400 nm at
a wavelength of 10 pm.

2.7. Scanning electron microscopy

Scanning electron micrographs were taken with a
Camscan 4-DV. A voltage of 20kV was used, while the
tapes were pressed in silver paint to ensure a good
conductivity. The samples were first coated with car-
bon using an Emscope TB-500 Carbonstring coater.
Secondly a gold/palladium (80/20 wt/wt) coating was
applied in a Polaron E-5000 diode sputtercoater. The
coating thus applied had a total thickness of about
50 nm. B



3. Results

3.1. Adhesion versus mechanical properties
The effect of exposure time to acids on the adhesion
and tensile strength is shown in Figs 2 and 3, and
Table I. The time of exposure had no influence on the
Young’s modulus of 140 GPa. Chlorosulphonic acid
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Figure 2 Pull-out strength as a function of treatment time for
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Figure 3 Tensile strength of the PE tapes as a function of treatment
time for (a) chlorosulphonic acid, {(b) chromic acid, and
(c) KMnO,/H,O/H,SO,.

and chromic acid only slightly affects the tensile
strength of PE even after prolonged exposure. Pos-
tema et al. [16] reported a greater decrease in tensile
strength after exposure of gel-spun PE fibres to chlor-
osulphonic acid. This difference can be explained by
the more severe conditions, i.e. higher temperatures,
used in these studies. The system KMnO,/H,O/
H,SO, had a marked influence on the tensile strength
of the PE tapes. Consequently, tensile failure rather
than pull-out occurred for the PE sample exposed to
KMnO,/H,0/H,S0O, for 240min (Fig. 2, Table I).
Fig. 2 also shows that the levelling off of the adhesion
value increases in the order chlorosulphonic acid,
chromic acid, KMnO,/H,O/H,S0,, i.e. with the oxi-
dation power of the acids applied [18]. The opposite
order was found for the time required to reach this
levelling off value.

3.2. Scanning electron microscopy

The surface of an untreated PE tape, as shown in
Fig. 4a, is rather smooth except for the typical micro-
fibrillar structure caused by the hot-drawing process.
No change in surface roughness was observed up to
10min exposure to KMnO,/H,0/H,SO, (Fig. 4d).
Upon further exposure a distinct texture developed,
the result of degradation and dissolution of material
(Fig. 4e). Prolonged exposure (240 min) is accom-
panied by an extensive loss of material producing a
highly irregular surface (Fig. 4f). In contrast, no evid-
ence of an increase in surface roughness was found
after prolonged exposure to chlorosulphonic or
chromic acid (Fig. 4b, c).

The regions of the PE tapes embedded in the epoxy
resin and subjected to the pull-out test were also
examined. Apparently, there was no difference in the
appearance of the chlorosulphonic and chromic acid-
treated PE surfaces before and after pull-out, sugges-
ting that failure occurred at the interface. A typical

TABLE I Adhesion, tensile strength and surface composition of acid-etched oriented PE tapes

Treatment Time Pull-out Tensile Surface composition O/C
(min) strength strength atomic % atomic ratio.
(MPa) (GPa) (x 10?)
C O S
None - 0.31 242 97.5 2.5 - 2.6
Chlorosulphonic acid 0.5 0.45 95.0 4.6 0.4 48
1 0.54 92.9 6.8 0.3 7.3
5 0.65 93.2 6.4 04 6.9
30 1.00 2.33 90.3 8.7 1.0 9.6
240 1.07 1.98 91.3 7.4 1.3 8.1
Chromic 0.5 1.02 87.7 11.5 0.8 13.1
acid 1 1.16 87.3 122 0.5 14.0
5 1.46 83.6 153 1.1 18.3
30 1.73 221 88.6 10.6 0.8 12.0
240 1.70 1.91 90.9 8.3 0.8 9.1
KMnO,/H,0/ 0.5 1.33 86.1 139 - 16.1
H,SO, 1 1.84 87.7 12.0 03 13.7
5 1.86 89.0 10.9 0.1 12.2
10 1.72
30 1.90
240 Tape 1.32
broken
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Figure 4 Scanning electron micrographs of acid-etched PE tapes: (a) untreated; (b) chlorosulphonic acid, 240 min; (c) chromic acid, 240 min;
(d) KMnO,/H,0/H,SO,, 10 min; (¢) KMnO,/H,0/H,S0,, 30 min; (f) KMnO,/H,0/H,S0,, 240 min.

example of the groove in the epoxy matrix, left after
pull-out of untreated, chromic or chlorosulphonic
acid-treated PE tapes is seen in Fig. Sa. Note that even
the typical microfibrillar structure present at the sur-
faces of these tapes are faithfully replicated in the
matrix. It thus appears that even untreated PE tapes
are completely wetted by the liquid resin. In the case of
KMnO,/H,0/H,SO, (5min)-treated PE the situ-
ation is quite different. Localized spots of drawn
material are visible at the surface of the pulled tapes as
well as on the surface of the groove left after pull-out
(Fig. 5b), suggesting the forcible removal of the top
surface layer during pull-out. Further evidence for this
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is obtained by treating the groove left after pull-out of
a KMnO,/H,0/H,SO, (5min)-treated PE tape with
hot (120 °C) xylene, a known solvent for PE (Fig. 5¢).
Clearly the adhering PE has dissolved, leaving a
surface that shows a quite good resemblance to the
original KMnO,/H,0/H,SO, (5 min)-treated PE
surface.

3.3. Weight loss

No weight loss was detectable for chromic or chloro-
sulphonic acid-treated PE samples, not even after
prolonged exposure (18h). Prolonged exposure to
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KMnO,/H,0/H,S0,, however, resulted in the partial
degradation and dissolution of the PE tape (up to
67% weight loss). »

3.4. Infrared spectroscopy

The reflection infrared spectra of treated and un-
treated PE tapes were identical in all cases, i.c. no
oxidation products could be detected. Contrary to
reflection infrared spectroscopy, X-ray photo electron
spectroscopy (XPS) showed oxidation to have taken
place (see Section 3.5). The sensitivity of surface ana-
lysis is far better for XPS with shallow penetration
(4nm) than for reflection infrared spectroscopy, be-
cause of its deep penetration (400nm). The fact that
reflection infrared spectroscopy failed to detect any
chemical changes, indicates that the etching/oxidation
is confined to the outermost surface layers.

3.5. X-ray photoelectron spectroscopy

The amount of carbon, oxygen and sulphur as detec-
ted by XPS is shown in Table I. In some cases
(chlorosulphonic acid treatment), we also found traces
of chlorine ( <€1%). The amount of oxygen incorpor-
ated at the surface initially increases with time of
treatment. It seems that the gradient of this initial
increase is proportional to the oxidation power of the
acids applied. For longer treatment times the oxygen
content reaches a maximum, after which it slowly
levels off in all cases.

Figure 5 Typical examples of scanning electron micrographs of the
grooves left after pull-out of (a) untreated, chromic or
chlorosulphonic acid-treated PE tapes, (b) KMnO,/H,O/H,SO,
(5min) -treated PE tapes, and (c) as (b) followed by treatment with
hot (120°C) xylene.

The surface chemical composition of three differ-
ently treated PE samples prior to, and after pull-out
were determined. The samples investigated were
chosen in such a way that a stepwise increase in
adhesion level was obtained. No traces of nitrogen
were detected, indicating that epoxy, i.e. amine hard-
ener, was not present at the surface of the pulled
samples. Consequently, matrix failure during pull-out
can be ruled out. The O,,: C,, peak intensity ratios for
these samples are shown in Table II. Comparison of
the two columns shows that the degree of oxidation
before and after pull-out is within the experimental
error (12%), for both the chlorosulphonic and
chromic acid-treated samples. This suggests that fail-
ure occurs at the interface. The KMnO,/H,0/H,S80,
treated sample, on the other hand, showed a signific-
ant decrease in oxygen content. This is attributed to
failure inside the PE tape, removing the highly oxi-
dized surface layer, in agreement with the results
obtained by SEM.

The binding energy of carbon (1s) in hydrocarbons
is 285¢V. Introduction of oxygen induces a chemical
shift, only for those carbon atoms chemically bonded
to oxygen, to higher binding energies. These shifts are
1.5¢eV for hydroxyl, 3.0¢V for carbonyl and 4-4.5¢V
for carboxyl groups [19]. The presence of SOH
groups was concluded from the position of the S,
peak and tabulated data [20, 21]. The C,, spectra of
several treated PE tapes as well as untreated PE tape
are shown in Fig. 6. Note the tailing of the C, peak on
the high-energy side of the treated samples. In almost
all cases shown this tail extends up to 5eV, indicating
the presence of hydroxyl, carbonyl and carboxyl
groups. The time of exposure had no influence on the
general shape of the C,, spectra of chromic acid and
KMnO,/H,0/H,S0,-treated samples. Hence, it is
concluded, that the same functional groups are pre-
sent in all samples. This does not imply that the
number of individual functional groups present are
not subject to change. Differences were encountered
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TABLE II The amount of oxygen relative to carbon present at the surface of the etched PE tapes before and after pull-out

Treatment Time Pull-out o/C atomic ratio (x 10%)
(min) strength (MPa)
Before pull-out After pull-out
Chlorosulphonic acid 30 : 1.00 9.6 8.5
Chromic acid 5 1.46 183 16.2
KMnO,/H,0/H,SO, 5 1.86 12.2 58
TABLE III The etching time required to reach maximum
adhesion (Fig. 2) and the corresponding tensile strength (Fig. 3) of
the PE tapes
Treatment Time . Tensile strength
(min) (GPa)
" le) e) Chlorosulphonic 30 2.3
acid
Chromic acid 30 2.2
KMnO,/H,0/H,SO, 1 22
(b) {d)
(a) {a) It is likely that the other two acids follow the same
389 385 281 289 285 281 scheme, although no comprehensive information is

Binding energy (eV) Binding energy (eV)

Figure 6 High-resolution C,, spectra of acid-etched PE tapes: (both
a) untreated; (b) chlorosulphonic acid, 5 min; (c) chlorosulphonic
acid, 30 min; (d) chromic acid, 5 min; (¢) KMnO,/H,0/H,SO,,
5 min.

when the C,, spectra of PE tapes exposed to chloro-
sulphonic acid for less than 30 min were examined; in
this case the tailing was limited to 3.5eV, indicating
that carboxyl groups were not present.

4. Discussion

As can be inferred from Table I and Fig. 2, adhesion of
PE to epoxy resin is greatly enhanced by pretreatment
of PE with oxidizing acids. The maximum increase
in adhesion, as determined by pull-out, is 600% for
KMnO,/H,0/H,SO, treatment. Chlorosulphonic
and chromic acid treatment improves the adhesion by
300% and 550%, respectively. Of course, these values
are only valid for the reaction conditions used. It is
interesting to note that this improvement in adhesion
can be achieved without a severe loss in tensile
strength and modulus. This is illustrated by Table 111,
which gives the etching time necessary to reach max-
imum adhesion as well as the corresponding tensile
strength of the PE tapes. The remaining tensile
strength was, regardless of type of treatment,
2.2-2.3GPa, a drop of 10% or less compared to the
initial value of 2.4 GPa. Prolonged exposures resulted
in a further loss in tensile strength without further
improvement in adhesion.

The etching of polyolefins and model compounds
by chromic acid is well documented [22-25]. Accord-
ing to the literature, hydroxyl groups are the first
species formed, and further oxidation causes chain
scission to give carbonyl/aldehyde or carboxyl groups.
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available. The presence of carbonyl and carboxyl
groups, at the surface of the treated tapes, as detected
by XPS, indicates that chain scission has taken place.
Consequently, these broken chain ends act as flaws,
initiating failure of the PE tape. This explains the
observed decrease in tensile strength of the PE tapes
upon exposure to chlorosulphonic acid, chromic acid,
KMnO,/H,0/H,S0,.

The improved adhesion of polyolefins to epoxy
resin after acid etching can, in general, be related to:

1. surface roughening;

2. an increase in the surface free energy, and
consequently the wettability of the surface is im-
proved, and the interfacial energy increases;

3. the introduction of specific functional groups,
giving rise to an increase in the chemical/physical
interaction at the interface; or

4. a combination of these [4, 9, 23]. However, it
should be noted here that these factors are mutually
dependent. This makes it difficult to distinguish the
influence of one specific factor from the others.

SEM observations showed that chlorosulphonic
and chromic acid treatment do not produce significant
changes in surface topography. Consequently, surface
roughening can be ruled out as a reason for the
improved adhesion. A somewhat different situation is
encountered for the KMnO,/H,0O/H,SO ,-treated ta-
pes. The surface of a 1 or 5min etched tape is quite
smooth and comparable to an untreated tape, whereas
a 30 or 240 min-treated tape is visibly etched. These
differences are not reflected in the adhesion values
which are equal within experimental error (Fig. 2,
Table I). Examination by SEM and XPS of the 5min
KMnO,/H,0/H,SO,-treated tapes after pull-out, re-
vealed that failure occurred inside the tape and not at
the interface. Consequently, the increase in adhesion is
not brought about by surface roughening. All the PE
surfaces, treated as well as untreated, were completely
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Figure 7 Pull-out strength as a function of the O/C ratio; data taken
from Table 1. (O) control; ((J) chlorosulphonic acid, 0-30min;
(A) chromic acid, 0-5 min; ( x ) KMnO,/H,0O/H,SO,, 0-0.5 min.

wetted by the epoxy resin as shown by SEM exam-
ination of the groove left after pull-out. Hence, differ-
ences in wetting as an explanation can be ruled out
too. The increase in adhesion is solely caused by the
introduction of functional groups. XPS showed these
groups to be hydroxyl, carbonyl, carboxyl and sul-
phonic acid. They are the result from oxidation of the
PE by the various acid treatments. As a first approx-
imation we tried to relate the improved adhesion to
the amount of oxygen, relative to carbon, i.c. the O/C
ratio. Fig. 7 shows that a linear correlation exists
during the initial stages of oxidation. No such correla-
tion is observed when the overall O/C adhesion data
are plotted in the same figure. This is not surprising.
With increasing oxidation the type and number of
functional groups are subjected to changes. Further-
more, the various groups differ in their efficiency to
improve the adhesion to epoxy resins [9]. Consequen-
tly, an exact knowledge of the type and number of the
different groups present at the surface is required, to
relate the differences in adhesion to time or type of
treatment, rather than the amount of oxygen intro-
duced.

In conclusion, SEM and XPS studies showed that
the improved adhesion to epoxy resin after pretreat-
ment with chlorosulphonic acid, chromic acid or
KMnO,/H,0/H,S0, is brought about by the in-
troduction of functional groups. Furthermore, at the
highest level of adhesion obtained (1.8—1.9 MPa), the
limiting factor is no longer adhesion, but the trans-
verse and shear strength of the PE tapes.

Acknowledgements
The financial support from “Scheikunding Onderzoek
Nederland” is greatly acknowledged. The authors also

thank Mr J. A. J. Goossen (M & E-TNO, Delft) for
the scanning electron microscopy.

References
1. P.SMITHand P.J. LEMSTRA, Coll. Polym. Sci. 258 (1980)
891.

. Idem, Makromol. Chem. 180 (1979) 2983.

3. J. M. ANDREWS and 1. M. WARD, J. Mater. Sci. 5 (1970)
411.

4. P.BLAIS, D.J. CARLSSON, G. W. CSULLOG and D. M.
WILES, J. Coll. Interface Sci. 17 (1974) 636.

5. R.H.HANSEN,J. V. PASCALE, T. de BENEDICTIS and
P. M. RENTZEPIS, J. Polym. Sci. A3 (1965) 2205
J.R.HALL, C. A. L. WESTERDAHL, A. T. DEVINE and
M. J. BODNAR, J. Appl. Polym. Sci. 13 (1969) 2085.

G. D. COOPER and M. PROBER, J. Polym. Sci. 44 (1960)
379.

8. M.STRADAL and D. A. 1. GORING, Polym. Engng Sci. 17
(1977) 38.

9. A.CHEW, D. M. BREWIS, D. BRIGGS and R. H. DAHM,
in “Adhesion 8”, edited by K. W. Allen (Elsevier, London,
1984) p. 97.

10, N.H.LADIZESKYand I. M. WARD, J. Mater. Sci. 18 (1983)
533.

11.  Idem, Comp. Sci. Technol. 26 (1986) 129.

12, H. X. NGUYGEN, G. RIAHI, G. WOOD and A. POUR-
SARTIP, in “Proceedings of 33th International SAMPE Sym-
posium”, Anaheim (1988) pp. 1721-9.

13. M. NARDINand I. M. WARD, Mater. Sci. Technol. 3 (1987)
814.

14. S.L.KAPLAN,P. W. ROSE, H. X. NGUYGEN and H. W.
CHANG. SAMPE Q. 19(4) (1988) 55.

15. S. HOLMES and P. SCHWARTZ, Comp. Sci. Technol. 38
(1990) 1.

16. A.R.POSTEMA,A.T.DOORNKAMP,J. G. MEIJER and
H. V. D. VLEKKERT, Polym. Bull. 16 (1986) 1.

17. P.J. LEMSTRA, N. A. J. M. VAN AERLE and C. W.
BASTIAANSEN., Polym. J. 19 (1987) 85.

18. R. C. WEAST (ed.), “Handbook of Chemistry and Physics”,
66th Edn (CRC Press, Boca Raton, 1985) pp. D151-8.

19. D. BRIGGS, in “Practical Surface Analysis”, edited by
D. Briggs and M. P. Seah (Wiley, Chichester, 1983) p. 359.

20. D. BRIGGS. D. M. BREWIS and M. B. KONIECZO,
J. Marer, Sci. 11 (1976) 1270.

2l. C. D. WAGNER. W. M, RIGGS, L. E. DAVIS and J. F.
MOULDER, in “"Handbook of X-ray Photoelectron Spectro-
scopy”, edited by G. E. Muilenberg (Perkin-Elmer, USA,
1979).

22, S. WU.in “Polymer Interface and Adhesion” (Marcel Dekker,
New York, 1982) p. 279.

23. D. M. BREWIS and D. BRIGGS, Polymer 22 (1981) 7.

24, F. HOLLOWAY. M. COHEN and F. H. WESTHEIMER,
J. Amer. Chem. Soc. 73 (1951) 65.

25. K.B. WIBERG and R. EISENTHAL. Tetrahedron 20 (1964)
1151

Received 30 September 1991
and accepted 25 June 1992

759



