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Received 9 July 1997; accepted 11 January 1998

ABSTRACT: Teflon AF1600, containing perfluorinated dioxole rings, was found to be
particularly susceptible to X-ray degradation, such as that occurring during X-ray
photoelectron spectroscopy. Because of the presence of O, the degradation mechanism
is substantially different from those of fluoropolymers containing only C and F. Each
atom of a given element was found to have the same susceptibility to attack, irrespec-
tive of its position in the repeat unit, with O at least twice as susceptible as F. At any
dose between 60 W* X-ray source power/5 min and 240 W/40 min, O was lost at an
amount equal to that of F, which necessitated the breaking of two COO bonds; O also
degraded by breaking only one bond, in which case the oxygen was not lost but formed
a free radical. The free radicals produced by the homolytic scission of COC bonds
participated in reactions leading to degradation and crosslinking. *The product of X-ray
filament emission current and the potential difference between it and the X-ray anode.
© 1998 John Wiley & Sons, Inc. J Appl Polym Sci 70: 1201–1207, 1998
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INTRODUCTION

Fluoropolymers are known to degrade through ho-
molytic bond scission when exposed to the flux of
X-ray photoelectron spectrometers. Such flu-
oropolymers include Teflon PTFE [O(CF2OCF2)n],1

Teflon FEP [O(CF2OCF2)nO(CF2OCFCF3)m,
85 : 15 w/w],2 and Teflon PFA [O(CF2OCF2)n
O(CF2OCFOC3F7), 97.5 : 2.5 w/w].2 Because deg-
radation occurs under relatively mild conditions,
it is always necessary to assure that the sample
does not degrade significantly during data accu-
mulation.1–3

These studies showed that degradation pro-
ceeded in a similar fashion for all the Teflons so

far mentioned, as follows: the scission of COC
and COF bonds led to graphitization, crosslink-
ing, and the loss of low-molecular weight species,
as revealed by mass spectrometry. A decrease was
seen in the amount of CF2, as was a gain in the
amount of CF3; this means that CF2● must have
reacted with F● to produce substantial amounts
of CF3.

Teflon AF (amorphous fluorocarbon) is a newly
available Teflon, with the advantage of solubility
in certain perfluorinated solvents. It is, in fact, a
perfluorinated dioxole4,5; the structure of the re-
peat unit for Teflon AF1600 (1600 indicates a Tg

of 160°C5) is seen in Figure 1. The presence of the
heterocyclic structure makes Teflon AF particu-
larly susceptible to photodegradation by X-rays.
It is our experience that degradation becomes no-
ticeable within 5 min, under our XPS normal
operating conditions of 240 W. We consider it to
be necessary to delineate those conditions neces-
sary for XPS spectral accumulation with minimal
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degradation in this polymer in order to properly
obtain and interpret such spectra.

EXPERIMENTAL

Teflon AF1600 was purchased from DuPont as a
6% solution in perfluorinated solvent. It was fur-
ther diluted 50% with Sigma Fluorinert FC-77
and spun at 4000 rpm onto a freshly cleaned Si
wafer. After drying for several minutes at room
temperature and baking for 10 min at 110°C, the
solvent was completely removed by heating for 5
min at 165°C, as recommended by the manufac-
turer.6 A film thickness of 3–4 mm was obtained.

X-ray photoelectron spectra were obtained on a
VG ESCALAB Mark II instrument, using non-
monochromated Mg Ka radiation at 1253.6 eV.
Stray electrons were absorbed by a thin alumi-
num film positioned in front of the X-ray source.
Emerging electrons were collected at a take-off
angle of 30° from the surface, at a pressure of 2
3 1029 Torr. High-resolution spectra were ob-
tained at an analyzer pass energy of 25 eV, at an
experimentally determined resolution of 0.8 eV,
and a measurement error ,0.1 eV.

No flood gun was used to reduce sample charg-
ing; instead, charge compensation was accom-
plished by fixing the binding energy of the gra-
phitic degradation product at 284.7 eV.7 In our
original study of undegraded AF1600,8 no such
energy calibration markers were available; there,
charge compensation was carried out by arbi-
trarily fixing the binding energy of the highest
energy component of the C1s spectrum at 292.0
eV. A comparison of the 2 procedures indicated
that the arbitrary procedure originally used gave
binding energies 1.0 eV too low. All the peak
energies in the present study have been corrected.

Samples were exposed to X-ray source powers
varying form the normally used 240 W (12 kV, 20

mA) down to 60 W (6 kV, 10 mA). Spectra were
recorded over radiation exposure times from 5 to
40 min, with a minimum dose of 60 W/5 min and
a maximum dose of 240 W/40 min. Peak separa-
tions of the C1s, O1s, and F1s envelopes were
carried out subsequent to background subtrac-
tion, using an in-house nonlinear least-mean
squares program with full width at half-maxi-
mum (FWHM) values experimentally determined
on similar polymers. In the case of C1s spectra,
where the Ka3 X-ray satellite, lying 8.4 eV below
the main peak, had a propensity to interfere with
other peaks, it was subtracted out.

Mass spectroscopy analysis during X-ray expo-
sure was carried out using VG SQ300 mass spec-
trometer mounted on the analysis chamber. Its
mass scale was calibrated using a mixture of He,
Ar, and Xe gases, purchased for that purpose.
Counts were displayed at 0.5 amu intervals, be-
tween 0 and 150 amu.

RESULTS

High-resolution C1s spectra for X-ray doses (pow-
er 3 time), varying from minimum (60 W/5 min)
to maximum (240 W/40 min), are seen in Figure 2.
Examples of peak separation for C1s, O1s, and
F1s spectra, subsequent to a dose of 200 W/40
min, are seen in Figure 3. The XPS C1s spectrum
of undegraded Teflon AF1600 has recently been
successfully assigned.8 While the reader is re-
ferred to that study for the complete peak attri-
bution, we review them here so that the present
results may be better understood. A listing of the
C1s, F1s, and O1s peak binding energies obtained
in that study and their attributions are presented
in Table I. The reasons for the attributions are to
be found in the original study.8

Spectral areas were obtained by computer-as-
sisted integration after background subtraction;
the experimentally determined error was found
previously to be , 3% of the peak area. A com-
parison of such values as a function of dose re-
vealed the following.

C1s

A typical degradation spectrum, presented in Fig-
ure 2, indicates that the peaks may be separated
into the original peaks (.287 eV) and the degrada-
tion products (,287 eV). The relative concentration
of original peaks is referred to as Cundegraded and
that of the degradation products, Cdegraded. As seen
in Figure 2, the shape of the original peaks during

Figure 1 The structure of the Teflon AF1600 repeat
unit.
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degradation appears to be maintained. Further, the
area of the entire envelope is maintained, as seen in
the inset to Figure 2. This suggests that little or no
C was lost during X-ray exposure. Another reason
for believing so is that the shape of the undegraded
C was maintained during degradation, which is
highly improbably if C atoms at different sites were
lost because their probabilities of bond breaking are
expected to be different.

O1s

Oxygen was lost during degradation, as seen in
the inset to Figure 3(b); at any X-ray source
power, it was lost at a linear rate and at any
time, as a linear function of the X-ray source
power; a spectral asymmetry, toward the lower
binding energy side of the O1s peak, was re-
solved into new peaks with a slightly larger
energy separation than the original 2 peaks, as
seen in Figure 3(b); both original peaks de-
creased at identical rates, which maintained
the original peak ratios.

F1s

Fluorine was lost in a fashion similar to that of O,
as seen in the inset to Figure 3(c); no evidence was

manifested of new components, and each peak
decreased at a rate that maintained the original
peak ratios. Here, the loss of F atoms from differ-
ent sites at the same probabilities is less surpris-
ing, given that (1) they are all bonded by 1 simple
bond, rather than 2, in the case of C, and (2) the
binding energies for the 3 F sites are similar (that
is, the chemical shifts for F in different environ-
ment are small).

F/O

The F/O ratio was corrected for different sensitiv-
ities and inelastic mean free paths by dividing the
F1s and O1s peak areas by their sensitivity fac-
tors and appropriate attenuation lengths. At any
dose, the fractional losses of F and O were iden-
tical, with the F/O ratio remaining, within exper-
imental error, equal to 1.

The various XPS spectral changes may be used to
evaluate the linearity of X-ray exposure with dose.
Degradation may be defined as any of the following
ratios: Cdegraded/Cundegraded, Olost/Oremaining, or Flost/
Fremaining. All such plots are well described by a
linear relationship: an example is seen in Figure 4
for Cdegraded/Cundegraded.

Mass spectroscopic analysis showed that the
concentrations of fragments present before X-ray

Figure 2 Typical C1s spectra of Teflon AF1600 (power source 5 200 W), and C1s total
area versus X-ray dose. Inset: C1s peak area as a function of X-ray dose.
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exposure began (H2O1 at 18.0 amu; CO1 or N2
1 at

28.0 amu; CO2
1 at 44 amu) increased with time as

the mass spectrometer quadrupole warmed up
and species adsorbed on the walls of the spec-

trometer were desorbed. Those fragments pro-
duced after X-ray exposure began (CF1 at 31.0
amu; CF2

1 at 50.0 amu; CF3
1 at 69.0 amu, and

C2F3O1 at 97.0 amu) reached their maximum

Figure 3 Peak separation of (a) C1s, (b) O1s, and (c), F1s spectra of Teflon AF1600
subsequent to a radiation dose of 200 W/40 min; O/C and F/C versus dose; the ratios are
normalized to maximal values. Insets to (b) and (c): O/C and F/C ratios, respectively, as
a function of X-ray dose.
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concentrations during the first scan, followed by
steady decreases; an example is seen in Figure 5.
These trace amounts would not be evident in an
XPS spectrum.

DISCUSSION

The trace amount of C, detected by mass spec-
trometry is too low to be considered in our XPS

analysis. While new peaks at lower binding ener-
gies indicates partial and total defluorination, as
well as graphitization and crosslinking, no addi-
tional terminal CF3 is formed, as found for other
Teflons.1,2 The area ratio of the 5 component
peaks in the undegraded C1s spectrum, 1 : 1 : 1 :
2 : 1,8 is maintained in the undegraded portions

Figure 3 (continued from the previous page)

Table I Teflon AF1600 XPS Peak Attributions

XPS
Spectrum

Relative
Ratio

Binding Energy
(eV)

Attribution
(Fig. 2)

C1s 1 292.0a Position 1
1 291.1 Position 2
1 289.9 Position 3
2 289.0 Position 4
1 287.9 Position 5

O1s 1 538.2 (COOOC)b

1 537.15 (COOOC)c

F1s 1 687.5 CF2

3 686.5 CF3

1 685.5 CF

Data from Sacher and Klemburg-Sapieha.8
a Peak arbitrarly placed at 292.0 eV; see Sacher.7
b Adjacent oxygens in Figure 2.
c Outer oxygens in Figure 2.

Figure 4 Plot of Cdegraded/Cundegraded versus dose,
demonstrating degradation linearity with X-ray expo-
sure.
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(Cundegraded) of all the degraded spectra [peaks
1–5 in Figure 3(a)].

The C1s spectrum in Figure 3(a) shows 3 new
peaks produced on X-ray degradation; these
peaks do not vary in position on degradation but,
rather, only increase in intensity. They are attrib-
uted to the partial and total (lowest binding en-
ergy peak) graphitization of the original struc-
ture, as O and F are lost. While the structures
contributing to the partially degraded peaks are
unknown, and their energy positions cannot be
used to confirm their structures with certainty,
the C1s energy positions of graphite is well
known; it appears at 284.7 eV7 and is used in this
study to compensate for charging.

O1s spectral analysis reveals the formation of
new peaks at lower energies. The 2 original peaks
[peaks 1 and 2 in Figure 3(b)], due to slightly dif-
ferent ether linkage environments,8 maintain their
1 : 1 ratio and their original peak separation of 1.1
eV, while the new peaks [peaks 3 and 4 in Figure
3(b)] maintain a 1 : 1 area ratio at a slightly larger
separation of 1.6 eV. Since the original peaks rep-
resent oxygen at 2 energetically different sites, and
the ratio is maintained on degradation, this indi-
cates that each site has an identical propensity for
degradation; the 2 new peaks evidently represent
energetically different, but structurally similar,
degradation products. It is difficult to identify these
degradation products because (1) all bonds undergo
scission at equal rates, and (2) both O and F are
continually lost. It is clear, however, that the deg-
radation products have higher electron densities
(that is, lower binding energies) than the original
environments; they may involve free radicals.

Because O was lost at a rate identical to that of F,
and O loss requires the breaking of 2 bonds, ether
linkages appear to be twice as susceptible to X-ray
scission as are COF bonds. Since the newly formed
O1s peaks [peaks 3 and 4 in Figure 3(b)] indicate
oxygen still retained in the polymer, their presence
demonstrates an intermediate stage in the degra-
dation process, where only 1 bond is broken.

F1s spectral analysis reveals neither new peak
formation nor any shifts in peak binding energies.
The 3 component peaks [peaks 1–3 in Figure 3(c)],
due to CF2, CF3, and CF in order of decreasing
binding energies, retain the 1 : 3 : 1 ratio of the
original, undegraded material, again indicating
that each F site has an equal propensity to degrade.

The following picture emerges: all bonds of any
1 element have the same susceptibility to X-ray
degradation. While O and F are lost in identical
amounts at any dose, O must break 2 bonds to do
so, while F, only 1. This means that oxygen has a
(; 23) greater susceptibility to degrade. O may
also degrade without loss, by breaking only 1 of
its bonds, as evidenced by the new peaks in the
degraded O1s spectrum.

The homolytic scission of bonds under X-irra-
diation produces free radicals. Electron spin res-
onance studies9 show them to be stable for long
periods of time; they are capable of abstraction
reactions, which give rise to more stable free radi-
cals, as well as of reaction with other free radi-
cals, such reactions having extremely low activa-
tion energies. It is thus surprising that new CF3
groups are not formed, and we can offer no expla-
nation at this time.

The intensities of X-ray induced mass spectral
fragments from Teflons PTFE, FEP, and PFA all
reached their maxima shortly after X-ray expo-
sure began,1,2 after which they all steadily de-
creased; this was taken1,2 to indicate the forma-
tion of a crosslinked surface layer impervious to
these fragments. In the present case, however,
the intensities of fragments from Teflon AF1600
began to decrease immediately; this is taken to
mean that the higher susceptibility of this mate-
rial to X-ray degradation causes the rapid onset of
extensive surface crosslinking.

CONCLUSIONS

The degradation of Teflon AF1600 under X-ray ex-
posure occurs with insignificant C loss; both O and
F are lost in equal amounts at any doses between 60
W/5 min to 240 W/40 min, although O must break
twice as many bonds as F to do so. Oxygen also

Figure 5 Mass spectra of fragments produced on ex-
posure of Teflon AF1600 to X-rays at a source power of
120 W. The background spectrum, at t 5 0, has been
subtracted.
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degrades without loss when only 1 bond is broken.
The free radicals that remain participate in reac-
tions leading to graphitization and crosslinking.
Mass spectral analysis is consistent with the fact
that Teflon AF1600 is highly susceptible to X-ray
degradation, quickly forming crosslinks.
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