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The chemical evolution of poly(tetrafluoroethylene) (PTFE) that is brought about by increasing levels of
irradiation with o particles is accompanied by the emergence and proliferation of functionalized moieties.
Families of reaction products specifically identified in thdrradiated polymer matrix include hydride-,
hydroxide-, and oxide-functionalized fluorocarbons. The data also indicate the emergence of hydrogen peroxide
(H20,) and hydrazine (BH,4), but no distinct evidence suggesting the formation of perfluorinated amines,
amides, or cyanogens is found. In this article we substantiate the speciation of emergent species and reveal
evidence of intercalated molecular gases with whiclparticle-generated radicals may react to form the
observed products. Furthermore, we present evidence to suggest that the kinetiestafle-induced reaction

is limited by the diffusion of radicals within the polymer matrix. That is to say, chemical additives in the
polymer matrix are shown to be scavengers of @&, and F radicals and limit the rates of reaction that
produce functionalized fluorocarbon moieties. Above a threshold doseparticles, the concentration of
radicals exceeds that of the scavenger species, and free radical diffusion commences as evidenced by a sudden
increase in the yield of reaction products. Samples of PTFE were irradiateddses in the range of 1@

5 x 109 rad with 5.5 MeV*He?" ions from a tandem accelerator. Residual gas analysis (RGA) was utilized

to monitor the liberation of molecular gases from PTFE durngarticle irradiation of samples in vacuum.

Static time-of-flight SIMS (TOF-SIMS), equipped with a 20 ke{,Csource, was employed to probe chemical
changes as a function aofparticle irradiation. Chemical images and high-resolution mass spectra were collected

in both the positive and negative polarities.

1. Introduction unsaturation, and oxygen functionalization. Nitrogen incorpora-

The chemistry of radiation-modified poly(tetrafluoroethylene) 10N was found to occur only in the NHand N-treated
(PTFE) is complex and seemingly counterintuitive, as has beenSPecimens which were shown to contain amine, amide, and
demonstrated in the literature by several grotifssor instance, ~ Cyano compounds by X-ray photoelectron spectroscopy (XPS);
Lunkwitz and co-workers irradiated PTFE with Mg@\particles however, no secondary ion mass spectrometry (SIMS) data were
in the presence of air, inMNjas at atmospheric pressure, and in available to support these structures. Most notably observed in
vacuum, and probed the samples using infrared spectroscopythe SIMS spectra were ingrowth of hydrogen- and oxygen-
(IRS)12 They reported varying degrees of cross-linking and functionalized moieties. Interestingly, the Ar-treated specimens
branching, unsaturation, and incorporation of oxygen in the form were found to have the highest ratios of hydrogen and oxygen
of acyl fluoride and carboxylic acid groups. No nitrogen- to carbon. Ultraviolet (UV) irradiation of PTFE in vacuum and
functionalized species were reported. Additional studies per- in atmospheres of NfHand NH, was performed by Heitz et
formed in the presence of inert §NAr) and reactive (@ al® As determined by XPS and SIMS, all specimens were shown
atmospheres indicate thgtparticle irradiation of PTFE in a  to have incorporated oxygen, while only those treated ins NH
reactive atmosphere results in a higher rate of polymer or N,H, atmospheres were shown to have incorporated nitrogen.
decomposition accompanied by the formation of oxyl and The preceding experiments all involve irradiation of the samples
peroxyl specied.Still, with regard to specimens irradiated in  with a low linear energy transfer (LET) source. A high LET
the presence of )l no mention was made concerning the source, such as particle radiation, deposits more energy over
emergence of nitrogen-functionalized species. Wilson et al. 3 shorter distance thereby creating more reaction centers per
investigated the plasma treatment of PTFE using ArgN¥4, unit volume® As a result, it is expected thatparticle irradiation
and Q gases All plasma treatments resulted in defluorination,  of PTFE would result in a greater diversity of reaction products
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matrix in the dose range of 1o 10 rad. To summarize, we  chamber is attached to the tandem accelerator beam line but
observed cross-linking at doses of<10' rad accompanied  separated from it by several skimmed differential pumping
by increased fragmentation and unsaturation. atoses>10° stations. The irradiation chamber vacuum system consists of a
rad. At o doses>10 rad, extreme structural degradation of 510 L/s turbopump backed by a mechanical pump. A pressure
the polymer was manifested by the proliferation of low-mass of <1 x 1076 torr was achieved before irradiation of each
fluorocarbons. The polymer degradation was accompanied bysample. As determined by RGA, the background was comprised
fluorocarbon functionalization that was observed at the lowest of common vacuum contaminants including, H,0, CO/N,,
dose ofa particles and appeared to escalate with increaging O, and CQ at partial pressures commensurate with the total
particle irradiation. In particular, our data indicated that pressure.
particle-induced reaction was accelerated aipses=10° rad. 2.2.a Irradiation. The irradiation of PTFE byx particles
Groups of reaction products that have been identified include yas accomplished using 5.5 Me¥He?* ions generated in a
olefins and paraffins of oxyl- and peroxyl-functionalized tandem accelerator beam line. The samples were exposed to a
fluorocarbons, as well as hydrocarbons. The origin of the oxyl 0.3 cm diameter continuous (DC) beam that was scanned over
and peroxyl moieties has been explained in terms of the the exposed portion of the sample. The samples were nominally
decomposition of perfluorinated polyether residues and reaction majntained at room temperature while irradiated to nominal
of a particle-generated fluorocarbon radicals with molecular goses of 1€ 18, 10%, 101, and 5x 10 rad. For comparison,
oxygen, atomic oxygen, and-Oadicals? The formation of 1 ra4 is equivalent to 0.01 gray (Gy) and 100 erg/g. Samples
hydrocarbons currently lacks complete resolution. Reasonableprepared for TOF-SIMS analysis were irradiated at beam
mechanisms include reaction af particle-generated radicals  ¢\rrents of 5 nA for doses 108 rad, 15 nA at a dose of 20
from the defluorinated polymer matrix with hydrogen radicals a4, and 25 nA for doses 10t rad. Samples used during RGA
or molecular hydrogen and reaction of radiolized hydrocarbon \yere irradiated at a beam current of 40 nA. Irradiation was
additives in the polymer matrix with fluorine radicals. Either performed in continuous fashion for each nominal dose. The
mechanism would be substantiated, at least in part, by theejative error in the cumulative dose measurementsi§%.
appearance of fragments having the general composition of Fg|igwing irradiation, the samples were pulled from the irradia-
GHyF2 in the mass spectra. tion chamber, loaded into wafer holders, and stored in ambient
In this article we present supplementary evidence in support conditions for subsequent analysis.
of the reaction of primary and secondary fluqrqcarbon radiqals 2.3. Gas AnalysisEvolution of O, CO/N,, Oy, and CQ
to form hydro, hydroxyl, oxyl, and peroxyl moieties. Substantia- ¢ monitored during particle irradiation of the samples using

tion of data discussed in a previous articie also provided a quadrupole-based residual gas analyzer (Stanford Research

r??ﬁrdi{]‘?’ r:he occmtjlrrlence of %xyégen;jpealring mct>letcular %aseS'Systems, Sunnyvale, CA, P/N RGA200). The pressure versus
with which .- particie-generated radicals react 10 produce e seang were performed under the conditioh& d mA

functionalized fluorocarbons, in the polymer matrix. Further- emission current, a 70 V accelerating voltage, a gain of

more, the signals of reaction products bear evidence of aapproximately 1000, aha 1 ssampling period. The ionizer of

wgﬁjhsaqhiﬂgigg;iﬁat?;Ig:'eeﬂfrﬁ t:::iebdIfgﬁzlggi-lliltr)zl(;?gr.tilgecither the RGA was positioned approximately 7 in. from the specimen
' Y during analysis and was not mounted within line-of-sight of

Ofthe data ads o he conclusion that raciolytic decomposiion e SaMPIes: The thoriated ridum fiaments were thoroughly
y P degassed prior to experimental data acquisition.

products of isoparaffins, chemical additives used in the manu- . .
2.4. TOF-SIMS Analysis. TOF-SIMS analysis was per-

facture of PTFE;10 behave as scavengers of, HD-, and F ' - ! - I
radicals. At a threshold dose afparticles, the rate of reaction ~formed using a custom instrument, described in detail else-
where!! approximately 2 weeks following irradiation. The

is observed to increase from which we infer that the concentra-

tion of radicals exceeds that of the scavenger species. Thes&YStem is equipped with a sorption-pumped chamber for fast
results further imply that surface reactions, i.e., between radicalsS@MPle introduction to a turbopumped antechamber and an ion-

| ; : i i 9
and gases coincident at the sample surface, provide only a minofPUMpPed analysis chamber with a base pressurelok 10~
contribution to the observed ion signals. torr. Nitrile gloves were donned prior to handling samples, and

TOE-SIMS was used to characterize the cumulative effects il manipulation was accomplished with methanol-cleaned and
of MeV o particles on the PTFE matrix as well as the air-dried tools. The PTFE samples were mounted on a sample

functionalized reaction products. Residual gas analysis (RGA) "°lder ;gd were ioadfod_emto tt?ef vacuumf sys;e;]n Wh'ChI was
was utilized to monitor the liberation of molecular gases from pumped down to=1 x torr before transfer of the samples

the PTFE matrix duringx particle irradiation of samples in  © the analytical chamber. Secondary ions for mass spectral and

vacuum. These results corroborate previous conclusions and_(:hem'cal image acquisition were generated using a 20 kgV C

provide a rational explanation for the functionalization observed 0N SOurce f°Cuse_d_ oa d|am_eter 950 um at the S"?‘T“p'éz-
to occur in perfluorinated polymers irradiated by a number of DUring data acquisition the primary ion beam conditions were

methods in ostensibly inert conditions (e.g., vacuum, Ar, or N a pulse width of 50 ns at 3 ng a”‘_’ a dc current of 054 nA.
atmospheres). The raster area was 200200xm? during spectrum acquisition

and 400x 400um? during imaging. Mass spectra were acquired
with the raster area completely within or outside the irradiated
portion of the sample, while images were always collected at
2.1. Sample PreparationNeat PTFE in 2 mm thick sheets the boundary of the irradiation zone. In the course of spectrum
was purchased from Goodfellow (Berwyn, PA, P/N FP303100) acquisition, approximately 2.% 10 Cgo"/cn? impinged the
for use in these experiments. Nitrile gloves were donned prior surface of the analytical area, an order of magnitude below the
to handling samples, and all manipulation was accomplished static limit13 The total ion dose during imaging was one-fourth
with methanol-cleaned and nitrogen-dried tools. Specimens werethe total ion dose used for spectrum acquisition. In the positive
cut from the sheet stock, mounted in the sample holder, and polarity, analyses were performed with a nominal mass resolu-
introduced into the vacuum vessel for irradiation. The irradiation tion (m/Am) of ~2500 in the mass-to-chargevg) region below

2. Experimental Section
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100m/z. The mass resolution in the negative polarity w0 80
in the same mass-to-charge range. No charge compensation was

required during spectrum or image acquisition.

3. Results

The TOF-SIMS spectra were collected in the range of
4—1800 nVz in both the positive and negative polarities. In
general, the total counts of the negative ion spectra<dfes
the total counts of the positive ion spectra. A total of three neat
PTFE samples were analyzed. Each sample includedxthe
radiation doses described in section 2.2. Within each zone at
least two different areas were analyzed. A single image was
acquired at the boundary of each irradiation zone of each sample.

For mass spectral features related to the polymer matrix,
relative peak intensities were generally reproducible to within 400
+20% from sample to sample. Where quantitative correlations
are made, measurements from all samples were used to
determine the mean and standard deviation of the measurement.c
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Data values greater than one standard deviatiof ffbm the

estimated mean were excluded from the data set, and the mean

was calculated using a minimum of three data points for each
measurement. Oultliers are straightforwardly attributed to sample-
to-sample variation and morphological roughness atoses
>10' rad since sample charging was not observed to be a
problem during analysis.

The fingerprint peaks of unirradiated PTFE are found in the
positive ion spectra below 20@/z with a few additional peaks
of the characteristic form [F2,—1]T extending out to 400
m/z.1415 In general, the relative intensities of the fingerprint
peaks provide a useful indication that the samples were prepare
and handled without significant incorporation of impurities.
Characteristic fragment ions and their nominal mass-to-charge
ratios are CF (31 m/z), CR" (50 m/z), CR:* (69 mVz), CsFs™*
(93 m/2), CF4t (100 mV2), CoFs™ (119 mvz), and GFst (131
m/z). In the negative ion spectrum, the characteristic peaks of
PTFE include CF (31 m/z), CR~ (69 m/z), CsF3~ (93 m/2),
and GFs~ (119 mV2). Silicone residues were observed to be
present as indicated by the positive ions Si29 m/z), CHz-
Sit (43 m/z), SIOH" (45 m/z), CsHeSi™ (73 m/z), and GHg-
OSk* (117m/2) and the negative ions GBIO~ (59 mV2), SiO;™
(60 m/2), and CHSIO,~ (75 nmV/z). Perfluorinated polyether
residues are evidenced by the positive ions CR@7 m/z),
CzHgOzJr (59 m/z), CngO+ (97 I'T’I/Z), C2|:407L (116 m/z), and
C,FsO™ (135m/2) and the negative ions8,FO~ (61 m/z) and
C3H3F0,~ (109 mv2). In addition to process contaminants,
common contaminants such as™NE@3 m/z), 3%K* (39 n/2),
4K* (41 m/2) and adventitious hydrocarbons were observed in
the positive ion spectra.

Upona particle irradiation, changes in the signal of charac-
teristic PTFE fragments were monitored, and new features in

A B .
*) C,F H,0 (B)  CqFH;0;
E M
g) A
n 5E10 Rad
'g M‘h 5E10 Rad
® E9 Rad =
< i M E9 Rad
o E8 Rad .
kv 4. E8Rad
.. E7TRad | ~E7Rad
0 Virgin 0 Virgin
1415 1420 1425 1575 158.0 1585
m/z, -ions m/z, -ions
650
©) g si0* D) ¢ Fgsi0,*
C
2
U) V‘k
2 5E10 Rad 5E10 Rad
©
@
L e
Bad E8 Rad
\ E7 Rad E7 Rad
Virgin 0 Virgin
286.5 287.0 2875 3025 3030 3035
m/z, +ions m/z, +ions

Figure 1. Unit mass windows demonstrating the appearance and
ingrowth of hydroxyl- and silicate-functionalized fluorocarbon moieties
ith continuedo. particle irradiation of the PTFE matrix. Each plot
includes the raw data at experimental doses of 0, 1%, 1, and 5
x 10%rad. (A) Negative SIMS, 14&vVz nominal. (B) Negative SIMS,
158 m/z nominal. (C) Positive SIMS, 28W/z nominal. (D) Positive
SIMS, 303m/z nominal. The offset is increased at higher doses for
clarity.
the data. Evidence of such reactions is rendered in Figure 1
where the raw signals from the unirradiated andfradiated
samples are presented. This figure shows the iofigHZ;O~
and GF4H,0,~, at 142 and 158z, respectively, to appear in
the mass spectrum and increase in yield with increasidgse.
As demonstrated by these data, which are apparently void of
isobaric interferences, the hydroxyl functionalities arise follow-
ing o particle irradiation of the polymer matrix. These structures
bear resemblance to the negative ions articulated in the preceding
paragraph. The potential exists for at least two mechanisms that
yield the same products. The first mechanism involves radi-
olytically induced reaction of fluorocarbon fragments with
molecular oxygen followed by reaction with atomic or molecular
hydrogen. The second mechanism involves radiolytically in-
duced reaction of fluorocarbon fragments with molecular water

the mass spectra were identified and characterized. In mostand hydrogen peroxide, respectively. In each case, spontaneous
cases, emergent fragments appear in the mass spectra at interva{se., unimolecular) or induced (i.e., radiolytic) decomposition

of 12, 16, 19, 31, and 56vVz units corresponding to C, O, F,
CF, and CE, respectively, whereby we are able to recognize
families of related fragments. We have previously shown
substantial evidence for the emergence and proliferation of
hydrocarbons as well as oxyl- and peroxyl-functionalized
fluorocarbon moietie$8 For instance, evidence regarding the
formation of peroxyl-functionalized fluorocarbons includes
peaks at 125m/z (C3F3027), 144 m/z (CsF4O;7), 137 mvz
(C4F3027), and 156m/z (C4F4027) in the negative ion spectra,
as well as a similar succession of features in the positive ion
spectra.

Reaction ofa particle-generated fluorocarbon fragments to
form hydroxyl-functionalized products is clearly indicated from

may participate in the mechanism. The mass windows presented
in Figure 1 also reveal reaction between fluorocarbon fragments
and silicone residues that are present in the PTFE matrix. The
signals of GFeSiO™ (287m/z) and GFeSiO,™ (303m/z), plotted

as a function ofx dose, are minimal at doses<1(° rad, after
which the same signals become pronounced.

The trends in the reaction of fluorocarbons to form hydroxyl-,
peroxyl-, and silicate-functionalized moieties follow a reproduc-
ible pattern. Namely, considerable signals are realizeddaises
> 10 rad, while the reactions seem to be moderated dvses
<10° rad. Examples of the discontinuity that is manifested in
the signals of fluorocarbon reaction products is given in the
first four rows of Table 1 where, as is typical~&b-fold jump
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TABLE 1: Tabulation of Data Discussed in the Text and 12000 20000
Plotted in Figures 2 and 8 B)
virgin - 10°rad 1Grad 10rad 5x 10¥rad 5 CF,0" a
CaF:0;" 0 364 722 3472 9075 5 CoF4Si0," v
C4F4H20,~ 0 84 93 577 2860 2
CoFoSiO " 0 386 498 1619 4026 B
CsF402™ 0 80 122 476 1467 N
CRO" 897 2305 2540 7013 16071 g
H,O* 245 425 528 2272 7522 5
CsF,0* 2977 4829 8185 16415 38823 z
C3F,0" 2418 2629 3219 4812 10125
CoHs* 3475 6918 9474 18447 29421 0 or
CoHs* 18759 36655 46603 129032 186932
C,H,O" 3408 4847 10336 16408 20912
CoH FF 0 2937 6687 8237 5448
NoH4* 0 0 0 1548 2183 11000 © 50000
in the magnitude of the signals betweer 40d 10 rad is clear.
The CRO"™ fragment is an autolytic product of peroxyl c H,O" a
fluorocarbon radicald®'’” These observations indicate that a 2 | CFH0; v
threshold concentration of radicals must exist in the polymer -5
matrix before a significant yield of the product is observed and N
allude to a diffusion-limited process that is in opposition to a g
mechanism dominated by surface reactions. In other words, 5
reaction of o particle-generated fluorocarbon radicals with <
molecular gases incident at the sample surface cannot be the | ¢ ol
principle mechanism for the appearance of functionalized species . - . R
in the mass spectra. A mechanism subject only to surface 0 7 8 9 10 11 0 7 8 9 10 11
reactions would be expected to show an exponential relationship Log,, Dose (Rad) Log,, Dose (Rad)
betweena particle dose and reaction product yield. However, rigyre 2. Integrated signals of radiolytic reaction products plotted vs
the data reveal a discontinuity in the signal afl(® rad the log of the dose. The data are normalized to the total ion signal and

indicating that the reaction mechanism is initially constrained fit by functions described in the text. The solid lines)(are comprised
by the lack of free radical diffusion. Once free radical diffusion of linear and quadratic functions, and the dashed lines (- - -) are first-
commences, the signals of the reaction products escalate adrder exponential functions. The error bars indicate an interval of one
illustrated in ’Figure 2A-C. Therefore, while sources of oxygen standard deviationff10) from the mean. All data are disclosed in Table

1. The data points at 10rad are omitted because the signals of
are clearly present at the sample surface, sources of oxygen mustygiolytically induced reaction products, i.e., species arising in the

also be located within the polymer matrix to explain the ijrradiated portion of the sample, are suppressed atdthiwse. This

observed results. effect is documented in ref 8 and is presumed to be a consequence of
Close inspection of the mass spectra reveals significant surface roughness.

evidence to support the assertion that molecular gases are present

in the PTFE matrix. Expanded portions of the mass spectra atlt should be noted that the;N4™ ion is the only reaction product

18, 28, 32, and 4#4vz are shown in Figure 3. Each plot includes involving N that has been positively identified. Several isobaric

the raw signals of the unirradiated andirradiated samples.  species are observed at ¥z including SiO", CG;", C:HF,

The HO™ ion appears at 18vz, accompanied by a small signal  and GH4O™. The signal of SiO, while small, remains relatively

at 17 m/z corresponding to OH At increasing levels of  constant because it is a fragment ion of silicone residues in the

irradiation the signals of B0 and OH" reach significant ~ polymer matrix. The eH4O" peak in the mass spectrum of the

intensities. The increasing signal ofL,®" with increasingo unirradiated specimen is likely an endgroup fragment of

dose is an unexpected result that is consistent with the totality perfluorinated polyether. The signals ottt and GH4O*

of the data, as will be explained later. Several isobaric speciesintensify with increasingx dose as a result of radiolytically

are observed at 2&Vz including Sit, N,*, and GH4*. The induced reaction. The signal of GOis present in the unirra-

signal of St remains relatively constant because it is a fragment diated specimen and becomes diminished at the highdsse.

ion of silicone residues that are dispersed throughout the polymerAt first glance, the detection of GO may be attributed to

matrix. The materialization of Nand concurrent absence of molecular carbon dioxide in the polymer matrix. However, the

CO within the polymer matrix is a significant observation that assignment of C¢¥ as a product of radiolysis is qualified by

is in agreement with kinetic and thermodynamic d4ta° The other data. In fact, the changes observed in the signals of CHF

presence of gH4" in the unirradiated specimen is attributed to  CO;*, C;HF, and GH,O" may be understood in terms of the

the presence of both adventitious hydrocarbons and isoparaf-free radical and polyene concentrations duringparticle

fins,219while the subsequent increase in the signal gL is irradiation, as discussed in section 4. Nevertheless, the potential

the result of isoparaffin radiolysis. The apparent rise intge N presence of molecular carbon dioxide cannot be dismissed based

peak is attributed to the overlappinghi* peak wherein, at  solely on these data.

high doses ofo particles, the observed rise in the signal of Interpretation of the data presented in the preceding para-

C,H4t is accompanied by a slight broadening of the peak. graphs is further clarified by the data in Figure 4. Unit mass
The positive ion of molecular oxygen O is recognized at ~ windows at 34 and 4%z in the positive polarity, as well as

32 m/z along with isobaric peaks corresponding to CHind 19 and 28nVz in the negative polarity, are displayed. At 34

N.H4. The signal of @" remains relatively constant throughout vz, the appearance of £, is realized at the lowest dose of

the a irradiation regime while the emergence of both CHF  a particles. The formation of D, arises froma. particle-

and NH4* becomes pronounced at higher levelsudfradiation. induced interaction of the most abundant gases in the polymer
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Figure 3. Expanded mass windows at nhominal mass-to-charge ratios Figure 4. Unit mass windows supporting the data of Figure 3. Each
where molecular water, nitrogen, carbon monoxide, oxygen, and carbonplot includes the raw data at experimental doses of 0, 1%, 1,
dioxide appear in the mass spectra. Each plot includes the raw data atand 5 x 10 rad. (A) Positive SIMS, 34wz nominal. (B) Positive
experimental doses of 0, 1L, 1, and 5x 10 rad. (A) Positive SIMS, 45 m/z nominal. (C) Negative SIMS, 19wz nominal. (D)
SIMS, 17 and 18wz centers. (B) Positive SIMS, 28z nominal. (C) Negative SIMS, 28z nominal. The scale of part C has been reduced
Positive SIMS, 321z nominal. (D) Positive SIMS, 44wz nominal. by a magnitude of 5 to reveal the {B)H™ peak. The offset is increased
The offset is increased at higher doses for clarity. at higher doses for clarity.

matrix, H, and Q. Hydrogen peroxide is a comparatively 19, 37, and 551/z that are recognized as clusters having the
unstable molecule which would presumably react to form structure (HO),X~ where X is a solvated Hor F~ ion.2! The
hydroxylated moieties or decompose by spontaneous or inducedoortion of the mass spectra about i in Figure 4C reveals
means to HO and atomic O or an Oradical. These pathways a peak on the high-mass side of the peak that is identified
are supported by the experimental data which confirm both the as (HO)H™. The peaks at 37 and %8z, not shown, correspond
formation of hydroxyl-functionalized fluorocarbons (see Figure to the isobaric ions of (bD)F and (HO)H~, and (HO).F~

1) and the profusion of O (see Figure 3) with increasing and (HO)sH™, respectively. While the signal of J% is
dose. The HO, peak vanishes from the spectrum at the highest observed to increase, the signals of the@X~ cluster ions

o dose, an outcome that we propose is due to the burgeoningwane at increasing levels of irradiation due to the declining

free radical and polyene concentrations. localization of H and F anions (i.e., diffusion of Hand F
The isobaric ions at 45v/z include SiOH, COH*, CHs- anions in the polymer matrix). The signal at 28z in the
Sit, and GHsO™. The signals of both SiOHand CHSI™, negative polarity is comprised of,8,~ based on the rationale

which are fragment ions of silicone residues, remain relatively that molecular CO, which is more stable as a positive ion, is
constant throughout the irradiation regime, though radiolytic absent in the positive polarity.
decomposition results in a significant decline in the signal of  We have previously used chemical imaging by TOF-SIMS
CHsSi™ at the highesto. dose. The signals of GBIt and to identify radiolytically induced reaction and decomposition
C,HsO™ that appear in the mass spectrum of the unirradiated products. Similarly, ion-specific images may be used to reinforce
specimen are likely protonated endgroup fragments of per- the veracity of claims derived from the mass spectral data
fluorinated polyether. The intensity of the @®" peak, while concerning molecular gases. In particular, the signals of the
scarcely distinguishable as a shoulder on the SiQigak, intercalated molecular gases should not show a significant bias
remains relatively constant over the courseoofrradiation. across the sample or with respeciotarticle irradiation. lon-
Again, the possibility that CeH* arises as a protonated ion of  specific images of b, O,", CO;*, and (HO).X ™ are displayed
molecular carbon dioxide cannot be wholly dismissed based onin Figure 5; the total ion images of both the positive and negative
these data. The signal of;850" and of GH4O™ rises with polarities are provided as a reference to which topographically
increasingo. particle irradiation and may be explained by both related artifacts may be compared. Some degradation of the
fragmentation of the perfluorinated polyether molecules and signals of the total ion images is observed within the irradiated
reaction of oxygen atoms, molecules, or radicals with hydro- portion of samples and is attributed to surface roughening at
carbon fragments. In contrast to the signal gfigO™, the signal high o doses. The image of @@)X~ is comprised of the
of C;HsO™ diminishes at the highest dose. isobaric (HO)F and (HO),H™ ions at 37m/z. The ion-specific
Confirmation of water in the polymer matrix is shown in the images of N*, O;*, and (HO).X ™ illustrate that molecular
negative ion spectra which contain several peaks appearing ahitrogen, oxygen, and water are uniformly distributed across
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Figure 6. Residual gas analysis performed duringarticle irradiation
of PTFE. Traces are shown for8" (18 m/z), CO"/N2* (28 m/z), O,"

200 1800

samples, although this effect is not obvious in these images since the(32 vz), and CQ* (44 m/z). The sample was irradiated at a rate of 5

imaged ions are not specifically a product of radiolysis. Images in each
row are normalized to the same counts/pixel scale. Row 1: Total
positive ion (T.P.l.) on a scale of-B46. Row 2: N* on a scale of
0—1. Row 3: Q' on a scale of 61. Row 4: CQ" on a scale of & 1.

Row 5: Total negative ion (T.N.l.) on a scale of-62. Row 6:
(H0)F and (HO);H™ on a scale of &1.

the sample and show no substantial bias with increasidgse.
The images of C&@', in comparison to images ofNand Q*,
show an increasingly diminished signal in tleirradiated
portion of the samples at 10and 5x 10'° rad. This apparent
disparity may be an indication that the signal of £LQirises
from molecules that are subject to radiolytic decomposition, i.e.,
perfluorinated polyether. However, this interpretation is argu-
able, and the occurrence of @ the polymer matrix remains
unsettled.

The RGA data, plotted in Figure 6, show the partial pressures
of gas molecules liberated from PTFE during particle

irradiation. The samples were irradiated using a beam current

of 40 nA which corresponds to a dose rate ok510’ rad/s.

The partial pressures of species at mass-to-charge ratios cor

responding to K0T (18 m/z), CO"/N,™ (28 m/z), O," (32V2),

and CQ™" (44 m/2) were monitored concurrently during irradia-
tion of the sample. Molecular hydrogen was not tracked during
o particle irradiation of the sample because a reproducible
baseline could not be established. The first indication of liberated
gas molecules appears ak510'° rad where a distinct increase

in the partial pressures of @, CO"/N,*, and Q' are

x 107 rad/s. The first appearance of liberated gases is observefl at

x 10' rad; irradiation was terminated at 1580 s. As discussed in the
text, the experimental evidence suggests that the rise in the/28
trace is comprised of Ngas.

4. Discussion

The experimental data support the presence HfQd, and
H>0 in the PTFE matrix. Moreover, Hs presumed to persist
within the polymer matrix based on kinetic and thermo-
dynamid®-20 as well as TOF-SIMSdata. The occurrences of
CO and CQ have been omitted based on the TOF-SIMS and
RGA data, respectively. The relative abundances indicated by
the data appear to lie in the descending order §f® > N
> H,0. Kinetic and thermodynamic data suggest that these
observations are qualitatively correct. The permeability coef-
ficients (P) and heats of solutionAHg) for the detected
molecular gases are,H> O, > Ny no data are available
regarding the permeability coefficient or heat of solution for
H,0. Pasternak et al. designate the magnitudes of the perme-
ability coefficient and the heat of solution for G@® be 3- and
2-times, respectively, the values obtained far'®They also
show that sorption and outgassing occur in a reversible fashion
and that equilibrium is reached in a matter of minutes. Therefore,
the absence of C{yas in our experimental samples is explained
by the low partial pressures to which the samples were exposed.
Our experimental samples were stored in an ambient atmosphere
(i.e., primarily No and Q), while irradiation and analysis was
performed in a vacuum environment. The background of the

observed. Conspicuously absent from the RGA data is a rise inyacuum environment during irradiation, as revealed in Figure

the partial pressure of GOTherefore, the C@ and CQH™
signals that arise in the TOF-SIMS data are definitively ascribed
to perfluorinated polyether residues and radiolytic reaction

7, was comprised largely of HH,0, N,, O,, and CQ gases.
Given the relatively low concentrations of G@ the ambient
and vacuum atmospheres to which the samples were exposed,

products. Since the occurrence of CO gas is omitted based onit is reasonable to presume that little would be present in the

the TOF-SIMS data, it is concluded that the observed rise in
the 28mv/ztrace of the RGA data is comprised almost completely
of Nz gas.

experimental samples and observed in the data.
Radiolysis of H leads to the proliferation of hydrocarbons
and hydrogenated fluorocarbons as reaction products. Similarly,
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Figure 7. Gas background of the vacuum chamber obtained using a
guadrupole-based RGA prior ta particle irradiation of the PTFE
specimens.

radiolysis of Q leads to formation of oxyl- and peroxyl-

J. Phys. Chem. &

doses<1(®rad. This observation is reflected in Figure 2 where
the signals of @:302+, C3F,0,, CﬁFgSiOz+, C4F4H0,, and
H,O", plotted as a function ak dose, all show a discontinuity
between 1®and 10 rad. The data are fit by two relationships
that are not representative of any particular model but demon-
strate that the signals of certain reaction products do not display
the anticipated exponential growth. The solid line is comprised
of a linear function between 1Go 1 rad and a quadratic
function between 1®and 5 x 10 rad; the dashed line is a
first-order exponential fit between 1@nd 5x 109 rad. As
shown by the data, only minimal growth of the signals is realized
below 1@ rad, while significant increases are realized above
1 rad. An exponential fit would be expected for reaction
mechanisms unfettered by radical scavengers. In general, the
exponential fits overestimate the signals at low dose and
underestimate the signals at high dose. The signal of th©CTF
ion, an autolytic decomposition product of peroxyl-functional-
ized fluorocarbon specié§!’ follows the same trend, as
expected. Noteworthy exceptions to this generalization are the
signals of oxyl-functionalized fluorocarbon speciesifO* and
CsF,0". These data exhibit no reproducible discontinuity
between 18 and 16 rad and are fit quite well by both the
guadratic and first-order exponential functions front 05 x
10'%rad. While oxyl-functionalized fluorocarbons are a product
of a particle-induced reaction between fluorocarbon fragments
and oxygen, these fragments also arise from radiolytic decom-
position of perfluorinated polyether molecules that are present
in the PTFE matrix. Radiolytic decomposition of perfluorinated
polyether molecules would contribute to the observed oxyl
signals most noticeably at low doseswparticles (i.e.<10?

functionalized hydrocarbons and fluorocarbons. Hydrogen and rad).

oxygen radicals interact to form ;8,, followed either by

decomposition to water and atomic oxygen or by subsequent

reaction to produce hydroxyl-functionalized species. Molecular
nitrogen is also subject to radiolysis which is manifested in the
formation of NoHz; however, there is no perceptible evidence
to suggest that either Nor N;H4 participate in any further

reactions. This seemingly enigmatic observation is understood

to some extent by the bonding of the respective diatomic

molecular gases present in the PTFE matrix. The dissociation

energies of H-H, O=0, and N=N are 436, 498, and 946 kJ/
mol, respectively. We surmise that initial rupture of thbonds

in N2 and Q molecules is partially negated by geminal
recombination, on the time scale of a molecular oscillation

(~10"13s), before subsequent reactions may occur. Recombina-

tion of geminal radicals is known to occur in irradiated
PTFE®S1722 and in the case of Nthere is a significant
thermodynamic driver for recombination. At high dosesoof
particles, the concentration of-Hadicals is such that reaction
with Ny- radicals is readily observed. In other words, the
thermodynamic barrier to rupture of thesWl = bonds is not
overcome but is kinetically driven by an excessooparticle-
generated Hradicals. The spatial proximity of the-tand N

We propose that, at low doses, isoparaffins present in the
PTFE matrix inhibit the radiation-induced reactions that give
rise to emergent reaction products. Specifically, we surmise that
hydrocarbon fragments arising from the radiolysis of isoparaffins
behave as scavengers of,lD-, and F radicals; the radiolysis
of aliphatic hydrocarbons results in production of polyenes and
evolution of molecular hydroget¥-2% At a doses>10° rad the
inhibition appears to wane due to the burgeoning radical
concentration that overwhelms the concentration of polyene
scavengers in the polymer matrix. Evidence of such action is
displayed in Figure 8 where the signals ofHz", CHs*,
C,H40", and GH4F" are plotted as a function af dose. In
Figure 8A the data are fit by two relationships for comparative
purposes. The quadratic (solid line) and first-order exponential
(dashed line) functions are fit to the data betweehall 5x
10 rad. In Figure 8B the data are fit only by a quadratic
function because an exponential growth model does not bear
any resemblance to the trend of the data.

As shown in Figure 8, the signal of ,84%, which is

representative of isoparaffin radiolysis (i.e., polyenes), rises at
a modest rate with increasing dose. Likewise, the signal of

radicals is assumed to be small based on the rationale that theC:Hs" intensifies with increasing. dose but at a higher rate.

reaction must occur on the time scale of a molecular oscillation,
the H, and N> gases are collocated within the polymer matfix,
and the samples are irradiated with a high LET sofrce.
However, as indicated by the data fopHN™ in Table 1, this
reaction is suppressed at low doses mfparticles which

The initial signal of GHs™ is unquestionably characteristic of
isoparaffin termini; however, the escalating signal gfi§ and
analogous fragments must be indicative of reaction between
radiolized isoparaffins and +Hradicals because radiolysis of
aliphatic hydrocarbons results in unsaturation which would be

presupposes the presence of radical scavengers. Without thevidenced by a decline in the signal ofHG". This point is

presence of radical scavengers the signal gfi;N would be
expected to follow a simple exponential growth function.
In addition toa particle-induced reactions between interca-

reinforced by the growing signal of 84" with increasingo
dose. The signals of £,0" and GH4F", which arise via
reaction of radiolized isoparaffins with -Gand F radicals,

lated molecular gases, we have noted that reactions leading taespectively, rapidly swell upon irradiation of the PTFE
generation of functionalized fluorocarbons are moderated at specimens witha particles. These signals rise much more
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Figure 8. Integrated signals of radiolytic reaction products plotted vs 4D.FC: + O « FCO « F,,CO + F

the log of the dose. (A) Polyenes and hydrogenated polyenes are

represented by the signals obHG™ and GHs', respectively. (B)

Fluorinated and oxygenated polyenes are represented by the signals of

C,H,F and GH4O", respectively. The data are normalized to the total

ion signal and fit by functions described in the text. The solid lines

(—) are comprised of linear and quadratic functions, and the dashed

lines (- - -) are first-order exponential functions. The signal gHg SF.FCO- + H, < FCH0- < F,,CHO + F-

is divided by two. The error bars indicate an interval of one standard 5G.FCO + H, < FCH0- < FCOH + H

deviation (:10) from the mean. All data are disclosed in Table 1. The Figure 9. Set of kinetic expressions that capture the reactants and

data points at 19 rad are omitted because the signals of radiolytically  functionalized fluorocarbon products observed in the experimental data.

induced reaction products, i.e., species arising in the irradiated portion References to previous work are given and discussed in the text.

of the sample, are suppressed at thidose. This effect is documented  Fluorocarbon fragments such agCF,),— or C,Fy, are generically

in ref 8 and is presumed to be a consequence of surface roughness. denoted by “FC” in the equations except in eq 5A where “FC”

represents a perfluoroalkene having the structuf€F,)x—CF=CF—

rapidly than can be accounted for by radiolytic decomposition (CF)y— or —(CR)x—CF=CF,. Reactions involving Nare omitted since

of perfluorinated polyether molecules. The signals of both no nitrogen-functionalized fluorocarbon products are observed in the

C,H,O" and GH4F' show a reduction in the rate of rise, or data.

even a decline, ait doses>1(° rad. The decline observed in  demonstrable change in the chemical structure that is attributable

the signal of GH,O" and of GH4F* is explained by gross  to main chain scissioh.

radiolytic decomposition of the PTFE matrix at high doses of =~ Equations 2A-D describe a most interesting consequence

a particleg that facilitates small molecule and radical diffusion. 0f o radiolysis discovered in our data. Namely, ta@article-

The signal of GHs* continues to enlarge at highdoses which  initiated reaction between tand G to yield HO; is quite

is explained by reaction of isoparaffin unsaturations with H pronounced. There are several reactions that potentially generate

radicals from both radiolyzed isoparaffins and intercalated H H- or O- radicals as secondary products that would be available

This supposition is supported by a concomitant depression in for further reaction to yield bD,, as indicated in eqs 2B and

the GH,4* signal at high doses af particles (i.e.>1° rad). ~ 2C. Additionally, HO may participate in the production 0b&;
Thus, our data indicate that incident Med particles as indicated in eq 2D; however, this mechanism is presumed to

commence a complex reaction process involving PTFE matrix zecc)) f;ggesig)r;]segl:/? dnecr?cga;ii\? 82 égi;?nw (.)22? tibg c;a;]rgjce of
molecules, manufacturing residues, intercalated molecular gase302 In other Worgs the decom ozsition 0fBh grives the reaction
and a plethora of particle-generated radicals. The major in'eq 2D toward ’the reactanFt)s

features of the data are represented in Figure 9 by a simplified The eqs 3A and 3B show reéction of the-R@d F radicals

set of kinetic expressions that capture the observed reactants, . molecular H yielding H radicals, HF, and FCH_,. Many

and functionalized fluorocarbon products. Reactions involving fragment ions in the mass spectra, cor;firm the pr(.)duction of
polyenes from ra_ldiolized isoparaffins are omitted because the FCHay_1 Species, as illustrated in Figure 3. Hydrogen fluoride
radical scavenging of unsaturated hydrocarbons has beeryey is shown by our data to be a product of insignificant yield.
discussed elsewhe?&2> We note at the outset that these joreover, polyene hydrocarbon fragments anddglicals are
expressions do not likely capture all possible kinetic pathways gnown to interact to produce/8,F+ moieties. Equations 4AD

but are proposed as a means to address our data and engendghoy the reaction of FQradicals with molecular @yielding
discussion. Equation 1A indicates the initial cleavage effC x| and peroxyl-functionalized fluorocarbons. Both oxyl and
bonds in the fluoropolymer resulting in fluorocarbon and F  peroxyl species are observed in the mass spectra, and their
radicals. For brevity in the text, fluorocarbon fragments and radicals are presumed to terminate, or neutralize, via the release
radicals will be generically referred to as FC andFC  of F- radicalst’-?22We suspect that ejected Fadicals largely
respectively. The Fradicals may then react with€C bonds  stimulate further back-biting reactions, as in eq 1B. This
of the polymer to generate a saturated chain end and a terminakonjecture is based on the signals of bottefd &~ that decline
double bond, as expressed by eq 1B. Main chain scission, i.e.,as a function ofx dose and the signals of small fluorocarbon
C—C bond cleavage by incidentparticles, is shownineq 1C.  fragments that escalate as a functioraose. Several studies
Many articles, wherein low LET sources are used to irradiate have implicated a second-order mechanism for the production
the PTFE samples, neglect main chain scission on the basis thabf oxyl species,81617.2%and we postulate the pathways shown
caging results almost exclusively in reconstitution of the@ in eqs 4B-D to address these data. The mechanism of eq 4B is
bonds!”??2 however, our data indicate that irradiation of the validated by previous workl” while the mechanism of eq 4D
PTFE samples witkx particles, a high LET source, results ina is facilitated by both the radiolysis of molecular oxygen and

5A.FC + H,0, < FC(OH),
5B.FCO- + H,0 « FC(OH),” — F_C(OH), + F-
5C.FC: + H0 o FCH,0- & F_,CHO + F:
5D.FC- + H,0 « FCH,0: < FCOH + H-
SE.FCO, + H, < FC(OH), « F,_,C(OH), + F-
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the decomposition of $D,. Equation 4C is confirmed by our  hydrocarbons were shown to have the effect of radiation
observation of CFO which is a verified decomposition product  protection via radical scavengiig.?®
of peroxyl-functionalized fluorocarbon radicdfs!’2>Genera- Future experiments may be conducted so as to isolate the
tion of atomic oxygen is supported by our data which show an reactions between fluorocarbon radicals and gases of interest.
increase in the signal of Owith increasinga dose. Experiments of this type require thorough degassing of the
The products or intermediates of the aforesaid expressionsexperimental samples followed by exposure to high-purity gases
may par“C'pate in further reactionsl noted in eqs_KA to pl’ior toa partlcle |rrad|at|0n The |0ng ||fet|mes Of f|UOI’00afb0n
produce the hydroxyl-functionalized fluorocarbons that are radicals within the polymer matrix would necessitate storage
observed in the experimental data. We propose that the mostof the experimental samples under the same atmosphere in which
favorable reaction mechanisms involve the reaction of fluoro- Ifradiation was performe#:. Such an experimental scheme
carbon (FG), oxyl (FCO), or peroxyl (FCQ-) radicals with would allow tht_a elucidation of the relatlvg rates of reaction
H,O or H, to produce the observed hydroxylated moieties. The between specmc_ molecular gases and radl_olyt|ca_1lly generated
reaction of perfluoroalkenes, such as(CFs)—CF—=CF— iluorocarbon radicals. For example, use of !sotoplcally labeled
(CF2)y— and—(CF)y—CF=CF, with H,0; to yield hydroxy- 80, would allow one to resolve whether unimolecular decom-

lated moieties (eq 5A) seems reasonable based on the data. “Qosition of diqxide fragments is the primary mechan!sm giying
each case, further rearrangement of bonds within the intermedi-"1S€ t0 monoxide fragments. Furthermore, the use of isotopically

ates to form a more thermodynamically stable entity, ac- labeled oxygen would allow interrogation of the process that

companied by the loss of-tbr F radicals, is presumed to occur gives rise to copious quantities ob@ in the polymer matrix.
. X ’ . .We have shown the presence of molecular ,C® our
We see no evidence in the TOF-SIMS data to suggest that . . L
significant quantities of~(CF»),COH are produced. We experimental specimens to be negligible. Nevertheless, the
~ X . . . . .
conclude that the-CO,H groups observed in our data are the inclusion of isotopically labeled*CO, would enable the

It of int i bet hvd b | q differentiation of a particle-induced reaction products from
Irsslljlarooir;/;erﬁc lons between hydrocarbon polyenes an mO'perflourinated polyether fragments in the mass spectra which

) ) _ would serve as a test against which to verify our conclusions.
A great deal of work remains concerning the mechanisms Continued investigation seems particularly important in light

and kinetics of reactions that are precipitated doyparticle of the fact that PTFE has been shown to be permeableyto N
irradiation of PTFE. Specifically, none of the rate constants have which is observed in both the TOF-SIMS and RGA data, yet
been evaluated for even the most basic effects oddiolysis no nitrogen-functionalized fluorocarbon species are identified

in PTFE, e.g., &C scission, GF scission, and back-biting  in the TOF-SIMS spectra of the-irradiated specimens. To
reactions. There are several factors that have a deleterious effecéxecute these experiments, a new chamber for attachment to
on the quantification of the experimental data. First, each decadethe tandem accelerator beam line has been designed with a vastly
increase in the dose of particles incident on the sample has a reduced volume that will also allow positioning of the RGA
demonstrable impact on the surface topography, as illustratedwithin 1 in. of the sample. The chamber is isolated from the
in Figure 5. It is expected that a corresponding change in the beam line by a 2@m thick Havar (Ce-Cr—Ni alloy) foil which
surface work functionds) would be realized; however, we have  will allow exposure of the PTFE samples to various gases at
not executed measurements against which to normalize ouratmospheric pressure without affecting the performance of the
experimental data. Rather, we have normalized our data againsbeam line.

either a reference ion signal or the total ion signal. Second,

ionization efficiencies may change dramatically from ion to ion. 5. Conclusions

Therefore, while relative quantification is feasible, absolute
quantification is difficult without a reference, or corroborating b
data. Third, the microscopic structure of PTFE is comprised of
crystalline and amorphous regions. Therefore, the products of
o radiolysis are not homogeneously distributed. We have
attempted to minimize this effect by sampling large areas of
the surface. Fourth, radiolysis is a dynamic process wherein

fragmentation and defluorination occur concurrently with other peroxyl-functionalized fluorocarbons, we have disclosed evi-

a particle-induced reactions. Consequently, difficulties in the 4o 06 qemonstrating the production of hydroxyl-functionalized
quantification of functionalized fluorocarbon moieties are g,qrocarbons by way ot particle-initiated reactions between
exacerbated _by Fhe frag_mentation an<_1| defluorin_a_tion_of analyte f,orocarbon fragments and molecular gases. We have proposed
fragments with increasing. dose. This competition is Most 4 get of kinetic expressions that address the prominent features
pronounced for high-mass fragment ions wherein the fluorine gpserved in our data without contradicting previously validated
content is saturated but is also observed in relatively small ;a5ction mechanismi§-18.22-25 Without question, these mech-
fragments. The latter remark is demonstrated in the plots of the gnisms neglect the intermediate, dynamic processes since we
CsF4O* and GF7O" signals as a function af dose in Figure  are only able to identify the stable products of reaction and
2D. The signal of the more fully saturated fragmenR™) decomposition. Nevertheless, the proposed kinetic expressions
does not rise as rapidly as that of the more unsaturated fragmenprovide a basis from which to interrogate systematicallycthe
(CsF4O™). These circumstances, which contribute to a com- radiolysis of PTFE in ambient and vacuum atmospheres. We
paratively large statistical fluctuation in the experimental data, have also provided evidence to suggest that the kinetias of
might be mitigated in future experiments with the use of particle-induced reactions in PTFE are initially suppressed by
additional chemical and structural probes such as XPS, IRS,small hydrocarbon fragments. These hydrocarbon fragments,
and differential scanning calorimetry (DSC). Even so, the effects which arise from radiolytic decomposition of isoparaffins in the
of a particle radiolysis observed in our data are reproducible polymer matrix, are shown to be scavengers ef &, and F

and bear resemblance to previous work in which unsaturatedradicals and, thereby, limit the rates of reaction. Above a

Our data indicate that Me\ particles incident on PTFE
eget a complex reaction process involving PTFE matrix
molecules, manufacturing residues, and intercalated molecular
gases. Molecular gases identified in the polymer matrix are H
H,0, N;, and Q; the data show no evidence to suggest the
presence of CO and G(n the polymer matrix. In addition to
previous data® regarding the emergence of hydro-, oxyl-, and
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threshold dose ofx particles, the concentration of radicals
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(8) Fisher, G. L.; Szakal, C.; Wetteland, C. J.; Winograd, N. Article

exceeds that of the scavengers and free radical diffusion to appear in the AVS 52nd International Symposium Proceedihgéac.

commences resulting in an increased yield of reaction products.

While the radiation stabilization afforded by the presence of

isoparaffins is indeed feeble, the effect is self-evident. The

threshold dose in our experiments wa&0® rad; however, the

Sci. Technol. AJul/Aug 2006.
(9) Ariawan, A. B.; Ebnesajjad, S.; Hatzikiriakos, S. Bowder
Technol.2001, 121, 249.
(10) Ariawan, A. B.; Ebnesajjad, S.; Hatzikiriakos, S.Balym. Eng.
Sci. 2002 42, 1247.

threshold dose should be dependent on the concentration of (11) Braun, R. M.; Blenkinsopp, P.; Mullock, S. J.; Corlett, C.; Willey,

isoparaffins in the polymer matrix. This theory may easily be

tested by varying the concentration of isoparaffins in the PTFE

matrix.
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