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ABSTRACT: The photodegradation at 157 nm of thin films of a series of Teflon AF copolymers has been
comprehensively examined using electron spin resonance, NMR, FTIR, and Raman spectroscopies, mass
spectrometry and X-ray photoelectron spectroscopy. The mechanism of degradation involves reaction at the dioxole
units, and as a consequence the sensitivity to degradation increases across the series Teflon AF 1200, 1600, and
2400. A major volatile product is hexafluoroacetone formed by degradation at the dioxole unit. NMR and volatile
product analysis confirm that degradation occurs largely at the dioxole unit leading to an array of new chain-end
species. Main-chain and chain-end carbon-centered radicals were identified as arising from abstraction reactions
and main-chain cleavage, respectively. In addition to loss of the dioxole units, XPS analysis indicates extensive
char formation at the film surface, providing evidence of loss of fluorine atoms which in turn may react with free
radical intermediates to form stable products identified by NMR. The implications for design of materials for
157 nm photolithography are discussed.

Introduction Table 1. Composition and UV Absorbance (at 157 nm) of Teflon AF
o ) ) Copolymers

_ Copolymerlzatl_on of 4,5-difluoro-2,2 (trlfluoromethyl)_ 1,3 Teflon AF mole % mole % Arsr o T,
dioxole (PDD) with tetrafluoroethylene (TFE) results in co- grade PDD TEE (um™?) ©C)
polymers with a range of desirable properties, many of which

. 1200 52 48 0.64 120
d|ffe_r greatly from_ those of poly(tetrafluorpethylene)_ (PTFE). 1600 65 35 0.42 160
For instance, the incorporation of the cyclic PDD unit into the 2400 89 11 <0.01 240

polymer backbone serves to disrupt sequences of TFE units,
leading to amorphous copolyméfawnith high optical transpar-
ency that can extend well into the vacuum ultraviolet (VUV)
region? high glass transition temperaturég)(that can be as
high as 240°C? and high permeability to gasEsand small
molecule$:” They also possess properties of other perfluorinated
polymers such as low dielectric constants (9) ¢ low refractive
indices ¢-1.3) and a high degree of chemical inertné&ome

arisen to find transparent and photostable polymers for use as
pellicles at this wavelength.Although partially fluorinated
polymers with sufficient transparency have been produced, they
have been shown to deteriorate rapidly when exposed to 157
nm light®~1 In fact, perfluorinated polymers such as Teflon
AF and Cytop have been demonstrated to be significantly more
photostable at 157 nm, despite the higher absorbance of these
- - i polymers at that wavelengt®! For this reason the photo-
pf these properties for three copolymer compositions are listed chemistry of Teflon AF and Cytop needs to be better understood,
in Table 1. .
] ) so that these families of polymers can be re-formulated or

_These favorable properties have led to poly[4,5-difluoro-2,2- (e 4esigned to meet the needs of the semiconductor industry if
bis(trifluoromethyl)-1,3-dioxoleso-tetrafluoroethylene] (Teflon 157 nm Jithography is pursued in the future. The semiconductor
AF) copolymers having a wide range of applications, including jnqusiry is currently investigating second and third generation
playing a critical role in the production of integrated circuits 193 nm immersion lithography and EUV lithography as
by photolithography. Their high optical transparency, high glass technologies to achieve the 32 nm node and beyond. If either
transition temperatures and photostability at 248 and 193 nm q hoth of these technologies fail there will be a reexamination
have enabled them to be used as pellicles, protective membranegy ihe yse of 157 nm photons to achieve low critical dimension
whose critical function is to protect the photomask from patterning, and information on the stability of fluoropolymers

particulate contamination during the manufacture of integrated 1, exposure will therefore be important for design of both
circuit. However, the optical properties of Teflon AF copolymers pellicles and resists.

are generally insufficient for use in 157 nm lithography, due to Recently, Lee et d have studied the VUV degradation of

poor photostability and high absorbance. Hence, a need hasygel fluoroalkanes in a bid to better understand the effects of

VUV radiation on perfluorinated compounds. The stated aim
* Corresponding author. E-mail: andrew.whittaker@cmr.ug.edu.au. ~ Was to enable discovery of more stable polymers for use as 157
T Centre for Magnetic Resonance, and Australian Institute for Bioengi- nm lithography pellicles. Prior to this Jahan and co-workers
neering and Nanotechnology, University of Queensland. reported the effects of'3 and X-ray* radiation on Teflon AF
* School of Physical Sciences, Queensland University of Technology. . ' . : . . . .
s School of Molecular and Microbial Science, University of Queensland. 1N @ir, and related the increase in optical density to the formation

' SEMATECH. of main-chain peroxy radicals. In addition, we have recently
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CF, CF, below a maximum of 2 ppm, and was monitored with a Thermox
>< CG1000 oxygen detector. Films were irradiated at a dose rate of
Q O 0.1 mJ cm? per pulse to a range of doses from 5 to 50 J&m
AH_VLH“CF?CFF}F The energy was monitored using a Scientech PHF25 detector with
a Scientech Vector D200 controller. For all analytical measurements
F F apart from ESR measurements, the samples were ultimately exposed
Figure 1. Generic structure of the Teflon AF copolymers. to atmospheric oxygen.

Electron Spin Resonance (ESR)Films of Teflon AF were
presented initial results of a study of the effect of 157 nm light irradiated to a total dose of 5 or 20 J cfin a Harrick cell in
on Teflon AF 1600 to gain a better understanding of the which the oxygen concentration was maintained to less than 2 ppm
mechanisms of the VUV degradation of Teflon AF copoly- by purging with ultrapure nitrogen in a nitrogen purged glovebox.
mers!5 In this current paper we present a comprehensive studyAftf?r irradiation the films were transferred to sealable ESR tubes
of the photodegradation of a series of Teflon AF copolymers inside the glovebox at an oxygen concentration of less than 50 ppm.

. . . ; . Continuous wave (CW) ESR spectra were recorded on a Bruker
\t/ivcl)t: 157 nm light and discuss possible mechanisms of d(':'grada'Elexsys E580 continuous wave/FT spectrometer fitted with an

: . ) . . X-band Super High Q resonator. Variable temperature {138
Finally the mechanism of interaction of VUV photons with k) yegulation was achieved through the use of a liquid nitrogen
polymers is of interest as irradiation of polymer surfaces is flow-through cryostat coupled with a Eurotherm—BT-2000
emerging as a potential method of modifying surface topography temperature controller. Typical acquisition parameters were as
and chemistry. In particular, irradiated polymers are being follows: power 0.2 to 50 mW; modulation amplitude 0.1 to 0.8
investigated because of the increased propensity of cells tomT; sweep time 84 s; 2048 or 4096 points.
adhere to undergo attachment and growth compared with virgin ~ X-ray Photoelectron Spectroscopy (XPS)XPS was conducted
materialst® Most of this work has been performed at longer ©naKRATOS AXIS ULTRA. Survey spectra were collected using
wavelengths, however access tp I&ser facilities has led to an analyzer pass energy of 160 eV while the high-resolution spectra

increased interest in 157 nm irradiation, and opens the op- of individual elements were taken with a pass energy of 20 eV and

. e a step increment of 0.1 eV. An X-ray power of 150 W was used
portunity for modification of polymers that are transparent at (10 mA anode current, 15 kV)

other more-accessible W_aveleljgths such as 193 and 248 nm. 19 Nyclear Magnetic Resonance (NMR) SpectroscopyF
Recently, Takao et al. investigated the effects of 157 nm high.resolution NMR spectra were collected on a Bruker DRX500
radiation on the surface of silicones, and reported changes inat 298 K using a BBi probe without lock or decoupling. The
chemistry and topography of the material as a function of polymers were dissolved in hexafluorobenzene. The spectra were
threshold dosé’ Before this Costela and co-workétseported run for a minimum 128 scans. A total of 128K data points collected,
the effect of 157 nm photons on a number of polymeric and were zero filled to 256K prior to Fourier transformation.
materials, including PTFE. Modification of the surface of =~ The NMR spectra reported here were assigned by reference to
fluoropolymers is especially interesting as usually this class of Several large databases §F chemical shift$>"2 In addition a
materials is highly resistant to cell adhesion. As shown by Number of previous studies have rep(2)7rted Hiechemical shifts
Makohliso et afi® changes in surface topography of Teflon AF in spectra of synthetic fluoropolymets2” Note that other authors

h h mi tterni h f d effect th have used the chemical shift of extended sequence€é$— units
rough micropattérning can have a protound €ffect on the equal to—120 ppm as an internal chemical shift reference. We

proclivity of cells to adhere to the polymer surface. follow the recent convention of Scheteand use—122 ppm. In
. . general the reported literature chemical shifts are accurate to within

Experimental Section +2 ppm due to the significant solvent effect often reporte#in
Polymers and Sample Preparation. Copolymers of 4,5- NMR. Caution should be exercised in use of the extensive tables

difluoro-2,2-(trifluoromethyl)-1,3-dioxole (PDD) and tetrafluoro- ~ of chemical shifts for this reason.
ethylene (TFE) were obtained from DuPont. The grades were Teflon Raman Microspectroscopy.Raman spectra of irradiated thin
AF 1200, 1600 and 2400. The composition and important properties film samples were acquired using a Renishaw Raman microscope
of these polymers are detailed in Figure 1 and Table 1. Thin films (System 1000). A Spectra Physics 633.2 nm hetiuraon laser
of Teflon AF were prepared by spin-coating-3 wt % solutions (model 127) was used, which delivered 8 mW to the sample. The
of polymer in Fluorinert 75 onto VUV grade calcium fluoride laser was not attenuated and was focused using tieobfective,
windows. A spin program of 500 rpm f® s followed by 2000 giving a spatial resolution of approximatelyin. For the spectra
rpm for 60 s was used. The thickness of the films was of the order obtained in this study, the instrument was run in “snapshot mode”
of 1-2 um. These spin-cast films were irradiated with 157 nm where the diffraction grafting was centered at 1000°trfihis gave
light as described below and analyzed by XPS, FTIR, and Raman a spectral range for the 633 nm laser from approximately 520 to
spectroscopy. For ESFEF NMR and MS volatile analysis, slightly ~ 1420 cnt®. The acquisition time for each spectrum was 30 s. The
thicker films (~2 um) were prepared by casting of polymer spectral resolution was 3.6 ci which was calculated by measur-
solutions onto VUV calcium fluoride windows. ing the full-width at half-maximum of the nitrogen gas band in air
The initial absorbance of Teflon AF films at 157 nm is on the at 2331 cm®. The instrument was run in confocal mode where
order of 0.4um~1,11 and therefore, films of the thickness prepared confocal operation was achieved by setting the slit width tarhb
in these studies will absorb appreciable amounts of energy. Theand by masking the charge-coupled device (CCD) detector to an
films of thickness 2 um will transmit just 40 and 20% of the ~ image height of 4 pixels. The diffraction grating was calibrated
incident photons, respectively. In this work we report results from against the St Si stretch from a silicon wafer at 520.1 ctlnWhen
measurements using a range of analytical techniques, and inspectral mapping was performed, the sample was mounted on the
particular, we measure the relative proportion of products formed. computerized XY translational mapping stage and spectra were
No attempt is made to compare absolute yields of products from taken at 2um intervals to produce a matrix of spectra.
technique to technique due to difficulties in determining absolute  Fourier Transform Infrared (FTIR) Spectroscopy. FTIR
energies incident on the samples prepared with slightly different spectra of irradiated thin film samples were collected in transition

geometries. mode with a Perkin-Elmer 2000 spectrometer, with a resolution of
157 nm F, Laser Irradiation. The films were irradiated witha 4 cn'L.
Lambda Physiks, Optex 157 nm Excimer laser where the beam Mass Spectrometry (MS).For analysis of volatile products the

was directed into a glovebox purged with dry nitrogen gas. The polymer films were mounted in a Harrick liquid cell fitted with
concentration of oxygen in the reaction chamber was maintained VUV grade calcium fluoride windows. The cell was purged with
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Figure 3. ESR spectra recorded at 298 K of (a) Teflon AF 1600 after
being exposed to a total dose of 20 J@éruf irradiation and (b) Teflon

* * AF 2400 after being exposed to a total dose of 20 Jashirradiation.
Both spectra were acquired immediately after irradiation.
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Field (mT) Field (mT) Figure 4. Proposed radical species identified as two components
Figure 2. ESR spectra recorded at 298 K of Teflon AF 1200 (a) observed in the ESR spectra of Teflon AF copolymers irradiated with
exposed to a total dosd 6 J cnT? immediately after irradiation, (b) 157 nm light.

exposed to a total dose of 20 J chimmediately after irradiation, and . . . . . .
(c) exposed to a total dose of 20 J¢h71 h after irradiation and (d) in intensity, such that onlly the long-lived broad mult|.plet.3|gnal
the short lifetime component obtained by the weighted spectral can be observed. The difference spectrum shown in Figure 2d

subtraction of spectrum ¢ from spectrum b. demonstrates that the signal which has decayed is in fact a triplet
of triplets; the position of the weak outer components of the
ultrapure nitrogen gas. During 157 nm irradiation of the polymer triplet has been marked in Figure 2d with asterisks. The outer
the purge gas was passed through a cold finger that was maintaine¢omponents of the triplet are broad and poorly resolved as
at a temperature of 77 K, to collect the volatile photoproducts. The reported by Toriyama and Iwasaki for irradiated PT2Einally
collected volatile photoproducts were analyzed using a Balzers the ESR spectra obtained from Teflon AF 1600 and 2400
MSC200 Thermocube quadrupole mass spectrometer gas analyzer ~ . A
with static gas inlet system with molecular leak valve. Irradiated to a dqse O.f 20 J cthare presented in F'gufe 3,
parts a and b. It is evident that the broad component is most
intense in the spectrum of irradiated Teflon AF 2400, while
the sharper component is more prominent in the spectra of
The degradation of fluorinated polyethers under UV irradia- Teflon AF 1200 and 1600.
tion has been previously suggested to proceed via a Rydberg |t is widely reported that the ESR spectra of irradiated
excited-state which dissociates at the ether bond to form freef|u0ropo|ymers are often broad and Comp"cated' as a result of
radical prOdUCté.z For this reason we investigate in this Study (1) oveﬂapping Signa|s from more than one type of radical and
the effect of Changes in the dioxole content in Teflon AF on (2) the often very |arge anisotropy of the hyperfine Coup"ng
the degradation. Furthermore, the identification of radical constants with the fluorine nuclei. Despite these difficulties it
intermediates in the degradation of the model polyethers js possible to assign with some certainty the ESR spectra of
necessitates a study of these products by electron spin resonanc@e irradiated Teflon AF samples. The broad signal which
spectroscopy. persists for long time (Figure 2c¢) is largely due*t€* radicals
Free Radical Products (ESR).The ESR spectra of Teflon  (Figure 4 B) formed by loss of a fluorine atom from the tertiary
AF copolymers irradiated with a 157 nm laser exhibit complex carbon of PDD units. This radical species is analogous to the
splitting patterns. For example, in Figure 2, parts a and b, the main-chain radical formed on argon plasma treatffeat
ESR spectra obtained from Teflon AF 1200 irradiated to total y-irradiation of PTFE1-32 The spectrum in Figure 2c¢ can be
doses of 5 and 20 J crf respectively are presented. These well simulated by assuming the isotropic hyperfine coupling
spectra appear to consist of at least two components, namely aconstants similar to those reported by Kuzuya and co-wotkers
sharp central triplet and a broad underlying multiplet. It is for plasma-irradiated PTFE. The simulated spectrum shown as
evident that the broad component is more intense in the spectruma dashed line in Figure 2c was generated assuajfig = 3.0
obtained from the sample irradiated to a dof& d cn? than mT, a3(2) = 3.8 mT,a,(4) = 0.32 mT, 80% Lorentzian line
in the spectrum of the sample irradiated to a dose of 20fcm  shape of width= 3.0 mT. These values compare with =
This behavior was also observed in the spectra obtained from3.15 mT,a, = 0.32 mT used by Kuzuya et &.The broad
irradiated samples of Teflon AF 1600 and Teflon AF 2400 (data signal is not consistent with hyperfine coupling to fluorine nuclei
not shown). It is also apparent that the free radicals responsiblein the a position, which is on the order of7.0 mT. It should
for the broad ESR signal are more stable at room temperaturebe noted that all the materials in this study are glassy at ambient
than those giving rise to the narrow signal. The ESR spectrum temperature, and that the consequent low chain mobility may
of Teflon AF 1200 irradiated to a dose of 20 J¢hand allowed contribute to the substantial line width in the spectrum. Oshima
to stand for 72 h at room temperature after irradiation is shown et al3® have reported increased ESR line width in irradiated
in Figure 2c. Itis clear that the sharp central triplet has decayed cross-linked PTFE compared with uncross-linked polymer.

Results and Discussion
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Figure 5. ESR spectrum recorded at 298 K of Teflon AF 1200

iradiated to a total dosef & J cnm2in an inert atmosphere and then ~ Figure 6. XPS spectra of Teflon AF 1200 exposed to total doses of
exposed to the atmosphere. 0, 5, 20, 40, and 50 J cth

The triplet of triplets, with a splitting of 1.7 mT for the central
triplet and a splitting of the triplets of~10 mT, has been 100
assigned to a chain-ertChy)—Chy e radical shown in Figure
4 C). The weak peaks with splitting around 10 mT arise from
coupling to the twax-fluorine nuclei, and the 1.7 mT hyperfine
splitting is due to splitting with the twB-fluorine atoms. Similar
signals have been observed for argon plasma tréfated for
y irradiated®3%32PTFE, and also foy irradiated Teflon AF
160034 Toriyama and Iwasaki have reported the temperature
dependence of the hyperfine coupling constants for degraded
PTFE.

The ESR spectrum of Teflon AF 1200 after irradiation to 5
J cnt? followed by exposure of the sample to the atmosphere
is shown in Figure 5. The pattern observed is attributed to the 20 . . . .
formation of peroxy radicals, which results from the reaction 20 40 60 80 100
of the carbon-based radicals with oxygen. This radical trans- Normalised O/C Ratio
formation confirms that the radicals observed in the absence of Figure 7. Change in normalized area of the peak in the XPS spectra
oxygen were carbon-centered radicals. The spectra are veryat 290.5 eV as a function of the O/C ratio (normalized to total intensity)
similar to those reported by Jahan ef4in their study of the  for Teflon AF 2400 &), 1600 @), and 12001) after exposure to 157

. . . . . nm radiation at 0, 5, 20 30, and 40 J ©mThe solid line is the line of
formation of peroxy radicals in X-irradiated Teflon AF 1600 best fit having an? equal to 0.97. The circled point was not included

and 2400. in regression analysis of the data.

Analysis of Surface Chemistry.As reported by French and
co-workerst? irradiation of fully or partially fluorinated films changes in the XPS spectra were observed to occur for the
with 157 nm photons results in rapid photochemical darkening, Teflon AF 1600 and 2400 on irradiation.
and hence the photochemistry f these materials occurs largely In Figure 7, the normalized area of the 290.5 eV peak is
on the surface of the films. Changes in the surface chemistry plotted against the O/C ratio for each of the polymers and at
of the irradiated Teflon AF films is therefore of much interest. all exposure doses. A highly linear relationship is observed with
Figure 6 shows the high-resolution C 1s XPS spectra of Teflon anr? value of 0.97. This indicates that the decrease in the peak
AF 1200 exposed to a range of total doses from 0 to 50 Fcm  at 290.5 eV is largely due to loss of carbons adjacent to oxygen,
For the unexposed material the C 1s spectrum exhibits two peaks.e., —CF< and [-O,—C—(CFs)]. Further evidence for this is
at 293 and 290.5 eV. The peak at 293 eV is assigned to carbonghe small increase in binding energy of the peak at 290.5 eV
in -CF3 groups® while the broader peak at 290.5 eV is consistent consistent with a higher proportion efCF,— groups remaining
with binding energies of carbon atoms+#CF,—, —CF< and after irradiation. Thus, it appears that the major photochemical
[-0O,—C—(CRs)2] groups?®® The spectra of samples exposed to processes on irradiation are occurring at the PDD group. Despite
157 nm radiation exhibit a decrease in the intensity of the peak this the intensity of the-CF; peak at 293 eV does not change
at 290.5 eV with increasing dose. Furthermore, a broad significantly, despite the fact that loss 0p-©C—(CF;) should
asymmetric peak with a maximum at 286 eV was observed with also lead to a decrease in the fluoromethyl content. It is thus
increasing dose and was attributed to carbons in structuresapparent that new-CF; groups, most likely chain ends, are
resulting from defluorination of the polymer chain and loss of being formed at a similar rate to the breakdown of the PDD
the PDD group. The ratios of fluorine-to-carbon and oxygen- ring.
to-carbon were also observed to decrease with increasing dose Analysis of Bulk Chemistry. NMR spectroscopy is regarded
(data not shown), consistent with defluorination and photodeg- as the most informative analytical tool in polymer science, and
radation at the perfluorodioxole ring. In contrast to these has been applied to the study of the radiation chemistry of
changes, the intensity of the peak assigned to the carbons inpolymers over many yea?8.To generate sufficient sample for
—CFs groups (293 eV) does not change significantly. Similar the!°F solution-state NMR spectra reported here approximately
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(@) Table 2. Assignments to the'F Solution-State NMR Spectra of 157
. nm Degraded Teflon AF
o l Peak | Dominant
(b) . ,/_L‘ Position | Component Peak Assignmcnts
11
’ 544
o = CF—=
57.9 .
) | M ]
M 554 | Dioxole
58.9 :
60 65 70 75 80 222 | Dioxole cF o
h N -~ B - 594 | Dioxole EN
Parts per Million (ppm) 22 e || &= .
¥ 3
Figure 8. 1F solution-state NMR spectra of (a) hexafluorobenzene ?2’: g!""f":e e
(HFB), (b) Teflon AF 2400 dissolved in HFB, (c) Teflon AF 2400 = & CF,
irradiated to a total dose of 20 J cfdissolved in HFB. The sub- 525 | Dioxole |1
spectra from—82 to —55 ppm are plotted only. The vertical scales of 533 | Dioxole o
spectra b and ¢ have been scaled to equal intensity of the main peak a[ 645 | Dioxole CFe_ s/ —=—cF,
78 ppm. 64.9 Q
PP 65.4 Dioxole F /"CFZ
20 thin films (4 cn? area,~1 um thick) were each irradiated to 658 { Dioxole
. . L ! 66,2 Dioxole
a dose of 20 J cn?. Following irradiation the films were soaked 5771 Dioxole
in hexafluorobenzene (HFB) to remove them from the calcium |68 . o CF-«O
fluoride substrate. Because of experimental limitations the entire (-2 Diovole L
film could not be irradiated, and hence contributions from the [%ss ’
unirradiated polymer appear in the NMR spectra. Nonetheless,| _68.8
705 | Dioxole cF CF5
a large number of new resonances are observed iHRMEMR K N GF._ I >—<
spectra of Teflon AF copolymers after 157 nm irradiation, [759 ] Dioxole cry G CFTCR For
particularly in the region from-50 to —85 ppm in the spectra. ;gi giﬂ“‘;f_ + - o
The9F solution-state NMR spectra (the subspectrum fre60 o JENNERN| | CFc—cn. oo O=CF,
to —85 ppm is plotted only) for (a) the solvent HFB, (b) 823 | Dioxole |} CFy _tr,
unirradiated Teflon AF 2400, and (c) Teflon AF 2400 irradiated {1323 { Dioxole oF
: A 1429 | Dioxole eF—0
with a 157 nm laser to a dose of 20 J cthare presented in FEE cFy— CF,. =
Figure 8. In this region of the spectrum, the HFB solvent has :;:? jf__;__fcpfﬁ CF?_&’_CF?

three peaks due to impurities which have been marked with
asterisks. The spectrum of the unirradiated polymer shows major
peaks at-78.1 and—78.6, which can be assigned to th€F; result of 157 nm irradiation, we have listed tHE chemical
groups in the PDD ring.Note that in Figure 8 the vertical scale ~ shifts of a number of structures reported in several large
of the spectrum has been expanded so that the splitting into thedatabases in the literature (Table?2)?* In addition a number

individual peaks cannot be seen. Small peaks&d and—79.5 of previous studies have reported tH€ chemical shifts in
ppm are also present, and they are due-@F; end groups in spectra of synthetic fluoropolymers. Furthermore, a semiquan-
the unirradiated polymer. titative assessment has been made for each of the peaks to

In contrast to these simple spectra, the spectrum of the identify from which component of the polymer the peak
exposed material shows a large number of new resonancedriginated. In Table 2, the dominant component indicates
which can be attributed te-CFs groups in various structures. ~ Whether the structure giving rise to the peak is derived from
The observation of a proliferation of fluoromethyl groups on the TFE or the dioxole component, based on the chemical shift
irradiation is consistent with the XPS results described above. and the relative intensities of the peaks for the three irradiated
The appearance efCF; containing structures is not unexpected, Teflon AF samples having different initial composition.

as they have also been observed in NMR spectraiofadiated In addition to NMR analysis of the polymers in solution, the
poly(tetrafluorethyleneo-perfluorovinyl ethers§;® poly(tet- irradiated samples were examined using FTIR. Typically,
rafluoroethyleneso-hexafluoropropylene) (FEPY, poly(tet- vibrational modes associated bonds that have a large dipole
rafluoroethyleneso-perfluoropropyl vinyl ether) (PFA} and moment, such as carbonyls, are most readily observed by
poly(tetrafluoroethylene) (PTFE$:.13 Furthermore~CF; con- infrared spectroscopy. Figure 9 shows the transmission FTIR

taining structures are observed to be formed in other high-energyspectra in the 1575 2075 cn1? region from (a) unirradiated
processes involving fluorinated polymers, such as electron-beamTeflon AF 1600, (b) Teflon AF 1600 irradiated to a total dose
irradiated vinylidene fluoride TFE copolymers? PTFE oli- of 50 J cnT? with 157 nm radiation, and (c) Teflon AF 1600
gomers prepared by reaction with gras at high temperaturés irradiated to a total dose of 50 J cAand then exposed to the
and plasma-polymerized fluorocarbon filA” However, it was atmosphere for 16 h. The spectrum of the unirradiated polymer
not possible to make definite assignments of the degradation(Figure 9a) exhibits only a weak overtone band at 1925%cm
products for 157 nm degraded Teflon AF 2400 due to the large Following irradiation to a dose of 50 J ctha peak at 1881
number of overlapping peaks in the NMR spectra and the poor cm™! appears, consistent with the formation of perfluorinated
resolution resulting from the limited mobility of the polymer acid fluorides’*37:38 |rradiation took place in an inert atmo-
chains in solution. Attempts to confirm assignments of these sphere, so formation of acid fluorides must occur via photoin-
peaks using 2D COSY’F NMR were unsuccessful, primarily  duced chain scission reactions involving the PDD ring. A broad
due to the broad line widths obtained from the polymer solutions peak centered at 1700 ciwas also observed and is assigned
and the low concentrations of degradation products in the to —CF=CF— and CR=CF— unsaturated groups, which are
sample. However, to support tentative assignments made belowusually observed at 1740 and 1680 @nrespectively?” In

and to indicate the types of structures likely to be formed as a addition an overall decrease in the intensity of the peaks in the
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while Teflon AF 2400, which has a TFE content of 11 mol %
has only 5% of its TFE units in runs or 3 repeat units or nidre.

With increasing PPD content in the copolymers, the prob-
ability of adjacent PDD units will increase. We can see that
around 830 cml, the peak at 834 cm increases in intensity
over that at 829 cmt at higher PDD contents. We therefore
assign the vibrations associated at 834 t@and 829 cm? to
the CF group within PP + PPP and PT triads, respectively.
Vibrations of the [@Q—C—(CFs);] portion of the PDD unit
should be less sensitive to copolymer sequence, and therefore
the peak at 715 crd, which did not change in position with
copolymer composition, was assigned to a vibrational mode

1800

1700

involving this group. The peak at 757 cwas assigned to
the C-C—C stretching mode of the TFE urfit.It should be
noted that for PTFE this peak occurs at 731 énThis peak
has two components, the intensities of which were dependent
on PDD concentration. The intensity of the partly resolved peak
at 762 cntt increased with PDD content, and so was assigned

Wavenumber (cm™)

Figure 9. Transmission FTIR spectra of Teflon AF 1600 (a) unirra-
diated and (b) after 157 nm irradiation to a total dose of 50 F¥@nd

(c) after 157 nm irradiation to a total dose of 50 Jérand the post
irradiation exposure to the atmosphere for 16 h.

3 b N to TTP and AP triads, while the peak at 757 ctis relatively
g 3 2000 “ ( more intense for polymers with lower PDD content and thus is
£ 3000 @ £ 1500 @ N assigned to TT triads.
§2000 o B RS 3 2 "W Upon exposure to 157 nm light to a dose of 30 J&m
Q ® Py fzj 1000 {(e) ~ profound changes were observed in the Raman spectra. The most
§ () 3 2 gE . notable change was almost the complete disappearance of the
o 1000 b S & 500 g8 h F peak at 715 cm', which in the discussion above was assigned
© N . (i to the [G—C—(CFs)] portion of the PDD ring. The peak at
0 approximately 829 crmt was also observed to decrease relative

850 800 750 700 850 800 750 700

Wavenumber (cm™)

to the peak at 760 cnd. For Teflon AF 2400, this peak was
observed to shift from 830 to 825 crhafter irradiation at 157
nm. This clearly indicates that sequences of PDD repeat units
are more labile than isolated PDD units. In a similar manner
the intensity of the peak at 762 cidue to TFE units adjacent
to PDD units was observed to decrease in intensity on irradiation
more rapidly than the component with a maximum at 757%m
which we have assigned to runs of TFE units. This again
indicated that the PDD group is substantially more susceptible
to radiolysis at 157 nm.

Analysis of Volatile Products. The volatile products formed
during 157 nm irradiation were collected in a cold finger cooled

] to 77 K and subsequently analyzed by mass spectrometry. The
Raman spectroscopy is complementary to FTIR spectroscopyjist of major ions observed in the mass spectra, the relative

in thfit symmetrical vibrational modes are most readily observed. jhtensities for each of the copolymers, and the assignments to
In Figure 10, the Raman spectra of virgin polymers (a) Teflon ihe fragments are presented in Table 3. As for #feNMR

AF 1200, (b) Teflon AF 1600, and (c) Teflon AF 2400 and of = analysis a complex array of degradation products has been
these three polymers exposed to 30 J€uof 157 nm radiation observed.

are presented. In the 62600 cm ™ region there are three main o i cinal fragments from the volatile products of radi-
peaks for Teflon AF type polymers at 715,757, and 829%cm olysis OF; the F?I'eflongAF materials are Ql:andeOFr as well
However, the positions of the peak maxima for the bands al a5 fragments arising from low molecular weight TFE oligomers.
757 and 830 cm' appear to be dependent on polymer composi- In Table 3, we have proposed the identity of the parent

tion. Legeay et at” have reported the Raman spectrum of Teflon 1,6 les or reaction: the mechanisms of formation are
AF 1200; however, they were unable to definitively assign three discussed in the next section

main bands. The Mechanism of PhotodegradationThe most important

In Figure 10a-c, the bands at 715 and 829 chare observed  onclusions of the comprehensive examination of the degrada-
to increase in area with increasing PDD content, so are assignedion of the Teflon AF are listed below.

to vibrational modes of PDD repeat units. No change in position
with PDD content was observed for the band at 715%m
However, the band at 829 crhwas observed to be comprised
of two components, the first at 829 cfwhich is relatively
more intense at low PDD content and the second at 834 cm
which was more intense at higher PDD content. It is clear the
sequence distribution of PDD groups will, as with other
copolymers, be dependent on copolymer compostdfFor a char (XPS).

example, Teflon AF 1200, which has a TFE content of 52 mol  «The major site for photochemical changes is the perfluo-
%, has 42% of the TFE units in runs of 3 repeat units or more, rodioxole ring (XPS, Raman, ESRF NMR).

Wavenumbers (cm™)

Figure 10. Raman spectra of thin films of unexposed (a) Teflon AF
1200, (b) Teflon AF 1600, and (c) Teflon AF 2400 and samples
irradiated to a dose of 30 J cth (d) Teflon AF 1200, (e) Teflon AF
1600, and (f) Teflon AF 2400.

spectrum from 1000 to 1575 crh (data not shown) was
observed with increasing irradiation dose, and indicates that
ablation of the polymer occurs during irradiation. The peaks in
this region can be attributed to«<C, C—F, and C-O stretching
vibrations3” but further analysis was made difficult because of
the extensive coupling of these vibrations.

+The mechanism of degradation involves free radicals (ESR).
The major stable free radical at ambient temperature is associ-
ated with the PDD units (ESR).

eScission of the polymer backbone occurs to gener&é&,*
radicals (ESR).

eDefluorination of the backbone occurs, eventually yielding
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Table 3. Summary of Results of Mass Spectroscopic Analysis of Volatile Products of Radiolysis of Teflon AF at 157 nm

fragment mz l1200 l1600 12400 source
COF 47 7.6 12.4 14.0 radical chain end scission
Ck 69 100 100 100 PDD, hexafluoroacetone
CR=CF 81 9.5 7.7 7.9 TFE, oligomers
CFC-CR 93 10.4 6.8 6.9 HFP, TFE oligomers
CRCO or CRCOF 97 15 2.8 34 radical chain end scission
CFC-CRs 112 0.9 2.1 1.7 HFP, TFE oligomers
CRCR 119 4.6 6.6 8.7 TFE, oligomers
CR=CF-CF, 131 4.0 6.8 8.7 HFP, TFE, oligomers
CFC-CR—-CR, 143 0.5 11 11 TFE, oligomers
CRCRCO or CRCOCR, 147 0.8 15 1.8 radical chain end scission
CR=CF-CF,—CO or CL=CF-CO—CF, 159 0.8 1.8 1.4 radical chain end scission
CR—CR—CR 169 2.6 4.3 45 TFE, oligomers
CR=CF-CF—CFK, 181 6.3 12.6 9.9 TFE, oligomers
CFC-CR—CR—CR 193 0.2 0.5 0.5 TFE, oligomers
CRCRCRCO or CRCOCRCF,; or CRCFR,COCR 197 0.5 0.9 1.2 radical chain end scission
Scheme 1. Proposed Major Pathways for the Photodegradation end radicals (Figure 4B) observed by ESR. Addition of fluorine
of Teflon AF under 157 nm Radiation to the ~CF;* chain-end radicals, or abstraction reactions, will
F3C_ CF3 wCF o] lead to methyl groups observed B NMR spectroscopy. The
FC_CF;  F,C_CF, Y 3 Iy ! ! ) r
%o oo Fe o] Fe L EF photolysis of acid fluorides leads to the formation of carbonyl
MHW—-NQHW B B 9 o %» difluoride and alkyl radicals which can undergo addition or
FoE @ ¢ wC\%m /\Q A combination reaction® The tertiary, carbon-centered radical
SL.1 F F R F'C'N (Figure 4A), observed using ESR spectroscopy, is most likely

formed by abstraction of the fluorine atom (Scheme S1.2), and

F.C. CF, ) can undergo further reaction to also form hexafluoroacetone and
o0 . Fe oxygen-containing or unsaturated chain ends, although the
et - radicals in Figure 4A are persistent at room temperature as
FF F2 determined by ESR measurement. As mentioned above the XPS
812 " -m " measurements indicate the formation of char as a result of
~ extensive defluorination (Scheme S1.3); these reactions will
F,C_ CFs provide a flux of fluorine radicals available for addition reactions
oxo F,F, char in Scheme S1.1.
C-CT - + The mechanisms proposed above furthermore account for the
FF nFe decrease in the O/C ratio with increasing extent of degradation

S1.3 n 4m
observed in XPS, the generation of acid fluoride observed by

«A complex array of photodegradation products is generated FTIR, the formation of Ck groups verified by*F NMR and
(19F NMR, MS). XPS, and the radicals products observed by ESR. However, the

«The stable species formed include acid fluorides (FTIR), Plethora of photochemical products observed by NMR and MS
unsaturated species (FTIR%F NMR, MS), char (XPS), in partlcular_teach us that_the photochemlstry of the Teflon_ AF
hexafluoroacetone (MS), carbonyl difluoride (MS), low molec- _copolymers is more compll_cated than |nd|cated_above, and likely
ular weight PTFE oligomers (MS), and structures containing mvplves secondary reaction of the degradgtlon products de-
—CFs (XPS, 19F NMR). scribed ab_ove. D_es_plte this, the mechan_|sms account for

In light of these results, we have proposed that the mecha- ©verwhelming majority of the photochemical degradation
nisms depicted in Scheme 1 are the major pathways for theProducts that we have observed in Teflon AF copolymers
photochemical degradation at 157 nm of Teflon AF copolymers. irradiated with 157 nm light.

The ESR and XPS results in particular indicate that irradiation ~ From the results and mechanism presented above it is
with 157 nm photons leads to significant defluorination of the apparent that the photosensitivity of Teflon AF copolymers at
polymer to form a char (Scheme 1.3) and thus it is expected 157 nm is due to the presence of the perfluorodioxole group.
that there will be a constant flux of*Fadicals available for ~ Partly, this is because hexafluoroacetone is a good leaving group,
addition to chain ends and other radical intermediates, andand this drives the degradation toward the formation of chain-
indeed in other reports on the radiation degradation of perflu- scission products. It is clear therefore that future attempts to
orinated compounds,*Fadicals are suggested to be readily design polymers that are photostable at 157 nm should take the
formed42 photosensitivity of the PDD unit into account.

In the reaction Scheme S1.1, it is proposed that a major event The ability of Teflon AF to be spin-coated into thin films,
is cleavage of the carberoxygen bond of PDD units as its optical clarity resulting from its amorphous nature, and its
indicated by the dashed line. This can be followed by elimination creep resistance have made this polymer an attractive material
of hexafluoroacetone to form an alkoxy radical. The formation for the selective adhesion of cells for use in biosensor applica-
of hexafluoroacetone was previously proposed by Forsythe ettions1® To achieve this goal methods for the selective surface
al3*as a major pathway for the degradation of Teflon AF 1600 modification of Teflon AF are required. Methods such as
undery-radiolysis. It is expected that the alkoxy radical will reactive ion etching? and irradiation with broad band V¥
be unstable and undergbscission to yield acid fluoride and  light have been utilized previously to modify the surfaces of
perfluoromethyl end groups. The constant flux ofr&dicals Teflon AF. The sensitivity of Teflon AF to irradiation with 157
referred to above is available for addition reactions to the free nm light also presents a facile method for the modification and
radical products. The acid fluoride can subsequently undergo patterning of the surfaces of these polymers with acid fluoride
secondary degradation to yield carbonyl difluoride and chain- and carboxylic acid functionalities. This study is the first attempt
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to characterize the complex sequence of photochemical eventg11) French, R. H.; Wheland, R. C.; Qiu, W.; Lemon, M. F.; Zhang, E.;

occurring during exposure to VUV photons.

Conclusions

The photodegradation at 157 nm of a series of Teflon AF
copolymers has been studied using a range of technique

including ESR'F NMR, FTIR, Raman, MS volatile analysis,

and XPS. Analysis of the degradation products and the product
distribution as a function of copolymer composition has led to (15) Bl

Gordon, J.; Petrov, V. A.; Cherstkov, V. F.; Delaygina, Nl.IFluor.
Chem.2003 122 (1), 63-80.

(12) Lee, K.; Jockusch, S.; Turro, N. J.; French, R. H.; Wheland, R. C.;
Lemon, M. F.; Braun, A. M.; Widerschpan, T.; Dixon, D. A.; Li, J.;
Ivan, M.; Zimmerman, PJ. Am. Chem. So@005 127, 8320-8327.

(13) Jahan, M. S.; Stovall, J. C.; Ermer, D. R.; Cooke, D. W.; Bennett, B.

S L. Radiat. Phys. Chen1993 41, 77—83.

(14) Jahan, M. S.; Ermer, D. R.; Cooke, D. Radiat. Phys. Chenml993
41, 481-486.

akey, I.; George, G. A.; Hill, D. J. T.; Liu, H.; Rasoul, F.; Whittaker,

A. K.; Zimmerman, PMacromolecule2005 38, 4050-4053.

the conclusion that the photochemical degradation initiates at(16) Bremus-Koebberling, E. A.; Meier-Mahlo, U.; Henkenjohann, O.;

the perfluorodioxole ring. The resultant photochemical reactions
lead to a diverse array of degradation products. In broad terms
photodegradation at the dioxole ring leads to chain scission,

resulting in the formation of acid fluorides, and £&nd groups,
which can lead to the formation of GEnd groups. It has been

concluded that to design new polymers with greater stability at
157 nm changes to the structure of the perfluorodioxole group
will need to be made. The results from this study may also

Beckemper, S.; Gillner, A. Fifth International Symposium on Laser
Precision Microfabrication, 2008PIE 2004 5662 274-279.

(17) Takao, H.; Okoshi, M.; Inoue, N. Fifth International Symposium on
Laser Precision Microfabrication, 2008PIE2004 5662 238-242.

(18) Costela, A.; Garcia-Moreno, |.; Florido, F.; Figuera, J. M.; Sastre, R.;
Hooker, S. M.; Cashmore, J. S.; Webb, CJEAppl. Phys1995 77,
2343-2350.

(19) Makohliso, S. A.; Giovangrandi, L.; Leonard, D.; Mathieu, H. J,;
llegems, M.; Aebischer, PBiosens. Bioelectron1998 13, 1227—
1235.

provide methods for the generation of Teflon AF surfaces that (20) gﬂlooney, E. F.; Winson, P. HAnnu. Re. NMR Spectroscl968 1,

are functionalized with carboxylic acid groups.
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