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SYNOPSIS

The fluorinated surface layer of poly (4-methyl-1-pentene) membranes exposed to a dilute
stream of fluorine gas has been characterized with X-ray photoelectron spectroscopy. The
concentration and profile of reacted fluorine as a function of exposure time is determined.
A computer routine was employed to deconvolute the poorly resolved carbon spectra after
various fluorine exposure times. The concentrations of mono-, di-, and trifluorocarbon
groups thus determined were used to propose specific structures of PMP at the surface
after 1 and 15 min of fluorination. The carbon spectra collected at electron takeoff angles
of 15°, 30°, and 90° were also deconvoluted, giving insight into the placement of fluorine
as a function of depth. Oxygen is incorporated into the polymer during the fluorination
reaction, and the Ols spectra was deconvoluted to determine how the oxygen is bound.

INTRODUCTION

Gas-phase fluorination of solid polymers results in
a thin layer of fluorinated material at the contacted
surface. Surface fluorination has been used to im-
prove liquid or vapor barrier characteristics'™ and
the selectivity of gas separation membranes.>!! In
this work, surface fluorination has been explored as
a means for improving the gas separation properties
of membranes based on poly (4-methyl-1-pentene)
(PMP):

-+CH,— (llH-)-
CH,

I
CH

7\
CH,CH,
Its aliphatic hydrocarbon nature suggests that the

primary reaction will be replacement of some of the
hydrogen atoms with fluorine atoms. Other reactions
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such as chain scission or cross-linking may follow.
After the immediate surface is fluorinated, the re-
action progresses deeper below the surface. Previous
papers have reported the gas transport properties of
the fluorinated PMP membranes and the thickness
of the fluorinated layer as a function of fluorine ex-
posure time.'®!' The objective of this work was to
learn more about the placement of fluorine atoms
in the repeat unit by examining the fluorinated sur-
face using X-ray photoelectron spectroscopy (XPS).
The fluorinated layer created by the process used
has been shown to be relatively thin, typically no
deeper than 1000 A.>%%11-13 The surface sensitivity
of XPS makes it particularly suited to probe this
layer. XPS offers information at a number of levels,
from a simple surface elemental composition to a
detailed depth profile via angular dependent mea-
surements. Both of these were used in this study. In
addition, the poorly resolved carbon spectra were
deconvoluted via a computer routine to give the
concentrations of mono-, di-, and trifluorocarbon
groups. Angular dependent studies were used to
depth profile the fluorine composition in the top 90
A of the membrane. The Cls spectra collected at
electron takeoff angles of 15°, 30°, and 90° for se-
lected fluorination times were also deconvoluted.
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EXPERIMENTAL

Poly (4-methyl-1-pentene) (PMP) obtained from
Scientific Polymer Products was solution-cast from
cyclohexane onto a polysulfone-silicone rubber
composite support membrane. The PMP layer had
an average thickness between 1 and 2 um and was
exposed to the fluorine /helium mixture for times
varying from 1 to 15 min. Details of the membrane
preparation and the fluorination procedures are dis-
cussed elsewhere in detail.*

The XPS spectra were obtained with a VG 1000
ESCA spectrometer using MgKa exciting radiation
(1253.6 eV). Typically, the X-ray gun was operated
at 13 kV and 20 mA, and the sample chamber pres-
sure was less than 5 X 107° torr. The gold 4f;/,
level at 84 eV binding energy used for calibration
had a full-width half-maximum (FWHM) of 1.18
+0.1eV.

Samples were mounted onto the sample probe
with double-sided adhesive tape. Analysis times were
kept short to minimize radiation damage to the
sample.

Atomic sensitivity factor ratios were determined
for fluorine to carbon and for oxygen to carbon from
appropriate homogeneous polymer samples. The
sensitivity factor is appropriate to the instrument
on which the experiments are performed and is the
product of several instrumental factors, namely, the
photoionization cross section, the detection effi-
ciency of the instrument, the efficiency of production
from the photoelectron process, the angular effi-
ciency factor, and the X-ray flux.!*!® The ratio Sgi./
Scis was found to be 4.82 using poly (vinyl fluoride),
4.91 using poly (vinylidene fluoride ), and 4.86 using
poly (tetrafluoroethylene), giving an average value
of 4.86. The ratio So1./Sc1s was measured as 2.70
for poly(vinyl alcohol) and 2.75 for poly (methyl
methacrylate), so an average value of 2.73 was used
here. These homopolymers were obtained from the
source indicated in parentheses: poly (vinyl fluoride)
(DuPont), poly(vinylidene fluoride) (Pennwalt
Corp.), poly (tetrafluoroethylene) (DuPont),
poly (methyl methacrylate) (Rohm & Haas), and
poly (vinyl alcohol) (Aldrich Chemical Co., 100%
hydrolyzed).

Overlapping peaks of the Cls spectra were re-
solved into their individual component peaks with
a computer routine. The deconvolution assumed a
constant line width of 1.4 eV for each component
peak. The individual component peak positions were
determined from the literature and required an ini-
tial estimate of the intensity of each component

peak. The routine assumed all peaks were Gaussian
in shape.

RESULTS AND DISCUSSION

For the case of substrate material covered with a
continuous overlayer of thickness d, the intensity
of a core-level signal from the overlayer, I, is ex-
pressed as

—-d
Ii:Ii’w[l_exP(}\-sinﬂ)] (1)

where [, ., is the intensity arising from an infinitely
thick layer of the overlayer, A; is the electron escape
depth, and # is the electron emission angle relative
to the plane of the sample surface.'®'* When 4 is
90°, the depth from which the signal arises is gov-
erned only by the escape depth of the electrons.
Equation (1) shows that when d/\; = 1, 2, and 3,
I,/ I; ,, = 0.63,0.87, and 0.95, respectively, when 6 is
90°. Hence, to a reasonable approximation, the
depth of material actually sampled is given by 3A;.
The escape depth \; depends on the material and
on the kinetic energy of the electrons with values
typically on the order of 5-30 A for polymer mate-
rials.’®2* Thus, in the XPS experiment, information
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Figure 1 XPS broad scan spectra of untreated PMP
and after 1 min of fluorination.



is obtained from no more than about the top 90 A
of the sample.

Initial XPS measurements were done with the
electron emission angle at 90° to determine the sur-
face concentration within the maximum sampling
depth. A broad scan spectra of PMP prior to fluo-
rination and after 1 min of fluorine treatment is
shown in Figure 1. The primary feature in the un-
fluorinated spectrum is the C;, peak at 285 eV. A
small oxygen peak at 532 eV is present, probably
due to surface oxidation of the PMP. The spectrum
of the fluorinated PMP has a less intense C,, peak
at 288 eV, an O, peak at 533 eV, and a F;, peak at
690 eV. The small peak at 34 eV corresponds to the
F,, electron. Spectra were recorded for membranes
after fluorination times of 1-15 min. The concen-
tration of carbon, fluorine, and oxygen were deter-
mined from the spectra at each fluorination time,
and the results are shown in Table I. The ratio of
fluorine atoms to carbon atoms after 1 min of flu-
orination is 0.64, and this increases to 1.0 after 15
min of fluorine exposure or one-half of the hydrogen
atoms in the PMP repeat unit have been replaced
by fluorine atoms.

The C,; peak from each spectra is shown in Figure
2. The carbon peak for unfluorinated PMP is narrow
and well defined. Fluorination shifts the main Cy,
peak to a slightly higher binding energy, and after
5 min of fluorination, this peak appears as a shoulder
on a larger peak centered at ~ 286 eV. After fluo-
rination, the overall C,, peak consists of several par-
tially resolved peaks that span ~ 10 eV. Deconvo-
lution of the C,, peaks can be accomplished by iden-
tifying the structural features that result from
fluorination of PMP. Various studies have deter-
mined the binding energies of carbon-fluorine
structures as a function of electronic environ-
ment.!>192%%0 Baged on these studies, the binding

Table I Atomic Concentrations of Carbon,
Fluorine, and Oxygen on a Hydrogen-Free Basis
for PMP after Various Fluorine Exposure Times

Fluorination Atomic Concentration (%)

Time

(min) Carbon Fluorine Oxygen F/C

1 59.0 37.9 3.1 0.64

2.5 54.7 42.4 2.8 0.77

5 51.0 46.5 2.5 0.91

7.5 51.2 46.4 2.4 091

12.5 49.8 47.7 2.5 0.96

15 49.0 49.0 2.0 1.00
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Figure2 Carbon peak of the XPS spectra of PMP after
various fluorine exposure times.

energies of the structural features associated with
fluorinated PMP were tabulated. The C,, peaks were
then resolved into nine component peaks, which
represent envelopes containing a number of species
of similar electron environment. The general struc-
tural feature of each component peak and the cor-
responding binding energy are listed in Table II.
Deconvolution of the C,, spectra, illustrated in
Figure 3 for PMP after 1 min of fluorination, was
based on a constant line width of 1.4 eV for each
component peak centered at the binding energies
listed in Table II. The deconvolution gives the rel-
ative percentage of the nine component peaks after
each fluorination time, and the results are summa-
rized in Table III. At short fluorination times, the
component peaks 1-4, which correspond to hydro-
carbon and monofluorocarbon features, contribute
most to the C,, peak. As the fluorination time in-
creases, the peaks associated with di- and trifluo-
rocarbon features, peaks 7-9, begin to compose a
larger fraction of the spectral area. The sum of the
contributions of peaks 1, 2, and 3 represents the
hydrocarbon environments; the sum of peaks 4, 5,
and 6 represent the monofluorocarbon features; the
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Table II Representative Functional Groups for the Nine Component Peaks in the Cls Spectra of
Fluorinated PMP and the Binding Energy Characteristic of Each Functional Group

Representative Binding Energy
Peak Functional Group (eV) References
1 CH, 285.0 25
2 CH,—CF 285.8 = 0.1 25, 26
3 CF—CH—CF 286.6 + 0.1 12, 25, 26
4 CH—CHF—CH 288.0 = 0.1 12, 25
5 CHF —CF—CHF 289.0 + 0.1 12, 19, 27
6 CF,—CF—CHF 289.7 + 0.1 19, 25
7 CH—CF,—CH 290.7 £ 0.1 12, 19, 26
8 CF—CF,—CF 291.7 + 0.1 12, 25, 28
9 CF, 293.5 + 0.2 25-27, 29-30

sum of peaks 7 and 8 denote the difluorocarbon
groups; and peak 9 indicates trifluorocarbon fea-
tures. These summations are tabulated in Table III
and show the decreasing hydrocarbon content with
fluorine exposure time. The increasing percentages
of mono-, di-, and trifluorocarbon groups are shown
in Figure 4. The monofluorocarbon concentration
reaches a maximum at 43% after 2.5 min of fluorine
exposure. The monofluorocarbon concentration re-
mains constant while the concentration of di- and
trifluorocarbon groups increases. The trifluorocar-

Ols Cls
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Figure 3 Cls, Ols, and F1s spectra of unfluorinated
PMP (above) and of PMP after 1 min of fluorine exposure
with the Ols and Cls spectra deconvoluted.

bon groups are not observed until 2.5 min of fluorine
exposure.

The goodness of the deconvolution can be as-
sessed by calculating the fluorine-to-carbon atomic
ratio, F/C, from the fluorocarbon group concentra-
tions

F _ %CF + 2-%CF; + 3+ %CF,

C 100 (2)

The fluorine-to-carbon atomic ratio calculated via
eq. (2) should agree with the directly determined
fluorine to carbon atomic ratios reported in Table
I. The agreement is quite good, which is some evi-
dence that the deconvolution was successful.

The information in Table I and Figure 4 can be
used to propose specific structures of PMP after
various times of fluorination. The ease of abstraction
of hydrogen atoms from aliphatic hydrocarbons fol-
lows the order 3° > 2° > 1° (see Fig. 5) .** Fluorine
atoms are extremely reactive, and fluorination is by
far the least selective halogenation process.?! How-
ever, if the fluorine reaction with PMP were to follow
conventional paths, then the 3° hydrogens in the
PMP repeat unit would react first, followed by the
2° hydrogens, and the 1° hydrogens in the methyl
groups would react last. After 1 min of fluorination,
calculations based on the XPS results show on av-
erage 3.8 fluorine atoms and less than 1 oxygen atom
per repeat unit. The remaining atoms are hydrogens
that cannot be detected by XPS. The deconvolution
results indicate the fluorine is distributed as follows:
3 CH, 2.3 CF, and 0.7 CF, groups. Structure I in
Figure 5 meets the requirement of approximately
four fluorine atoms distributed into two CF groups
and one CF, group where the placement of the flu-



XPS OF POLY(4-METHYL-1-PENTENE) 2513
Table III Component Peak Areas of the Deconvoluted Cls Spectra of Fluorinated PMP
Component Peak Area (%)

Fluorination % CH % CF % CF, % CF3
Time (min) 1 2 3 4 5 6 7 8 9 (1+2+3) 4+ 5+ 6) (7+8) 9 F/C
1 12.9 13.5 23.2 22.6 13.2 3.1 8.7 2.8 0.0 49.6 38.9 11.5 0 0.60
2.5 9.2 9.2 19.7 21.5 18.5 3.0 12.2 55 1.0 38.1 43.0 17.7 1.0 0.80
5 8.3 8.3 17.5 24.5 15.1 3.4 15.1 6.0 1.6 34.1 43.0 21.1 1.6 0.88
7.5 7.4 6.8 16.9 23.6 15.2 4.7 169 6.4 2.0 31.1 43.5 23.3 2.0 0.95
12.5 6.2 6.0 16.8 22.4 15.1 5.7 184 6.7 2.6 28.8 43.2 25.1 2.6 1.01
15 5.8 5.6 16.0 21.7 14.0 7.2 19.3 7.2 3.0 27.4 429 26.5 3.0 1.04

orine atoms foliows the conventional hydrocarbon
reactivity. After 15 min of fluorination, there are six
fluorine atoms and less than one oxygen atom with
the fluorine distributed into 2.6 CF groups, 1.6 CF,
groups, and 0.2 CF; groups. Structure II in Figure
5 fits the requirement of six fluorine atoms placed
at the most reactive sites. However, the distribution
of CF and CF, groups is equal rather than being
2.6 : 1.6. Structures III and I'V have a more correct
distribution of CF and CF, groups, but these struc-
tures require either five or seven fluorine atoms.
Clearly, all of these structures can exist simulat-
neously to give an XPS spectral average of six flu-
orine atoms. The concentration of CF; groups is low
with this group, occurring, on average, only one time
for every five PMP repeat units. These structures
are by no means definitive, but illustrate possible
placement of the fluorine atoms.

The concentration of oxygen in the fluorinated
PMP is relatively constant at approximately 2.5%,

50 v T | E— T
S
=~ op—0—o0——— o-—og CF
5 o |
§ F
E 30
g J
=1
(3 CF2
g
s 20 b
g
2
E 10F k
= CF3 4
0 -A—0—9 *— N
0 5 10 15 20

Fluorination Time (min)

Figure 4 Concentration of mono-, di-, and trifluoro-
carbon groups determined from deconvolution of the Cls
spectra as a function of fluorination time. Content of un-
fluorinated carbon not shown but can be obtained by dif-
ference.

as shown in Table I, and corresponds to an average
of 0.2 oxygen atoms per repeat unit. The most likely
source of this is the low level of oxygen contami-
nation present in commercially available fluorine
gas. The oxygen may be present in the form of
C—O0OH or C— 0 —C, which have binding energies
0f 533.7 £ 0.3 eV, %3 in the form of carbonyl groups,
C==0, centered at 532.7 eV, %% or as water, which
has an Oy, binding energy of ~ 534.4 eV.'2 The O,
spectra were deconvoluted as a function of fluori-
nation time into these three component peaks as
illustrated for the 1 min fluorinated PMP in Figure
3. Peak 1 corresponds to C=—0 groups, peak 2 cor-
responds to C— OH and C— 0 —C features, and
peak 3 represents H,O. The results of the decon-
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initial PMP structure

—CH,~CF-

CF

Jal

CH,CH,
I

typical structure after
1 minute fluorination

—CH,~CF3~ —CH,~CF~ —CFH—CF3-
¢F, ¢F ¢F,
~ N N
CH,CEH CH,CFH, CH,CEH
II I v

typical structures after
15 minutes fluorination

Figure 5 PMP repeat unit and proposed placement of
the fluorine atoms after 1 min and after 15 min of fluo-
rination.
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Table IV Component Peak Areas of the Deconvoluted O1s Spectra of Fluorinated PMP

Component Peak Area (%)

Fluorination Time Peak 1 Peak 2 Peak 3
(min) (C=0) (—COH,C—0—C) (H,0)

1 14 40 46

2.5 21 33 46

5 24 38 38

7.5 25 31 42

12.5 33 33 33

15 36 29 34

volution, summarized in Table IV, show that at short
fluorination times, the oxygen is present primarily
in the form of water and C— OH or C— O —C fea-
tures. At longer fluorination times, the amount of
oxygen present in carbonyl groups increases until
the oxygen is approximately evenly distributed
among the three component peaks.

ANGULAR DEPENDENT STUDIES

Up to this point, all the XPS measurements have
been made by analyzing the photoelectron signal
normal to the sample surface. With this experimen-
tal arrangement, the effective sampling depth is
maximized. Figure 6 shows the relationships be-
tween the incident X-ray beam and the emitted
photoelectrons, where #, A\, and d are the takeoff
angle of the emitted photoelectrons, the photoelec-
tron escape depth, and the sampling depth, respec-
tively. As discussed previously in relation to Eq. (1),
the effective sampling depth is proportional to the
product of escape depth and sin 6. The escape depth

Analyzer

X-ray
source

d =3\sin 6

Figure 6 Schematic representation of the relationship
among the X-ray beam, the emitted photoelectrons, and
the effective sampling depth as used in angular dependent
studies.

is a function of the electron energy and the material,
and it varies from ~ 5 to ~ 30 A in the 150-1500
eV range.!$2%22-2 Therefore, the uppermost surface
composition is emphasized by decreasing the elec-
tron takeoff angle.

1 min 5 min 15 min
0
15°
30°

585 R 393

=

85 269 203
Binding Encrgy (eV)
Figure 7 Cls spectra of PMP after 1, 5, and 15 min of

fluorination at electron takeoff angles, 8, of 15°, 30°, and
90°.
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Figure 8 Atomic ratio of fluorine to carbon as a function
of electron takeoff angle for PMP after 1, 5, and 15 min
of fluorination.
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Figure 9 Mono-, di-, and trifluorocarbon concentration determined from deconvolution
of the Cls spectra of 1, 5, and 15 min fluorinated PMP as a function of electron takeoff

angle, 6.

The C,, spectra of PMP after 1, 5, and 15 min
fluorine exposure at electron takeoff angles of 15°,
30°, and 90° are shown in Figure 7. At 15°, the sam-
pling depth is the most shallow at ~ 7.8 A if A = 20
A and ~ 155 A if A = 30 A. At this depth, the
changing shape of the C,, peak is very apparent, as
the concentrations of mono-, di-, and trifluorocarbon
groups increase with fluorination time. By 15 min
of fluorination, the peaks centered at ~ 289 eV and
at ~ 291.5, associated with the di- and trifluoro-
carbon groups, are more prominent than is the hy-
drocarbon peak at ~ 285 eV. The change in the Cy
peak at a given fluorination time with depth is also
apparent. Figure 8 shows the fluorine to carbon
atomic ratio against sin 6 after 1, 5, and 15 min of
fluorine exposure. There is some gradient of fluorine
in the top 90 A of the polymer. The similarity in
the 5 and 15 min curves up to sin § = 0.3 (18-27 A
for A = 20-30 A) suggests that by 5 min of fluori-
nation the immediate surface reaches a maximum
level of fluorination and changes very little there-
after.

The C,, peaks shown in Figure 7 were deconvo-
luted according to the procedure described above to
determine the relative percentages of mono-, di-, and
trifluorocarbon groups. Figure 9 shows the results
of the deconvolution, giving the fluorocarbon con-
centration as a function of sin 4 for the 1, 5, and 15
min fluorine exposure times. Trifluorocarbon groups
are not present after 1 min of fluorination, and there
is a shallow gradient in the monofluorocarbon
groups. After 15 min of fluorination, di- and trifluo-
rocarbon groups are present and the concentration
of these groups changes within the sampling depth.
This is as expected for a fluorine reaction front pro-

gressing into the surface that leaves the immediate
surface more fluorinated than the inner surface.

CONCLUSIONS

XPS was used to characterize the surface of PMP
membranes after exposure to gaseous fluorine. A
deconvolution procedure was employed to resolve
the Cls spectra giving the concentration of mono-,
di-, and trifluorocarbon groups as a function of flu-
orine exposure time. With this information, specific
structures of PMP fluorinated for 1 and 15 min are
proposed. Angular dependent XPS shows a gradient
of fluorine in the top ~ 90 A of the membrane. Fi-
nally, the Ols spectra was deconvoluted into three
component peaks of carbonyl features, — COH and
C—0—C groups, and water. Surface adsorption
of water is a part of the O1s spectra at all fluorination
times, whereas the amount of carbonyl, —COH,
and C— 0 —C features increase with fluorination
time. Considering the high-vacuum environment in
which the XPS analysis is done, one has to wonder
why water is not rapidly desorbed. However, others
have noted the presence of water in XPS analyses
for other materials® and for some polymers.'

This material is based in part upon work supported by
the Texas Advanced Technology Program under Grant
No. 1607 and by the Separations Research Program at
the University of Texas at Austin.
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