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Abstract

X-ray reflectivity measurements were performed on a polyimide thin film in propylene. The film was synthesized from 2,2-bis(3,4-
carboxyphenyl)hexafluoropropane dianhydride (6FDA). In propylene at a relative vapor pressure P/Py, > 0.55, an additive layer was
detected on the polyimide surface. The layer thickness increased with the relative vapor pressure. At P/Py, = 0.96, the layer thickness
was about 6 nm. However, the thickness decreased rapidly with temperature. It was thought that the layer was composed of propylene. The
propylene permeability increased substantially at P/P, > 0.6. The adsorbed layer was thought to play an important role in the increase in the
propylene permeability. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polyimides with 2,2-bis(3,4-carboxyphenyl)hexafluoro-
propane dianhydride (6FDA) have been reported to exhibit
good performance for the separation of olefin gases from
paraffin gases compared with the other conventional poly-
mers [1-4].

Recently, in the 1,3-butadiene/n-butane [5] and propy-
lene/propane [6] separation systems, we found that some
of the 6FDA-based polyimide films showed very high olefin
permeability compared with paraffin gases. The ideal
separation factor for 1,3-butadiene versus n-butane for the
6FDA-based polyimide synthesized from 2,2-bis (4-amino-
phenyl)-hexafluoropropane(BAAF) was about 20,000 at
25°C. Moreover, we found that the 1,3-butadiene diffusion
coefficient was approximately 20,000 times greater than that
of n-butane, even though the solubility of 1,3-butadiene was
equivalent to that of n-butane [5]. However, the separation
factor in the mixed gas system was about 3. The swelling of
the film induced by 1,3-butadiene was then considered.

Therefore, we have investigated the swelling behavior of
two kinds of 6FDA-based polyimides by 1,3-butadiene and
n-butane using X-ray reflectivity measurements [7]. X-ray
reflectivity measurements have generally been used for the
measurement of the thickness of thin polymer films
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(~300 nm) [8,9]. The thickness determination accuracy is
very high; the estimated error is within a few angstroms [8§—13].

In Ref. [7], the thickness increase of the films by 1,3-
butadiene and n-butane were observed at 0—2.3 atm. Up to
1.5 atm, the thickness increased linearly along almost the
same line in both cases. Above that pressure, large expan-
sions occurred upon the introduction of 1,3-butadiene.
Finally, the film thickness increased by 30% in 1,3-buta-
diene at 2.3 atm (P/Py = 0.83) but only by 10% in n-butane
at the same pressure (P/P, = 0.96). The 6FDA-based poly-
imide was significantly swollen by 1,3-butadiene compared
with n-butane. Moreover, for one of the polyimides, a
surface thin layer on the polyimide was detected in 1,3-
butadiene at 2.3 atm.

We believed that the layer was composed of 1,3-buta-
diene. However, we could not characterize the film structure
in detail because the thickness was only 3 nm. It is very
important that the layer is confirmed to be an adsorption
layer of 1,3-butadiene because a different permeation
mechanism of hydrocarbon gases from that of non-organic
gases like oxygen, nitrogen or carbon dioxide, which are
considered as the ideal gases, may be required for the expla-
nation of the hydrocarbon permeation phenomenon.

Recently, we found that the thickness of the surface layer
in propylene was much larger than that in 1,3-butadiene.
The thickness was about 6 nm at the relative vapor pressure
P/Py > 0.9. The layer was detectable at P/P, > 0.55. We
also detected a rapid increase in the peameability at P/P, >
0.6, which may be due to the surface adsorption of
propylene.
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Fig. 1. Chemical structure of polyimide used in this study.

2. Experimental section

The chemical structure of the polyimide used in this study
is shown in Fig. 1. The diamine used was 2,2-bis(4-amino-
phenylhexafluoropropane(BAAF). The polyimide used
was prepared by chemical imidization methods in this
laboratory. Refer to Ref. [5] for preparation of the polymer.

The permeability coefficients of propylene were
measured by a pressure transform method with an applied
pressure of relative vapor pressure of 0.13—0.85. For details,
refer to Ref. [5].

Polyimide thin films for X-ray reflectivity measurements
were prepared on Si(111) wafers. The 2.5% (6FDA-
BAAF(1)) and 5% (6FDA-BAAF(2)) by weight polymer
solution in diethylene glycol dimethyl ether was filtered
(2 pm pore size) and spun cast at 2000 rpm on cleaned
silicon wafers. Each sample was baked at 110°C for 1 h,
then at 150°C for 3 h, and then air-dried at 190°C for 12 h
to remove any residual solvent.

The index of refraction at X-ray energies is slightly less
than one and is typically written as n = 1 — 6 — i3, where

2 n
A p
6= o MNO;xifli (D
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X-ray source

Johanson type quartz
monochrometer

Here, r, is the classical electron radius, A the X-ray wave-
length, M the molecular weight, p the mass density, N,
Avogadro’s number, x; the molar fraction of the ith atom
of the atomic scattering factor f; of the real and imaginary
components, fi; and fy;, and n is the number of atoms in a
molecule.

The reflection of X-rays from a layered medium was
discussed by Parratt [14] who derived a recursion formula
to calculate the reflected intensity from successive inter-
faces. The theory was later modified to include the effects
of interface roughness [15].

The calculated model spectra using the recursion formula
were converted to the X-ray reflectivity data by the non-
linear least squares method. Each layer was described by
four parameters: & (in Eq. (1)), B (in Eq. (2)), thickness and
roughness. However, it has been noted that the absorption
effect is very small for polymer systems, so we assumed 3
to be constant. One additional parameter is a scale factor
that is shifted for the overall data. Another parameter is an
offset angle that is needed to convert the experimental 0 into
absolute 6 (e.g. 6 = 0 corresponding to the sample parallel
to the incident beam). The calculated reflectivity was convo-
luted with a Gaussian function representing the instrumental
resolution function.

We used the following goodness-of-fit parameter
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Fig. 2. Schematic diagram of the X-ray reflectometer.



T. Miyazaki et al. / Polymer 41 (2000) 8167-8171 8169

10
)
g 8t 6FDA-BAAF ——
x
5 6f
L2
=
[0
8 4l
=
E
©
g 2t ]
o
o
O L 1 L 1
0 02 0.4 0.6 0.8 1

Relative vapor pressure(P/P0)

Fig. 3. Permeability coefficient (cm*(STP)cm/cm” s cmHg) of propylene.

where R, and R, are the observed and calculated reflectiv-
ities, respectively, N the total number of data points, and m
the number of fitting parameters.

The X-ray reflectivity experiments were performed using
a two-circle goniometer based on a 2 kW standard X-ray
tube. We developed this reflectometer newly for this
study. A schematic drawing of the instrument is shown in
Fig. 2.

The sample environment was maintained in a chamber
with two beryllium windows under a vacuum or with propy-
lene. The window thickness was 2 mm. The chamber was
placed on the 6 axis of the goniometer.

CuKa X-rays were selected by reflection from a Johanson
type quartz monochrometer. The monochromatic beam was
then focused on the sample. The measurements were
performed in two modes. One of them is the counter scan
mode, which is usually used. In Fig. 2, slit 1, slit 2, slit 3 and
the scintillation counter mounted on the 26 axis are used.
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Fig. 4. X-ray reflectivities of 6FDA-BAAF(1) film in a vacuum (Experi-
ment: <, Calculation: — —), in propylene at P/Py, = 0.64 (Experiment:
+, Calculation: - - -) and in propylene at P/P, = 0.96 (Experiment: [J,
Calculation: ——-—- ).

Slit widths are 0.05, 0.1 and 0.15 mm, respectively. A 6-26
scan is taken to measure the specular reflection signal after
completely aligning the sample.

The other mode is used for the rapid characterization of
the structural change of thin film systems induced by the
sample environment. We call this mode the “RC mode”.
None of the slits are used. For this arrangement, all X-
rays strike the sample surface at a glancing angle within
A@, which is equal to the focusing angle. In spite of the
scintillation counter, a one-dimensional position sensitive
proportional counter (PSPC) located 1500 mm away from
the sample is used. Without counter and sample scans, it
simultaneously counts all X-rays reflected within A from
the sample surface. As the direct beam intensity for the
counter scan mode is very weak (about 30000 counts/s),
which is due to the large absorption by the two beryllium
windows of 2 mm thickness, a typical measurement time in
the counter scan mode is 23 h. However, a typical measure-
ment time is 180 s in the RC mode. We will publish details
elsewhere about our instrument and quantitative data
corrections for the RC mode.

3. Results and discussion

Fig. 3 shows the dependency of the permeability coeffi-
cient of propylene on an applied pressure. A sudden increase
in the permeability coefficient beyond the relative vapor
pressure, P/P, > 0.6 was observed.

Figs. 4 and 5 show the X-ray reflectivity data for the as-
deposited films under vacuum and in propylene at the rela-
tive vapor pressure shown in the figures. The most obvious
effect of exposure to gas is an increase in the oscillation
frequency corresponding to an increase in the film thick-
ness. In propylene, the thickness of the 6FDA-BAAF film
increased substantially compared with the as-deposited
films. Good fits to the data could be obtained in the cases
of the as-deposited films under vacuum using a model with
only a single polyimide film on silicon. However, over
P/Py > 0.25, the fits to the data became very poor using
the same model. The observed data could be reproduced
by the addition of a surface low density layer to the
model. However, the best fits could not be obtained under
P/Py = 0.5. This was most likely due to the thinness of the
surface layer. It was thought that wider range measurements
were required for the analysis of the surface layer of a
thickness under 3 nm.

The fits of the data are shown by the dashed lines in the
figures according to the parameters in Table 1 and 2. Good
fits were obtained. The y” values are 0.02—0.04 for 6FDA-
BAAF(1) and 0.02-0.06 for 6FDA-BAAF(2). The thick-
nesses of the as-deposited film were 66.8 nm for 6FDA-
BAAF(1) and 30.7 nm for 6FDA-BAAF(2). The density
of the regular 6FDA-BAAF thick dense film is 1.47 g/
cm’. All film densities agreed with the density of their regu-
lar thick dense film.
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Fig. 5. X-ray reflectivities of 6FDA-BAAF(2) film in a vacuum (Experi-
ment: <, Calculation: — —), in propylene at P/P, = 0.72 (Experiment:
+, Calculation: - - -) and in propylene at P/P, = 0.99 (Experiment: [,
Calculation: —-—-—- ).

Moreover, in propylene, there are “nodes” in the oscilla-
tion as shown by Figs. 4 and 5. For example, in the case of
6FDA-BAAF(1)(Fig. 4), the position of the “node” is about
0 = 0.6° at P/Py = 0.64 and 6 = 0.4° at P/Py = 0.96, which
is due to the surface low density layer. The higher the rela-
tive vapor pressure, the lower the position of the “node”.
This indicates an increase in the surface layer thickness with
the relative vapor pressure. At P/Py > 0.9, the thickness
was about 6 nm. This surface layer may be induced by the
swelling or by the X-ray radiation. However, the measure-
ments were repeated at the same relative vapor pressure, and
good reproducibility was found. Moreover, the surface layer
immediately disappeared when the sample chamber was
placed under vacuum again.

Fig. 6 shows the dependency of the reflectivity data on
temperature at a fixed propylene pressure (P/P, = 0.96 at
298 K) for 6FDA-BAAF(1). The “node” was shifted to a
high angle, which indicated a decrease in the surface layer
thickness. This “node” shift was also rapidly induced by a
temperature change. Fig. 7 shows the raw reflectivity data
for 6FDA-BAAF(2) at each temperature indicated in the
figure for the RC mode. The channel number can be identi-
fied by the reflective angle. The measurement of each data

Table 1

clotetrasiloxane and water on mica and silicone [24]. They
measured the adsorption isotherms on silicone and mica by
ellipsometry as a function of P/P,. They found an adsorp-
tion layer with a thickness of about several few nanometers
on silicone over P/Py, = 0.9 except for water. The thickness
of the adsorption layers is consistent with that of our surface
layers on the polyimide.

The increase in the 6FDA-BAAF film thickness was
about 30% in 1,3-butadiene at P/P, = 0.83, while it was
about 10% in n-butane at P/P, = 0.96 [7]. In propylene,
the 6FDA-BAAF (the second layer in Tables 1 and 2) thick-
ness increased by 11-14% over P/Py = 0.9. The increase in
the film thickness by propylene was almost the same as that
by n-butane and was much lower than that by 1,3-butadiene.
In particular, the film thickness increased by only 5.5% at
P/Py = 0.55, over which the sudden increase in the perme-
ability coefficient of propylene was observed. The increase
in the permeability coefficient is probably due to the adsorp-
tion of propylene on the polyimide surface rather than swel-
ling of the film. Of course, a lot of work will be required for
understanding the sudden increase in the propylene perme-
ability coefficient.

In conclusion, in propylene, we observed the surface
layer on polyimide at P/Py, > 0.55. The layer was thought
to be the vapor adsorption layer of propylene. Moreover, the
permeability of propylene rapidly increased at P/Py > 0.6.
This may be due to the surface adsorption of propylene
rather than the swelling of the film by propylene. We
thought that the surface adsorption layer played an impor-
tant role in explaining the hydrocarbon permeation phenom-
enon, because a permeation mechanism of hydrocarbon

Best fitting calculation parameters of 6FDA-BAAF(1) in propylene using the double layer model. Double layer model with a surface layer on 6FDA-BAAF
film (roughness o surface, oy: first layer/second layer, o: second layer/substrate)

P/P,y First layer Second layer

o, (nm) Density (g/cm3) Thickness (nm) o, (nm) Density (g/cm3) Thickness (nm) oy, (nm)
0.00 0.7 +0.1 - - - 1.41 £0.07 66.8 = 0.2 09=*+0.2
0.55 0.7+0.3 0.8+0.3 2.6 0.5 1.2+0.5 1.44 = 0.08 70.5 0.3 0402
0.68 0.7+0.2 0.7+0.3 32*03 14+04 1.43 +0.09 719 0.3 0502
0.81 0.8 +0.2 0.8 +0.2 40+04 1.0+04 1.40 £ 0.13 743 £0.5 0504
0.96 1.1 £0.2 0.83 £ 0.10 58+0.2 0902 1.41 = 0.09 76.2 =0.3 0.6 +0.2
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Best fitting calculation parameters of 6FDA-BAAF(2) in propylene using double layer model. Double layer model; with a surface layer on 6FDA-BAAF film
(roughness o surface, o ,: first layer/second layer, o, second layer/substrate)

P/P, First layer Second layer
o (nm) Density (g/cm3) Thickness (nm) oy (nm) Density (g/cm3) Thickness (nm) oy, (nm)
0.00 05%0.2 - - - 1.45 = 0.06 30.7 £0.2 1.0 £0.2
0.72 09+02 09+02 38+04 09+04 1.38 £0.12 325+0.3 0502
0.81 0.8 £0.2 0.7+0.2 40=*=04 14 +£04 1.41 = 0.10 332 +04 0.5+05
0.99 09£0.2 0.82 = 0.11 55+02 0.7£0.3 1.38 = 0.12 342 *03 0.5x0.2
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Fig. 6. X-ray reflectivities of 6FDA-BAAF(1) film in propylene (P/P, =
0.96) at 298 K (Experiment: <, Calculation: — —), at 303 K (Experi-
ment: + , Calculation:- - -) and at 313 K (Experiment: [J, Calculation: —

gases different from that of the ideal gas applied to non-
organic gas separation systems should be considered.
Further studies will be anticipated concerning the surface
layer on polyimide. We have now studied the surface adsorp-
tion layer of propane and propane/propylene mixed gas on
polyimide. In particular, the contents of propane and propy-
lene in the surface layer of the mixed gas are thought to play an
important role in gas selectivity. We plan the determination of
the contents of propane and propylene in the surface layer
using the labeling technique of neutron reflectivity measure-
ment. This communication is the first report in these studies on
the surface hydrocarbon gas adsorption layer on polyimide.
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