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ABSTRACT: The plasma polymerization method was applied to prepare organic thin films
from perfluorobenzerie (PFB) which have good affinity to oxygen. The aggregation structures and
permeation properties of plasma-polymerized thin films were investigated as functions of the
magnitude of radiofrequency (RF) power, monomer flow rate, substrate temperature and annealing
time after deposition. The chemical and aggregation structures of plasma-polymerized films were
investigated on the basis of thermogravimetric measurement, infrared absorption spectra and X-ray
photoelectron spectra. The unsaturated bond or aromatic ring changed into the highly crosslinked
structure composed of saturated bonds with increases in the magnitude of RF power, substrate
temperature and annealing time and also with decrease in the monomer flow rate. The magnitude of
the separation factor through plasma-polymerized PFB (PPFB) films deposited on Millipore in-
creased with an increase in the degree of crosslinking. In order to prepare the heat-resistant PPFB
film, PFB was deposited on porous ceramics. The magnitude of oxygen permeability coefficient
through the PPFB film deposited under the conditions of an RF power of 100 W, a substrate
temperature of 573K and annealing time of S5h remained almost constant at about
2.8x1078cm?(STP)cm ™ 's™'cmHg ™! from 283 to 573K, and also, the separation factor gra-

dually decreased from the magnitude of 4.5 at 283K with an increase in temperature.
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When evaluating permeation characteristics
of penetrants through a film, the permeation
rate is one of the important factors for prac-
tical use as well as the permeability coefficient
and separation factor. As thinning of a film
thickness is primarily required for an increase
of the permeation rate, many methods to
prepare an ultra-thin film have been devel-
oped.! 3

Preparation of a film by means of plasma
polymerization have been intensively investi-
gated, because almost all the organic sub-
tances can be polymerized by this method.*

t To whom correspondence should be addressed.

According to this method, it is possible to
prepare a pinhole-free ultra-thin film a variety
of substrates from various kinds of organic
vapors. Moreover, it becomes possible to
realize practical applications by choosing
monomer substances which have high specific
affinity for a certain kind of penetrant.

It is well-known that fluorocarbon mono-
mers are used as artificial blood because of
considerable affinity for oxygen gas.” The
authors previously reported that an intro-
duction of fluorocarbon monomers into a
polymer/liquid crystal composite film made
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both the permeability coefficient of oxygen
and the separation factor of oxygen to nitro-
gen increase.°”® Though poly(tetrafluoro-
ethylene) (PTFE) has good affinity for oxygen
because of low surface energy, the permeation
rate of oxygen is low due to its tight molecular
packing and high degree of crystallinity, and
also, it is difficult to prepare pinhole-free thin
films of PTFE. Poly(tetrafluoroethylene-co-
hexafluoro-propylene) (FEP)!° and poly-
(perfluoro(2-methylene-4-methyl-1,3-dioxo-
lane)) (PMD)!! which have bulky side chain
groups were synthesized to obtain a high per-
meation rate. The permeability coefficient of
oxygen through a PMD polymer film is 4 x
107°cm*(STP)cm " !s 'cmHg™! at 298K,
which is 10 times as large as PTFE. Since a
plasma-polymerized film is completely amor-
phous,!?1? it is possible to prepare a film
which has a considerable high permeability
coefficient of oxygen.

In this study, plasma-polymerized thin films
were prepared from fluorocarbon monomer
and the relationships between aggregation
structures and oxygen permeation properties
were investigated.

EXPERIMENTAL

Materials and Preparation of Plasma-Poly-

merized Films

Perfluorobenzene(PFB) was used as a
fluorocarbon monomer in this study. The
chemical structure is shown in Figure 1.
Plasma-polymerized films were deposited on
the substrates of Millipore VSWP (nominal
pore size, 0.025um), Nucleopore (nominal
pore size, 0.015 um), porous ceramics (nom-
inal pore size, 0.78 um), aluminium foils, and
precleaned glass plates. PFB was used as
monomer since PFB was easy to introduce into
the reaction vessel due to its high vapor pres-
sure'* and was easily polymerized at a higher
deposition rate owing to its aromatic struc-
ture.?

The bell-jar type reactor was used as
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Figure 1. Chemical structure of perfluorobenzene used
as a monomer.

a plasma polymerization reactor. Plasma
was generated by a radio frequency (RF)
of 13.56 MHz. Two parallel electrodes were
set, the area of the upper electrode was 50.3
cm?, and the distance between the two elec-
trodes was 3cm. Monomer was introduced
between the electrodes from small nozzles of
the upper electrode. The substrate was placed
horizontally on the lower electrode whose
temperature was controlled. Prior to plasma
polymerization, argon plasma treatment (Ar
10Pa, Power 10W, plasma treatment for
1 min) was carried out 3 times to remove air
and water in the reactor. Plasma was previ-
ously generated by applying 13.56 MHz RF at
a system pressure of Ar 10Pa, and subse-
quently deposition was started by the intro-
duction of monomer into the reactor at a
constant flow rate. The power input level to
sustain the plasma condition, monomer flow
rate, substrate temperature and annealing time
at 573K in vacuo were varied from 10 to
100W, 09 to 5.4cm*STP)min~}, 273 to
573K, and 0 to 5h, respectively.

The polymer deposition rate was evaluated
from a weight increase of the substrate, and
the film thickness of a plasma-polymerized
film was evaluated from the scanning electron
microscopic (SEM) observation.

Measurements

Scanning Electron Microscopy (SEM): The
surface states of plasma-polymerized films
deposited on the glass plates at different
magnitudes of power were observed using a
Hitachi Scanning Electron Microscope (S-
430).

Infrared Spectroscopy (IR): In order to
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observe the structural change of plasma-
polymerized films deposited at different power
conditions, infrared spectra were obtained
with the KBr tablet method, using a JASCO
IR-2A.

Thermogravimetry (TG): Thermal properties
of the deposited polymers were studied using a
Shimazu Thermal Analyzer (Model DT-30).

X-ray Photoelectron Spectroscopy (XPS):
X-Ray photoelectron spectra of deposited
films were taken on a Shimadzu ESCA
(Model S-750) employing a magnesium anode
(MgK,=1253.6eV), operating at 8kV and
30mA.

Gas Permeation Measurements: The per-
meability coefficients of oxygen and nitrogen
through plasma-polymerized films were
measured by a high vacuum method in the
temperature range from 283 to 573K. An
increase in pressure on the permeation side
(down-stream side) was measured with a
MKS Balatron gage as a function of time.

Sorption Measurements: Sorption measure-
ments of oxygen and nitrogen to plasma-
polymerized films were carried out using a
Cahn 2000 electrobalance in the temperature
range from 298 to 323 K.

RESULTS AND DISCUSSION

Characterization of Plasma-Polymerized Per-

fluorobenzene (PPFB) Film

In general, a plasma-polymerized film is
heat-resistant'?'® because of the high degree
of crosslinking. The permeation properties of
gas molecules are strongly influenced by the
degree of crosslinking, since crosslinking of
molecules restricts the thermal molecular
motion of plasma-polymerized polymer chains.

Figures 2(a) and (b) show the thermogravi-
metric (TG) curves of PPFB films deposited at
(a) different radio-frequency (RF) powers, and
(b) different monomer flow rates on glass
plates kept at 273 K. The temperature at the
959% weight residue of deposited polymer, T},
is evaluated as a measure of heat-stability. The
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T, increased with an increase in RF power,
and also with a decrease in the monomer flow
rate. An improvement of heatresistant char-
acter, in other words, an increase of T
corresponds to a reduction of thermal motions
of plasma-polymerized molecules, which is
attributed to the formation of crosslinking.
These results indicate that the degree of cross-
linking of PPFB films increases with an in-
crease in the value of energy input level per
unit mass flow, W/FM, where W is RF power,
F is the monomer flow rate, and M is the
molecular weight of monomer. The effect of
the substrate temperature on the heat-stability
of a plasma-polymerized film was investigated
for a PPFB film deposited under the condition
of an RF power of 100 W and monomer flow
rate of 5.4cm*(STP) min ! as shown in Figure
2(c). The temperatures at the 959, weight
residue for the PPFB films deposited at 273,
373, 473, and 573K were 578, 593, 617, and
626 K, respectively. Thus heat-stability in-
creased with an increase in the substrate tem-
perature. This fact is attributed to the removal
of a low molecular weight component and/or
proceeding of crosslinking on the substrate
surface with an increase in the substrate tem-
peratures. Figure 2(d) shows the annealing
time dependence for the TG curves of PPFB
films deposited on the glass plates at an RF
power of 100 W and substrate temperature of
573K. Annealing treatment was carried out
subsequently after plasma deposition at 573K
in vacuo. The Ty, increased with an increase in
annealing time. This shows that a low molec-
ular weight component was removed and/or
the degree of crosslinking increased with
proceeding of the reaction induced by trapped
radicals. Morinaka and Asano reported that
the concentration of trapped radicals in
plasma-polymerized films from hexamethyl-
disiloxane decreased in the order of anneal-
ing temperatures of 423, 373, and 323K.!”
Figure 3 exhibits the SEM photographs for
the fracture and the film surfaces of PPFB
films deposited at different powers on the glass
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Figure 2. TG curves for the plasma-polymerized films deposited on glass plate as functions of RF power
(@ (1, 10W; 2, 30W; 3, 50W; 4, 100W), monomer flow rate (b) (1, 5.4cm®(STP)min~!; 2,
2.5cm?(STP)min~%; 3, 0.9 cm3 (STP) min~!), substrate temperature (c) (1, 273K; 2, 373K; 3, 473K; 4,
573K) and annealing time at 573K (d) (1, Oh; 2, 0.5h; 3, 2h; 4, Sh).

plates at 273 K. In the case of an RF power of
10 W, the surface of a PPFB film was rough
and coarse. On the other hand, in the case of
P=30, 50, and 100 W, the surface became
smooth and uniform, being the characteristic
of a dense film. Since, in the case of low RF
power, a decrease in the system pressure due to
polymerization is small due to the low electron
energy, the plasma is generated only between
the electrodes serial PFB introduced through
many nozzles of the upper electrode deposites
rapidly on the substrate placed on the lower
electrode. Moreover, since ablation is slight,
the PPFB film surface became rough and
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coarse as shown in Figure 3(a). When the RF
powet is high, the electron energy of plasma is
high and the mean free path of activated
species is large because of a decrease in pres-
sure. Therefore, plasma expands entirely in the
bell-jar, and PFB is deposited slowly onto the
substrate surface, with both polymerization
and ablation proceeding. Thus, fairly uniform
surfaces are obtained as shown in Figure 3(b),
(c), and (d). However, in the case of an RF
power of 100W, the effect of ablation is
remarkable, resulting in removal of the low
molecular component during polymerization.
This plasma polymerization forms the slightly
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(b) 30W

(c) 50 W

(d) 100W

Figure 3. SEM photographs for the fracture and film surfaces of plasma-polymerized perfluorobenzene
films deposited on glass plates at different RF powers (a), 10 W; (b), 30 W; (c), S0 W; (d), 100 W.

rough surface. Plasma polymerization at the
RF power of 100W and the other substrate
temperatures give a similar surface morpho-
logy to that of the PPFB film deposited at an
RF power of 100 W and the substrate tem-
perature of 273 K. This indicates that surface
morphology is primarily influenced by the
magnitude of RF power.

The degree of crosslinking was investigated
by IR measurements. Figure 4(a) shows the IR
spectra of PFB monomer and PFB polymer
(PPFB) deposited at an RF power of 30 W and
substrate temperature of 273 K. PFB exhibits
three characteristic sharp absorptions at 1530,
1020, and 995 cm ™! which were assigned to the
C-F stretching, deformation of a benzene-type
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ring and the same type of deformation, re-
spectively.'® In the case of PPFB films, these
absorption peaks became broad and less pro-
nounced, indicating the formation of cross-
linking in the deposited polymer. Though,
even in the case of a PPFB film, the two
weak absorption bands were still observed
at 1500 and 995cm™!, reflecting the exis-
tence of monomer structure, the strong ab-
sorption assigned to the —CF,— and —CF,
stretching mode in the polymeric chain were
observed at 1200cm ™! which indicates open-
ing of a benzene type ring. In order to eval-
uate the fraction of PFB monomer decom-
posed by plasma radiation, the ratio of the
absorbance at 1200cm™!, A,,00cm-1> tO the
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Figure 4. IR spectra of perfluorobenzene monomer and the polymers (a) (a, plasma-polymerized
perfluorobenzene; b, perfluorobenzene monomer), plasma-polymerized perfluorobenzene deposited at
different powers (b) (a, 10 W; b, 30 W; ¢, 50 W; d, 100 W) and power dependence of the ratio of absorbance
at 1200cm ! to one at 1500cm ™, A;500cm-1/41500cm-1 (€)-

one at 1500cm™, A;500cm-1, Was calculated,
since the absorption of 1200cm™! reflects
polymer structure and that at 1500cm™?,
monomer structure. The ratio, A;,00cm-1/
Ays00em-1 increased with an increase in RF
power as shown in Figure 4(c). This indicates
that plasma polymerization of PFB proceeds
remarkably above an RF power of 40 W.

Chemical Surface State of PPFB Films

It is important to investigate the chemical
surface state which influences sorption of gas
to the film surface. The chemical surface state
was studied on the basis of XPS measure-
ments. The results of wide scan revealed that a
PPFB film consisted of C, F, O, and H atoms.
Figure S shows the C,g spectra for PPFB films
deposited on Al foils at the different (a)
magnitudes of RF power, (b) monomer flow
rate, (c) substrate temperature and (d) an-
nealing time. Six peaks or shoulders were
observed in each spectra. The shoulder at the
lowest binding energy is assigned to the hy-
drocarbon type carbon (-CH-) and is used as
a reference at 285.0eV. The peak at 287.1eV
is assigned to the carbon adjacent to that
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bonded to fluorine atoms (-C-CF) or singly
bonded to oxygen (-C-0O-).'° The spectra for
the carbon bonded to fluorine atoms were
observed at a region of higher binding energy.
The shoulder at 288.5e¢V and the peak at
289.2eV were assigned to the -CF-CF-
or -C=0 type carbon'® and -CF-CF, (n=
2 or 3), -CF-CF-CF- or perfluorobenzene
type carbon, respectively. Moreover, the peak
at 291.5eV and shoulder at 293.9eV arise
from —-CF,— and —CF; type carbon, respec-
tively. Figure 5(a) shows that the relative
peak height at about 289.2¢V (-CF-) de-
creases and the peaks at 287.1 (-C-CF-)
and 291.5eV (-CF,-) became more remark-
able with increasing RF power. Figure 5(b)
shows the PFB flow rate dependence of the
C,s spectra of PPFB films deposited under the
condition of an RF power of 100W and
substrate temperature of 273K. The —CF-
group is attributed to monomer or similar
unsaturated structure and the -C—CF- group
to crosslinking structure. The relative decrease
of the fraction of —CF- structure to that of
—C-CF- structure indicates that the monomer
type structure or —CF- type structure con-

Polymer J., Vol. 18, No. 7, 1986
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Figure 5. Carbon 1S spectra of plasma-polymerized perfluorobenzene deposited on Al foils as a function
of radio-frequency power (a) (a, 10W; b, 30W; ¢, 50W; d, 100 W), the monomer flow rate (b) (a,
5.4cm®(STP)min~*; b, 2.5cm® (STP)min~?; ¢, 0.9cm?® (STP)min~!), the substrate temperature (c) (a,
273K; b, 373K; c, 473K, d, 573K) and the annealing time (d) (a, Oh; b, 0.5h; ¢, 2h; d, 5h).

taining double bond were decomposed with an
increase in energy input level per unit mass,
W/FM, and polymerization state was ap-
proached to the atomic one. Figure 5(c) shows
the substrate temperature dependence of the
C,s spectra of PPFB deposited at an RF
power of 100W and monomer flow rate of
5.4cm3*(STP)min~!. When the substrate
temperature was increased, similar behavior to
the case of RF power dependence was ob-
served, indicating an increase in the degree of
crosslinking with an increase in the substrate
temperature. The annealing time at 573K in

Polymer J., Vol. 18, No. 7, 1986

vacuo does not exhibit a remarkable change in
the fraction of -C—CF- structure as shown in
Figure 5(d).

Gas Permeation through Plasma-Polymerized

Films

Figure 6 shows the film thickness depen-
dence of the apparent permeation rate of
oxygen gas, R,,, and the permeation rate
ratio, o (=Ry,/Ry,), at 298K through the
PPFB films deposited on Millipore at RF
powers of 10, 30 and 50 W and a substrate
temperature of 273K. In the case of 10W,
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Figure 6. Thickness dependence of apparent per-
meation rate of oxygen, Ry,, and separation factor, a,
for plasma-polymerized perfluorobenzene films de-
posited on Millipore under the conditions of a mono-
mer flow rate of 5.4cm? (STP)min~! and substrate tem-
perature of 273K as a function of RF power.

though R, decreased with an increase of the
film thickness, « remains constant at about
0.9—1.0 within the thickness range studied
here, indicating no permselectivity. On the
other hand, in the cases of 30 and 50 W, the
magnitude of « increased and simultaneously,
the permeation rate decreased drastically in
the vicinity of the film thickness of 0.2—
0.4 um. Though the nominal pore size of the
substrate membrane (Millipore) is 0.025 um,
the largest one is about 0.15—0.2 um on the
basis of SEM observation. These results in-
dicate that the pores were covered with a
plasma-polymerized film and pinhole-free thin
films were formed in the case of the film
thickness of around 0.3 um. When Nucleopore
with a uniform pore size of 0.015 um was used
as a substrate, pinhole-free films were obtained
in the case of the film thickness of 0.03—
0.05 um. This indicates that it is necessary to
deposit a PPFB film more than about 2 times
as thick as the largest pore diameter of the
substrate membrane in order to prepare pin-
hole-free plasma-polymerized films. In a
thickness range above 0.4 um, the apparent
permeation rate of oxygen was about 10~ 4—
107°cm3(STP)cm~2s 'cmHg™' and  the
permeation rate ratio, was almost constant at
3.2 and 3.5 for RF powers of 30 and 50 W,
respectively. Since the magnitude of o was
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Figure 7. Thickness dependence of apparent per-
meation rate of oxygen, Ro,, and separation factor, «,
for plasma-polymerized perfluorobenzene films depo-
sited on Millipore under the conditions of an RF power
of 50 W and substrate temperature of 273K as a function
of monomer flow rate.

highest in the case of the RF power of S0 W,
permeation properties were investigated as a
function of the monomer flow rate at an RF
power of SO0 W. Figure 7 shows the thickness
dependence of the Ry, and « at 298 K through
the PPFB films deposited on Millipore at an
RF power of 50 W and substrate temperature
of 273K as a function of the monomer flow
rate. The magnitude of R, decreased and also
o increased with a decrease in the monomer
flow rate in a thickness range above 0.4 um.
These results correspond to the fact that the
degree of crosslinking increases due to an
increase in the evergy input level in the case of
the smaller monomer flow rate. In the case of
F=0.9cm*(STP)min~?!, « was 4.5—4.8 above
0.6 um in thickness and R,, was about 1x
107 cm*(STP)cm 2s '*cmHg ™. Since the
pinhole-free films were formed in the region of
the film thickness of around 0.3 um from
Figures 6 and 7, this thickness was subtracted
from those estimated by SEM observation,
and the permeability coefficient of oxygen, P,
was calculated using this corrected thickness
and the porosity of Millipore. The porosity of
Millipore pretreated with Ar plasma was
about 30—409; on the basis of SEM obser-
vations, Py, was estimated to be about 1.7 x
107°cm3*(STP)cm " !'s~'cmHg 1.
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Figure 8. Arrhenius plots of permeability coefficient,
P,,, Py, and separation factor, «, of O, and N, gases for
the plasma-polymerized perfluorobenzene films de-
posited on porous ceramics under the conditions of an
RF power of 100W, monomer flow Trate of
5.4cm?® (STP) min !, substrate temperature of 573K and
annealing time of 5h.

In order to prepare a heat-resistant gas
separation membrane, porous ceramics were
used as the heat-resistant substrate. Since the
nominal pore size of the porous ceramics was
30 times as large as that of Millipore, plasma
deposition was carried out for 7h under at
an RF power of 100 W, substrate tempera-
ture of 573K and monomer flow rate of
5.4cm3(STP)min~!, to prepare pinhole-free
films. The PPFB film thus prepared was
annealed for 5h at 573K in vacuo. Figure 8
shows the Arrhenius plots of the perme-
ability coefficient for oxygen and nitrogen,
Py, and Py, through a PPFB film deposit-
ed on the porous ceramics. Though the per-
meability coefficient of oxygen at 293K
through a PPFB film before annealing was
about 7x107°cm*(STP)cm~'s !cmHg™,
that after annealing treatment increased 3
times to about 2x 107 8cm3(STP)cm 's~!
cmHg™!. This indicates that the permeating
channel increases by removal of low molecular
components. As shown in Figure 8, the per-
meability coefficient of oxygen, P,, remained
almost constant in the temperature range
studied here, and also, « gradually decreased
from the magnitude of 4.5 at 283K with an
increase in temperature. At the present time,
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we have not measured Py, at a higher tem-
perature (about 600K) because we could not
find any elastic packing to seal the permeation
cell.

Figure 9 shows the temperature depen-
dences of the solubility coefficient, S of oxygen
and nitrogen (a), and of the diffusion coef-
ficient, D (b) for a PPFB film. The magnitude
of D was evaluated from that of P and S using
the equation of P=DS. Though the difference
between the solubility coefficients of oxygen
and nitrogen is not large, the magnitudes of
these solubility coefficients are larger than
those for poly(dimethylsiloxane) and poly-
(tetrafluoroethylene-co-hexafluoropropyl-
ene), indicating higher solubility of O, and N,
to plasma-polymerized fluorocarbon polymer.
On the other hand, the difference between the
diffusion coefficients of O, and N, is large and
it is apparent that separation through a PPFB
film is based on diffusion.

In conclusion, the degree of crosslinking
of a PPFB film increased with RF power,
substrate temperature, annealing time after
deposition and decrease in the monomer flow
rate. The oxygen permeation rate through a
PPFB film decreased and the permeation rate
ratio of oxygen to nitrogen increased with an
increase in the degree of crosslinking. The
apparent permeability coefficient of oxygen
through a PPFB film deposited on the porous
ceramics increased remarkably upon annealing
treatment at 573 K because of an increase in
the free volume by removal of low molecular
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components. The excellent permeation be-
havior of oxygen and nitrogen through a
PPFB film was attributed to the high solubil-
ities of those gases at the PPFB surface and
also, differences in diffusion properties be-
tween them.
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