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ABSTRACT:

Permeability and selectivity of oxygen permeation through cast polystyrene and

poly(methyl methacrylate) films were considerably enhanced by the addition of small amounts of
surface active polydimethylsiloxane graft copolymer. Factors controlling the permeation behavior

through the surface modified films are discussed.
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Polydimethylsiloxane-branched graft co-
polymers were found to show interesting sur-
face active properties when added to a sub-
strate polymer film. Examples of surface mod-
ifications of cast films of less hydrophobic
substrate polymers to a hydrophobic surface
by the surface accumulation of graft copoly-
mers in the cast blend films have been report-
ed.! 73 ESCA, FT-ATRIR, and electron mi-
croscopic studies revealed that the surface
accumulated polydimethylsiloxane graft co-
polymers formed island domains at the sur-
face.> Such polydimethylsiloxane domains
might act as highly gas dissoluble surfaces and
influence gas permeation behavior through the
cast blend film.

In this article, we report on enhanced oxy-
gen permeation through the surface modified
cast films of polystyrene(polySt), poly(methyl
methacrylate) (polyMMA), or poly(dimeth-
ylsiloxane-b-bisphenol A carbonate) (PDMS/
PC) by the addition of small amounts of
surface active PDMS-polySt or —polyMMA
graft copolymers.

EXPERIMENTAL

Polydimethylsiloxane-graft copolymers
(GM211, GS211) were synthesized as reported
earlier by the use of polydimethylsiloxane
macromers.. PDMS/PC was prepared simi-
larly to the literature.* The characterization
of the graft copolymers and substrate poly-
mers are tabulated in Table I. Films of sub-
strate polymers (polySt, polyMMA, or
PDMS/PC) or their binary blends containing
the graft copolymer (0.1—69%; by wt) were
prepared from 59, THF solution by casting
technique. The films were dried under vacu-
um for 24h, and annealed at 50°C for 24 h.
The thickness of the films was about 80 um.
The permeability and selectivity in perme-
ation were evaluated for supplied air by the
gas chromatographic method at 25+ 1°C. The
flow diagram is reported elsewhere.’ Typical
changes in amounts of permeated gases with
time are shown in Figure 1.

Permeation of a gas through a condensed
film is usually treated based on Fick’s and
Henry’s laws.
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Table 1. Characteristics of polymers in this study
Polymer M, x107% Siloxane content/wt%;
PolySt 31 —
PolyMMA 15 —
PDMS/PC 42 40
GS211 5.8 53
GM211 7.8 42

z

o}

>

g

;‘é

<

£

3

€

2

(<}

>1 9

[ )

o]]uo 20 30 40
80,0, t (min)

Figure 1. Typical permeation behavior of air through
blend film of GS211 (2wt%) in polySt.

q=Pp, A(1—0)/ (1)

where, D and S are diffusion and solubility
coefficients, and p, is the partial pressure of
the permeate at upstream side (pressure of
down stream side is approximated to be 0), 4
is area of permeation, /, thickness of the film,
t, time, and 0 is the time lag in permeation.

The permeability coefficient P is defined as
the product of D and S.

P=DS @)

The diffusion coefficient D can be correlat-
ed to 0 by eq 3.

D="F/60 3)
S=P/D )

By measuring ¢, p;, 4, [, and ¢, 6§ and P
were estimated by the least squares method,
and D and S were caluculated by eq 2 and
3.578% Selectivity in permeation was defined
by eq 4.

a:POZ/PNz “4)

244

wr [ ]
(]

=
o
>

[
~ o
s 2P |
T = ¥
E
[ 42
* ©
o~
£
e
N
E
2 ¥
z

0

17} 4w
& w
€
A
~
o
a

EI] 1 =

)
(wtolo)

01 5
Siloxane graft copolymer

Figure 2. Change of oxygen permeability coefficient
and selectivity in permeation with the concentration of
added graft copolymer: @, permeation coefficient of the
blend film of GS211 in polySt; O, selectivity in the
permeation; [, permeation coefficient of the blend film
of GM211 in polyMMA; [J, selectivity in the
permeation.

RESULTS AND DISCUSSION

The changes of oxygen permeability coeffi-
cient and selectivity in permeation are shown
in Figure 2.

When graft copolymers were added, the
permeability coefficients increased with in-
creasing concentration of the graft copoly-
mers in the blend. With small amounts (less
than 1%) of added graft copolymer GS211,
the Py, values tended to decrease momentar-
ily. The reason is not clear at present. Barrie®
reported the differences in permeation behav-
iors of gaseous hydrocarbons through the
films of PDMS-polySt block and graft co-
polymers and indicated that the different be-
haviors came from differences in the misci-
bility of the two components in the block and
graft copolymers resulting in the difference in
the amounts of microvoids. In the blend
system of the present study, the behavior of
the surface active graft copolymer is not clear
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Table II. Permeability coefficients and selectivity in
permeation through PDMS/PC based blend films

Additive/wt?; Py, o
None 3.56 2.29
GS211, 1.0 3.29 222
PolySt, 2.0 1.77 2.57

“In 10"°cm?® (STP)cmem ™ %s ™ 'ecmHg ™!

at present, but it may change the solubility
behavior of the air in the blend from that of
polySt. It will be necessary to carry out more
detailed experiments in order to elucidate this
phenomenon. The results of the effects of the
addition of polySt or GS211 into PDMS/PC
are shown in Table II. When GS211 was
added to PDMS/PC, the permeability coeffi-
cient decreased and selectivity in permeation
also decreased slightly. With the addition of
polySt, permeability coefficient decreased but
selectivity in permeation increased.

In order to obtain more insight as to the
permeation mechanism, the permeation be-
havior of such blend film was analyzed by
morphology models. Results of the analyses
by serial model'® are shown in Tables III and
IV. Since the permeation coefficient of GS211
itself could not be determined because of its
lack in film forming property, the blend
GS211 in PDMS/PC is assumed to be com-
posed of polySt and PDMS/PC in the analysis
by serial model. Namely, the permeation coef-
ficient of GS211 in the blend was substituted
by that of polySt. Similarly, in the case of the
blend GS211 in polySt, the permeation coef-
ficient of GS211 is substituted by that of
polydimethylsiloxane. In the case of GS211 in
PDMS/PC, the calculated values are quite
comparable with the expected values from the
amounts of added graft copolymers, irrespec-
tive of the direction of the permeation from
the air side surface or glass side surface, a fact
which suggests the compatible nature of the
two polymers. When air was permeated from
the air side surface of the cast film of polySt
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Table III. Analysis of the permeation behavior
of polySt based blend film containing GS211
by serial model*

Content of dimethylsiloxane

b o
unit in the blend/wt%, Po, L%
None 1.17 —
0.53 1.22 4.11

1.86 1.36 14.0
1.86 1.20¢ 2.51

3.18 1.49 21.5

3.18 1.30¢ 15.9

“ Pr=117x10""cm?® (STP)cm cm~2s~'cmHg ™.
P,=3.52x10"%cm?® (STP)cm cm ~%s~'cmHg ™ '.'°

®In 10" "°cm?® (STP)cm em ™ ?s~'emHg ™',

¢ Permeation from glass side surface.

Table IV. Analysis of the permeation behavior
through the PDMS/PC based blend films
by serial model”

Additive (wt?, of the PolySt unit)  P,," L/%
None 3.56 —
GS211 047 3.27 0.29
PolySt 2.0 1.77 3.56

4 P =356x10"°cm® (STP)cm cm~2s 'cmHg ™.
P,=1.17x10""cm® (STP)cm cm ?s~'cmHg ™ !.
® In 10"°cm?® (STP)cm ¢cm ™ 2s™ 'cmHg ™.

containing small amounts of GS211, where
the polydimethylsiloxane graft copolymers
have accumulated,’ the calculated values of L
were much larger than the expected values
from the added graft copolymers. When air
was permeated from the glass side surface of
the film, where the graft copolymers have
accumulated but to lesser extent than from
the air side surface,® the value of L became
smaller but still quite larger than the expected
values. This may indicate the importance of
the solubility of gases at the surface of the
blend films. Here, a brief comment on the
appropriatness of such treatment will be
made. The L in the serial model can be
expressed as eq S.

L=(P—P)P,/(P,—P))P (5)
In case of GS211 (3.50wt%,) in polySt, which
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corresponds to a blend film containing
1.86 wt%, polydimethylsiloxane unit in polySt,
P, was taken as 3.52x107%cm?®(STP)cm
cm 2s™! cmHg™'. Since P and P; are 1.36
and 1.17 in 107'° cm?®(STP)cm cm 2?s7!
cmHg ™! unit, respectively, the value of L
should remain almost constant even if P,
(permeability coefficient of the added graft
copolymer) decreased to 11.7 in 107!° unit (10
times of P,), since L can be approximated as
L=(P— P,)/P under the condition of P,> P;.
In case of GS211 (1.0wt%) in PDMS/PC,
which corresponds to a blend film containing
0.47wt%, polySt in PDMS/PC, P, was taken
as 1.17x107°  cm®*(STP)em  cm™2s7!
cmHg™!, and since P and P, are 3.27 and 3.56
in 107° cm®(STP)cm cm™%s™! emHg ™! unit,
respectively, L would become 4.3%; if P, in-
creases to 1.17 in the 10™° unit, which is
considerably larger than the expected value
from the amounts of added graft copolymer.
This might indicate the importance of the
phase separated structure of the blend films.
However, this does not seem to be the case
because permeation coefficients from both the
air and glass side surfaces were the same as
mentioned earlier. Similar results were ob-
tained in the GM211-polyMMA system.

In order to clarify the importance of the
solubility factor in the permeation, the per-
meability coefficients were separated into dif-
fusion and solubility coefficients, and the
results are shown in Figure 3.

In polySt-GS211 blend films, the diffusion
coefficients increased only a little with in-
creasing concentration of added graft copoly-
mer. The solubility coefficient increased very
sharply with the concentration of the graft
copolymers (up to 29%). These changes are
quite similar to the changes in Py, and a. As
can be seen from Figure 3, the reason for the
higher selectivity of oxygen permeation over
nitrogen through the blend film, compared
with the substrate polymer film, seems to lie
in the relatively higher solubility coefficient of
oxygen than nitrogen at the surface. Such
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Figure 3. Change in solubility and diffusion coef-
ficients of polySt with the concentration of added
GS211.

Table V. Solubility coefficients of polySt

and PDMS
Polymer So," So,/SN,
PolySt!? 22 1.9
PDMS"? 4.1 22

* In 107 3cm?® (STP)ecm ~3cmHg ™!,

change in permeation behavior might reflect
the actual morphology of the film surface. As
already pointed out, the polydimethylsiloxane
graft copolymers accumulate at the film sur-
face, and may play an important role in
changing the concentration of gases at the
surface. If such domains at the surface have
relatively higher solubility of oxygen over
nitrogen, the selectivity in permeation will
also increase with the increase in permeabil-
ity. The solubility coefficients of oxygen and
nitrogen into PolySt and PDMS are shown in
Table V.11:12

As shown in Table V, polydimethylsiloxane
is considered to have relatively higher solu-
bility of oxygen over nitrogen than polySt or
polyMMA 1213 Relatively higher increase in
solubility of oxygen over nitrogen into the

Polymer J., Vol. 18, No. 3, 1986
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polydimethylsiloxane modified surface seems
to be the reason for higher permeability and
selectivity of oxygen over nitrogen through
the blend film. In the case of polyMMA blend
film with GM211, the trend was similar to
polySt blend film although the change was
smaller.

If a very simplified assumption is made that
A (polyDMS area) controls the concentra-
tions of gases, the permeation behavior can be
discussed based on the changes in 4 and d.
The changes of 4 and d by composite model
(Figure 4)'* are shown in Figure 5. Although
it is very difficult to discuss quantitatively, the
trend may be discussed qualitatively. When
small amounts of graft copolymer (<1%)
were added, the value A4 sharply increased,
which may indicate that the copolymers lo-
cate as small spheric domains at the surface.
With increasing concentration, 4 increases
sharply with moderate increase in d, a fact
which may suggest the spreading of the
PDMS domain at the surface. Thus, the solu-
bility of gases is considered to increase, re-
sulting in the increase in permeability coeffi-
cient. Such increase in A4 levelled off at a
concentration of about 19 with d still increas-
ing. The change in permeation is consistent
with the change in contact angle, which is a
measure of hydrophobicity of the surface by
surface modification, also shown in the same
Figure. This fact seems to indicate the im-
portance of the PDMS domain at the surface
to determine permeability. At higher con-
centrations, the morphology of the film may
change and cannot be discussed on the same
bases. Thus, the role of the surface of the
phase-separated domain is shown to be spe-
cially important to control the permeation
when the concentration of added graft co-
polymer is low. In case of PDMS/PC with
GS211, the compatibility of the added graft
copolymer with substrate polymer is con-
sidered to be much better than the combina-
tion of polySt-GS211, and the film could be
analyzed as a serial model as already shown in
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Figure 4. Composite model in permeation.
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Figure 5. Analysis of permeation behavior the blend
film of GS211 in polySt by composite model.*

* Contact angle changes were measured on the blend
film of GM211 in polyMMA.!

Table III.

As discussed above, this work opens up a
new possibility to controll permeation be-
havior by surface morphology through sur-
face accumulation of graft copolymer in the
blend film. Further research is needed to
clarify the precise mechanism.
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