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ABSTRACT: Selective oxygen permeation through the films of p-(oligosiloxanylstyrene)s was 
investigated, and the role of the oligosiloxane substituents is discussed based on a dissolution
diffusion mechanism. The oligosiloxane side chains were found to play an important role to 
enhance the diffusion of oxygen. 
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Poly(p-oligosiloxanylstyrene)s were report
ed to be good self-supporting oxygen perme
able membrane materials.1,2 In that report, an 
imaginative structure of polymer film was 
postulated/ in which oxygen permeation is 
influenced by both polymer back bones and 
oligosiloxane side chains. In order to obtain 
more understanding of the permeation, the 
permeation behavior of air through the films 
of )s were analyz
ed based on dissolution-diffusion mechanism. 

EXPERIMENTAL 

Monomer 
1-(p-Bromopheny{)-1-butanone. This com

pound was synthesized similarly to the report
ed method,3 and the solid product was re
crystallized from petroleum ether. 90% Yield. 
mp 37-39°C. 

4-n-Butyl-1-bromobenzene 1-( 4-Bromo-
phenyl)-1-butanone was reduced by hydrazine 
to give the product.4·5 

4-n-Butylstyrene 

-o i) Mg, ether 
Br C4 H9 .. . 

n) CH2 =CHCl, N1 (dppp) Cl2 , 0 C 

CHz = CH -oc4H9 

Vinylchloride (248 mmol) and Nickel chlo-
ride-his( diphenylphosphinopropane) complex 
[Ni( dppp )Cl2] ( 40 mg) were added in ether 
(1 00 ml), and small amounts of methylmag
nesium bromide were slowly added until all 
Ni(dppp)Cl2 completely dissolved. To this re
action mixture, 4-n-butylphenylmagnesium 
bromide prepared from activated Mg turn
ings (250 mmol) by dibromoethane (0.6 ml) 
and 4-n-butyl-1-bromobenzene (200 mmol) 
in ether (1 00 ml) was added drop wise during 
1 h.6 After the addition, the mixture was 
stirred overnight, decomposed with aq NH4 Cl, 
and extracted with ether. Distillation gave 
the product in 75% yield. The compound was 
further purified by silica gel column chroma
tography in order to remove the uncoupled 
product, butyl benzene. 1 H NMR (CDC13 ) b 
0.92 (t, 3H, 1=7.0Hz, Cl;:h), 0.9-2.07 (m, 
6H, (Ctl2)3), 2.57 (t, 2H, 1= 7.0Hz, Q
Ctl2), 5.07 (q, lH, 11 =1.0Hz, 12=7.0Hz, 
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5.77 (q, IH, 11 =1.0Hz, 12 = 
lO.OHz, 6.62 (q, lH, J1 =7.0Hz, 

12 = 10.0 Hz, =<]j'), 6.97 and 7.25 ppm 

(two d, J=9.0Hz, 

1j 1j 
All other monomers used in this study 

were prepared as reported.2 The characteris
tics of the polymers are shown in Table I. 

Films were prepared by casting technique 
from THF solution by evaporating the sol
vent during 24-48 h. The films were de
tached from the slide glass by immersing into 
water and dried in vacuum for 24 h, and 
conditioned at 35'C under vacuum for 24 h. 
The thickness of the films were in the order 
of 80-l 00 ,urn. The permeation behavior 
from upstream at atmospheric pressure to 
downstream in vacuum was estimated by gas 
chromatographic method for supplied air at 
various temperatures. 

Treatment of the Data 
Typical changes in the amounts of perme

ated gases are shown in Figure I. 
The obtained data were treated based on 

Fick's and Henry's laws. 

(I) 

where, D and S are diffusion and solubility 
coefficients, and p 1 is the partial pressure of 
the permeate at upstream side (pressure of 
down stream side is approximated to be 0), A 
is the area of permeation, /, thickness of the 
film, t, time, and e, time lag in permeation. 

The permeation coefficient is defined by 
following equation. 

P=DS (2) 

The diffusion coefficient can be estimated 
from the time lag in permeation. 

D=f/68 (3) 

By measuring q, Pu A, !, and e, P and D 
were estimated by the least square method, 
and S was calculated from P and D.7 - 9 
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Table I. Characteristics of polymers in this study" 

Polymer M.,xl04 M"x lif TJC 

PolyS! 21.7 9.0 136 
PolyS2 23.8 8.4 36 
PolyS3 78.1 36.5 -10< 
PolyS5 34.9 9.6 -30< 
PolyBl 83.0 46.5 85 
PolyB2 56.4 21.0 -3 
PolySt4 14.0 4.3 114 
PolyBS 47.1 18.3 130 
PolySt 33.3 20.5 108 

·• PolySn indicates a polymer from a monomer of the 
type 

CH3 CH 3 -o l I 
CH2 =CH (Si0)"_ 1SiCH3 . 

I I 
CH 3 CH 3 

PolyBn indicates a polymer from a monomer of the 
type 

CH 3 CH 3 -o I I 
CH2 = CH CHiSiO)" _ 1 SiCH 3 • 

I I 
CH 3 CH 3 

PolySt4, polyBS, and polySt are poly[p-tris(trimethyl
siloxy)silylstyrene], poly(p-n-butylstyrene), and poly
styrene, respecitvely. 

0 

Time in sec. 

Figure 1. Typical permeation behavior of oxygen and 
Nitrogen through polyS2 Film at 25''C: e, oxygen; •• 
nitrogen. 

Selectivity in permeation is defined by eq 4. 

(4) 

The activation energy in permeation was 
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Table II. Permeation behavior of polymers 

Polymer Po/ rx So, b SN, b 

PolySt 1.2 5.5 2.2 l.l 
( l )' 

PolyBS 6.7 3.2 1.0 
(5.6)' 

PolyS2 40 3.0 2.2 l.3 
(33)' 

PolyBl 14 3.9 2.1 1.1 
(l2)' 

PolyB2 40 3.0 2.5 1.2 
(33)' 

PolyE' 01 2.9 3.0 0.63 0.3 

PDMS111' 489' 2.2• 4.1' 2.7 
12) 352 1.9 1.9 1.5 

The values of P0 ,, D0 ,, and S0 , are those at 25uC. 
"In I0- 10 cm3 (STP)cm cm- 2 s- 1 cmHg- 1 unit. 
b In I0- 3 cm3 (STP)cm- 3 cmHg- 1 unit. 
' In 10- 7 cm2 s- 1 unit. 
ct In kcal mol- 1 unit. 
' Relative value to polySt. 
r PDMS is polydimethylsiloxane. 
• Values at O"C for 10% cross-linked sample. 
h Values of £ 0 . 

/! 
;;j/: 

3.2 
103/ T (K'1 ) 

0 

3.5 

Figure 2. Typical arrhenius plot of the permeation of 
Oxygen through polyS2 film. 

evaluated from an Arrhenius plot. An exam
ple of such a plot is shown in Figure 2. 

P= P* exp (- EP/ RT) (5) 

RESULTS AND DISCUSSION 

We have been interested in designing good 
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Do, ' DN, ' Ep_o, d 
EP,N, 

d 

0.56 0.2 3.0 4.3 
( l)' 

6.7 5.1 6.8 
(l2)' 
18 ll 3.2 (T,> T) 4.4 (T, > T) 

(32)' 4.0(T,<T) 5.5 (T,< T) 
6.5 3.3 1.9 3.0 

(l2)' 
16 1!.3 7.0 8.9 

(29)' 
4.6 3.2 10.1 11.8 

120' 85 2.7g,h 2.4•-h 
189 123 

oxygen permeable membrane materials by 
introducing short dimethylsiloxane branches 
into the polymer back bone which has rela
tively high Tg. By this approach, polyS2 was 
found to be a good self-supporting selective 
oxygen permeable membrane material. This 
was thought to be because these short dimeth
ylsiloxane branched polymers do not phase
separate, and the gases permeate through non 
phase-separated membrane under the influ
ence of polymer back bone component.2 

The results of permeation are shown m 
Table II. 

PolyS2 and polyB2 show high permeability 
coefficients and good selectivity in perme
ation. Especially, polyS2 has self-supporting 
property and is a good candidate for a materi
al of selective oxygen permeable membrane. 
PolyB2 does not have enough self-supporting 
property, but copolymers of B2 will also be 
good materials for oxygen permeable mem
branes. The permeability of polyBl is not so 
high, but the good selectivity 4), and self-
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supporting property make polyBl quite at
tractive as a selective oxygen permeable mem
brane material. In order to attain efficient 
permeation, thin film forming property is 
very important and will be studied in a future 
report. 

To obtain more understanding of the role 
of poligosiloxane substituents, the perme
ation coefficients were separated into diffusion 
and solubility coefficients. Activation ener
gies of oxygen and nitrogen permeation are 
also included in Table II. 

The activation energy of oxygen perme
ation through low density polyethylene film 
(2.8xl0- 10 cm3 ·cmcm- 2 s- 1 cmHg- 1) is 
very close to reported value in the Table. 10 

This fact ensure the accuracy of the present 
data. By introducing oligosiloxanyl substi
tuents at the p-position, the permeation coef
ficients increased 6-33 times compared with 
polystyrene (polySt). The change in the solu
bility coefficient was very small. But the dif
fusion coefficients increased 12-32 times, 
and had good correlation with the increase in 
P01 . From above mentioned facts, it can be 
seen that the increase in P 01 of p-oligosil
oxanyl substituted polySt essentially depend 
on the increase in D02 and not on 502 . 

The activation energy of permeation can be 
separated into activation energies of diffusion 
and dissolution. 

D=D* exp ( -£0 /RT) 

S=S*exp( -£5/RT) 

From eq 5-7, eq 8 is obtained. 

Er=Eo+Es 

(6) 

(7) 

(8) 

The activation energies in the permeation 
of oxygen and nitrogen are rather small. 
Although it is difficult to discuss the differ
ences in absolute values of activation energies 
at this moment, the activation energies of 
glassy polymers (polyS2 and polyBl) at the 
temperature range of measurement are quite 
close to that of polySt (glassy), and even very 
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close to the activation energies of the diffu
sion through PDMS (2-3 kcal mol- 1 )Y 
Barrie13 studied the permeation of gaseous 
hydrocarbons through the block and graft 
copolymers of PDMS and polySt, and re
ported the activation energy £ 0 =3.33kcal 
mol- 1 for the permeation of methane through 
PDMS. Since it is recognized that £ 5 is about 
2 kcal mol- 1, the values indicate that there 
are not so many differences in the activation 
energies between polySn and polySt or 
PDMS. This fact might indicate that the in
troduction of p-oligosiloxanyl substituents 
at the p-position of polySt does not change 
the activation energies of diffusion and solu
bilization so much. Since, as discussed earlier, 
the increase of P 02 completely depends on 
the increase of D02 and not on 5 01 , and the 
change of activation energies by introduction 
of p-substituents is quite small, the increase 
of P01 seems to be basically controlled by 
the increase of D* frequency factor in diffu
sion. 

The D* factor is considered as a measure of 
the density and size of free volumes.14•15 

Accordingly, by introducing p-substituents 
into p.olySt, the free volumes are considered 
to have increased. PolyS2 has a 6 times higher 
permeability than polyBS which has alkyl side 
chains similar in size with polyS2. PolyBl 
shows 2 times higher P01 than polyBS. These 
facts cleanly indicate the importance and role 
of p-oligosiloxanyl substituents in enhancing 
the permeability of gases through the increase 
in number and diffusibility of free volumes. 
These effects are considered to be closely 
related to the flexibility of oligosiloxanyl 
chains compared with alkyl chains. 

Further detailed studies are needed to ob
tain more precise insights into permeation. 
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