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SYNOPSIS 

Brominated poly ( 1-trimethylsilyl-1-propyne) ( Br-PMSP) , which was prepared by im- 
mersing a poly ( 1-trimethylsilyl-1-propyne) membrane in bromine water, had a new en- 
dothermic peak between 70°C and 80°C in its DSC curves. After storage in air a t  room 
temperature, the endothermic peak shifted to the low temperature side with time, and 
occurred between 30°C and 40°C. A distinct change in slopes near the endothermic tem- 
perature determined by the DSC analysis was observed in the Arrhenius plots of the per- 
meability coefficients for various gases in all Br-PhlSP membranes. However, the slope's 
change did not clearly appear with storage under the same conditions. The Br-PMSP 
membrane had a pressure-dependence of the permeability coefficients not only below the 
endothermic temperature, but also aboue one. The sorption behavior for propane in the 
Br-PMSP membrane was similar to that for other glassy polymers, and there was little 
change in the sorption behavior with time. In the case of carbon dioxide, a different behavior 
was observed at  first; that is, the same isotherm shape in glassy polymers appeared below 
20 atm, but it showed an upward curve above that. After storage in air, the upward behavior 
disappeared, and the isotherm showed the general shape in glassy polymers. 0 1994 John 
Wiley & Sons, Inc. 

INTRODUCTION 

A study has been in progress for several years in 
this laboratory concerning the stabilization of the 
poly( 1-trimethylsilyl-1-propyne) (PMSP) mem- 
brane because this membrane has a high potential 
for separating a gas mixture and a liquid one by 
selective permeati~n.'-~ Some articles have reported 
on the various modifications and fundamental stud- 
ies of this polymer. Many significant properties of 
this polymer have also been reported by several re- 
search 

We have previously reported a study about the 
bromination of PMSP membranes and their gas 
~ e r m e a b i l i t y . ~ ~  The brominated poly ( l-trimethyl- 
silyl-1-propyne) ( Br-PMSP) membranes were pre- 
pared using the membrane reaction method. The 
bromination of the PMSP membrane occurred not 

* To whom correspondence should be addressed. 
Journal of Applied Polymer Science, Vol. 54, 1353-1361 (1994) 
0 1994 John Wiley & Sons, Inc. ccc 002l-s995/94/091353-09 

only on the surface but also in the bulk. The bromine 
mainly reacted a t  the carbon-carbon double bonds 
in the backbone chain, producing carbon-carbon 
single bonds, which was determined from the IR and 
UV-visible analyses. The glass transition tempera- 
ture of the PMSP is above 350"C, but a new endo- 
thermic peak appeared between 50°C and 80°C in 
the DSC curves of all Br-PMSP in spite of the bro- 
mine content. A distinct change in slopes near the 
endothermic temperature determined from the DSC 
analysis was observed in the Arrhenius plots of the 
permeability coefficients for various gases in all Br- 
PMSP membranes. This suggested that a new local 
domain, which had a new glass transition temper- 
ature, was produced by the bromination. The Br- 
PMSP membrane itself had a very stable perme- 
ability coefficient. 

Recently, in the course of this study, an unusual 
behavior was found such that the new endothermic 
peak in the DSC curves of all Br-PMSP shifted to 
the low temperature side with time. The objective 
in this article was to study the effect of the hysteresis 
on the permeability and physical solubility for pen- 
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etrants in the Br-PMSP membranes, which were 
prepared by the chemical sorption of bromine. 

EXPERIMENTAL 

Preparation of Br-PMSP Membrane 

The preparation of Br-PMSP membranes was done 
according to the same method described in a pre- 
vious article.z3 The same PMSP previously 
synthesizedz3 was used. The weight (Mw) and num- 
ber (Mn) average molecular weights of the PMSP 
were 540,000 and 220,000, respectively. The homo- 
geneous PMSP membranes with between 50 and 500 
pm thicknesses were prepared from a toluene solu- 
tion by the casting method. All membranes were 
immersed in methanol to keep the membranes fresh. 

Bromination was carried out by immersing the 
PMSP membrane in bromine water containing 1 - 2% bromine at 25°C. The combined bromine 
content of the membrane was determined using the 
flask combustion method. The maximal bromine 
content was about 20 wt %, and the membranes 
above 15 wt % bromine content were brittle.z3 

Characterization Analyses 

DSC was determined using a Perkin-Elmer DSC 7 
at a heating rate of 20"C/min. Gel permeation chro- 
matography was done using a Tohsoh HLC-8020. 
Mw and Mn were determined on the basis of a poly- 
styrene calibration. Bromine content was obtained 
by the flask combustion method using a Hamada 
FHO-1-A. 

Gas Permeation and Sorption Measurements 

The gas permeabilities on both high- and low-up- 
stream pressures were determined by the vacuum- 
pressure method.z4 The transport theory and cal- 
culation of the permeability coefficient were done 
according to the general meth~d. '~- '~  The experi- 
mental method used in this study was an adaptation 
of the vacuum gas transmission technique using an 
MKS Baratron model 310BHS-100SP pressure 
transducer below 1 atm upstream pressure between 
30°C and 9O"C, and using an MKS Baratron model 
370HA pressure transducer up to 40 atm at 35°C. 

The gas sorption isotherms at  elevated pressure 
were determined by the gravimetric method, and the 
experimental procedure was almost the same method 
described The sorptions of COP and 

C3H8 in a polymer at 35°C were measured using a 
Cahn model 2000 electrobalance and a quartz spring, 
respectively. 

The pure gases, i.e., Oz,  COz, and C3Hs were ob- 
tained from Showa Denko Co., Ltd., and Takachiho 
Co., Ltd., and used without further purification. 

RESULTS AND DISCUSSION 

Hysteresis of Transition Point in DSC Curves 

There was no thermic change in the DSC curve of 
PMSP, but Br-PMSP stored in air at room tem- 
perature between the first day and 1 month had an 
endothermic transition point between 50°C and 
80"C, which reversibly occurred in the heating cy- 
~ l e . 2 ~  Figure 1 shows the DSC curves of the Br- 
PMSP (Br: 13.1 wt % )  membrane stored in air at 
room temperature. It is clear that a new endothermic 
transition point appeared and shifted to the low 
temperature side with time. First, a small exothermic 
peak was observed next to the endothermic point. 
With sample storage in air, the exothermic peak 
disappeared and a new broad exothermic peak ap- 
peared near 250°C. Furthermore, the endothermic 
point shifted with time. 

r 
30 110 190 270 350 

Temperature [TI 

Figure 1 DSC curves of the brominated PMSP (Br: 
13.1 wt %) membrane stored in air at room temperature 
for ( A )  0 day, (B ) 59 days, and ( C  ) 80 days in the heating 
region between 20°C and 350°C. 
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After bromination, from the results described in 
a previous article, 23 the product was thought to have 
the following structures: 

-CBr( CH3) - CBr( R )  - , 

- CCHzBr = CR - , 

- CBr (CH2Br) - CBr ( R )  - 

R: - Si(  CH3)3 

Furthermore, from the effects of water and oxygen 
in air, some C - Br bonds would change the C = 0 
and OH groups. The endothermic transition was 
suggested to be attributable to a rotational change 
in the produced C - C bonds. 

Figure 2 shows the time-dependence of endo- 
thermic temperature in the DSC curves of the Br- 
PMSP membranes stored in air a t  room tempera- 
ture. In  spite of the bromine content, the endo- 
thermic temperature linearly decreased, but after 80 
days, it was constant between 30°C and 40°C. 

A change in the constant-pressure heat capacity 
( ACp) of the Br-PMSP membranes also changed 
with time. These values of the Br-PMSP mem- 
branes and other polymeric membranes are sum- 
marized in Tables I and 11, respectively. Methods 
for polymerization and membrane preparation of all 
polymers in Table I1 were carried out according to 
the same methods described in another a r t i~ le . '~  The 
ACp values of other polymers were almost in agree- 
ment with those in reference 28, and all were below 
0.6 ( J  - g-' - K-'). However, the ACp values of the 
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Figure 2 Time-dependence of endothermic temperature 
in the DSC curves of the brominated PMSP membranes 
stored in air at room temperature between the first day 
and 1 month. Bromine content ( w t  % ) : 3.3 (0) ,10.8 ( A ) ,  
and 13.1 (0). 

Table I 
Capacity (ACp) and the Endothermic 
Temperature (TEndo) of the Br-PMSP Membranes 

Change in the Constant-Pressure Heat 

Bromine 
Content Time T E n d o  ACP 
(wt %) (day) ("C) (J - g-I K-') 

3.3 0 
60 

10.8 0 
70 
80 (1)" 
80 (2)a 
80 (3)" 
80 (4)" 

13.1 0 
70 

74.7 
45.0 
72.1 
38.5 
36.9 
40.2 
35.5 
35.1 
74.7 
39.3 

1.38 
1.54 
1.32 
1.39 
1.68 
1.74 
1.84 
1.84 

1.46 
- 

a Heating rate: l"C/min; region: 10-90°C; cycle: 4 times. 

Br-PMSP membranes were above 1.0 (J  * g-' - K-' ) 
and increased with time. In the case of repeating a 
heating-cooling cycle between 10°C and 90°C using 
the Br-PMSP membrane of 10.8 wt 5% bromine after 
80 days, the value increased 0.16 (J - g-' * K-' ) , i.e., 
from 1.68 to 1.84 (J  - g-' . K-l) .  After repeating three 
times, the value was constant. These results mean 
that the transition of the Br-PMSP membrane is 
different from the usual glass transition of polymers, 
which is a behavior of relieving frozen movements 
in a glassy state. 

Table I1 
Capacity (ACp) and the Endothermic 
Temperature (TEndo) of Various Polymers 

Change in the Constant-Pressure Heat 

TEndo ACP 
Polymer (Tg) ("C) (J*g- '*K-')  

Poly(dimethylsi1oxane) 
Poly( 3-methacryloxypropyl- 

Poly(viny1 acetate) 

Poly(viny1 chloride) 
Poly(trimethylsilylmethy1 

Polystylene 

Poly(methy1 methacrylate) 

Poly(pheny1ene oxide) 

tris( trimethylsi1oxy)silane) 

methacrylate) 

-123" 

2 
28 
31" 
77" 

82 
101 
100" 
105 
105" 
199 
207" 

0.50" 

0.09 
0.53 
0.50" 
0.30" 

0.30 
0.21 
0.29" 
0.32 
0.31" 
0.11 
0.24" 

a Ref. 28. 
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Figure 3 shows the FT-IR spectra of the Br- 
PMSP (Br: 2.4 wt % )  membrane stored in air a t  
room temperature. A change was not clearly ob- 
served. If a chemical reaction occurs during storage, 
a distinct change would be observed in the IR spec- 
trum. Therefore, these results suggest that a physical 
change has priority over a chemical one. 

From these results, the behavior, i.e., the endo- 
thermic point's shift, the appearance, and disap- 
pearance of the exothermic peaks, and the change 
in ACp should be associated with a local change in 
the conformation and arrangement a t  the bromi- 
nated sites and their neighborhood composed of the 
rigid backbone chains of the PMSP. 

Temperature-Dependence of Permeability 

The gas permeation behavior with time was inves- 
tigated, as shown in Figure 4, which shows the tem- 
perature-dependence of the permeability coefficient 
for oxygen in the Br-PMSP (Br: 10.8 wt % ) mem- 
branes. During the first heating from 30°C to 9O"C, 
a distinct change in slope was observed, and in the 
first cooling from 90°C to 30"C, the permeability 
coefficient linearly changed on the same line as the 
first heating between 60°C and 90°C; then the value 
a t  30°C decreased after doing the heating-cooling 
cycle. In the second heating, continually, a transition 
point was not clearly observed. In the second cooling 
from 100°C to 30"C, the value changed on the same 
line as in the second heating. In the case of the 
membrane stored in air a t  room temperature for 2 

2.6 2.8 3.0 3.2 3.4 3.6 3.8 

T' x 1 O3 (K-') 

Figure 4 Temperature-dependence of permeability 
coefficient for oxygen in the brominated PMSP (Br: 10.8 
wt % ) membranes: the fresh membrane in the first heating 
(0 )  , the fresh membrane in the second heating ( A ) ,  and 
the membrane stored in air at  room temperature for 2 
months in the first heating (0). 

months, a distinct change in slope was not observed 
in the heating from 0°C to 70°C. The permeability 
coefficient a t  3OoC was smaller than that of the fresh 
membrane. Other gases (i.e., Nz, COz, H2, and CH,) 
also showed the same results. 

It was assumed from the results of the permeation 
and DSC analyses that the behavior was due to a 
relaxation of a new local domain, which was pro- 
duced by the bromination. First, the brominated 
sites were fixed to the nonreacted PMSP chains, 
then the ACp value was larger than those for other 
polymers, but the free volume would be large, mean- 
ing that there was a space that the chains could 
easily move in. Therefore, a distinct change in the 
permeability would occur, and the ACp value would 
be smaller than those for the stored membranes. 
With time, the brominated sites and their neigh- 
borhood were relaxed by physical aging; therefore, 
the endothermic temperature would shift to the low 
temperature side. However, since free volume de- 
creased, a higher energy for the rotation of the chains 
would be needed in comparison with the first; then 
the ACp value increased, and an effect of the change 
in the permeability would be weakened. 

4000 3000 2000 1600 1200 800 400 

Wavenumber [cm-'1 

Figure 3 FT-IR spectra of the brominated PMSP (Br: 
2.4 wt % )  membrane stored in air at  room temperature. 
( A )  0 day, ( B )  21 days, ( C )  96 days, ( D )  217 days. 

Pressure-Dependence of Permeability 

From the previously mentioned results, the transi- 
tion was thought to result in a local change, not in 
an  entire change in all chains. If the entire change 
occurs, such as the glass transition of polymers, a 
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rubbery behavior would be observed in its perme- 
ability above the transition temperature. 

The permeability coefficient for simple gases in 
most rubbery polymers has no pressure-dependence, 
but for hydrocarbons, e.g., C3Hs in various silicone 
polymers, it increases with increasing upstream 
pressure." In the case of glassy polymers, there is a 
pressure-dependence of permeability coefficients for 
CO' and hydrocarbons. With increasing upstream 
pressure, the permeability decreases, or decreases 
once and then increases as a result of plasticization. 
Some theories about these behaviors have been pro- 
po~ed.~'-~' 

Figures 5 and 6 show the effect of upstream pres- 
sure on the permeability coefficient for C3Hs in the 
fresh PMSP membrane and the Br-PMSP (Br: 13.1 
wt % ) membrane above and below Br-PMSP tran- 
sition temperatures. With increasing upstream 
pressure, all permeability coefficients decreased re- 
gardless of the measured temperature. Above the 
transition temperature, the permeability in the Br- 
PMSP membrane showed similar behavior in glassy 
polymers. This means that the entire change did 
not occur from a glassy state to a rubbery state in 
the Br-PMSP membrane above the transition tem- 
perature. For the purpose of analyzing what sites 
were brominated, sorption measurements were car- 
ried out. 

Time-Dependence of Sorption Behavior 

Sorption isotherms for C3Hs in the PMSP and Br- 
PMSP membranes are shown in Figure 7. The mea- 
surement was done below Br-PMSP transition 
temperature with elevating pressures. These curves 

0 10 20 30 40 50 60 70 80 

Pressure (crnHg) 

Figure 5 Effect of upstream pressure on permeability 
coefficient for propane in the fresh PMSP membrane at 
35°C (0) and 70°C ( 0 ) .  

5.0 

4.0 

3.0 

2.0 

1 .o 
0 10 20 30 40 50 60 70 80 

Pressure (crnHg) 

Figure 6 Effect of upstream pressure on permeability 
coefficient for propane in the brominated PMSP (Br: 13.1 
wt % ) membrane at  35°C ( A )  and 70°C (A). 

exhibit the typical isotherm's shape observed in 
glassy polymers, and have been known to be ana- 
lyzed using the dual-sorption 

C = KDp + C;lbp/( 1 + bp)  

where C is the equilibrium concentration of the 
sorbed gas, KD is the solubility constant in the Hen- 
ry's law limit, C h  is the hole saturation constant of 
Langmuir absorption, b is the Langmuir affinity 
constant, and p is the equilibrium gas pressure. In 
particular, C h  is useful for an estimation of the space 
in the microvoids composed of polymer chains with 
frozen movements in the glassy state. 

The parameters KD, C;l,  and b as a function of 
bromine content are shown in Figures 8-10, respec- 

0 10 20 30 40 50 60 70 80 

Pressure (crnHg) 

Figure 7 Sorption isotherms for propane in the PMSP 
(0) membrane and brominated PMSP membranes con- 
taining 7.4 ( A ) ,  11.9 ( O ) ,  and 14.2 (El) wt % bromine at 
35OC. 
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. 

0 5 10 15 

Br content (wt%) 
Figure 8 Relationship between bromine content and 
KD for propane in the brominated PMSP membranes at  
35°C. 

tively. With increasing bromine content, the K D  and 
b values increased once and then decreased, and the 
Ch value constantly decreased. Both a glassy domain 
and a rubbery one in the PMSP would be bromi- 
nated, but these results mainly gave information 
about bromination of the glassy domain. These re- 
sults mean that the glassy domain in the PMSP had 
reacted, and some brominated sites in the glassy 
state changed to the rubbery state. 

The endothermic temperature in the DSC curves 
of the Br-PMSP membranes decreased with storage 
in air at  room temperature. Therefore, the sorption 

A A 

. 

-I 
0 

0 
0 5 10 15 

Br content (wt%) 

Figure 9 Relationship between bromine content and 
Ch for propane in the brominated PMSP membranes at  
35OC. 

0 5 10 15 

Br content (wt%) 

Figure 10 Relationship between bromine content and 
b for propane in the brominated PMSP membranes at  
35°C. 

measurement for C3Hs in the Br-PMSP (Br: 11.9 
wt % )  membranes was carried out under the same 
conditions, and the sorption isotherms are shown 
in Figure 11. A shape change in the isotherms was 
expected from a glassy type to a rubbery one because 
the endothermic temperature approached the mea- 
surement temperature with time. However, the 
shapes were the same in Figure 7. A slight decrease 
in the C value was observed with time. Therefore, 
these curves were analyzed using the dual-sorption 
model, and the parameters KD, Ch, and b are plotted 
as a function of storage time in Figure 12. This 
means that the C value’s decrease with time de- 
pended on a slight decrease in both the KD and Ch 

0 10 20 30 40 50 60 70 80 

Pressure (cmHg) 

Figure 11 Sorption isotherms for propane in the bro- 
minated PMSP (Br: 11.9 wt % ) membranes stored in air 
a t  room temperature for 0 day ( O ) ,  149 days ( A ) ,  and 
174 days (0). 
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Figure 12 Time-dependence of KD (0) , C g  ( A ) ,  and 
b (0) for propane in the brominated PMSP (Br: 11.9 wt 
% ) membranes stored in air a t  room temperature. 

values. The range of the decrease is small; however, 
these results suggest, along with the result of the 
hysteresis in the permeability, that the brominated 
sites and their neighborhood were relaxed by phys- 
ical aging. Therefore, both a slight decrease in the 
microvoids, i.e., the decrease in the Ch value and a 
slight increase in flexibility in the rubbery domain, 
i.e., the decrease in the KO value, occurred with time. 

These results can also support the explanation of 
the results of the DSC and permeation analyses. 

High-pressure Permeability and Solubility 

The permeability and solubility for C02  in the 
PMSP and Br-PMSP membranes were carried out 
with increased pressure, up to 40 atm. Figure 13 
shows the effect of the upstream pressure on the 

4.0 

3.0 

2.0 

1 .o 

Figure 13 

0 5 10 15 20 25 30 35 40 

Pressure (atm) 

Effect of upstream pressure on permeability 
coefficient for carbon dioxide in the fresh PMSP (0) and 
brominated PMSP (Br: 2.6 wt %, A )  membranes at  35OC. 

permeability coefficient for C 0 2  in the PMSP and 
Br-PMSP (Br: 2.6 wt '36) membranes, while the 
sorption isotherms for these membranes are shown 
in Figure 14. There was a similar pressure-depen- 
dence of the permeability coefficients in both mem- 
branes, as shown in the case for C3H8. The sorption 
isotherm in the PMSP membrane showed a similar 
curve for C3H8, but those in the Br-PMSP mem- 
branes had different curves, i.e., the shape had an 
upward curve above 20 atm. The same shape of the 
isotherms has been found in various polymer-vapor 
(water) and polymer-gas systems, and especially, 
in the latter case, an attempt was made to  analyze 
it using the modified dual-sorption equations with 
the new parameter related to the interaction between 
a polymer and a gas.36-41 For a polymer-COz system, 
the Tg  of the used polymers was about 60°C, e.g., 
poly( vinyl benzoate) = 65.5°C37; poly(ethy1 meth- 
acrylate) = 61°C.40 Although the shape was linear 
near the Tg, the same type isotherms were observed 
near room temperature. This was due to the large 
plasticizing effect of sorbed C02.  The Br-PMSP- 
CO2 system might be influenced by the same effect 
a t  the local brominated domains. 

The effect of hysteresis on the sorption behavior 
in the Br-PMSP (Br: 2.6 wt '36 ) membrane is shown 
in Figure 15. After storage in air for 2 months, the 
upward curve above 20 atm observed in the fresh 
membrane disappeared, and the curve was similar 
to that of the PMSP membrane. An isotherm in a 
silicone rubber-COz system is well-known to show 
an upward curve in the sorption i~otherrn.~ '  When 
a silicone structure is added in a glassy polymer, the 
sorption isotherm is expected to show the same 
shape as the Br-PMSP-COZ system. However, 

150 * 

0 10 20 30 40 50 

Pressure (atm) 

Figure 14 Sorption isotherms for carbon dioxide in the 
PMSP (0) membrane and brominated PMSP membranes 
containing 2.6 ( A )  and 14.2 (0) wt % bromine at  35°C. 
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0 10 20 30 40 50 

Pressure (atrn) 

Figure 15 Sorption isotherms for carbon dioxide in the 
fresh brominated PMSP (Br: 2.6 wt % ) membrane ( A  ) 
and the membrane stored in air at room temperature for 
2 months (0) at 35°C. 

sorption in polyimide containing siloxane units in 
the chain showed typical glassy behavior.43 The 
polyimide was composed of 2,2-bis (3,4-decarboxy- 
phenyl) hexafluoropropane (6-FDA) ; 4,4'-diamino- 
diphenylether (DADE); and a,w-bis (3-aminopro- 
pyl) polydimethylsiloxane (DMS) . The morphology 
of this membrane would have a microphase separation, 
i.e., microsiloxane domains in the matrix, because 
there were two Tg in the DSC curve, i.e., at about 
-120°C and above 250°C. Although only 2.6 wt % 
bromine affected the change in the isotherm of the 
PMSP membrane, the silicone-polyimide contain- 
ing the maximum siloxane content of 24% had a 
typical glassy isotherm. The reason for this may be 
due to the effect that the rigid polyimide matrix is 
tightly packed with siloxane domains. After storage, 
the Br-PMSP membrane affected the physical aging 
already mentioned; then the rich units of the rigid 
PMSP would prevent movement of the brominated 
domains. 

CONCLUSIONS 

The state in the Br-PMSP membrane, which was 
prepared by the chemical sorption of bromine, is 
suggested as follows. The Br-PMSP membrane had 
a hysteresis, which results in physical aging from a 
quasi-stable state to a stable one in the local bro- 
minated domains. The domain would be composed 
of the brominated sites, which have the produced 
carbon-carbon single bonds, and their neighbor- 
hood. The movement in the domains heightened, 
and approached a more stable state with changing 
morphology. Some distinct changes in the perme- 

ability and sorption behavior in the fresh Br-PMSP 
membranes are due to this effect. With time, the 
state approached the stable one; then the distinct 
changes in the permeability and sorption behavior 
were not observed, although an endothermic tran- 
sition clearly appeared in the DSC curve of the Br- 
PMSP membrane. 
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