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D&-?he fourth quarter of 1995 the research work along the tasks 

outlined in the agreement was continued. 

It involves two Subprograms: 

- Subprogram "PTMSP" (tasks 2.1-2.7) 

- Subprogram "Predictions" (task 2.8). 

Accordingly, the following report describes the results obtained during the 

period 

July 1 - September 30, 1995 and includes: 

Subprogram "PTM S P  

I. Synthesis 

11. Experimental study of PTMSP gas permeability 

11. PTMSP thin films and composite membranes 

IV. Gas sorption in PTMSP 

. 

Subprogram "Predictions" 

Conclusions 

The research described in this Quarterly report for July-September 1995 was 

done by staff members of TIPS headed by 

Pr0f.V. Khotimsky 

Prof.V.Teplyakov 

Prof.V.Volkov 

Prof.Yu.Yampolskii 

supervised by Prof.N.Platfi 
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Subprogram "PTMSP" 

1. Synthesis 

In order to develop the conditions for preparing polymers with different 

molecular masses, we continued our investigation of TMS P polymerization 

catalyzed by TaC15 and TaClg/BuLi at various ratios of VTMS (regulator of 

molecular mass of the polymer) : catalyst. We also studied the effect of the . 
structure of silahydrocarbon on the process of TMSP polymerization. To this end, 

we carried out polymerization of TMSP in the presence of additives of 

vinylphenyldimethylsilane and vinylallyldimethylsilane. The * conditions of 

experiments and the results obtained are shown in Tables 1 and 2 and illustrated 

by the plots of dependencies of the polymer yield and molecular mass versus the 

silao1efin:catalyst ratio. (Figures 1 and 2). . 
Examination of the experimental data shows that the presence of VTMS nbt 

only affects molecular mass of the forming polymers but also leads to incomplete 

conversion of the monomer into polymer. Chromato-mass-spectrometric analysis 

of low-molecular-mass products of reaction revealed that the liquid part of 

reaction mixture, which is not polymerized, remains unchanged and the reaction 

medium does not contain cyclotrimers, which formation in polymerization of 

acetylene derivatives usually explains an incomplete conversion of monomer into * 

polymer. 

Thus, VTMS acts not only as the chain transfer agent in TMSP 

polymerization but its reaction with the growing chain can cause irreversible chain 

termination. Therefore, when VTMS is used, low-molecular-mass polymers are 

produced at incomplete conversion of the monomer. VPDMS shows similar effect 

(Table 1, experiment 6). VADMS does not shows any effect on TMSP 

polymerization (Table 1, experiment 7) as it was observed for 1-octene (see the 

previous report). 

Catalytic systems based on NbCI5 were used for further studying TMSP 

polymerization. Analysis of the literature data shows that NbCI5 can form 

polymers with lower molecular masses. We carried out experiments on TMSP 

polymerization in the presence of NbC15 and NbC15/TIBA systems. The 

experimental data are listed in Table 2. 
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The above data show that niobium-based catalysts allow preparation of 

polymers with the intrinsic viscosities in the range from 1 to 0.2. In this case, it is 

possible to prepare polymers with low molecular masses with quantitative 

conversion of-the monomer. 

We studied film-forming properties of the polymers prepared using the 

catalytic systems based on niobium chlorides. The polymers with the intrinsic 

viscosities up to 0.58 dl/g form high-strength elastic films, whereas it is impossible 

to make films from the polymer with a viscosity of 0.2 dl/g because of poor 

mechanical properties of such polymer. 

The films from low-molecular-mass PTMSP also show high gas- 

permeability (Table 3). Thus, to develop the method for preparing PTMSP 

polymers with low molecular masses it is advisable to concentrate on the study of 

polymerization with the catalytic systems based on NbC15. 

The use of various catalytic systems allows preparation of PTMSP with 

molecular mass from several thousands to several millions. The method for 

controlling the molecular mass of PTMSP makes it possible to prepare PTMSP 

suitable for manufacture of both flat membranes and hollow fibers. 

. 
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Table 1. 

The effect of olefins to polymerization of TMSP 

RUn Catalyst Olefin, Polymer 

no. mol/L yield, Mw* Mn * 10-4 M+ 

wt.% 10-4 dL/g 

1* TaCls-BuLi - 100 280.0 130.0 2.1 10.1 

2* -------- ------ VTMS 9.5 23.5 11.7 2.0 1.2 // - 0.1 

3 ------- - // ------ VTMS 20.0 65.0 34.1 * 1.9 1.9 
0.05 

3 ------ - - - - - - - - VTMS 30.0 104.0 62.0 2.2 3.0 
0.02 

// 

4* -------- ------ VTMS 53.5 175.0 66.5 2.6 5.7’ // 

// 

6 - - - - - - - - - - - - - - AlTMS 2.2 - 0.05 
// 

. 
- 0.0 1 

5** -------- ------ VFDMS 18.0 76.6 34.5 2.2 2.7 - 0.05 

7 TaC15 - 96.8 45.0 7.6 2.3 3.9 

g** -------- // ------ VTMS 18.2 10.2 1.3 7.7 0.54 - 0.1 

// 

10 -------- ------ VTMS 42.5 63.5 30.6 2.2 2.0 // 

// 

g ------- - ---- - - VTMS 25.3 37.6 13.9 2.7 I .5 - 0.05 

0.02 - 
11** -------- ------ VTMS 72.0 37.6 6.3 2.3 2.8 - 0.0 1 

* Polymerization in toluene, 25OC, 2 h., [Ml0=0.5 mol/L, [TaC15}=10 mmol/L 

** Polymerization in toluene, 25OC (24 h.) and 40OC, [MIo=0.5 mol/L, 

[TaC15}= 10 mmol/L 
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Table 2. 

-- 

Monomer 
concentrat 

ion, 
mol/L 

1 .o 
1 .o 
1 .o 
1 .o 
1 .o 

Polymerization of TMSP by NbC15 

Monomer/ 
catalyst 

ratio 

_ _  

100 

100 

100 

50 

50 

co- 
catalyst/ 
catalyst Conditions of 

ratio polymerization 
[ W [ T a I  

Polymer 

- 80 1 100 

- 25 1 25 

- 25 24 75 

0.3 25 24 96 

0.3 I 25 I 24 I 93 

*) The sample in amount 10 g is transferred to LANL 

Table 3. 

Properties of the PTMSP samples 

1.0 

0.7 . 
1.46 

0.2 

0.17 

Run no. [q] in toluene, dL/g, Permeability P* 
25OC 

Po2 pN2 02/N2 

11L 1 .o 5.8 3.7 1.64 

12L 0.7 6.57 3.75 1.74 

14L 0.58 4.17 2.55 1.64 

*PO 10' cm3 cmlcmls cm Hg 
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Figure 1. 

Yield, % mass 
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Figure 2. The dependence of yield (Fig. 2) and molecular mass of PTMSP for 

content of VTMS. (+ - TaCIS -Bu Li 0 - TaCIS) 
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11. Experimental study of PTMSP gas permeability 

The gas separation properties of PTMSP prepared on catalytic system 

TaC15/TIBA (Sample 6L) were studied. The films were prepared by casting from 

0.4% solutions of PTMSP in different solvents (toluene, cyclohexane, hexane) over 

cellophane surface at ambient temperature. Films were kept for about 1 week to 

dry, then they were removed from cellophane and dried in vacuum until a 

constant weight is achieved. It was shown that the gas permeability coefficients of 

02 ,  N2, C02, CH4 and He of this Sample are lower in comparison with Samples 

1L and 2L earlier studied. It should be noted that the Samples 1L and 2L were 

-- 

prepared on other catalytic system (TaClg/BuLi). Additionally, the gas 

Permeability of PTMSP 6L depends also on casting solvent (the films were 

prepared from cyclohexane, toluene and hexane). Data are shown in Table 4. - 
Table 4. 

The gas permeability properties of PTMSP 
(sample 6L) 

Solvent [ q] ,dl/g 

(25OC) 
_____~ ~ 

cyclohexa 10.6 
ne 

toluene 8 .o 
hexane 5.7 

P 107 [cm3 cm/cm2 s cm Hg] 

0 2  N2 c o 2  CH4 He 

8.6 5.4 16.7 43.8 6.8 

5.9 3.8 12.3 3 1.7 5.2 

7.3 4.3 13.6 34.7 5.4 

The thicknesses ofJim are 30-65 ,urn 

It should be noted that Samples 2L and 6L have the similar intrinsic . 
viscosities but the gas permeability coefficients for Samples 6L are lower than ones 

for Samples 2L (for example, the ratios of Po2(2L)/Po2(6L) are about 1.3 and 2 

for films prepared from cyclohexane and toluene, respectively). 

Thus the obtained experimental gas permeability data for samples lL, 2L 

and 6L demonstrate the influence of the selected catalytic system for 
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polymerization and of the choice of solvent for films casting. It was found that gas 

separation parameters of PTMSP are primarily determined by individual prehistory 

of the samples. Bearing in mind their sensitivity to many factors, such as a 

selection of caralytic system, monomer/catalyst ratio, choice of the solvent during 

reaction and film forming procedure, time interval between film casting and 

permeability measurement, etc, a relevant subject of further studies will be a search 

for correlations which could allow to develop a procedure of samples 

standartization and permit to find way of their stabilization. 

Permeability 

cm3/cm2+s*atm 

N2 0 2  

2.2* 10-3 4.6* 10-3 

1.7* 10-1 1.9* lo-' 

111. PTMSP thin films and composite membranes 

Selectivity 

o n 2  

2.1 

1.1 

As it was shown in Report 3, the PPO porous supports'. resistance to gas 

flow was very high, and as a result, the gas permeability of a PTMSP/PPO 

composite membrane was too low to be attractive from the point of view of 

practical use. To decrease the resistance of the PPO porous support, the new 

procedure using a non-woven polyester fabric instead of glass plate was applied. In 

Table 5 the data of gas permeability through PPO porous supports are presented. It 

is seen that a porous PPO support obtained on the non-woven fabric is two orders 

of magnitude more permeable and as a consequence exhibits less resistance than 

the PPO porous support obtained on a glass plate. 

Table 5. 

The data of gas permeation testing for PPO porous support 

I 
Membrane 

PPO porous support 

on glass plate 

PPO porous support 

on non-woven fabric 
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-- IV. Gas sorption in PTMSP 

During the period under review we continued gas sorption investigations. 

Measurements of gas sorption (He, N2, Ar, CO2, CH4, C2H6) in PTMSP-1L and 

PTMSP-6L were carried out by the gravimetric technique using a Sartorius . 
electrobalance with computer interface. Polymer films for sorption measurements 

were obtained by pouring a 0,75% solution in toluene onto cellophane surface. 

The films were dried in air at 25OC and then in vacuum to constant weight. The 

thickness of the films used was ca. 20 pm. Experimental data were obtained at a 

temperature 25.OM.lOC and gas pressure of up to 100 atm. Correction for 

buoyancy was introduced. Along with the sorption measurements, a sorptive 

dilation of polymer films was investigated. These measurements have not yet been 

completed. Therefore, correction for swelling was not introduced. The non-linear 

least squares procedure of the treatment of sorption isotherms was used. 

In Figs.3 and 4, the sorption isotherms of several gases in PTMSP-1L and 

PTMSP-6L are presented. The isotherms for all gases in both polymers are 

concave with respect to the pressure axis. Such isotherms are characteristic of 

glassy polymers. The C02 and C2H6 sorption isotherms show an inflection point 

in contrast to other investigated gases. As it can be seen from Figs.5 and 6, 

sorption and desorption isotherms of these two gases do not coincide. This 

sorption-desorption hysteresis can be explained by the conditioning effects that are 

normally observed for glassy polymers exposed to a strongly sorbing gas at a high 

pressure. 

Fig.7 shows the sorption isotherms obtained in this study for PTMSP-2L, 

PTMSP-lL, and PTMSP-6L in comparison to those published by TIPS earlier for 

another sample of PTMSP [N.A.Platii, AKBokarev, N.E.Kaliuzhnyi, 

E.G. Litvinova, V.S. Khotimskii, V.V.Volkov, Yu. P.Yampol’skii, Gas and vapor 

permeation and sorption in poiy(trimethylsilylpropyne), J.Membr.Sci., 64 ( 199 l) ,  

191-228.1. The latter polymer was synthesized in a toluene solution over TaClS as 

a catalyst. The monomer concentration was 1 M, and that of the catalyst was 20 

mmol/l. The reaction time was 24 hr and the yield of polymer was 80% by weight. 

The molecular masses of the polymer, determined by gel permeation 
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chromatography (Waters, toluene, 50OC) were shown to be: Mw=590,000, 

Mn=125,000, Mw/Mn=4.72. The intrinsic viscosity of PTMSP in toluene was 

equal to 4.2 dl/g, and the glass transition temperature, according to DTA data 

obtained in vacuum, was 23OOC (Heraeus DTA-500, heating rate lOK/min). This 

sample of PTMSP is designated in this report as PTMSP-MH. 

180 

160 

140 

u” 60 

40 

20 

0 
40 60 80 100 120 0 20 

P. atm 

Figure 3. Sorption isotherms for various gases in PTMSP-1L. 
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Figure 4. Sorption isotherms for various gases in PTMSP-6L. 
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Figure 5. Sorption-desorption isotherms for carbon dioxide and ethane in 

PTMSP- 1L. 
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Figure 6. Sorption-desorption isotherms for carbon dioxide and ethane in 

PTMSP-6L. 
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Figure 7. Comparison of gas sorption isotherms for PTMSP samples synthesized 

by different techniques. 

An interesting feature of the results of sorption studies is that, for all gases 

investigated, the equilibrium sorption for the PTMSP samples synthesized in this 

study increases in a following sequence: PTMSP-2L, PTMSP-lL, and PTMSP-6L 

(Fig.7 a, b, c, d). The equilibrium sorption of PTMSP-6L is very close to that of ' 

FTMSP-MH. It should be noted that such strong dependence of equilibrium 

sorption on molecular mass and/or catalytic system was obtained for PTMSP for 

the first time. To obtain the parameters of the dual mode sorption model, the 

sorption data were treated by a non-linear least squares method using the program 

FUMILI. The results are presented in Table 6. 
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Table 6. 

Dual mode sorption model parameters of the PTMSP samples* 

in 

toluene 

PTMSP-2L 8.0 

PTMSP-1L 16.0 

F'TMSP-6L 8.0 

F'TMSP-MH 4.2 

*A sequence of the PT, 
I 

SP samples was chosen in accordance with increase of the& 

equilibrium sorption 

KD [cm3/cm3.at], C ;V [cm3/cm3], and b [ I/at] 

It is seen from Table 6 that in spite of the different catalytic systems used 

for the synthesis of PTMSP-6L and PTMSP-MH (TaC&/TIBA and TaCl5, 

respectively) the dual mode sorption model parameters and as a consequence the 

sorption behavior of both polymers are very similar. The values of affinity constant 

b, which reflects the aanity of a solute molecule to the adsorption site, are very 

close in all PTMSP samples considered. One can thus conclude that the molecular 

mass and catalytic system do not affect very much the solute-polymer interaction 

in the process of the Langmuir sorption and that the most important thing for the 

affinity constant is a chemical nature of a polymer. 

On the other hand, the Lailgmuir capacity constant parameter C'H turns 

out to be very sensitive to the procedure of PTMSP synthesis. In the frames of the 

same catalytic system TaCls/BuLi (samples 2L and 1L) increase in molecular mass 

is reflecting an increase in unrelaxed free volume estimated by Langmuir capacity 

constant parameter C'H. A comparison of two PTMSP samples with equal 

intrinsic viscosities of 8 dL/g (PTMSP-2L and PTMSP-6L) shows that the 

catalytic system plays a very significant role in resulting sorption properties of 

corresponding PTMSP films. As it follows from Tablel, the unrelaxed free volume 
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estimated by C'H value can be changed by a factor of three by choosing a proper 

catalytic system. Therefore, it is evident that developed in TIPS catalytic systems 

allow us to vary significantly a PTMSP microstructure and, therefore, chain 

packing, whickis revealed in a dramatic increase in the sorption capacity and the 

mobility component of gas permeability. The latter effect was discussed in previous 

report and is confirmed by these new results. 

In Fig.8 a dependence of intrinsic viscosity of the PTMSP samples in 

different solvents (see Table 4 of previous report) on cohesive energy density ECED 

of solvent is presented. 

25 7- 

00 20 
c;l 

.I 6 15 -- 

-- 
\ 

b 

v) 8 
.I 

0 10 
P 
'C 

3 5 - -  

-- 
.I 

c) 

m PTMSP-2L 
A PTMSP-6L 

0 

4 e 
Hex CHex To1 CC4 

0 I I 
I , t ;  t i  I i 

30 40 50 60 70 80 90 100 

Eced, cal/cm3 

Figure 8. The dependence of intrinsic viscosity on cohesive energy density of a 

solvent for the PTMSP samples 

The following conclusion could be drawn from Fig.8: each presented 

dependence of intrinsic viscosity on cohesive energy density ECED describes by a 

curve with a maxirnum, the extrema being observed at the value of cohesive energy ' 

density equal to that of cyclohexane. These results allow us for the first time to 

estimate a value of cohesive energy density of PTMSP as equal to 67 kcal/mol. 

In Table 7 diffhion activation energies of light gases for polyethylene (PE) 

and PTMSP are presented. This table illustrates a microporous nature of such 
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highiy permeable glassy polymers as PTMSP. Actually, these two polymers 

(amorphous (conducting) part of PE is in rubbery state and PTMSP is in glassy 

state) possess the same value of cohesive energy density and in accordance with 

Meares modkrshould have the same value of activation energy of diffusion. 

Nevertheless, due to the microporous nature of glassy PTMSP in comparison with 

rubbery PE, a drastic difference in their diffusion activation energies is observed. 

When a diffusant molecule passes along the narrowest section of the micropore 

limiting the rate of diffision, the necessary displacement of polymer chain 

fragments is equal to d-a, where d is the diameter of a diffusing molecule and a is 

the dimension of the narrowest section of the micropore. Using the data of Table 

7, the value of a for PTMSP could be estimated on the level of Ca. 4E. 

Table 7. 

Diffusion activation energy of light gases for PE, PTMSP, and PVTMS 

Polymer ECED ED kcal/mol* 

cal/cm3 N2 CH4 

PE 65 8.4 10.1 

PTMSP 67 0.44 2.14 

PVTMS 67 4.4 5.7 
- 

*Literature data 

In Table 7 the data for polyviniltrimethylsilane (PVTMS) are also presented 

for comparison. Using the same approach, the a value for this high permeable 

glassy polymer (but two orders of magnitude less permeable polymer than PTMSP) 

was estimated earlier in TIPS as equal to ca. 2E (V.V.Volkov et al., Vysokomolec. 

Soed. Ser.A, 21 (1979) 927). 

. 
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Subprogram "Predictions" 

16 

I 

The i&al version of software was prepared for prediction of all gas 

permeability parameters of polymers. Parameters include permeability (P) , 
diffusivity (D), solubility (S) coefficients as well as temperature characteristics such 

as an activation energy of diffusion (ED), heat of sorption (AH) and Ep, which is - 
equal ED + AH, on the basis of restricted input experimental data. A feature of 

this software is the possibility to predict the gas separation properties of polymeric 

membranes under any elevated or lowered temperatures (in the temperature range 

where the Arhenius equation holds). It is very important for practical using. The 

final version of software which can provide the prediction of all aforementioned 

parameters from the restricted experimental data separately obtained undei 

different temperatures is now being developed. 

As an example the results of prediction technique are shown below for 

PVTMS polymer (Table 8 and 9, Fig.9 and 10). We analyzed published 

experimental data and can conclude that, unfortunately, now the reliable 

experimental data obtained under different temperatures for PTMSP have not 

been published. Further research in the frames of Joint Research Program should 

provide these parameters since we should deal with thermostabilized PTMSP films. 

We hope to use this software as an instrument of study of high permeable 

polymers . 

c 



Table 8 

-- Initial data for PVTMS 

(Teplyakov V., Meares P., Gas separation and purification, v. 4, N O ~  (1990) p. 

65-74) 

P 

x108 

1.8 

0.33 
0.3 
0.17 

2.0 
0.44 
0.11 
1.9 

0.18 

0.12 

kcal/mol 
3.2 

3.1 
3.04 
2.8 

3.5 
3 .O 
3.8 
1.4 

3.1 

D 

x107 

400 

4.8 
1.4 
.27 

180 
7.6 
3.6 
5.2 

1.8 

0.25 

- 

ED 

kcal/mol 
2.8 

4.2 
5.7 
7.0 

3.5 
4.3 
4.4 
4.2 

5.7 

5 

x103 

0.46 

6.9 
21:4 
63.0 

1.1 
5.8 
3 .O 
38.0 

10.0 

kcal/mol 
0.4 

-1.1 
-2.56 
-4.2 

-1.3 
-0.6 
-2.8. 

-2.6 
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Table 9 

- _ _  Gas permeability parameters of PVTMS 

Predicted values obtained by initial version of developed software 

P 
x108 

2.1 
0.59 
0.3 

0.28 
0.2 

0.16 
2.2 

0.38 
0.09 
1.7 

0.13 
0.2 1 
0.11 
0.03 
0.0 15 
0.13 
0.11 
0.055 
0.35 
0.8 
0.6 
1 .o 

0.23 
1.1 

EP 
kcal/mol 

3.3 
3.7 
3.3 
2.8 
2.5 
2.1 
2.8 
3.3 
4.2 
1.6 
3.8 
3.1 
2.6 
2.8 
2.6 
2.8 
2.3 
2.1 
2.3 
1 .o 
0.8 

1.6 
1.1 

0.8 

D 

450 
86 
5.1 
1.5 
0.3 

0.07 
150 
7.5 
3.7 
4.1 
3.6 
1.9 

0.11 
0.0 1 

0.00 12 
0.24 
0.04 

0.0055 
0.64 
0.18 
0.06 
0.16 
0.05 
0.47 

xi07 
ED 

kcal/mol 
2.6 
3.4 
4.7 
5.4 
6.2 
6.9 
3.1 
4.6 
4.9 
4.9 
4.9 
5.3 
6.6 
7.8 
8.8 
6.3 
7.1 
8.2 
5.8 
6.4 
7.0 
6.5 
7.1 
6.0 

S 

0.48 
0.78 
6.0 
19.5 
70 ’ 

230 
1.5 
4.9 
2.5 
42 
3.7 
12.5 
94 
320 
1200 
55 

254 
1000 
56 

460 
1100 
630 
570 
240 

xi03 

- 
AHS 

kcal/mol 
0.7 
0.3 
- 1.5 
-2.6 
-3.7 
-4.8 
-0.3 
-1.3 
-0.7 0 

-3.3 
-1.1 
-2.1 
-4.0 . 
-5.0 
-6.2 
-3.5 . 

-4.9 
-6.1 
-3.5 
-5.4 
-6.2 
-5.7 
-5.5 
-4.8 
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Fig. 9. Gas separation properties of PV'I'MS under low temperature 

Data predicted by devclopcd software 011 the base of restrJcted experimental 
data froni Table 1 

(-5 O W )  



Fig. 10. Gas separation properties of PVTMS at elevated teinyeralure 

Data predicted by developed sohvare on the base of restricted experimental 
data fiorri Table 1 

(+ 1 OOOC) 



As it has been reported previously, the quality of the group contribution 

correlations and predictions for activation energies of permeation and diffusion is , 

better within polymers belonging to the same classes. In the process of preparation 
-- 

of the basic set of the P and D values, it was decided to test this possibility and, 

first, to search for group contributions of these values in the frames of certain 

polymer classes. Two groups of glassy polymers were included into this analysis: 

-30 polyimides with different chemical structure: the data from various sources, the 

P and D values reported for different gases at 308 K; 

-16 norbornene polymers: the domestic data as well as thdse reported by 

Y.Kawakami et al., Polym.J.,20,285,1988 for poly(carbonitri1e norbornene)s, data 

at 298 K. 

These two sets of data were used in testing an analytical form of maste'r 

equation: 

Y = A X + B  (*) or Y'=AX' 

L 

where Y and Y are log P and log D, and X or X' are equal to sums d 6 i .  Some 

typical results are shown in Figs. 11 and 12 for permeability coefficients of 

polyimides in respect to hydrogen and oxygen. It is seen (and is confirmed for 

other gases) that a better agreement between experimental and calculated values 

can be obtained for the equation in the form (*). The same is true for the 

correlations of difbivity (Fig.13). Thus, the form (*) of master equation gives 

substantially better correlation coefficients and deviations between predicted and 

experimental P and D values. This would allow more accurate predictions in 

comparison with previous calculations based on the master equation (**), The 

deviation between experimental and calculated values are definitely better than 

those found for bigger sets of polymers belonging to various classes. This regularity 

as exhibited by the group contribution method indicates that a search for optimal 

chemical structure of advanced membrane material is better to be performed 

within certain polymer classes. 

Similar calculations were performed for norbornene polymers. In this case, 

only master equation (*) was used. Fig.14 and 15 show the conelations found for 

logP and logD of oxygen for two sets of polymers: the whole group of 16 structures 

and only domestic data. A very reasonable agreement is found for both sets. 
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A comparison with the results obtained for polyimides indicates that the 

values of group contribution for two polymer classes are different. However, some 

tendencies of behavior of Si for series of gases and groups are very similar. For 

example, somF groups always cause positive contributions into logP and logD 

values, whereas some behave in an opposite manner. Among the former, there are 

(F), (H), (Csp2); among the latter there are (-0-), (O=), (Csp3), (N). The effects 

of polymer structure on its transport parameters is a well documented phenomena. 

Now for the first time a quantitative measure of these effects for every group 

within polymer repeat unit was given. It is also important that these effects are 

independent of the polymer class where they are revealed. It is interesting also to 

follow the variation of the group contribution when the size of d i h a n t  molecules 

is changed. The data given below for diffusion coefficient in polyimides give an 

illustration of this behavior. 

Table 10 

Variation of the increments 61 into difhrsion coefficients of different gases in 

polyimides. 

co2 

1.865 

0.410 

- 1.769 

-1.141 

0.4 16 

Group CH4 

2.106 

0.489 

-2.043 

-1.376 

0.440 

O= 

N 

F 

0 2  

0.242 

0.180 

-0.8 12 

-0.504 ' 

0.056 

0.752 

0.268 

- 1.279 

-1,015 

0.147 

It is seen that the effects of a certain group are the more significant the 

larger is the size of diffusant molecule. For example, an appearance of F in a 

repeat unit hardly increases the diffusion coefficient of 02 but causes a significant 

increase in D(CH4). The same is fine for the groups which induce a reduction of 

diffusivity (O=, N). 
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Such a trend does not depend on the form of master equation used. 

However, this behavior is not observed for the group contributions of lo@: in the 

same series of gases some contributions increase, other decrease or pass through 

extrema. It cagbe assumed that this more complicated behavior reflects different 

contributions of various structure elements into mobility (D) and solubility (S) 
terms of the P values. 

Therefore, such an analysis allows to obtain quantitative measures of the 

effects by different structural elements of polymer repeating units into P and D 

values of various gases. 

At last, an attempt was made to test similar correlations for separation 

factors of the polymer within the same groups. Two method of calculation were 

tested: 1 .search for group contribution for experimental sets of separation factors 

Pi/Pj, where Pi and Pj are experimental values; 2.the same search when Pi and Pj 
are found via group contributions as it was outlined above. Fig.16 shows the results 

of this analysis. It can be seen that the former approach gives a somewhat better 

correlation. A similar result but with somewhat larger scatter was obtained for 

polyimides. Hence, for the first time, a correlation for permselectivity of 

membrane materials was obtained via a group contribution methods. 
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Figure 11 Comparison of experimental and predicted permeability coefficients 

P(H2) of polyimides: filled points - Eq(*); opened points - Eq(**). 
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Figure 12 Comparison of experimental and predicted permeability coefficients 

P(O2) of polyimides: filled points - Eq(*)O; opened points - Eq(**). 
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Figure 13 Comparison of experimental and predicted difisivities D(02) of 

polyimides: filled points - Eq(*); opened points - Eq(**). 
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Figure 14 Comparison of experimental and predicted permeability coefficients 

P(O2) of norbornene polymers. 
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Figure 15 Comparison of experimental and predicted diffisivities D(02) of 

norbornene polymers (Eq (*) used). 
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Figure 16 Comparison of experimental and predicted separation factors a(02/N2): 

filled points - direct prediction; opened points - prediction via increments into 

P(02) and P(N2). 
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I: Conclusions 

2 

- Development of combined catalytic systems which allow to control molecular 

mass characteristics of PTMSP. For the first time it permitted to elaborate a 

method of preparation of polymer homologous series of PTMSP having a wide 

range of average molecular masses (corresponding intrinsic viscosities 0.2 - 22 

dl/g). Such range of molecular masses is crucial in the development of 

technologies of production PTMSP membranes of different types - composite 

flat sheets as well as hollow fibers using various methods of membrane 

preparation (phase inversion, lamination, extrusion, etc.). 

- New experimental gas permeability and sorption data were obtained for the 

PTMSP samples having different molecular mass and c&t from different 

solvent; flat sheet composite membranes using different kind of porous supports 

were prepared. For the first time, a strong dependence of permeation rates o i  

solvent properties used to cast films and molecular mass of polymer was founb. 

It was shown that a transition from traditional catalytic system first described by 

Masuda and Higashimura to a novel one developed in TIPS results in 

significant changes of polymer microstructure (as preliminary studies using 

temperature IR and NMR spectroscopy showed) and, therefore, permits to 

obtain a chain packing, which is revealed in a dramatic increase in the mobility 

component of gas permeability and fluxes of gases through PTMSP membranes. 

- A software was developed for prediction permeability and pennselectivity 

parameters of PTMSP depending on conditions of samples’ preparation and 

thermal history. It was based on the application of temperature coefficients 

(activation energies) of permeation rate for permanent and inert gases, acid 

gases, as well as lower hydrocarbons (Cl-C4) in this polymer: in calculations a 

minimal set of the parameters is used. A statistical thermodynamic approach is 

suggested for computer simulation of the solubility coefficients of different gases . 
in PTMSP. 

- In the process of preparation of a data base for prediction of membrane gas 

separation parameters, novel correlations were proposed. They allow to relate 

activation energies of penneation and diffusion with free volume and 

corresponding permeability (P) and diffusion (D) coefficients. The latter 

approach is based on an application of the compensation effect between 

-- 
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activation energies and preexponents, existing in many activation processes. Use 

of this correlations will allow to find the P and D values at different 

temperatures and, hence, to calculate the group contributions for various gases 

and structud elements with higher accuracy. 
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