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ABS1RACT: The structural organization and transport properties for vari
ous glassy polymers being utilized or having potential to be applied as the 
materials of separating membranes are discussed. Among them are poly(vi
nyltrimethylsilane) (PVfMS), poly( trimethylsilyl-1-propyne) (PTMSP), and 
poly(phenylene oxide) (PPO). In addition, the data for other glassy and 
rubbery polymers are included into consideration for the comparison. Free 
volume of polymers was estimated by sorption of low-molecular-weight 
probe molecules at various pressures and temperatures, by positron annihi
lation method_ by density technique including calculations by means of 
group contributions. Transport characteristics of polymers investigated were 
studied bysorption-desorption and permeation techniques. It was shown that 
highly permeable glassy polymers may posses free volume fraction on the 
level of that for highly permeable rubbers. This free volume has non-equili
brium nature and exist in the glassy polymer as a interconnected micro porous 
network. Glassy polymers have heterogeneous structure consisting of the 
regions with ordered and disordered structures. The regularities of gas 
sorption in and transport through the glassy polymers and rubbery ones are 
different. The following sequence of changing in gas sorption and diffusion 
mechanism can be proposed: liquids, rubbery polymers, glassy polymers, 
highly permeable glassy polymers, microporous sorbents. sorbents. 
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Glassy polymers, in contrast to rubbery ones, for a long time were regarded to 
be the low permeable substances. However. the syntyesis and investigation of gas 
permeability in poly(vinyltrimethylsilane) JPVTMS) and some of its homologs, 
mono- and disubsliluled acetylene polymers , and some other glassy polymers altered 
radically the situation. For the time being, both the less permeable polymer and the 
most permeable one arc glassy polymers. These arc poly( aciylonitrik) and poly( 1-tri
methylsilyl-1-propyne) (PTMSP), respectively. Range of N2 permeability constants 
and ideal He/N2 permselectivity for glassy polymers are about 7 and 3.5 orders, 
respectively. Suell considerable transpo1t cltaracteristic cltanges of glassy polymers 
could be explained by the value, nature, and structural organization of their free 
volume. 
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It was shown earlier that the dependence of gas diffusion activation 
energies ED on glass transition temperature for the polymers h<l,s an extremal 
character (curve with a maximum) and ED varies inversely as T{ It permitted 
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Fig. 1. Interrelation between Fp, v, and T9 of Polymers 

to suggest that the dependence on Tg for the free volume fraction in polymer Vf, 
participating in the process of diffusion of light gases, has also to be described 
by the curve with minimum in the region of the transfer from elastic to glassy 
state of a polymer. The interrelation between three important for membrane 
gas separation parameters, namely permselectivity Pp, the fraction of free 
volume Vf taking part in the diffusion of gas molecules, and glass transition 
temperature Tg consi4ered as a measure of kinetic rigidity of polymer chains 
is illustrated in Fig.1. · 

It follows from the figure that the same free volume fraction can be 
characteristic for two polymers ( 1 and 2) each one being in the different 
physical (rubbery and glassy) state. Therefore they are distinguished by the 
kinetic rigidity of polymer chains. This results in the greater valueof perm
selectivity for a glassy polymer having the same level of gas permeability as 
the rubbery one (the S-shaped dependence of ~s permeability selectivity 
on Tg was shown in 4). The conclusion was done., that glassy polymers with 
high values of Tg are very prospective materials for gas separating mem
branes. Actually, according to the trends found, the higher the glass tran
sition temperature of a glassy polymer is the higher value of its free volume 
should be. From the scientific point of view, it is of interest to investigate 
the origin of elevated free volume values in glassy polymers with high gas 
permeabilities. 

Free volume of polymers was estimated by sorplion and lransporl of 
low-molecular-weight probe molecules at various pressures and tempera
tures, by positron annihilation method, by density technique including 
calculations by means of group contributions, etc. 
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EXPERIMENTAL 

All polymers investigated except of PTMSP are commercial ones. 1-Trimethyl
sHylpropyne was obtained using Grignard rea~tion of Mg-organic compounds from 
propyne and trimethylchlorsilane accordj,ng to . It was polymerized in toluene solu
tion over TaCls as a catalyst according to'". Monomer concentration was 1 M, that of 
catalyst 20 mmoltl. Reaction time - 24 h, yield of polymer 80% by weight Molecular 
mass of po~mer determined by gel permeation chromatography method (Waters, 
toluene, 50 C)was shown to be:..Mw=590,000, ..Mn=l25,000, ..Mw!..Mn=4.72 Intrinsic 
viscosity of PTMSPwas equal to 4,2 ( 100 ml/g), glass transition temperature according 
to DTA data obtained in vacuum is 230°C (Heraeus DTA-500, rate of heating 10 
K/min). 

Films of polymers were obtained by casting 1-5% solution of polymer in appro
priate_ sfivent on cellophane su_rf.rce. G~s permeabi~ity ~as measured by chr~mato
graph1c · and mass-spectromelnc t~chmq ues. Sorp~on m polymers was studied for 
pressures up to 7 atm bv eravimetric0 and volumetric techniques. Positron life times 
mcasurcmcntswcrcca~~doutonthccquipmcntORTECwithFWHM=300ps.10'11 

The radioactive isotope --Na were used as a source of positron particles. 

RESULTS AND DISCUSSION 

Gas molecules are 
often used as molecular 
probes for the analysis of the 
structure of solids. For in
stance, there is a well-known 
method of low-temperature 
adsorption of nitrogen va
pors. Research results on gas 
sorption in glassy polymers 
in a wide range of pressures 
and temperatures are also 
quite useful for the under
standing of certain aspects of 
the structure of these poly
mers and their free volume. 

70-,------------------~ 

It is known that the 
sorption behavior of glassy 
polymers is different from 
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Fig. 2. Equilibrium sorption isotherms for Xe in 
PVTMS, PPO and PTMSP. 
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rubbecy ones. In particular, isotherms of gas sorption for glassy polymers, in contrast 
to rubbccy ones, have a non-linear nature and arc concave to the pressure axis. In Fig.2 
our data on Xe sorption in P'VTMS, PPO, and PTMSP are presented. Such behavior 
can be descr\~ed in the framework of the so-called dual-mode sorption model (see, 
forexample ): 

C = CH + CD = kDp + Clf(Jp/(1 +bp) 

where CH and CD are the concentrations of Hency's and Langmuir's popula
tions, respectively, kn is the Hency's law constant in cc(STP)/cc(polymer)*atm, b is 
the Langmuir affinity constant in 1/atm, and Chis the Langmuir capacity parameter 
in cc(STP)/cc(polymer). 
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According to this model, the free volume of glassy polymers is viewed as 
consisting of two components: equilibrium thermal free volume, formed as a result of 
low-scale thermal mobility of the polymer chain fragments, and non-equilibrium 
unrelaxed free volume, which is prese,nt in the polymer below Tg as "microvoids" or 
less densified regions. The value of CH is considered to be a measure of unrelaxed 
free volume. For example for sorption of Xe in PTMSP and PVfMS the ci-l values 
are equal to 61. 7 and 18.5, respectively. The total amount of microvoids in the glassy 
polymer can be also estimated by the vapour sorption and density measurements. 

The density of polymers is measured by various methods which can be separated 
into two groups: 

1. Mercury dila tometry, weighing of a sample with known geometric dimensions; 

2. Gradient tube method, weighing of a sample in vacuum (or in air) and in a 
liquid, weighing of the picnometerwith a sample immersed into the liquid. etc. 

As mercury does not wet the polymer, the first set of methods gives the value of 
so-called "geometric" density, pg In the second set of methods the wetting liquids are 
used and by these techniques the so-called "picnometric" density.pp, is measured. For 
rubbery polymers pg= pp but for porous substrates the value of pg always less than 
that of pp because wetting liquids fill porous structure. From this point of view, the 
value of p8 allows to estimate the total density of microporous substrate and that of 
pp - the density of its dense regions. The difference between these two densities is 
used for estimati.p} of total porosity of microporous polymeric sorbents 13, and glassy 
polymers as well . The values of Pf! and pp for PVTMS and PTMSP are presented in 
Table I. 

The density of the polymer can be calculated from the group contributions as 
well (pgr), The group contributions of four-valent Si into the mole volume of glassy 
and rubbery polymers can be estimated from the densities of rubbery poly(vinyl 
amyldimethylsilane) and poly(vinylheptyldimethylsilane ), which are equal to 0.8806 

460 

Table I. Picnometric and geometric densities as well as 
microvoids volume fraction for PVTMS and PTMSP 

I 
!Polymer 

PTMSP 
PVTMS I 

I 

0.964 
0.887 

0.770 
0.836 

PP -pgj 
---1 

Ps I 
0.20 
0.07 

Table II. Microvoids volume Fraction W Estimated by 
Various Techniques for PVTMS and PTMSP 

! w I . , .o 
i 
j Polymer Density Gas Sorption Groups Contribution 
I Technique Method Method 
1-----+-----------------_.j 

! PVTMS 
I PTMSP 

7 
20 

7-9 
20-2619 

6 
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Fig. 3. Equilibrium sorption of S02 and swelling 
isotherm for PVTMS at 25°C 

1 

and 0.8764. respectively. Using the interrelation between Vw, v~ and vg obtained by 
D.W.Van Krevelen, the group contrihutions Viv, Vr and Vg into the mole volumes of 
poly(vinyltriorganosilanes) are equal to 10.38, 16.60 and 16.08, respectively. 

The total amount of microvoides in glassy polymers can be evaluated from 
vapour sorption isotherms measured in a whole range of relative vapour pressures. In 
Fig.3 the SO2 sorption-desorption isotherm and swelling for PVTMS are presented. 
It can be seen from the figure, the sorption-desorption hysteresis is observed for 
PVTMS/SO2 system. First, this may be associated with the non-equilibrium nature 
of the glassy polymer but the swelling sorption isotherm and desorption one are 
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Fig. 4. Free volume fraction estimated from positron 
annihilation data versus glass transition temperature. 
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coincide. Second, this phenomenon can be related to the existence of microporosity 
in PVTMS. The evaluation of the total microporosity value by the maximum amount 
yf S02sorbed at pips= 1 gives a value of 9.6% (pL for S()zat 25°Cequal to 1.365 ~cc 

). Remembering the swelling of PVTMS, this value should be c.onsidered as the 
upper limit of microporosity in this polymer since part ofS02 sorbed should be found 
in the thermal free volume. Methanol vapour sorption measurements gives the value 
of microporosit:y in PVTMS equal to 6.8% .. The microvoids values estimated by 
various methods for PVTMS and PTMSP are presented in Table II. 

Analysis of S02 isosteric sorption heats for PVTMS points to the fact that at 
high values of relative vapor pressures the value Af-11 becomes equal to the heat of 
S02 condensation. It can indicate that the processes, which are similar lo polymole
cular adsorption, can take place in microvoids of PVTMS. In other words, this is an 
indirect evidence that in gl~ssy PVTMS there exist "cavities"each of them having 
voiume equal to about 300 A-. The last estimation is consistent with the results on the 
rotational mobility of nitrox- -1 ~----------------~ 

yl radicals substantially dif -
ferent in their sizes 16• De
pending on the ratio of the 

-4,.6 

sizes of a probe and free vol-
"' -5 ume element the behavior of ,:.i-.... 

the probe will be different It -5.5 
was shown 6 that for the 6 
radical TEMPO (tetra- rn 

methylpyperidine ~xy}) rota-
tion is free (v = 10 s- at 293 
K) in PVTMS. Meanwhile, 
for bicyclic nitroxyl probe 
drastic (by an order of mag
nitude) decrease in mobility 
Ve is observed. 

Another interesting 
method for the free volume 
and polymer structure ana
lysis is the positron annihila -
tion (PA) technique (PA 
spectrosc.opy). This method 
permits to follow processes 

(/) 

separatelytakingplacein the ru-.... 

-M 

--,,_ 7,__ ____________ --,.. ___ ____ 

0.6 c,.a l.2 l.4 

Fig. 5. Correlation of diffusion coefficients for 
H2 and CH4 in rubbery polymers with reciprocal 
of l3Z'3 (Positron annihilation data) 

regions with higher and 
lower ordering. From this 6 
point of view it yields certain rn 

-7 
information about the 
microstructural properties 
of free volume (for instance, 
the sizes of free-volume 
"holes") and the glassy state. 
In the positron annihilation 
method it is possible to dis
tinguish free volume ele-
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Fig. 6. Diffusion coefficients of H2 and CH4 ver
sus Af parameter for glassy polymers 
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ments with larger and smal
ler sizes attributed to disor
dered and ordered regions, 
respectively, and to estimate 
the free vo1uwe T,J of a 
polymer_ 10, 1 ' 1 

Using this method a 
number of polymers (rub
bers and glasses) with glass 
transition temperatures Tg in 
the range of, 153-475 K was 
. . d ,Oll Cl mvestigate . ' ear 
correlation is obsetved be
tween V'.'r and Tg in the rub
bery region (Fig.4). The Vg 
values in tltis region monot
onously decrease with Tg ap
proaching zero when 
T~= T exp· This suggests that 
free volume rec,0rded in po
sitron annihilation (PA) 
method above Te is related 
mainly to the segmental mo
bility. 

As it is seen from Fig.5 
and 6, the gas diffusion in 
rubbery and glassy polymers 
correlates with different par
ameters obtained in PA 
method. The value T3[3 re
flects the free volume frac
tion in polymer (where T3 is 
the o-positronium life time 
and [3 is the intensity of this 
componentin the spectrum). 
There is a linear corrrfation 
between T3[3 and~. As it 
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Fig. 7. Solubility coefficients of CO2 versus recipro
cal of the orto-positronium life time for rubbery and 
glassy polymers(regression for rubbery polymers) 
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Fig. 8. Solubility coefficients for CO2 in rubbery and 
glassy polymers versus 12/(1-12)(positron annihilation 
data) (regression for glassy polymers). 

is seen from Fig.5, the kind of correlation between D and nlJ corresponds to the free 
volume theory predictions. 

Gas diffusion coefficients decrease with annihilation ratc}-1for glassy polymers 
(Fig;.6). SinceAfis considered as the measure of average effective electron density in 
the polymer the dependence of D on ).f can be suggested to reflect the sensitivity of 
the diffusion rate to heights of potential barriers while moving along vacancy capilla1y 
formed by the elements of free volume. It should be noted that there is no similar 
correlation for rubbers. 

Differ~nt correl_ations are.also obsetve~ for CO2 soJPtion in rubbery and glassy 
polymers (Ftg.7 and 8). Accordmg to the Re1ss's theory1 

A *log(l/a) =B +4*r'yo, 
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where A is the constant for the given liquid, B is the contribution associated 
with compression of surrounding molecules of the s9lvent during formation of cavity 
with a radius r for the sorbate accommodation, 4nryo is the surface tension energy. 
From this it follows that there is a linear dependence between log ( 1 /a) and Yo (A and 
JJ have positive values). On the other hand. it is known that the value 117:3 is propor
tional to the polymer critical surface tension for a number of polymers both in rubbery 
and glassy states.1 Hence, log(] Ja> must linearly increase with the growth ofl /Z"J. Such 
a dependence is fulfilled for rubbery polymers (see Fig.7). The linear correlation 
between a and h!(l-12) is observed for glassy polymers (Fig.8). The value of 12/(1-12) 
is proportional to the overall concentration of traps of electrons and positrons. This 
indicates that such type of traps are responsible for the equilibrium gas sorption in 
glassy polymers as well. 

According to the PA data (Fig.4), for some of the glassy polymers studied (e.g. 
PVTMS) free volume values are the same as in rubbers (PB, natural rubber, etc.) 
which agrees with the extremal character of the dependence between f1' and Tg 
presented in Fig.1. Meanwhile, no unified correlation of J:}with Tgwas found for glassy 
polymers. 

A comparison of the PA data and gas sorption and diffusion measurements 
indicates that probes of different physical nature are sensitive to the same structural 
and dynamic specific features of the polymer. However, more simple regularities 
( similar to the regularities observed for liquids) have been found for rubbery polymers 
in contrast to glassy ones. 

In tfble III the diffusion activation energies of light gases and 4~drocarbons for 
PVTMS ' 21 and 100% amorphous PE ( calculated from the data of""-), as well as the 
values of the cohesive energy densities for these two polymers, are presented. Al
though the values of CED are very close for the polymers considered, the En values 
are significant lower for PVTWS than those for PE. 

Table III. Diffusion activation energy of light gases and 
hydrocarbons for PVTMS and PE 

I Polymer I CED Eo,Kcal/mol 
j l ,1-------------------------1 
! J cal/cm- He Ar 02 N2 CH4 C2H6 C3H4 C3H6 C3H3 i 

! PVTMS I 67 2.8 4.2 4.3 4.4 5.7 6.0 6.2 9.0 10.2 ! 
fP E( 100% j 65 5.4 8.8 8.3 8.4 10.1 12.3 10. 9 12.5 13.8 \ 
1----'---~~-----------------------1 

The treatment of these data on the basis of Meares's model 23 made it aossible 
to conclude that there should be interconnected micropores in PVTMS 4. The 
average dimension of the most narrow sections of the diffusiwon path a can he 
calculated from the formula: 

En(GP)!En(RP) = (tr-a2)/tr 
where En(GP) and En(RP) are the gas diffusion activation energies for glassy 

polymer al\d rubbery one having the CED equal to ~e value of CED for the glassy 
polymer, a" is the cross section of gas molecule and a is lhe cross section of the most 
narrow section of the micropore. The values of a calculated are presented in Table 
IV. From this it follows that the mean value of a is equal to 26 A for PVTMS. The 
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Table IV. Cross section of the most narrow part of 
interconnecting micropores for PVTMS. 

Ar Gas l He 
? 0 2 i -a-, A I 3.L 6.1 5.8 6.5 

) 
6.4 10. l 7.8 7.0 6.9 ! 

same approach allowed Auvil et al to conclude 16 that in PTMSP there exists pore-like, 
continuous diffusion pa t]is where main chains are loosely packed with a chain -to-chain 
separation of at least 4 A. 

It means that in highly permeable glassy polymers the chains do not have to move 
much in order to make room for tbe diffusing molecules especially in tbe case of simple 
gas molecules. This is a reason of low selectivities of separation of light gases and 
normal hydrocarbons for PTMSP. \\'hen the cross section of the diffusing molecule 
exceed the cl value the selectivity jumps up immediately. For example the ideal 
perm~a?ility selectivio/ for i-buthane/n-buthane is equal to ~4 Jf!r PTMSP _but the 
selectivity equal to 1.2 1s observed for n-buthane/n-propane pau. · The same Jump of 
selectivity but for t-buthyl alcohol in comparison to i-buthy.l_alcohol was observed for 
pervaporation of alcohol/water mixtures through PTh1SP.20 

CONCLUSIONS 

The data presented in this paper show that glassy polymers have heterogeneous 
structure consisting of th21egions with ordered and disordered structures in accord
ance with Yeh's model . The highly permeable glassy polymers may posses free 
volume fraction on the level of that for highly permeable rubbers. This free volume 
has non-equilibrium nature and exist in the glassy polymer as a interconnected 
microporous network. The regularities of gas sorption in and transport through the 
glassy polymers and rubbery ones are different. The following sequence of changing 
in gas sorption and diffusion mechanism can be proposed: liquids, rubbery polymers, 
glassy polymers, highly permeable glassy polymers, microporous sorbents. 
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