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Accelerated physical ageing of thin glassy 
polymer films: evidence from gas transport 
measurements 
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Single-gas permeabilities, selectivities and activation energies of permeation of thin (~ 0.5/~m), intermediate 
and thick (~25tlm) amorphous glassy polymer films of a polysulfone (Udel 1700) and a polyimide 
(6FDA-IPDA) were investigated. The films had identical thermal histories and were solvent-free. Evidence 
of strongly thickness-dependent physical ageing was discovered. Thin films showed decreasing permeabilities 
and increasing selectivities that surpassed those of intermediate and thick films. Thin films showed increased 
activation energies of permeation. These results provide evidence for an accelerated approach of thin films 
to the densified equilibrium state. 
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I N T R O D U C T I O N  

Thin membranes (of several hundred to several thousand 
~ngstr6ms thickness) made from glassy polymers are 
important for gas separations by membrane permeation 1 3. 
Physical ageing of glassy polymers is a well known 
phenomenon 4 6. It is the purpose of this paper to 
document physical ageing of thin ( ~ 5000 ,~ = 0.5 ]~m) and 
thick ( ~  25/2m) glassy polymer films far below the glass 
transition temperature T~. According to our results, 
ageing apparently proceeds much faster in the thin 
polymer films with a thickness characteristic of gas 
separation membranes than in thick films. This paper 
deals with the influence of this apparent accelerated 
ageing on the gas transport properties. 

Although the vast majority of work on ageing of glassy 
polymers has been carried out on samples that are 
significantly thicker than the active layer of gas separation 
membranes, some studies have considered ageing of 
samples with comparable geometry. 

Braun and Kovacs 7 have studied the volume recovery 
of glassy polystyrene samples in the form of moulded 
sheets (thickness 1 ram) and a fibrous powder (thickness 
0.1 to I/2m). This is one of the few examples of a direct 
comparison of thin and thick samples. Only the data for 
dilatometry in virtually non-sorbing organic liquids and 
mercury are of interest here, since highly sorbing liquids 
may influence the results. Physical ageing was studied 
down to 20'~C below T~ for about 100h. The authors 
concluded that no significant differences were found for 
thin and thick samples. Braun and Kovacs' work differs 
greatly from the work presented here. In the present case, 
the temperature was at least 150C below T, and ageing 
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was observed over several thousand hours via gas 
permeation property probes. 

The work on sorption in small polymer spheres appears 
to be the most extensive, with a geometry that is 
comparable to thin films s lo. For the most part, 
non-Fickian kinetics and swelling-induced effects were 
the focus of these studies. 

Evidence of peculiarities in permeation properties of 
gas separation membranes with thin skins has been 
reported11 is for integral-asymmetric structures and 
composites formed from a wide variety of glassy 
polymers. The apparent active thickness ranged from as 
low as a few hundred /~ngstr6ms to several thousand 
gmgstr6ms. The experimental results can be summarized 
as follows: 

(1) Pressure-normalized gas fluxes of thin-skinned 
composite and integral-asymmetric membranes often 
decrease significantly with time. 

(2) Simultaneous with the flux reductions, gas selectivities 
increase with time and exceed the values for thick films 
made from the same materials. 

(3) The activation energies of permeation are often 
higher for thin-skinned membranes than for thick 
reference films. 

The interpretation of these results is complicated by 
the differences in thermal and mechanical history of the 
membranes and thick reference films. A strong history 
dependence is, indeed, one of the intriguing features of 
glassy polymers. In addition, doubts are not easily 
removed that residual solvents and mechanical tension 
may be partly responsible for the observed effects in 
thin-skinned gas separation membranes. 

It has been hypothesized that physical ageing of glassy 
polymers may show a thickness dependence, resulting in 
accelerated densification of thin polymer films. Alfrey and 
co-workers 1 ~ suggested a diffusive removal of free volume 
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from the glassy material. They concluded that a strong 
thickness dependence should then be found, somewhat 
akin to the diffusive removal of penetrant molecules 
from a glassy polymer. Adopting this hypothesis, the 
effects observed in thin gas separation membranes 
could be rationalized, since ageing and the concurrent 
densification in general may decrease permeabilities and 
increase selectivities. Some experimental evidence of 
accelerated ageing in thin glassy films will be discussed 
below. 

Bogdanova et  al. 17 investigated thin crosslinked 
epoxide polymer films formed on various substrates. The 
densities of the thin films increased with time and were 
found to be higher than those of thick films. The authors 
suggest a diffusion mechanism for the elimination of free 
volume that is important in films of 800 gm or less. This 
thickness-dependent diffusion mechanism would act in 
addition to the well known bulk relaxation mechanisms 
observed in thick samples. 

It is well known that the elimination of lattice 
disturbances in thin metal films, as opposed to thick films, 
takes place rapidly, even at room temperature TM. 
Diffusion and condensation of vacancies as well as 
elimination of lattice disturbances at the sample surface 
have been theoretically described and experimentally 
confirmed. 

Phase separation in free (unsupported) aluminium 
copper alloy fihns with thicknesses of 1000 2000A 
showed that the rapid quenching of these thin films led 
to amorphous materials with a much lower number of 
quenched-in vacancies than was expected for bulk 
materials 19'2°. The authors attribute this to the action 
of the surface as a sink for existing vacancies. Certain 
phase separation phenomena that the authors observed 
in thick films do not occur in thin films denuded of 
vacancies. 

Spaepen 21 investigated the behaviour of defects in 
metallic glasses. The author shows that a vacancy in an 
amorphous body made up of hard spheres will be partially 
eliminated at the surface through special sites with 
long-range elastic strain fields. It seems possible that the 
probability of such strain fields in contact with the sample 
surface is increased in very thin structures. 

The rearrangement processes in metal films are of 
course very fast when compared to glassy polymer films, 
since the geometrical restrictions of long polymer chains 
are not present. However, these results clearly point to 
the possibility of thickness-dependent ageing of glassy 
polymer films. 

In our work, thin, intermediate and thick glassy 
polymer films were investigated. The history of the films 
was carefully controlled, with the goal of obtaining 
samples that differed only in their thickness. The effect 
of physical ageing was examined far below Tg by gas 
transport measurements. Our results strongly support the 
hypothesis of accelerated physical ageing in thin glassy 
polymer films, causing significant time dependences of 
the gas transport properties that are not observed in thick 
films. 

THEORY 

The steady-state permeation of single gases of high purity 
was investigated. The temperature range was moderate, 
between about 20 and 50°C. Since it was the purpose to 

use gas transport properties as a tool to investigate 
physical ageing and its thickness dependence, care was 
taken not to alter the properties of the polymer by 
significant swelling or conditioning of the sample. The 
samples were contacted only with He, N 2 and O2 at 
moderate temperatures and pressures. 

The steady-state permeation flux of a single gas 
through a polymer film (one-dimensional diffusion) is 
given by Fick's first law according to: 

N = --  D ( O C / # x )  (1) 

where D is the diffusion coefficient, C is the local penetrant 
concentration in the film and x refers to the film thickness 
( x = 0  upstream, x = l  downstream). The driving force 
( # C / # x )  can be replaced by the pressure difference Ap, if 
Henry's law is assumed to apply. For  the measurements 
performed in this work, a constant diffusion coefficient 
D is a good approximation. A permeability coefficient 
can be defined as: 

P =- N/(Ap/I) (2) 

The thickness l of the film is given in centimetres (cm) 
and the driving force is the penetrant pressure difference 
Ap across the film in centimetres of mercury (cmHg). P 
is the steady-state permeability coefficient, usually given 
in Barrers (1 Barrer = 10- lo cma(STP) cm/cm 2 cmHg s). 
The driving force Ap can be replaced by the upstream 
pressure p since the downstream pressure was always 
kept negligible. By combining equation (1) with a constant 
diffusion coefficient, equation (2), and assuming Henry's 
law applies, one obtains22: 

P = D S  (3) 

where S is the solubility coefficient (cm 3 gas (STP)/cm 3 
polymer cmHg). The diffusion coefficient D for a gas in 
the system of a polymer and a small amount of penetrant 
gas is generally accepted to depend in some form on the 
free volume in the system and is expected to decrease 
with decreasing free volume 4. Since the free volume in a 
glassy polymer depends on the history of the sample, a 
similar dependence is to be expected for D. 

For a glassy amorphous polymer, the solubility 
coefficient S will depend on the penetrant pressure and 
Henry's law generally does not apply, except at very low 
pressures 23. The dual-mode sorption model, used to 
describe a sorption isotherm for a single penetrant species 
in a glassy polymer, is discussed elsewhere 24. The ideal 
permselectivity of a polymer film for gas A over gas B is 
given by: 

0~* = P A/Pp, (4) 

where PA and P .  are the pure-gas permeability coefficients 
of gases A and B. Instead of the permeability coefficient 
P, a pressure-normalized gas flux (P/l) is sometimes used, 
if the thickness I of the given film is not known. The ideal 
selectivity can be factorized into a solubility selectivity 
and a diffusivity selectivity by substituting equation (3) 
in equation (4): 

\ D B / \ S , J  (5) 

The diffusivity selectivity reflects the ability of the 
polymer matrix to discriminate between gas molecules 
on the basis of their size and shape. Factors influencing 
this selectivity are segmental mobility and intersegmental 
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packing of the polymer chains. The solubility selectivity 
from single-gas measurements depends on the level of 
solubility for the given gases in the polymer matrix and 
on the free volume available for sorption. 

It is clear from equation (5) that only a combination 
of the solubility selectivity and the diffusivity selectivity 
can be observed by separate permeation measurements 
for two single gases. Helium was chosen as a reference 
gas for the time-dependent permeation measurements 
made here, since it has a very low solubility in polymers. 
However, its permeability is very high, compared to N 2 
and Oz, owing to the small size of the helium atom. If 
the densification of a glassy polymer by physical ageing 
is to be observed, it is advantageous to choose a gas pair 
such as He and N 2, since minimal effect is expected on 
the He permeability, but a significant decrease in the N z 
permeability will cause a large and easily observed 
increase in the ideal He/N z selectivity. 

The activation energy of permeation Ep for a single 
gas in the absence of significant plasticization can be 
calculated from the slope of an Arrhenius plot of the 
permeabilities P or normalized fluxes (P/l) as a function 
of inverse temperature25: 

P = Po exp( -- Eo/R T) (6) 

with R being the gas constant, Tthe temperature (K), Ep 

the activation energy of permeation (kcal tool-  ~) and Po 
the pre-exponential factor. The activation energy of 
permeation can be expressed as: 

Ep = E D -~ A H  S (7) 

where E o is the activation energy of diffusion and AH s 
is the enthalpy of sorption. ED can be related to the 
cohesive energy density (CED) approximately by26:  

ED = (CED)d21r(2/4) (8) 

where d is the radius of a diffusing molecule and 2 is the 
length of an idealized cylindrical cavity needed to execute 
a diffusive jump of the molecule. To interpret differences 
in Ep, which we have detected for glassy polymer 
films of different thicknesses, it is necessary to take the 
effects of ageing on both ED and AH s into account. The 
sorption capacity in glassy polymers below Tg decreases 
upon annealing owing to a decrease in the Langmuir 
sorption component of the dual-mode model 27. 

The contribution of AH s is negative (heat evolved) 
below Tg and positive (or, in some cases, less negative) 
above Tg (ref. 26). This is due to the existence of 
molecular-scale holes in glasses below T~. If physical 
ageing below Tg leads to a decrease of the number of 
pre-existing sorption sites, Ep is expected to increase. 
Physical ageing and the concurrent densification will also 
increase the activation energy of diffusion, since the 
cohesive energy density is expected to increase. 

EXPERIMENTAL 

Materials 
The polyimide 6FDA-IPDA represents an attractive 

polymer for membrane gas separations 28. It is polymerized 
from hexafluorodianhydride (6FDA) and isopropylidene- 
dianiline (IPDA) 19. The repeat unit is shown in Figure 
la. The polymer was synthesized by Boron Biologicals 
(Raleigh, North Carolina). The polysulfone used here is 
a commercial grade (Udel P 1700 N T l l ,  Amoco, 
Ridgefield, Connecticut). The repeat unit is shown in 
Figure lb. Some physical and gas transport data are 
shown in Table 1. 

All films were cast from solutions of the polymers in 
methylene chloride (Mallinckrodt, reagent grade) using 
the same batches of the two polymers. The polymers and 
the solvent were used without further purification. 

Film thickness and preparation 
In this work, films are designated as thick (~  1 mil = 

25.4 Ftm = 254 000 A), intermediate ( ~ 25 000 A = 2.5 #m) 
and thin (~0.5/am = 5000 A). Polymer solution was cast 
into stainless-steel rings (inner diameter 104 mm, height 
15 mm) on a levelled mirror glass plate using a glass 
syringe. A Teflon filter (Cole-Parmer, 0.2/am pore size) 
was attached to the syringe and the solution was filtered 
directly into the casting ring. Solvent evaporation was 
slowed by covering the casting rings immediately. 

Thick films were cast from solutions containing about 
3 wt% of polymer. The amount of solution per film was 
5 to 8 cm 3. The films were released from the glass plate 
with deionized water. Intermediate and thin films were 
then transferred onto the surface of a deep water bath 
(deionized water) by floating the thin films from the glass 
plate on a wet filter paper and then immersing this filter 
paper in the bath. The films were taken up on wire rings 

O O 
II II 

II / \ II CH 3 
O CF3 CF3 O 

/ ~ - - ~ s  ~ ~ O  

C O II 

O 

b) 

Figure I Repeat units of {a) 6 F D A - I P D A  polyimide and (b) 
polysulfone 

]'able 1 Some physical and gas transport data at 35 C for 6FDA IPDA polyimide 3° and Udel 1700 polysulfone 31 

Permeability, P (Barrer):' 
d-spacing Density T d Tg 

N2 02  He CO,  (A) (g cm -3) CC) ('C) 

Polyimide 1.33 7.53 71.2 30.0 5.71 1.352 480 310 

Polysulfone 0.25 1.4 13.0 5.6 5.0 1.240 186 

" 1 Barrer = 10- 10 cm3(STP) cm/cm 2 cmHg s 
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for preliminary drying in ambient air. Figure 2 shows the 
procedures schematically. Somewhat similar techniques 
have been reported 32 34. With our technique, the polymer 
film is obtained free and not attached to the surface of 
a substrate. 

Thick films were measured with a mechanical thickness 
gauge (Mitutoyo Digimatic, resolution 5 x l 0 - S i n c h  
( ~  1.25 #m)), after drying (see below). Then, thin and 
intermediate films were cast by simply diluting the 
solution used for the thick films proportionately with 
solvent. About 5 cm 3 was maintained as the total casting 
volume per film. A nominal thickness on the basis of a 
mass balance can then be assigned assuming that the 
density of thin films does not differ greatly from that of 
thick films. 

For the work presented here, all intermediate and thin 
films will be identified by their 'nominal thickness' 

Casting 
Steel Ring 

- Solution 

Evaporation 

-Glass Plate 

Cover 

Figure  2 

Release ~ Water,, 

k',.. \/" - ~ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ ~ ' ~  

Transfer 

Water Wire ring 

Casting and release of polymer films 

determined from the simple mass-balance considerations 
given above. Scanning electron micrographs of thin films 
showed that the thickness estimate by mass balance was 
reasonably accurate. 

Drying and thermal history 
It is extremely important to use a consistent and well 

defined procedure for drying and thermal treatment of 
glassy polymer samples to remove any doubts about  the 
cause for differences in the film properties 35. 

A stainless-steel sample chamber is placed inside of the 
programmable  oven of a Hewlett-Packard 5880A Gas 
Chromatograph (g.c.). A helium stream is purged 
continuously through a pre-heating coil into the sample 
chamber (chamber 180 cm 3, purge 10 cm3(STP)/s). The 
film sample rests freely on a Teflon O-ring supported by 
a stainless-steel frame. The advantages of this technique 
are: 

(1) No contamination from vacuum pumps or chemicals. 
(2) Residual solvent vapour  pressure can be easily 

lowered to zero. 
(3) Well defined sample temperature. 
(4) Surface orientation owing to contact with solids is 

reduced. 
(5) No reactive gases are present. 

The steps for drying and imprinting of a reproducible 
thermal history are: 

(1) Sub-T, drying for extended times to remove 
solvents. 

(2) Heating with a defined rate to a temperature above 

(3) Holding above Tg to erase thermal history, relieve 
stresses and remove orientation. 

(4) Controlled quenching to room temperature. 

Figure 3 shows the drying/quenching programmes. 
A thermocouple was sandwiched between polymer 
films to measure the actual sample temperature. The 
reproducibility of this technique was excellent. The 
quenching rate at Tg was 3.2°C min -  1 for the polyimide 
and 3.4~C min-1  for polysulfone. 

350 

T ,  
300 ~'- 6FI~A- 

250 IPDA 

200 ~ T ,  

150 Polysulfone i PSF 

100 

50 

0 ~ ~ ~ ~ I . . . .  I , ~ ~ A I , ~ ~ ~ I , , , , I . . . .  

0 5 10 15 20 25 30 

Hours 

Figure 3 Drying/quenching procedure. All ramps are 5'Cmin 1. Lines, oven chamber; 
symbols, polymer films 
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The likelihood of rcsidual solvent after sub-T~ drying 
and heating above Tg is quite small, if the maximum 
film thicknesses and diffusion coefficients for solvents 
available from the literature are considered 36. Nevertheless, 
thick polyimide and polysulfone films were treated with 
the standard procedure described above, cut into strips 
( ~ 5  mm width) and investigated by headspace gas 
chromatography (h.s.g.c.). These strips were immediately 
sealed in h.s.g.c, vials ( ~ 0 . 5 g  per vial). Cutting the 
samples supplied fresh surfaces for the possible diffusion 
of residual solvent from the samples. 

The vials were first stored in an oven at 60°C for three 
days. Control experiments showed no weight loss of the 
vials. After storage, the gas phase was analysed using a 
Hewlett-Packard h.s.g.c, system 37. No methylene chloride 
peaks were observed for polysulfone or polyimide 
samples. 

In this work, thin samples were found to show 
time-dependent properties, while intermediate and thick 
samples did not. Since the h,s.g.c, experiments were 
performed on thick films, and the solvent diffusion under 
dilute conditions can be assumed to scale with the square 
of the sample thickness, it is clear that the time-dependent 
properties of thin samples are not caused by removal of 
residual solvent. 

Permeation measurements 
Single-gas permeation measurements were performed in 

a constant-volume/variable-pressure apparatus 38. Besides 
the usual mounting techniques for thick and intermediate 
films 3s, a special method was employed for thin films. A 
porous filter (MSI, Westboro, Massachusetts; nylon, 
0.1/~m nominal pore size, Cat. No. N01SP04700) or a 
ceramic filter (Anopore, 200 A pore size 39) was used to 
support the thin films in a commercially available 
Millipore test cell. The film was placed on the support 
in the permeation cell with a partial vacuum applied to 
the permeate side to hold the film in place. The 
permeation area was then masked off with heavy-duty 
aluminium foil with a pre-cut opening. The aluminium 
foil was then sealed around the edge of the opening with 
a thin bead of quick-setting epoxy adhesive. Ambient air 
was circulated over the open test cell. The cell was closed 
after 20 to 30 min of curing time and an N 2 purge stream 
was applied at atmospheric pressure for at least 24h. 
Control experiments with intermediate films on either of 
the supports showed no influence of the support on the 
results. 

In control experiments with aluminium foil sealing the 
cell completely, the outgassing of the support  materials 
was observed and the leak rate of the permeate system 
was determined. It was found that after one day of 
evacuation, outgassing had subsided to levels below the 
detectability limit, which is given by the leak rate of the 
permeate system (<10  -3 Torr h 1 permeate volume 
1200 cm3). 

All gases used were at least 99.99% pure. In all 
permeation experiments, a small purge stream was 
maintained across the feed side of the membrane 
t,-,5cm3(STP)/min), to avoid any accumulation of 
impurities during extended tests. A liquid-nitrogen trap 
or an adsorbent trap was always used to prevent any 
back-diffusion of vacuum-pump oils. 

The permeation area of thick and intermediate films 
was always about 5 cm 2. Smaller areas were masked off 

for thin films. This was necessary to avoid defects and 
creases visible in the thin films. 

The masked permeation areas were determined by 
successive magnified photocopies taken after the end of 
the experiments. The permeation area was clearly visible. 
The image of the permeation area was cut out and 
weighed. By inclusion of a scale bar, the permeation area 
could be calculated. To determine the accuracy of this 
method, a circular metal disc with an actual area of 
3.5442cm 2 (mechanical gauge, resolution 5 × 10 -5 inch 
( ~ 1.25/~m)) was used to verify the procedure. The average 
area determined by the above procedure was 3.5647 cm 2 
(five independent measurements, standard deviation 
0.0485 = 1.4%). 

It should be kept in mind that any small errors in the 
permeation area of the films only have an influence on 
the absolute values of the permeabilities, but not 
on selectivities, activation energies of permeation, or 
qualitative time dependences. 

The time-dependent permeation measurements were 
performed at 35°C and 150psia (~1035kPa) .  Gas 
exchanges were performed without depressurization. 
Purging of the feed system for a gas exchange is described 
in detail elsewhere 4°. 

Activation energies of permeation 
The activation energies of permeation Ep for N2, O 2 

and He were determined by steady-state permeation 
measurements at 20, 35 and 50°C. A linear regression 
was then used to determine the slope Ep of a plot of In P 
versus 1/Taccording to: 

In P = In Po + (Ep/R) x (l O00/T) (9) 

where P is the permeability for the given gas at the 
temperature T, Po is a reference permeability and R is 
the gas constant. The uncertainty of this method has been 
estimated 41 to be _+0.2 kcal tool-  1. 

RESULTS A N D  D I S C U S S I O N  

Time-dependent permeation measurements 
The time of quenching through the glass transition 

temperature was used as time zero. Samples that were 
only air dried after casting pass through the glass 
transition while the solvent evaporates from the film. The 
reference time for air-dried samples was chosen as the 
time of casting. An air-dried thin sample is included in 
the results to show that the usual drying procedure is 
not responsible for time-dependent behaviour of thin 
films. 

The general test programme is shown in Figure 4. Also 
shown is the type of information to be derived from 
each part  of the test sequence. Time-dependent N 2 
permeabilities for polyimide 6FDA IPDA films are 
shown in kTgure 5. The thick film clearly ages somewhat. 
This has been previously observed 3°. The intermediate 
film shows very similar behaviour. 

Data  for two thin films are shown in Figure 5, and 
both exhibit much lower permeabilities with a significant 
time dependence. Ageing persists through periods of 
storage without applied gas pressure (see arrows). One 
of the thin films has only been dried at room temperature 
in air and its shows ageing similar to the 'standard dried' 
thin film. Figure 6 shows the ideal He/N 2 selectivities 
corresponding to Figure 5. Both thin films show a strong 
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Cast film 
dry, heat >Tg, quench 

V 
Information Qn: 

I N2flux, (z*He/N 2 = f(Time) J aging 

V 
I I without  mech. 

V s ~ e s s  

I N 2  flux' °~*He/N2 = f(Time) ] aging 

Activation energy of permeation I 
N 2, 0 2, He J densif icat ion 

Figure 4 Drying/test programme to determine time-dependent gas 
permeation properties 

increase of the ideal He/N 2 selectivity with time, far above 
the thick and intermediate film values. Storage at 
atmospheric pressure (arrows) appears to accelerate 
ageing slightly. Defects, if they were present, would be 
most likely found in the thin films and would be expected 
to lower the selectivities below thick-film values. The 
opposite is found here. 

The continued increase of the selectivity through the 
timespan of storage without applied gas pressure 
confirms that mechanical stress is not the cause. The 
absolute values of the selectivities are not dependent on 
measurements of film thickness or area and therefore 
offer an excellent measure of the physical ageing process. 

The magnitude and time dependence of the selectivities 
give striking evidence that the physical ageing process is 
accelerated in thin films. However, the time dependence 
and increased selectivity nearly vanish on increasing the 
film thickness by only a factor of about 5 from 5000 A 
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Figure 5 N 2 permeability of6FDA IPDA polyimide films (35C, 150 psia): (O) thick, 28.45 #m; 
(O) intermediate, 2.54 ~tm; (A) thin, 0.5 t~m= 5000 A; (A) thin, air dried at RT only. Arrows: 
storage, 35C, 1 atm, in dry air 
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Figure6 Ideal selectivity ~*(He/N2) of 6FDA-IPDA polyimide films (35°C, 150psia): 
(@) thick, 28.45 pro;(©) intermediate ~.54 Itm; (A) thin, 0.5 #m = 5000 A; (A) thin. air dried at RT 
only. Arrows: storage, 35'C, 1 atm, in dry air 
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to 25 400 A. This points to a strong dependence of ageing 
on the film thickness. 

Similar time-dependent selectivities for the same 
polyimide have been observed for ultrathin asymmetric 
and composite membranes 1L15. The final values far 
exceeded thick-film values and are comparable to the 
values reported here. Only speculations on the causes for 
these observations were possible, since the thermal and 
mechanical histories of these membranes are not well 
defined and are quite different from those of thick films. 
The evidence shown here for 6FDA-IPDA polyimide 
films that are virtually identical, except for their thickness, 
points clearly to accelerated physical ageing in thin films 
as the underlying cause. 

Similar experiments were performed for polysulfone. 
Figure 7 shows the N 2 permeabilities for polysulfone films. 
Figure 8 shows the ideal He/N z selectivities. The 
intermediate and thick films show virtually constant 

properties, with a slightly increased selectivity and 
lower permeability for the intermediate film. The thin 
polysulfone film shown in Figures 7 and 8 was only stored 
in dry air and never pressurized, until the first data 
points shown. The increased selectivity and decreased 
permeability show again that accelerated ageing takes 
place in the thin films with or without the mechanical 
stress of the applied gas pressure. The results are 
qualitatively very similar to the polyimide results. 

Activation energies of permeation 
The activation energies of permeation (Ep) for N 2, O2 

and He are shown in Figure 9 for thick, intermediate and 
thin films of polyimide 6FDA-IPDA. The films had been 
previously used in the permeation experiments described 
above. The stable permeabilities and selectivities of thick 
and intermediate films before the Ep measurements were 
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taken as an indication that no further ageing was 
apparent on this timescale. 

The thin film shows clearly increased activation 
energies while the intermediate and thick films show lower 
and very similar activation energies. Thickness differences 
of a factor of about 10, from the thick film to the 
intermediate film, apparently do not cause significant 
changes. These results agree with the behaviour of gas 
selectivities and permeabilities found for thick and 
intermediate films. Accelerated physical ageing of the thin 
films appears to be a likely explanation for the increased 
Ep values. The thick and intermediate films do not reach 
this level of densification. 

Using the maximum difference in Ep for N 2 between 
the aged thin film and the thick film, one can estimate 
the increase in the cohesive energy density (CED) that 
would be needed to cause this increase in Up. The 
assumption that the increase in Up is mainly due to an 
increase in ED is made and the result should only be used 
as a plausibility check of the Up data. This estimation 

yields: 

A(CED)thin/ thic  k ~, Up,thin - -  Up,thic k : 1.68 kcal tool -  1 
(10) 

Using a bulk density for 6 F D A - I P D A  polyimide of 
1.352 g cm 3 and a molecular weight per repeat unit of 
634gmol  -1, a value of 14.99Jcm -3 is found for 
A(CED)th,,/thick. Values for the CUD of polymers .2 are in 
the range of several hundred J cm 3. Therefore, the 
observed change in CUD by densification does not seem 
unreasonable. 

The results for the Ep values of polysulfone give 
a very similar picture. Figure 10 shows the clearly 
increased activation energies for the thin polysulfone film, 
when compared to thick and intermediate films. The 
conclusions for the results with polysulfone are similar 
to the polyimide results. Thickness-dependent ageing 
appears to densify the polymer matrix in the thin film, 
which causes increased Ep values, increased ideal gas 
selectivities and concurrently decreased permeabilities. 
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CONCLUSIONS 

Thin glassy polymer films show significant evidence of 
accelerated physical ageing deep in the glassy state, while 
thick and intermediate films from the same material and 
with identical history show no such effects over the 
observed times. The decreasing gas permeabilities, 
increased selectivities and other anomalies that have 
been detected elsewhere for ultrathin gas separation 
membranes can be rationalized in relation to accelerated 
ageing of thin glassy polymer films. 
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