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Abstract:  High free volume glassy polymers or polymers of intrinsic microporosity such as poly[1-

trimethylsilyl-1-propyne] (PTMSP) and polybenzodioxane (PIM-1) are extra high gas permeability 

membrane materials. One of their major drawbacks is low gas selectivity. In this study, thin film 

composite (TFC) membranes have been developed with high CO2 permeance and superior CO2/N2 

selectivity due to a strong synergistic effect. The TFC membranes, comprising a thin layer (0.29-0.42 

m) of PIM-1 atop a cross-linked PTMSP gutter layer (2.07-3.44 m) on a porous backing material, 

were fabricated by coating PIM-1 solution on the cross-linked PTMSP support. A key element is that 

for coating PIM-1 a mixed solvent of chloroform and trichloroethylene (1:1) was successfully 

implemented for the first time. All membrane samples demonstrated a strong synergistic enhancement 

of CO2/N2 selectivity (=35.8-55.7) compared to PIM-1 (=18.5) and cross-linked PTMSP (=3.7). 

SEM, TEM and laser interferometry studies revealed that the synergistic enhancement of gas 

selectivity in the TFC membranes is most likely due to the creation of a very thin boundary layer 

between PIM-1 and the cross-linked PTMSP gutter layer. The aged TFC membranes (after three 

months) showed a severe drop in gas permeance while keeping nearly the same high selectivity. Thus, 

future success in the prevention of polymer physical aging, together with the synergy effect in 

selectivity reported for the first time in this work, will give new opportunities for application of 

polymers of intrinsic microporosity. 

 

1. Introduction 

High free volume glassy polymers such as substituted polyacetylenes, polynorbornenes or 

polybenzodioxanes are attractive membrane materials for gas separation due to their high mass-

transfer parameters together with good mechanical and film-forming properties.
1-7

 One of the major 

drawbacks of these highly permeable glassy polymers is rather low gas selectivity, since the 

interconnected free volume elements with a size of about 0.4-1.2 nm play a major role in the gas 

transport through the membrane. The intrinsic microporous structure can provide additional 

selectivity in favor of a condensable gas as a result of the “blocking” effect of the free volume 

elements by bigger gas molecules (e.g., separation of n-butane/methane mixture with PTMSP or PIM-

1).
8-10

 Nevertheless, gas separation membranes solely made of the first and second generations of 

polymers of intrinsic microporosity (PIMs) are limited by their low selectivity, although these glassy 

polymers can be considered as useful polymeric matrices for development of promising composite 

materials for gas separation thanks to their high gas transport characteristics, close to the Robeson 

upper bound.
5,11

 The combination of permeability and selectivity can be adjusted, for example, by (i) 
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incorporation of different types of additives having porous or non-porous and organic or inorganic 

nature,
12-20

 (ii) molecular design by varying, for example, number of Si(CH3)3 or CF3 groups,
21-23

 or 

(iii) blending with other polymers.
24-26

 In some cases, mixed matrix materials with restricted mobility 

of the macromolecular chains as a result of chemical or physical cross-linking can possess improved 

long-term stability against physical aging compared with the virgin high free volume glassy 

polymers.
17-19, 27-29 

 

The desired combination of gas permeance and selectivity can be achieved by casting a very 
thin layer of highly selective membrane material on a porous support to give a thin film 
composite (TFC) membrane. To maintain the mechanical strength of the selective layer during 
operation at a certain trans-membrane pressure difference, the typical support has pores within 
the ultrafiltration range that dramatically reduce the surface porosity. For post-combustion 
carbon capture, it was shown that the gas separation method could be effectively applied for 
treatment of a large amount of flue gas if the membrane possesses CO2 permeance above 1000 
GPU and CO2/N2 selectivity above 20.

30
 In principle, the PIM-1 material, with CO2/N2 

selectivity in the region 18-20, is close to what is required for CO2 transport if it is operated as 
a thin selective layer. However, it has been pointed out that the performance of TFC 
membranes can be limited not only by the selective layer but also by the gas permeance of the 
support.

31
 For instance, it was demonstrated that for a TFC membrane with a 100 nm top-layer 

its CO2 permeance and CO2/N2 selectivity would decline by about a factor of seven if the 
performance of the support layer changes from 10

5
 down to 10

3
 GPU. Such dramatic changes 

can be explained by the fact that the diffusion path of gas molecules within the very thin 
polymeric layer towards the pores in the support might exceed the thickness of the selective 
layer. 
 
The transport performance of TFC membranes can be improved by the introduction of a gutter 
layer, based on a high free volume glassy polymer, between the thin top-layer and the porous 
support.

32-34
 The main function of this intermediate layer is to provide effective vertical and 

tangential evacuation of the gas molecules from the backside of the selective layer to the pores 
of the support. In particular, it was shown

32
 that the use of such an intermediate (gutter) layer 

made of cross-linked poly[1-trimethylsilyl-1-propyne] (PTMSP) between a polyacrylonitrile 
porous support with N2 permeability of 85 m

3
/(m

2
∙h∙bar) and a selective layer based on 

modified Matrimid 5218 provided simultaneous enhancement in gas fluxes and selectivity.  
Since the support layer plays a role in the mass-transfer resistance, the overall performance of 
TFC membranes can be further improved by using a microfiltration rather than ultrafiltration 
support. For instance, a composite membrane with a cross-linked PTMSP layer of 1-2.5 µm, 
insoluble in chloroform, on top of MFFK-1 (microfiltration support; N2 180000 GPU) 
demonstrated CO2 permeance of 50-54 m

3
/(m

2
∙h∙bar) (~180000-200000 GPU) and ideal 

CO2/N2 selectivity of 3.6-3.7.
33

 For PAN/PSS (ultrafiltration support; N2 permeability of 85 
m

3
/(m

2
∙h∙bar)), the composite membrane with a cross-linked PTMSP (x-PTMSP) layer of  

0.91 µm showed CO2 permeance of 2.6 m
3
/(m

2
∙h∙bar) and ideal CO2/N2 selectivity of 10.3.

32
 

The goal of this study was to develop highly permeable composite membranes with CO2 
permeance above 1000 GPU and CO2/N2 selectivity above 20 to match the optimal membrane 
characteristics for post-combustion CO2 capture.

30
 The proposed concept is based on the 

casting of a selective layer of PIM-1 on top of recently developed high flux supports based on 
MFFK-1/x-PTMSP. A similar approach was successfully utilized for the development of 
composite membranes for a high pressure/temperature membrane gas desorption process, 
where the selective layer consisted of two thin layers of PTMSP with different cis/trans 
ratio.

35
 For the gas separation membrane, it was decided to use a highly permeable support 

comprising a cross-linked PTMSP (x-PTMSP) gutter layer on top of microfiltration support 
MFFK-1;

33
 while the desired CO2/N2 selectivity, with some decline in CO2 permeance, would 

be achieved by the deposition of a thin top-layer of PIM-1. 
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2. Experimental part 

2.1. Fabrication of thin-film composite membranes 

Polymer of intrinsic microporosity PIM-1 (Mw=270000 g/mol; Mw/Mn=2.8)
36

] was dissolved in 

chloroform at a concentration of 0.5 wt.%. A 0.5 wt.% solution of PIM-1 in a mixture of solvents, 

chloroform/trichloroethylene (1:1), was also prepared. Some physicochemical properties of the 

solvents are presented in Table 1. All casting solutions were filtered through filter paper (pore size of 

5-8 µm) prior to casting. A recently developed highly permeable support consisting of a commercial 

microfiltration membrane MFFK-1 (producer “Vladipor”, Russia) and a gutter layer of cross-linked 

PTMSP was selected due to its high CO2 permeance of 50-54 m
3
/(m

2
∙h∙bar) (~180000-200000 

GPU)
33

. The PIM-1 selective layer was deposited on top of the gutter layer by the “kiss-coating” 

method (coating speed of 1.2 m/min) as described elsewhere
33

. The TFC membranes obtained were 

dried for at least 24 h at ambient conditions covered with the filter-paper. The membrane samples 

were cut into discs with a diameter of 60 mm for gas permeation tests. The samples were initially 

tested within 1-2 days after their fabrication, and were tested again after three months to check the 

effect of physical aging. 

 
Table 1 Some physicochemical properties of solvents used 

Solvent Formula 

Viscosity 

@25°C, 

mPa·s 

Density, 

g/cm3 

Boiling 

point, °C 

Solubility parameter, MPa0.5 

d p h 

Chloroform CHCl3 0.54 1.49 61.2 17.8 3.1 5.7 

Trichloroethylene C2HCl3 0.53 1.46 87.2 18.0 3.1 5.3 

 

2.2. Solvent evaporation rate from PIM-1 solutions 

The 0.5% PIM-1 solution of the volume sufficient to obtain a 20 µm film was poured into a Petri dish, 

placed on a microbalance, and allowed to evaporate freely at ambient conditions. The total time of 

evaporation was about 100 and 250 minutes for chloroform and chloroform/ trichloroethylene 

solutions, respectively. 

 

2.3. Fabrication of PIM-1 based dense membranes 

PTMSP/PIM-1 blend membranes were obtained by casting polymer solutions on cellophane and 

drying at ambient temperature for at least 200 h. Solutions of PIM-1 (Mw=270000 g/mol; Mw/Mn=2.8) 

and PTMSP (Mw=900000 g/mol)
37

 in chloroform (0.5 wt. %) were mixed to obtain the desired PIM-

1/PTMSP ratio; then the casting solution was stirred for at least 1 hour before membrane casting. 

Using the same technique, blends of PTMSP with cyclic (Mw=8100 g/mol; Mw/Mn=1.30) or linear 

(Mw=12300 g/mol; Mw/Mn=1.62) PIM-1 oligomers were fabricated. The thicknesses of all blend films 

were in the range of 25-30 µm. 

 

2.4. Gas permeation experiments 

Gas permeation tests were carried out at room temperature (24 ± 2 °С) and pressures up to 3 
bar with a set-up described elsewhere.

38
 Pure nitrogen and carbon dioxide gases (both are 

99.9% purity) were used. The gas flux J at constant pressure p was estimated by the 
volumetric method according to the following equation: 

𝐽𝑔𝑎𝑠 =  
𝑉

𝑆𝑡
 (1) 

where V is the volume of the gas passing through the membrane with active area S (12.56 cm
2
) 

per unit of time t. The pressure-normalized flux or gas permeance was calculated from the 
slope of the J-p curve as follows: 
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𝑃𝑔𝑎𝑠
𝑙

⁄ =
𝐽𝑔𝑎𝑠

∆𝑝⁄  (2) 

where Δp is the transmembrane pressure and l is the thickness of the selective layer. 
 

2.5. Scanning electron microscopy 

The morphology of TFC membranes was studied by high-resolution SEM on a Hitachi 
TM3030Plus tabletop microscope. To prepare membrane cleavages, the membranes were 
preliminarily impregnated in isopropanol and then broken in a liquid nitrogen medium. Using 
a DSR-1 table spraying gun (Nanostructured Coatings Co.), the prepared samples were coated 
with a thin (5 nm thick) layer of gold in a special chamber under vacuum (about 50 torr). 
 

2.6. Transmission electron microscopy 

In order to establish the thicknesses of the gutter layer and PIM layer, the cross-section 
specimens of TFC membranes based on PIM-1 were imaged using a Tecnai G2 20 
transmission electron microscope operating at 200 kV and equipped with an Oxford 
Instruments X-Max windowless EDS detector. For sub-nanometer resolution elemental 
mapping, scanning transmission electron microscopy high angle annular dark field (STEM-
HAADF) and electron energy loss spectroscopy (EELS) were performed using a FEI Titan 
ChemiSTEM 80–200 fitted with probe-side aberration corrector, a GIF Quantum ER and an 
X-FEG electron source operating at 200 kV. TEM specimens were prepared by the 
ultramicrotomy method. First, the TFC samples were immersed in a resin mixture (Araldite 
resin AY103-1 and Aradur hardener HY951, ratio 1:1) and left to dry under N2 flow for 24 
hours at room temperature. Ultrathin sections, around 100 nm, of the TFC sample embedded 
in the resin were obtained using an ultracut E ultramicrotome (Reichert-Jung, USA). The cross 
section specimens were cut using a diamond knife (DiATOME, Switzerland) which was 
positioned perpendicular to the face of the membrane. A cutting angle of 6° and speed of 1 
mm/s was set during the cutting process with the diamond knife. The specimens were 
retrieved from the water and placed onto lacey carbon film on mesh copper grid. 
 

2.7. Laser interferometry 

Laser interferometry utilizing an optical wedge is a reliable tool for investigation of diffusion 
processes, with subsequent evaluation of the phase equilibrium of binary systems, including 
polymeric systems.

39-41
 Registration of the separate stages of the diffusion processes was used 

to calculate process kinetics. The interferometer consisted of the optical system, light source (a 
diode laser with 532 nm wavelength), camcorder and thermostated diffusion cell. 
Interferogram images were processed using traditional techniques.

40
 Kinetics of cross-linked 

PTMSP swelling was studied at 25°C. A 60 µm thick polymer film was placed between two 
glass plates, thus forming a diffusion cell. After that a solvent (chloroform, mixture of 
chloroform and trichloroethylene (1:1) and 0.5 wt.% PIM-1 solutions in both solvent systems) 
was added and interferograms were obtained and processed. 
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3. Results and discussion 

In our prior study on the use of PIM-1 for different applications,
42-44

 solutions of PIM-1 in 
chloroform were used to cast dense films. However, preliminary results on the fabrication of 
the selective layer using chloroform as a solvent revealed that all TFC membranes possessed 
average performance: the ideal CO2/N2 selectivity was in the range of 5-12, with a variety of 
CO2 permeances in the range 2100-10000 GPU. It was concluded that the fast evaporation of 
the highly volatile solvent, chloroform, might cause the formation of defects in the PIM-1 
layer or non-uniform coating on top of cross-linked PTMSP. Later on, it was also reported in 
the literature

45
 that craters and defects with a size greater than the thickness of the top-layer 

might be frequently formed in a thin layer (<500 nm) of PIM-1, PIM-7 or PIM-8 during dip 
coating on porous supports in the ultrafiltration range, based on PAN or cross-linked Ultem 
1000, of the polymer solution in chloroform. In another recent study,

46
 it was reported that the 

outer surfaces of the PIM layers were full of open pores and craters when the selective layer 
was deposited on top of a PDMS gutter layer by dip coating of hollow fibers with a PIM-1 
solution in dichloromethane.  
 
In this work, a PIM-1 solution in a mixture of chloroform and trichloroethylene (1:1) was 
proposed for the first time and successfully implemented for fabrication of thin film composite 
membranes based on the polymer of intrinsic microporosity. Chloroform and trichloroethylene 
have very close density, viscosity and solubility parameters, although there is a difference in 
the boiling points, at 61.2 and 87.2°С, respectively (see Table 1). However, trichloroethylene 
is a “poor” solvent for PIM-1 (limited miscibility), only forming a one phase system at room 
temperature with a polymer content of 80% or higher (Fig. 1). 
 

 

Fig. 1 Phase diagram for the system of PIM-1/trichloroethylene. 

3.1. Solvent evaporation from PIM-1 solutions 

Data on the solvent evaporation rate from PIM-1 solutions are presented in Fig. 2. As can be 
seen, the replacement of 50% of chloroform by trichloroethylene in the polymer solution 
allowed a noticeable reduction in the solvent evaporation rate. The most noticeable drop in 
evaporation rate was observed at the beginning, which could be attributed to the formation of a 
layer with a greater polymer concentration near the surface, due to fast evaporation of solvent 
from the subsurface region. The formation of this polymer-enriched surface layer slowed 
further evaporation of the solvent. In this first region, 15% of chloroform was evaporated with 
the highest evaporation rates of 1.2-1.5 mg/cm

2
s, while in the case of the solvent mixture only 

4% of solvent, which is about four times lower than in the case of pure chloroform, was 
evaporated, with rates of about 0.8-1.0 mg/cm

2
s. Then, the evaporation of the major part of the 

solvent was accompanied by a slower drop in the evaporation rate. 
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Fig. 2 Solvent evaporation rate from 0.5 wt.% PIM-1 solution in chloroform and mixture of 

chloroform and trichloroethylene (1:1) as a function of evaporated solvent. 

 

3.2. Fabrication and structure of TFC membranes based on PIM-1 

The thin selective layer of PIM-1 was deposited by the “kiss-coating” technique (Fig. 3) on 
top of the high flux support recently developed for the fabrication of TFC membranes.

33
 A 

gutter layer made of cross-linked PTMSP allows application of the selective layer from a wide 
range of organic solvents. A solution of PIM-1 with a concentration of 0.5 wt.% in a mixture 
of chloroform and trichloroethylene (1:1) was used as a casting solution. 
 

 

 
Fig. 3 Schematic representation of “kiss-coating” method of deposition of a thin top-layer on the 

support. 
 
The cross-sections of TFC membranes, as visualized by scanning electron microscopy (SEM), 
show that the PIM-1 selective layer has a good adhesion to the cross-linked PTMSP gutter 
layer, and that both layers are well integrated on top of the microfiltration porous support (Fig. 
4). Furthermore, the PIM-1 layer does not show visible defects or craters, as reported earlier in 
the literature,

45,46
 for either of the casting solutions, chloroform or a mixture of chloroform and 

trichloroethylene (1:1). It can be speculated that some of the solvent did not evaporate from 
the outer surface of PIM-1, but diffused into the PTMSP matrix, enabling the formation of a 
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defect-free structure of the selective layer. With transmission electron microscopy (TEM) 
analysis it was possible to identify that the thin PIM-1 layer is placed on top of the gutter 
layer, as can be seen in Fig. 5, and that the selective layer is about 5-10 times thinner than the 
PTMSP layer. Both SEM and TEM analysis revealed no visible defects in either layer; 
however, it can be seen in Fig. 5 that the gutter layer has a non-uniform composition, which 
might be attributed to microheterogeneity of high molecular weight PTMSP and the presence 
of cross-linked hydrophilic polyethyleneimine in its hydrophobic matrix. EDS analysis of a 
cross-section was carried out for further evaluation of the structure of the top-layer (Fig. 6). 
EDS spectra reveal mainly C and F atoms in the microporous support, since MFFK-1 has a 
top-layer made of tetrafluoroethylene/vinylidenefluoride copolymer (fluoroplastic F-42L) on 
polypropylene non-woven support.

33
 The amount of F atoms decreases down to zero in the 

gutter layer; however, Si atoms appear as one of the main components in this layer. It is 
important to point out that EDS confirms almost negligible intrusion of PTMSP into the 
microporous support, which, as described in Bazhenov et al.

33
 allowed the fabrication of a 

high-performance support (CO2 permeance: 50-54 m
3
/(m

2
∙h∙bar)) with a gas-selective gutter 

layer ((CO2/N2): 3.6-3.7). When the outer selective layer is reached, no Si atoms can be 
observed in EDS spectra, which confirms that the thin top layer is only formed of PIM-1. 
After the selective layer, the counts of carbon decrease to some extent due to the slightly 
different composition of the epoxy resin used for sample preparation for TEM analysis. In 
addition, the signals of copper and carbon are expected to appear in all the spectra due to the 
TEM grid, which is made of these elements. It can be concluded that TFC membranes 
developed in this study have two separate layers, cross-linked PTMSP and PIM-1; however, 
some interpenetration of the layers at the interface might be expected based on EDS spectra 
obtained using a FEI Tecnai G2 T20 microscope (see Fig. 6). Therefore, further analysis of the 
interphase gutter layer/PIM layer was performed using a probe-side aberration corrector 
microscope (FEI Titan ChemiSTEM) which allows higher resolution and better sensitivity of 
the EDS detector. This microscope was operated in a STEM mode and elemental analysis was 
obtained by EELS. As can be seen in the elemental profiles of Fig. 7, the interphase between 
bulk PIM-1 and bulk x-PTMSP layers extended over 5 nm.  
 

 
Fig. 4 Cross-section and surface SEM visualization of TFC membranes with PIM-1 selective layer on 

cross-linked PTMSP gutter layer: PIM-1 deposition from chloroform solution (a and b) and from 

mixture of chloroform and trichloroethylene (c and d). 
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Fig. 5 TEM visualization of a cross-section of a TFC membrane. 
 

 
Fig. 6 a) STEM-bright field image of a cross-section of a TFC specimen. b) C, F and Si elemental 

STEM-EDS profile measured from area indicated by the black line in a). 
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Fig. 7 a) STEM-HAADF images and b) Si, c) C, d) N and e) O elemental maps of the PIM-1/gutter 

layer interface obtained from EELS and acquired in the area marked by black rectangle. f) Elemental 

profiles averaged over the vertical direction of the elemental maps. The scale bar in b-e) is 20 nm. 

 

 

To estimate the thicknesses of the PIM-1 and x-PTMSP layers, five different areas were measured for 

each TFC membrane sample, and then five thickness values were measured in each area, 

correspondingly. Table 2 presents the average thickness values for PIM-1 and cross-linked PTMSP 

and their standard deviations. As can be seen, the thickness of the PIM-1 layer obtained varied within 

the range of 0.29-0.42 µm, even though the same casting solution and fixed conditions were used to 

fabricate all of the TFC membranes. Such differences in the resulting PIM-1 thickness might possibly 

be explained by some features of the “kiss-coating” method. In particular, this is not a classical dip 

coating method where the support is immersed into the casting solution, but the contact between the 

support and polymeric solution is maintained by the presence of liquid surface tension. Firstly, the 

support is brought into contact with the polymeric solution, then slightly lifted up and fixed above the 

surface of the liquid, while some contact with the solution is still maintained through the meniscus 

thanks to surface tension (see Fig. 3). There is typically an excess of the PIM-1 solution to ensure that 

the volume of solution consumed for fabrication of one TFC membrane sample would not lead to any 

noticeable change in the liquid level. However, some deviations in the setting of the distance between 



10 

 

the support and the liquid surface might cause a change in the shape of the meniscus, and hence the 

contact area, which might affect the consumption of polymer solution. Regardless of this limitation, 

the “kiss-coating” method provides a number of important advantages, namely: (i) it is possible to use 

low viscosity solutions to obtain a uniform thickness of the top-layer, (ii) there is no contact of the 

backside of the support with the casting solution, which reduces the consumption of the polymer and 

does not block the pores of the support, (iii) there is a very short time and area of contact with the 

support, which might be important, for instance, when the top/gutter layer of the support material 

might interact with some components of the casting solution. 

 
Table 2 TFC membranes based on PIM-1: thickness of selective (PIM-1) and gutter (x-PTMSP) layers, gas permeance and 
ideal selectivity. 

TFC membrane 

sample 

Layer thickness, µm Gas permeance, GPU 
 (CO2/N2) 

PIM-1 x-PTMSP N2 CO2 

TFC#1 0.290.02 2.310.63 224 8010 35.8 

TFC#2 0.320.01 3.440.47 80 2930 36.6 

TFC#3 0.340.01 2.070.28 127 4930 38.8 

TFC#4 0.210.01 1.330.05 75 3260 43.5 

TFC#5 0.26±0.01 2.25±0.32 52 2720 52.3 

TFC#6 0.420.01 2.070.58 54 3010 55.7 

 

3.3. Gas transport properties of TFC membranes based on PIM-1 

Dense films of PIM-1 with a thickness of 20 µm and of cross-linked PTMSP (x-PTMSP) 
showed CO2/N2 selectivities of 18.5 (this study) and 3.7,

33
 respectively. As can be seen from 

Table 2, all TFC membrane samples demonstrated a strong synergistic enhancement of 
CO2/N2 selectivity (=35.8-55.7) compared to PIM-1 (=18.5) and x-PTMSP (=3.7). It 
should be noted that the CO2/N2 selectivity reported in the literature for PIM-1 varies over a 
wide range, from 11,

47
 15

48,49
 up to 18-25

50-52
, which is subject to the sample’s pre-history, to 

experimental conditions and to effects of moisture. Therefore, we compare the gas 
permeability data for TFC membranes with dense PIM-1 membranes prepared from the same 
batch of PIM-1 under the same conditions; the gas permeation measurements were carried out 
using the same set-up. 
 
It is possible that partial interpenetration of the two polymers could occur during the TFC 
membrane preparation, resulting in the formation of a hybrid polymeric material, which could 
possess different gas transport properties. Regretfully, it was not possible to obtain defect-free, 
uniform, dense films from the mixture of chloroform/trichloroethylene, since PIM-1 possesses 
very limited solubility in trichloroethylene (see Fig. 1). During the evaporation, microphase 
separation began to occur in the polymer solution, causing the formation of cloudy regions. 
When 79-80% of the solvent mixture had evaporated, simultaneous phase separation took 
place causing polymer precipitation. 
 
Bearing this in mind, dense PTMSP/PIM-1 blend films with a thickness of 25-30 µm were 
prepared from a common solution in chloroform. There is a classical trade-off between gas 
permeability and selectivity for all PTMSP/PIM-1 blends, as can be seen in Fig. 8. To evaluate 
the performance of PTMSP/PIM-1 blends in the form of a thin selective layer, a TFC 
composite membrane with a top-layer made of a PTMSP/PIM-1 blend (9:1) was cast on top of 
the MFFK-1/x-PTMSP support. The resulting TFC membrane demonstrated moderate gas 
transport properties – CO2 permeance of 9600 GPU and ideal selectivity for the CO2/N2 pair of 
6.1 – which was lower than the value observed for a dense film with the same PIM-1 content 
in PTMSP of 10 wt.% (=7.8). 
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It should be noted that the PIM-1 polymer possesses a certain molecular weight distribution 
(Mw=270000 g/mol; Mw/Mn=2.8) and contains a fraction of oligomers. It is possible that PIM-1 
oligomer molecules with higher mobility might diffuse into the PTMSP matrix, changing its 
porous structure and, therefore, gas selectivity. However, blends of PTMSP with cyclic 
(Mw=8100 g/mol; Mw/Mn=1.30) or linear (Mw=12300 g/mol; Mw/Mn=1.62) PIM-1 oligomers 
did not reveal any noticeable difference compared with the performance of polymer blends 
(see Table 3). Consequently, it can be concluded that the diffusion of polymer or oligomer 
chains of PIM-1 into the PTMSP matrix cannot adequately explain the superior selectivity of 
the TFC membranes, since the blends of PTMSP with PIM-1 polymer or oligomer did not 
show any noticeable increase in gas selectivity. 
 

 
Fig. 8 PTMSP/PIM-1 blends (25-30 µm thickness): CO2 permeability coefficient and ideal selectivity 

of CO2/N2 as a function of PIM-1 content. 

 
Table 3 Performance of blends of PTMSP with PIM-1 polymer or oligomers (film thickness of 25-27 µm). 

Additive PIM-1 content in PTMSP, wt.% P (CO2), Barrer α (CO2/N2) 

Polymer PIM-1 

0.5 

33400 5.9 

Cyclic PIM-1 oligomer 36300 5.7 

Linear PIM-1 oligomer 37000 5.6 

Polymer PIM-1 

1.0 

40200 5.1 

Cyclic PIM-1 oligomer 36900 5.5 

Linear PIM-1 oligomer 37000 5.5 

 

3.4. Laser interferometry study 

To better understand the interactions between the casting solution of PIM-1 and the gutter x-
PTMSP layer, laser interferometry was used. Laser interferometry is a powerful technique for 
studying the phase transformations and diffusion processes in multi-component systems.

52,53
 In 

this method, two phases, such as liquid-liquid or liquid-solid, are brought into contact in the 
gap between two glass plates at a small angle (wedge). Monochromatic light goes through the 
first glass plate and the studied system of two phases, then reflects back from the surface of 
the second glass plate, which is covered typically by a thin metal layer (e.g. gold). The 
incident and reflected waves interact to form an interference pattern. If the two phases have a 
difference in their refractive index, then the phase transformations over time can be monitored 
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by the change of the interference images. The mutual diffusion of the liquid phase into the 
polymer matrix can be described by the following equation:

40,54 

𝐷 =
𝑥2

6𝑡
 (3) 

where D is the diffusion coefficient, t is the time from the beginning of the diffusion and x is 
the coordinate along the mass transfer axis.  
 
In this study, dense cross-linked PTMSP films of about 60 µm were placed into contact with 
chloroform, with a mixture of chloroform and trichloroethylene (1:1) and with 0.5 wt.% PIM-
1 solutions in both solvent systems. Figs. 9 and 10 represent interferograms recorded at the 
beginning (0 sec) and after 30, 90 and 270 sec of contact of x-PTMSP film with solvents and 
PIM-1 solutions, respectively. It can be seen that the swelling of x-PTMSP was accompanied 
by the formation of a diffusive region possessing a variable refractive index from the initial x-
PTMSP to liquid phases.  
 

 
Fig. 9 Interferograms of cross-linked PTMSP (P) at room temperature 0, 30, 90 and 270 sec after the 

contact with the liquid phase (L): a) chloroform (left), and b)  chloroform/trichloroethylene (right). 
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Fig. 10 Interferograms of cross-linked PTMSP (P) at room temperature 0, 30, 90 and 270 sec after the 

contact with the liquid phase (L) consisting of: a) 0.5 wt.% PIM-1 solution in chloroform (left), and b) 

0.5 wt.% PIM-1 solution in chloroform/trichloroethylene (right). 
 
The diffusion region was visually divided into two areas, polymer enriched phase (PEP 
phase), which was in contact with the x-PTMSP, and liquid enriched phase (LEP phase), 
which was in contact with the surrounding liquid. With the course of time, the thicknesses of 
the diffusion region and of each layer increased as expected. Fig. 11 demonstrates the PTMSP 
concentration profiles for the times of 90 and 270 sec after the contact of the corresponding 
solution with x-PTMSP, calculated from the interferograms 

55,56
. It can be seen that the 

PTMSP fraction in the PEP region drops from 1 down to 0.44-0.45 regardless of the solvent 
system and observation time. When PIM-1 solution contacted x-PTMSP film, the formation of 
an additional boundary layer within the liquid enriched phase was observed (see the 
interferograms after 30 sec in Fig. 10). It is important to note that the boundary layer was thin 
and dense in the case of PIM-1 solution in chloroform/trichloroethylene, compared to the 
broader and more diffuse boundary layer seen in the case of PIM-1 solution in chloroform (see 
the interferograms at 270 sec in Fig. 10). It is feasible that the sharp boundary layer observed 
with the mixed solvent is associated with precipitation of a thin PIM-1-rich film. It should be 
noted that the thickness of the diffusion region (PEP+LEP) for both solvent systems was 
nearly the same at 460-480 µm after 90 sec of contact (see Fig. 11). However, for PIM-1 
solutions, lower penetration into the x-PTMSP was observed in the case of 
chloroform/trichloroethylene (PEP region: 210 µm) in contrast to chloroform (PEP region: 
250 µm), and the difference in the penetration depth for the two solvent systems further 
increased with increase in time, 320 and 430 µm, correspondingly. Such difference in the 
behavior can be attributed to additional mass-transfer resistance due to the formation of a 
boundary layer in the case of chloroform/trichloroethylene.  
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Fig. 11 PTMSP concentration profile after 90 and 270 sec after the contact with the liquid phase (L) 

consisting of: a) 0.5 wt.% PIM-1 solution in chloroform (left), and b) 0.5 wt.% PIM-1 solution in 

chloroform/trichloroethylene (right). The vertical line represents the original polymer-liquid interface 

(distance zero), the vertical dashed lines represent the distance where PTMSP concentration becomes 

0 or 1, respectively. The additional vertical dashed line visualizes the position of the “boundary 

layer”. 
 
The dashed lines between the PEP and LEP regions in Figs. 9 and 10 mark the original 
polymer-liquid interface at the beginning of the experiment (time: 0 sec). Fig. 12 shows the 
position of the front of each zone in time from the initial polymer-liquid interface. The 
diffusion coefficients for the frontal zones were estimated using equation (1) and the 
corresponding slopes from Fig. 12. The calculated diffusion coefficients of each zone, such as 
polymer enriched phase, liquid enriched phases and boundary layer, are listed in Table 4. To 
summarize our observations (see Figs. 9 and 10, and Table 4): 
1. A surface layer of cross-linked PTMSP started to swell once the polymer film was brought 
into contact with solvent or PIM-1 solution.  
2. The formation of an additional boundary layer was visualized for PIM-1 solutions. This 
layer can be attributed to a PIM-1 enriched phase.  There is a noticeable difference in the 
structure of the boundary layer between chloroform and the mixed solvent, being much thinner 
and denser in the case of PIM-1 solution in chloroform/trichloroethylene.  
3. The presence of trichloroethylene in the liquid phase accelerated the swelling of cross-
linked PTMSP; the diffusion coefficient of the polymer enriched phase increased by a factor 
of 1.3 in going from chloroform to the chloroform/trichloroethylene mixture.  
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4. The presence of PIM-1 polymer in the liquid phase hindered the further swelling of cross-linked 

PTMSP. The diffusion coefficients of zones of the polymer enriched phase dropped by a factor of 1.5 

for chloroform, and 1.7 for chloroform/trichloroethylene. This could be related to the formation of the 

PIM-1 enriched boundary layer. At the same time, completely opposite behavior of the chloroform 

and chloroform/trichloroethylene systems was discovered. As can be seen from Table 4, the diffusion 

coefficient of zones of the liquid enriched phase increased by a factor of 1.5 in going from the mixture 

of solvents to the PIM-1 solution in chloroform/trichloroethylene mixture. It cannot be too highly 

stressed that this gives the highest value of the diffusion coefficient. Thus, the thin boundary layer is 

stable and mobile in the course of the interaction of PIM-1 solution with x-PTMSP. It is expected that 

this observation is also valid for the process of TFC membrane preparation by coating PIM-1 solution 

in chloroform/trichloroethylene mixture (1:1) on top of a x-PTMSP support. 

 

 
Fig. 12 The position of the front of each region in time (LEP – liquid enriched phase, PEL – polymer 

enriched phase). Left: CHCl3 – chloroform, CHCl3+PIM-1 – 0.5 wt.% PIM-1 solution in chloroform. 

Right: CHCl3/C2HCl3 – chloroform/trichloroethylene, CHCl3/C2HCl3+PIM-1 – 0.5 wt.% PIM-1 

solution in chloroform/trichloroethylene. 

 
Table 4 Diffusion coefficients of polymer enriched and  

liquid enriched zones for swelling of cross-linked PTMSP  

and formation of PIM-1 diffusive layer. 

Liquid phase 

Diffusion coefficient D, 10-11 m2/s 

Polymer 

enriched 

phase 

Liquid 

enriched 

phase 

PIM-1- 

enriched 

boundary 

layer 

Chloroform 
1.8 3.1 n/a 

0.5 wt.% PIM-1 in chloroform 
1.2 2.4 3.0 

Chloroform/trichloroethylene 
2.4 3.0 n/a 

0.5 wt.% PIM-1 in 

chloroform/trichloroethylene 

1.4 4.4 3.4 

An analysis of the literature revealed that it was possible to obtain TFC membranes with 
similar performance in terms of CO2/N2 selectivity and CO2 permeance only by introduction 
of PEG-functionalized carbon nanotubes (CNT) in the PIM-1 thin layer (see data from

57
 on 



16 

 

Fig. 13). In this work, we managed to engineer TFC membranes with high CO2 permeance and 
superior CO2/N2 selectivity due to the strong synergistic effect. Fig. 14 presents a schematic 
structure of the TFC membranes developed. Preparation of TFC membranes using good PIM-
1 solvents like chloroform failed to reach a goal of enhanced CO2/N2 selectivity. However, the 
PIM-1 solution in a mixture of chloroform and trichloroethylene (1:1) was successfully 
implemented for fabrication of both high flux and high selectivity TFC membranes using 
recently developed supports with a gutter layer based on cross-linked PTMSP. According to 
the results obtained by the laser interferometry method, the pronounced difference between 
these two systems is a very thin PIM-1/x-PTMSP boundary layer for PIM-1 solution in 
chloroform/trichloroethylene mixture, in contrast to a broad and diffuse one in the case of 
PIM-1 solution in chloroform.  Therefore, the synergistic enhancement of gas selectivity in the 
developed TFC membranes most likely occurs due to the creation of a very thin boundary 
layer between PIM-1 and the cross-linked PTMSP gutter layer.  
 

 
Fig. 13 TFC membranes based on PIM-1 (closed symbols – pristine PIM-1; open symbols – mixed 

matrix membranes based on PIM-1): Selectivity versus CO2 permeance. Shaded area – optimal 

membrane properties for post-combustion CO2 capture suggested in
30

. Literature data: (1),
55

 (2),
56

 

(3),
46

 (4).
57 

 

 
Fig. 14 Membrane engineering: the concept of the TFC membrane with superior selectivity. 
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As can be seen in Fig. 13, the as-cast TFC membranes met the optimal membrane properties 
for post-combustion CO2 capture suggested by Merkel et al.

30
 In a recent publication

46
, 

multiple-layer hollow fibers with a CO2 permeance of 402.6 GPU and CO2/N2 selectivity of 
21.3 were prepared with a selective PIM-1 layer of ~1.5 µm coated on top of a gutter layer 
based on a rubbery polymer (cross-linked PDMS). For these hollow fiber TFC membranes, 
both the PAN porous support (CO2 permeance 11800 GPU and (CO2/N2)=0.8) and the 
PDMS-based gutter layer (CO2 permeance 5138 GPU and (CO2/N2)=10.6) possessed much 
lower gas transport properties

58
. By direct deposition of a thin PIM-1 layer on PAN support, it 

was possible to achieve CO2 permeance of ca. 6600 GPU and CO2/N2 selectivity of 30 for a 
PIM-1 layer of ~650 nm

59
, and 7000 GPU and selectivity of 28, respectively, for a PIM-1 

layer of ~750 nm
57

. Introduction of 3 wt.% of PEG-functionalized carbon nanotubes (CNT) in 
the thin selective layer resulted in a remarkable increase of both permeance (700011000 
GPU) and selectivity (2837.8)

57
. It is interesting that it was earlier reported by the same 

group of authors
14

 that the same content of functionalized CNT (3 wt.%) in polymer films of 
100-112 µm thickness led to a drop in CO2 permeability of 22.46%, while CO2/N2 selectivity 
remained nearly the same for pristine and loaded PIM-1 films at 22.3 and 22.2, respectively. 
An increase of CO2 permeability of the thick films of up to 181% was achieved at a lower 
concentration of functionalized CNT, but the selectivity decreased from 23.9 down to 17.2 
with an increase of filler loading in the range of 0.5-2 wt.%. Such a difference in the 
performance can be explained by the fact that the subsurface layer would play a noticeable 
role in the gas performance of the bulk material in the case of a thin film rather than a thick 
one. 
 
In the present work it should be noted that CO2 and N2 permeance follow the same trends for all 

samples. However, four samples (TFC#2, #4, #5, #6) showed very similar permeance of ca. 3000 

GPU, despite varying thicknesses of both the x-PTMSP and PIM-1 layers (see Table 2). Two samples 

(TFC #1, #3) demonstrated higher permeance but lower selectivity than other samples (TFC#5, #6) of 

similar x-PTMSP thickness. Such behaviour can be interpreted in terms of a 3-layer structure. For a 

simple model of three layers, A, B and C, in series, with thicknesses lA, lB and lC, respectively, of 

permeabilities PA, PB and PC, respectively, we can write: 

 
𝑙

𝑃
=

𝑙A

𝑃A

+
𝑙B

𝑃B

+
𝑙C

𝑃𝐶

 

 
where l is the total thickness, P is the overall apparent permeability, and the measured 
permeance is P/l. If A is the x-PTMSP layer, B is a postulated intermediate, thin, highly 
selective layer and C is the PIM-1 layer, we can calculate the permeance, PB/lB, of the 
intermediate layer, knowing the thicknesses lA and lC for each polymer layer and assuming that 
PA and PC are about 30000 and 6000 Barrer, respectively, for CO2, and 8100 and 320 Barrer, 
respectively, for N2. To a first approximation we can assume the permeabilities of the bulk 
polymers are constant, since very close heptane permeability was shown for PIM-1 layers of 
0.12 and 30 µm

60
. 

 
For the highest permeance sample (TFC#1) the CO2 permeance (8010 GPU) is consistent with 
that expected for a 2-layer structure of x-PTMSP and PIM-1 (i.e, if there is an intermediate 
layer it does not provide additional resistance to CO2 transport). For sample TFC#3, which has 
the second highest CO2 permeance (4930 GPU), there is a small effect which can be attributed 
to an intermediate layer (apparent CO2 permeance ca. 13000 GPU). The other four samples 
(TFC#2, #4, #5, #6) all behave as though they have an intermediate layer with CO2 permeance 
in the range 4000-6000 GPU and CO2/N2 selectivity in the range 55-88. It is possible that the 
postulated intermediate layer is associated with the interphase region of about 5 nm thickness 
as seen by elemental profiling (Fig. 7f). If a value of 5 nm is taken for lB in the simple 3-layer 
model discussed above, the CO2 permeability of the intermediate layer is in the range 20-30 
barrer for samples TFC #2, #4, #5 and #6. However, current techniques cannot resolve any 
significant change of atom density in the interphase region and further research is needed to 
establish methodologies for characterizing subtle differences in polymer packing that may 
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influence permeance and selectivity.  The thickness of the boundary layer formed in PIM-1 
solution after 270 sec of contact with x-PTMSP was estimated as ca. 5 µm (see Fig. 10). In the 
final membrane, after evaporation of all the solvent, the deposited layer might be at least one 
or two orders of magnitude lower in thickness. Very thin films of a PIM may exhibit enhanced 
packing, and hence higher selectivity, compared to the bulk polymer. This is illustrated by an 
anomalous decrease in heptane permeance reported for PIM-1, which appeared to be related to 
a packing enhancement of the polymer; in particular, a drop by a factor of five was observed 
when the thickness of the PIM-1 layer was reduced from 140 nm down to 35 nm

60
. 

 

3.5. Aging behavior of TFC membranes 

Despite the very promising performance of the TFC membranes developed in the present work, it 

should be pointed out that both selective and gutter layers are made of glassy high free volume 

polymers. The high fractional free volume provides high gas transport properties of these membrane 

materials, but at the same time the polymers undergo physical aging as a result of partial relaxation of 

the non-equilibrium free volume structure. Furthermore, thin films based on such materials 

demonstrate more pronounced physical aging
38,61

 compared with conventional glassy polymers such 

as polysulfone, polyimide Matrimid or polyphenylene oxide.
62

 Table 5 shows the performance of 

some of the TFC membranes as-prepared and after three months of storage at ambient conditions. As 

expected, all samples suffered severely from physical aging, with a 10-40 times drop in CO2 

permeance for the aged samples. At the same time, the ideal CO2/N2 selectivity was nearly the same. 

The aged membranes possess lower CO2 performance than required for post-combustion capture
30

. 

However, the mitigation of polymer physical aging with the maintenance of high selectivity would 

open new potential for applications of polymers of intrinsic microporosity. 

 
Table 5 Performance of as-cast and aged (three months) TFC 

membranes. 

Sample Days 
Gas permeance, GPU  

(CO2/N2) N2 CO2 

TFC#1 
0 224 8010 35.8 

98 6 208 34.6 

TFC#3 
0 127 4930 38.8 

94 8 297 37.1 

TFC#6 
0 54 3010 55.7 

95 5 281 56.2 

 

 
Indeed, the physical aging can be partially prevented by restricting the mobility of the polymer 
chains, thus preserving the polymer structure in time. For example, it was shown

18,19
 that the 

introduction of porous aromatic framework nanoparticles can prevent the physical aging of 
dense films of PIMs. However, long-term monitoring of TFC membranes revealed that the 
presence of PAF nanoparticles in a thin selective layer of PTMSP (1.5-7 µm) could not 
effectively minimize the physical aging compared with the dense films (30-40 µm).

19,38
 

Carbon-based fillers such as carbon nanotubes or carbonized hypercrosslinked polystyrene 
nanoparticles can also provide promising results in the performance of TFC membranes with 
PIM-1 over time.

29,57,59,63
 Further research on the mitigation of physical aging in thin films has 

great interest and potential both from fundamental and practical points of view. Nevertheless, 
the study of polymer aging was out of the scope of this work, and is a subject of future work. 
The main goal of this work was to gain an insight into the enhanced selectivity realized in 
TFC membranes when a cross-linked PTMSP gutter layer is coated with a thin PIM-1 
selective layer. 
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Conclusions 

A new series of thin film composite membranes (TFC) with high CO2 permeance and CO2/N2 

selectivity was designed and fabricated via coating PIM-1 solution in a mixture of chloroform and 

trichloroethylene (1:1) on top of a cross-linked PTMSP (x-PTMSP) gutter layer attached to a porous 

fabric material. By using TEM and SEM analysis, it was shown that there is good integration between 

the selective PIM-1 (0.3-0.4 µm) and gutter x-PTMSP (1.3-3.4 µm) layers. All membrane samples 

demonstrated a strong synergistic enhancement of CO2/N2 selectivity (=35.8-55.7) compared to 

PIM-1 (=18.5) and cross-linked PTMSP (=3.7). A number of hypotheses were considered to 

explain the synergistic effect. Using laser interferometry, the formation of an additional boundary 

layer in the diffusion region between PTMSP and PIM-1 solution was revealed. This boundary layer 

arises in the initial stage of the formation of a PIM-1 layer on the PTMSP interface. It is important to 

note that the boundary layer was much thinner and denser in the case of a solvent mixture, compared 

with PIM-1 solution in chloroform. We infer that the high selectivity of a multi-layer TFC membrane 

arises from a thin, dense, highly selective PIM-1 boundary layer generated during coating with the 

PIM-1 solution in chloroform/trichloroethylene mixture, where trichloroethylene is a poor and less 

volatile solvent. The as-cast TFC membranes possessed CO2 permeances up to 8000 GPU and CO2/N2 

selectivity up to 55.7, which meet the requirements of optimal membrane properties for post-

combustion capture of carbon dioxide.
30

 However, the aged TFC membranes showed a severe drop in 

gas permeance while maintaining nearly the same high selectivity. Thus, future success in the 

prevention of polymer physical aging, together with the synergy effect in selectivity reported for the 

first time in this work, will give new opportunities for the application of polymers of intrinsic 

microporosity. 
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