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ABSTRACT: The relationship, during physical aging, between the transport properties and
Young’s modulus for films of polymers of intrinsic microporosity (PIM) was investigated using
pure gas permeability and atomic force microscopy (AFM) in force spectroscopy mode. Excellent
agreement of Young’s modulus measured for the archetypal PIM-1 with values obtained by other
techniques in the literature, confirms the suitability of AFM force spectroscopy for the rapid and
convenient assessment of mechanical properties. Results from different polymers including PIM-
1 and five ultrapermeable benzotriptycene-based PIMs provide direct evidence that size selectivity
is strongly correlated to Young’s modulus. In addition, film samples of one representative PIM
(PIM-DTFM-BTrip) were subjected to both normal physical aging and to accelerated aging by
thermal conditioning under vacuum for comparison. Accelerated aging resulted in a similar
decrease in permeability and increase in Young’s modulus as normal aging, however, significant
differences suggest that thermally induced accelerated ageing occurs throughout the bulk of the
polymer film whereas normal aging occurs predominantly at the surface of the film. For all PIMs,

the increased in film rigidity upon aging led to an increase in gas size selectivity.

1 Introduction

The separation and purification of large quantities of chemical products account for 10-15% of
the world’s energy consumption, with the treatment of gas and vapor mixtures being the central
process of many industrial applications.! The development of membrane technology plays an
important role in several large-scale gas separation applications, including CO2 capture, natural
gas treatment and biogas upgrading.?® The key to boost the use of membrane technology in these

large-scale applications is the development of novel performing materials with improved



permeability (productivity) and selectivity (purity of the products).* However, polymeric materials
for gas separation suffer from a trade-off between these two quantities, which is well-represented
by the Robeson Upper Bounds.>® In a theoretical analysis, Freeman et al. suggested that
improvements in the performance of gas separation membranes require the synthesis of novel
polymers with a simultaneous increase of chain stiffness and interchain separation.” This design
strategy was consistent with the structure of the first Polymer of Intrinsic Microporosity (PIM-1)
in 2004,2 and led to successive modifications, including those containing rigid bridged bicyclic
units such as Troger’s base.® PIMs demonstrate attractive properties for membranes with a
combination of very high permeability, good separation factor, good mechanical properties and
capability to be solution-processed.’ Very recently, rigid amidoxime-modified PIMs achieved
highly permeable, selective and plasticization-resistant membranes for natural gas sweetening.
Like all glassy polymers with high fractional free volume, PIMs suffer from physical aging as a
consequence of the non-equilibrium nature of the glassy state, leading to a slow relaxation and
rearrangement of the molecular structure.*? Aging strongly depends on the previous processing
and thermal history of the samples,*® and widely different treatments are reported in the literature
to condition samples before the analysis, which may therefore lead to significant differences in the
test results. Permeability measurements are either performed on freshly prepared samples, after
alcohol treatment, or after drying under vacuum at elevated temperatures.*** Drying conditions
vary from 12 h at 70 °C under vacuum,® 24 h at 120 °C under vacuum with additional 2 weeks of
aging,!’” 4h at 140 °C under vacuum,'® or 125 °C overnight in air.!® On the other hand, for the
measurement of the BET surface area, which is often correlated with the transport properties,
powder samples are usually degassed at 120 °C for 16 h?®?! or at 150 °C for 12 h?? under high

vacuum. It has been noted that drying at elevated temperatures causes accelerated aging, so that a



lower permeability state is reached immediately, but with a slower further decrease during
subsequent aging.'® Prolonged aging of thick films has a considerable effect on the transport
properties and can be used to mimic the rapid aging in thin dense selective layer of composite or
asymmetric membranes for gas separation.?® For conventional polymers, Paul et al. found that
physical aging is much faster in thin films and they ascribed this to the diffusion of free volume
elements to the surface.?*?® This surface related mechanism appears relevant for PIM-1 as
indicated by depth-resolved PALS measurements.?’

Gas permeation measurements are a very powerful technique to track the aging of membranes.?*
Aging leads to a decrease in permeability and for many glassy polymers a concurrent increase in
selectivity, generally proceeds in a manner nearly parallel to the upper bound lines.?® Moreover,
Rose et al. discussed that there may exist a relationship between the transport properties and the
mechanical properties in PIMs.?° Therefore, a study of PIM aging, to seek greater understanding
of the relationship between gas separation performance and mechanical properties on a time scale
that is close enough to the normal life time of a membrane is desirable. The few reports on the
mechanical properties of PIMs,3%-% using different techniques, reveal that the elastic modulus of
PIMs are in the range that is typical of glassy polymers.?°*® However, common tensile tests require
multiple specimens of a relatively large sample size, and to the best of our knowledge a systematic
analysis of the effect of physical aging on the mechanical properties of PIMs has never been
performed. For situations where only a small amount of sample is available, a versatile and widely
used alternative is force spectroscopy. In this technique, an atomic force microscope (AFM) tip
scans over an area of the sample surface, and the corresponding applied force versus tip
displacement (FD curve) is determined.®"*® FD measurements are macroscopically non-

destructive, require millimeter-sized samples and, thus, could potentially allow a large number of



tests to be performed even on relatively exotic PIMs where only small samples are available.
Polak-Krasna et al. used AFM nanoindentation analysis to determine the elastic moduli of PIM-1
films at different indentation depths,®® obtaining results that are in good agreement with data
acquired with tensile tests and DMTA.32 Song et al. performed nanoindentation on PIM-1 to study
the effect of thermal-oxidative treatment on the polymer stiffness.3® Comparative studies have
demonstrated that results obtained by AFM force spectroscopy are fully consistent with those

obtained by tensile tests for neat polymers and more complex systems such as mixed matrix
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Figure 1. Structure of PIM-1 and the ultrapermeable PIMs used in the present work.

Here, we investigate the correlation of the mechanical and gas transport properties via a
systematic study of five highly permeable PIMs (Figure 1), including a more detailed analysis of
PIM-DTFM-BTrip as a function of the sample history (i.e. the effect of physical aging accelerated

by thermal treatments relative to that at ambient conditions). PIM-1 is used as a reference polymer



to allow comparison with mechanical properties already reported in the literature. The aim of this
study is to provide new insight into the origin of the strong size-selectivity of PIMs, and of the
transport properties in general. This study is of great practical interest because knowledge of the
correlation between polymer structure, physical aging, mechanical and transport properties may

provide a key to the development of polymers for even more efficient gas separation membranes.

2 Experimental part

2.1 Membrane preparation and conditioning

Polymers of intrinsic microporosity, archetypal PIM-1833, and ultrapermeable PIM-BTrip (1),
PIM-TFM-BTrip (2), PIM-DTFM-BTrip (3), PIM-HMI-Trip (4) and PIM-TMN-Trip (5) (Figure
1) were synthesized and the membranes were prepared in the form of dense self-standing films as
described previously.** As a post-treatment step, all membranes were soaked in methanol for 24h
and dried for one day at ambient conditions, loosely pressed between two porous glass disks to
maintain a flat shape and to allow the methanol removal via evaporation. This treatment resets the
thermodynamic polymer history?” and removes traces of residual solvent after membrane
preparation.t’#243 The casting solvent, membrane treatment and the film thickness are reported in
Table 1. The films were thick enough and were MeOH treated to guarantee that the transport
properties were neither thickness-dependent, nor dependent on the casting solvent. Methanol was
provided by VWR chemical and used without further purification.

An additional membrane of PIM-DTFM-BTrip was split into four completely equivalent sample
specimens and all four were soaked in methanol and dried in air as above. Two of these were then
further conditioned under vacuum at 140 °C in an attempt to accelerate the aging process. Of the

samples treated only in methanol and those thermally conditioned, one specimen was tested



immediately and the other was aged for 30 days at ambient conditions before the first
measurement. The codes of PIM-DTFM-BTrip membranes and the different treatments are
reported in Table 1.

Table 1. Membrane code, pre-measurement history, and thickness of the films studied in the

present work.

Polymer Casting solvent Membrane code and  Thickness (um) Ref.
history @

PIM-1 Chloroform MeOH P 88 This work
+140°C_4h 85 This work
MeOH-+aged 2219d 91 This work

PIM-BTrip Quinoline MeOH 160 Ref 41

PIM-TFM-BTrip  Quinoline MeOH 176 Ref 41

PIM-DTFM-BTrip Quinoline MeOH 106 This work
+140°C_4h 149 This work
MeOH_30d 156 This work
+140°C_4h_30d 186 This work

PIM-HMI-Trip  Chloroform MeOH 135 Ref 4

PIM-TMN-Trip  Chloroform MeOH 166 Ref 41

3 Membrane codes representing their preparation history:
MeOH: Membrane soaked in methanol, dried in air for 24 h, and tested immediately.

MeOH_30d: Membrane soaked in methanol, dried in air for 24 h, and stored for 30 days
before testing.

+140°C_4h: Membrane soaked in methanol, dried in air for 24 h, heated at 140 °C for 4 h,
and tested immediately.



+140°C_4h_30d: Membrane soaked in methanol, dried in air for 24 h, heated at 140 °C for 4
h, and stored for 30 days before testing.

MeOH+aged 2219d: Membrane soaked in methanol, dried in air for 24 h, and aged for 2219
days before testing.

b) Different samples

2.2 Force spectroscopy

Measurements of the elastic modulus were performed at room temperature in air on a
Multimode 8 AFM system with a Nanoscope V controller, as described elsewhere,* with the only
difference that the measurements were performed in air and not in liquid. Cantilevers of the type
CP-PNP-SiO (SQUBE), with a spherical tip and a nominal radius of 2 um (x 5%), were used. The
cantilevers were individually calibrated using the appropriate calibration probes (CLFC, Force
calibration cantilevers, Bruker), in accordance with the instructions of the producer.** The
calibrated elastic constants were in the range of 32.5 N m™ to 46.6 N m™*. The local elastic modulus
was obtained by quantitative analysis of the Force-Deformation (FD) curve via modelling of the
contact region with the general theory of contact mechanics.* The force and penetration depth
were optimized in order to avoid involuntary damage of the sample by the tip.>” The elastic
modulus, E, was calculated by fitting the single curve with the Hertz model,*® which predicts that

the force increases non-linearly with the indentation depth, 5:#’

_ 4 EVro® (1)
31— v2)

where F is the loading force, r is the tip’s radius of curvature. The parameter » is Poisson’s ratio,
which compares the strains in the transverse and longitudinal directions under uniaxial stress and

is assumed to be 0.3 in the case of glassy polymers.*® For each membrane, 60 FD curves were



recorded after the permeation tests, on three different areas and at a scan rate of about 400 nm s™".
Data were fitted using the NanoScope Analysis 1.5 software and the results were statistically

analyzed using Microsoft Excel.
2.3 Gas permeation analysis

Permeation tests were carried out with single gasses at 25 °C and at a feed pressure of 1 bar,
using a fixed volume/pressure increase apparatus (Elektro & Elektronik Service Reuter,
Geesthacht, Germany), as described previously.**>® All gases were supplied by Sapio (Italy) at a
minimum purity of >99.9995%. The gases were tested in the order Hz, He, Oz, N2, CHs, CO, O
and N». The tests of O» and N2 were repeated to confirm that there were no substantial changes in
performance after COg, thus excluding swelling and dilation phenomena. The permeability, P, is

calculated from the slope of the time-pressure curve in pseudo-steady state condition given by:>
dp RT-A ps-P 12
— — -t —_ |t - — 2
Pe p0+(dt>0 v T ( 6D @)

in which p is the permeate pressure at time t, po is the starting pressure, (dp/dz)o is the baseline

slope, R is the universal gas constant, T is the absolute temperature, A is the effective membrane
area, Vp is the permeate volume, Vi is the molar volume of the permeating gas at standard
temperature and pressure (0 °C and 1 atm), p is the feed pressure, and | is the membrane thickness.
The baseline slope and the starting pressure are normally negligible if the membrane is sufficiently
degassed and defect-free. The diffusion coefficient, D, was determined from the time-lag
according to the equation:

lZ



where @ is the so-called diffusion time-lag. Assuming the solution-diffusion mechanism, the gas
solubility coefficient, S, is calculated indirectly as the ratio of the permeability over the diffusion

coefficient:

S = (4)

(=l v

3 Results and discussion

3.1 PIM-1 reference material

The 3D histogram in Figure 2a shows the frequency distribution for ca. 60 individual
measurements of Young’s modulus of a PIM-1 film soaked in methanol and then thermally treated
or aged. Repeated measurements at different points of the sample result in a narrow distribution of
Young’s modulus around the average value. The value of the fresh sample (dark blue) is in good
agreement with the data available in the literature from different techniques (1 - 1.7 GPa)32355253
and confirms the validity of the AFM force spectroscopy method. The average value depends
strongly on the sample history, as can be seen from the modulus of the film that was thermally
conditioned after soaking in methanol (red), which shifts from 1.25 + 0.03 GPa to 1.66 + 0.05 GPa.
The modulus of the membrane that was soaked in methanol and then aged for 2219 days under
ambient conditions (light blue) further increases to 2.03 + 0.05 GPa. Figure 2b shows the
correlation between permeability and Young’s modulus of PIM-1. The permeability decreases
with increasing Young’s modulus independently of the sample history (accelerated thermal aging
or natural aging), and this trend is mostly due to a decrease in the diffusion coefficient (Figure

S1a). Instead, solubility is virtually unaffected (Figure S1b).
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Figure 2. (a) Frequency distribution of Young’s modulus of a PIM-1 sample after MeOH treatment
(dark blue) and subsequent thermal conditioning at 140 °C under vacuum (red) or after 2219 days of
aging from the MeOH treatment (light blue). (b) Correlation of the permeability coefficient of Oz, Na,
CH4 and CO2 with Young’s modulus of the samples. The symbol and the horizontal error bar show
the average modulus and the standard deviation of Young’s modulus, respectively, calculated from
the 60 individual measurements represented in the frequency distributions. The dashed lines are

indicated as a guide to the eyes.

3.2 Ultrapermeable PIMs

Figure 3a shows the frequency distribution of Young’s moduli for five ultrapermeable PIMs
after methanol soaking and drying overnight. Figure 3b shows the same samples, with the
exception of PIM-BTrip, after 60 days of aging. Aged PIM-BTrip films proved unsuitable for

measurement due to the formation of shallow surface cracks with similar dimensions as that of the

11



AFM tip (Figure S2 and Figure S3). In all cases, the modulus increases for the 60 days aged films
at much higher values than those of 2219 days aged PIM-1. This suggests that in the state with the
highest excess free volume, just after MeOH treatment, the polymer has a relatively soft structure,
and the aging leads to a denser packing arrangement with an increase in the bulk stiffness of the
materials, along with a decrease in permeability.

For all gases, the permeability tends to decrease with increasing Young’s modulus (Figure 3c)
in a roughly exponential fashion, with only PIM-HMI-Trip falling slightly below the trend. This
correlation is interesting in view of Freeman’s analysis of the Robeson Upper bound relationship,’
and in view of the studies claiming that for instance TR polymers owe their molecular sieve-like
size selectivity to the increased rigidity of the polymer after the thermal rearrangement.>* The
decreasing permeability upon aging is usually strongest for the larger gas species and this is
correlated with increased size-selectivity.> Similarly, diffusivity decreases with Young’s modulus
in a similar fashion when a sufficiently wide range of modulus values is covered but with some
deviations from the trend line for the individual polymers (Figure 3d), suggesting that the
correlation between diffusivity and Young’s Modulus is not as strong as that between permeability
and Young’s Modulus. The deviation from the trend line most likely occurs because sample
modulus is not the only factor determining the size selectivity, but also the total free volume and
its size distribution. Depending on the gas type and sample history, the standard deviation in the
permeability is always below 18%, but typically it is in the range of the symbol size in the graphs,**

and therefore it does not affect the observed trends or the conclusions of the manuscript.
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Figure 3. Frequency distribution of Young’s modulus of the fresh ultrapermeable PIM-BTrip (1),
PIM-TFM-BTrip (2), PIM-DTFM-BTrip (3), PIM-HMI-Trip (4) and PIM-TMN-Trip (5) samples
tested after methanol treatment and dried in air for 24 h (a) and of the same samples after 60 days of
aging (b). Plot of the correlation of the permeability coefficient*! (c) and of the diffusion coefficients
(d) with Young’s modulus of the polymers. The symbol and the horizontal error bar (shown only in

the CO- series for clarity) show the average value and the standard deviation of Young’s modulus,
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respectively, calculated from the 60 individual measurements represented in the frequency

distributions. The dotted lines serve as a guide to the eye.

3.3 Effect of aging and conditioning of the sample on gas transport

Figure 4 shows the permeability and the diffusion coefficient with their related selectivities for
a series of gases upon aging of a MeOH treated sample and of a sample evacuated for 4h at 140
°C. The permeability gradually decreases as a function of aging time for all gases in both films,
with lower values for the thermally conditioned sample due to the accelerated physical aging
(Figure 4a). He and Hz (not shown), follow the same qualitative trends in permeability as Oz, N2,
CHs and CO», but their time lag is too short to measure the diffusion coefficient accurately. The
decrease in permeability is associated with a weak increase in selectivity (Figure 4b), following
the same trend previously described for physical aging of other PIMs and glassy polymers.1&24
This trend is clearer on the Robeson plots (Figure 5). Diffusivity follows the same trend as
permeability (Figure 4c), whereas the solubility is hardly affected by either aging or thermal
treatment of the samples (Figure 4d). Thus, aging affects the mobility of the polymer chains, their
packing density and the overall free volume without substantial changes in the affinity for the gas.
For both samples, the diffusion coefficients decrease in the order O, > CO, > N2 > CHg, according
to their effective gas diameters.>® This is typical for nearly all dense membranes for which transport
is governed by the solution-diffusion transport mechanism, and the effect is particularly strong for

PIMs, known for their strong size-selective character.>>>’
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Interestingly, aging seems to be triggered by the permeability measurement itself, because the
samples tested 30 days after the MeOH treatment, with or without conditioning at 140 °C, show
the same P and D as the samples immediately tested, and much higher P and D than the samples
that were tested and then aged for 30 days (Figure S5). This suggests that residual methanol
reduces aging until it is removed by the vacuum applied on the membrane before the permeability
tests. However, it has been noted previously that repetitive exposure to MeOH vapor cannot
completely suppress physical aging.*®

The Robeson plots of PIM-DTFM-BTrip for the four relevant gas pairs CO2/CHa, CO2/N,
0O2/N2, and He/N2 (Figure 5a-d) show that aging generally leads to a decrease in the permeability
and an increase in selectivity, more or less parallel to the Robeson upper bound,?® as recently
observed for all members of the benzotriptycene-based PIM family.*! The strong increase in He/N;
selectivity (Figure 5d), evidences a distinct size-sieving ability of the polymer, which further
increases upon aging. Instead, the thermal treatment at 140 °C accelerates aging and reduces the
permeability of the samples, but without the desired increase in selectivity. This makes thermal

treatment less attractive to optimize performance.
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aged (30d (), 120d (X)). Red symbols show the data for the sample 140 °C_4h (A ), and subsequent
aging (30d (e), 120d (X)). Orange symbols show the data for the sample 140°C_4h 30d and

subsequent aging (30d (), 120d (X)).

3.4 Effect of physical aging on the mechanical properties

The sample history of PIM-DTFM-BTrip also strongly affects its mechanical properties, as
witnessed by a significant increase of Young’s modulus after conditioning under different
conditions. Figure 6 shows the frequency distribution of Young’s modulus of the membrane only
soaked in methanol (a), and the one further thermally conditioned (b). The three distributions for

each sample represent the fresh, the 33 days aged, and the 120 days aged sample, respectively,
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with the brightest color for the longest aging. In all cases, the average Young’s modulus increases
with aging time. Normal aging occurs predominantly at the surface of the film due to the enhanced
mobility near the surface or to the diffusion of free volume toward the surface of the film, allowing
the polymer at the surface or in thin films to reach a lower free volume state more quickly than
bulk samples,*?® and creating a concentration gradient of fractional free volume near the
surface.?”*8 The thermal conditioning of the membrane leads to a higher initial modulus but slower
further increase over time, consistent with the thermal treatment initially accelerating aging and
stabilizing the mechanical properties. This suggests that thermally induced accelerated ageing
occurs throughout the bulk of the polymer film, as a trade-off between increased thermal motion
at elevated temperature and increased free volume due to thermal expansion. Remarkably, for both
the fresh MeOH treated sample and the heat-treated sample, the permeability (Figure S5) and
Young’s modulus (Figure S6) change much less upon storage of the samples for 30 days without
prior testing, than it does upon aging for 30 days after immediate testing. This suggests that the
alternating vacuum and permeation of the samples actually triggers or accelerates the aging

process.
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Figure 6. Effect of physical aging and post treatments on Young’s modulus of PIM-DTFM-
BTrip (3) films after MeOH treatment (a) and after conditioning at 140 °C (b). The three groups

in the charts represent the frequency distribution of the samples after different aging time.

3.5 Correlation between gas transport and polymer film rigidity

Figure 7 shows the correlation of the gas transport parameters with Young’s modulus of the
methanol treated samples of the benzotriptycene PIMs. The permeability decreases with increasing
Young’s modulus (a) and this is due to a decrease in the diffusion coefficient (Figure 7 b),
consistent with the behavior observed for PIM-1. Solubility is not correlated with the mechanical
properties and remains virtually constant (Figure S7). The correlation between permeability and
Young’s modulus is not limited to the MeOH treated sample but it is common for all samples with

different histories (Figure S8). The observed correlation shows a general trend, almost independent

of the specific sample history (Figure S9).
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Figure 7. Correlation between Young’s modulus and permeability (a) or diffusion coefficient (b)
for Oz, N2, He, H2, CH4 and COx in the freshly prepared samples of PIM-DTFM-BTrip (3) after
MeOH. The symbol and the horizontal error bar represent the average modulus and the standard

deviation, respectively, calculated from the 60 individual measurements.

The stiffening of the samples on aging hinders the diffusion of the penetrants, particularly the
larger gas molecules, though the membrane. At the same time, the decreased chain mobility leads
to an increase in the energetic selectivity, increasing the size-sieving properties of the materials,
and then the overall selectivity, consistent with a previous study on temperature dependent
measurements.>’ The size-selectivity is related to the ability of a gas molecules to pass through
tight constriction points between free volume elements formed by the polymer packing.

Figure 8 shows the diffusion coefficient of Oz, CO2, N2, and CHj4 for all four samples of PIM-

DTFM-BTrip with different histories. It is possible to construct a data cloud, highlighting the
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general trend of decreasing diffusion coefficients with increasing Young’s modulus. The solubility
coefficient is independent of Young’s modulus (Figure S10a), whereas the trend in the
permeability (Figure S10b) is a replica of that of the diffusion coefficient, showing that the physical

aging has its main impact on diffusion.
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Figure 8. Master plot of the diffusion coefficients of O,, CH4 and CO: as a function of Young’s
modulus for all PIM-DTFM-BTrip (3) samples with different histories (see sample codes in Table

1). The lines connect the same samples with different ages.

The permeabilities of PIM-1 from Figure 2 would fall below the trend of the ultrapermeable
polymers with comparable Young’s modulus in Figure S10b. Comparison of PIM-1 with recent
data® of structurally different and partially fluorinated PIM-2 reveals that PIM-2 has a higher
Young’s modulus, and although its permeability vs. modulus falls on the PIM-1 trend for CO, and
Oz, its permeability is substantially higher for CH4 and N2 (Figure S11). This suggests that the

correlation between Young’s modulus and the transport properties only accurate for structurally
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similar polymers with similar chain rigidity. Thus, the trend holds for the present family of
ultrapermeable polymers with closely related structures. Of course, increased film rigidity is not
the only reason for the decreasing permeability and increasing size-selectivity, but it may be
expected that free volume also decreased in these samples upon aging. This is a well-known
phenomenon for PIMs and has been demonstrated in various studies on PIMs and PIM
copolymers.?%2780 Free volume is univocally correlated with the transport properties of dense

polymers, and both permeability and diffusivity decrease as the FFV decreases.®!

4  Conclusions

Permeation tests and AFM force spectroscopy studies on a series of different PIM membranes
revealed a strong correlation between the transport parameters and the polymer film stiffness.
Structurally similar samples with different history follow a nearly universal trend, independent of
the specific sample. Excellent agreement between Young’s modulus obtained for reference sample
PIM-1, and values reported in the literature based on different analytical techniques, show that
AFM force spectroscopy offers a practical and convenient alternative to measure the mechanical
properties of PIMs. This technique is particularly useful for ‘exotic’ polymers for which only small
samples are available. For the series of structurally similar ultrapermeable PIMs, it was found that
the decrease of the diffusion coefficients during aging is associated with an increase in their
Young’s modulus. Extensive transport studies on one of the samples, PIM-DTFM-BTrip, after
different conditioning steps, highlight that the decrease of permeability in time is mainly due to
the reduction of the diffusion coefficient. Thermal treatment accelerates the physical aging of the
samples in terms of transport parameters but slightly slows down further ageing. Also, in terms of
mechanical properties, after an initial increase in Young’s modulus there is a slower further

increase with time, apparently because the high temperature stabilizes the sample properties.
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Interestingly, it appears that the permeation measurement itself affects with the physical aging of
these polymers: membranes immediately tested after MeOH treatment or thermal treatment at 140
°C have a significant faster aging compared to the membranes tested only after additional 30 days
of aging at ambient conditions. It will be subject of further studies to investigate whether this is
due to more efficient removal of MeOH under vacuum, or whether the vacuum exposition during
the permeation tests results in higher aging rates. Overall, it can be concluded that the gas
permeability and diffusivity systematically decrease with Young’s modulus of this series of
ultrapermeable PIMs, in a more or less universal trend, regardless of sample history. Some sample-
to-sample differences indicate that the correlation is not perfect, and that other independent factors

may play a role, such as differences in pore size distribution and fractional free volume.
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Figure S1. Correlation of the diffusion and solubility coefficients of Oz, N2, CHs and CO2 with
Young’s modulus of PIM-1. Sample after MeOH treatment is represented dark blue and
subsequent thermal conditioning at 140 °C under vacuum in red or after 2219 days of aging
from the MeOH treatment in light blue. The symbol and the horizontal error bar show the
average modulus and the standard deviation of Young’s modulus, respectively, calculated from
the 60 individual measurements represented in the frequency distributions. The dashed lines are
indicated as a guide to the eyes.

Figure S2. SEM images of the cross section of the ultrapermeable PIMs acquired with Phenom
Pro X desktop SEM and an acceleration voltage of the primary electron beam of 10 kV in
backscattering mode.
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Figure S3. Optical micrographs of the membranes surface of ultrapermeable PIMs.

Figure S4. Relative permeability of PIM-DTFM-BTrip (3) for Oz, CO2, N2 and CHs as a function
of time in a freshly soaked (black lines) and a thermally treated sample (red lines).

Figure S5. Permeability and diffusion of Oz, N2, CH4 and CO2 of PIM-DTFM-BTrip upon aging
of sample MeOH in blue (¢), MeOH_30d in light blue (e), +140°C 4h in red (A), and
+140°C_4h_30d in orange ().

Figure S6. Effect of aging time and thermal treatments on Young’s modulus of PIM-DTFM-BTrip
MeOH_30d and +140°C_4h_+30d. The two groups in the charts represent the different aging
of the samples.

Figure S7. Solubility of Hz, He, O2, N2, CH4 and CO- in PIM-DTFM-BTrip as a function of
Young’s modulus of MeOH in blue (o) and +140°C_4h inred (A).

Figure S8. Correlation between Young’s modulus and permeability or diffusion for Oz, N2, He,
H>, CH4 and CO; for the PIM-DTFM-BTrip samples treated at 140 °C under vacuum for 4 h,

Figure S9. Permeability, diffusion and solubility of Oz, N2, CH4, He; H2 and CO: as a function of
Young’s modulus of PIM-DTFM-BTrip sample MeOH in dark blue (e), MeOH_30d in light
blue (e), +140°C_4h inred (A), and +140°C_4h_30d in orange (A).

Figure S10. Master plot of permeability and solubility coefficients of O., CHs and CO- as a
function of Young’s modulus for PIM-DTFM-BTrip samples with different history. The lines
connect the same samples with different ages.

Figure S11. Comparison of PIM-1 from Figure 2 with data of fluorinated polymer PIM-2 after
the MeOH soaking step (green series),*® showing reasonable to good correspondence for CO2
and Oz, but rather strong deviation of CH4 and N2 from the trend.
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Figure S1. Correlation of the diffusion and solubility coefficients of Oz, N2, CH4 and CO, with
Young’s modulus of PIM-1. Sample after MeOH treatment is represented dark blue and subsequent
thermal conditioning at 140 °C under vacuum in red or after 2219 days of aging from the MeOH
treatment in light blue. The symbol and the horizontal error bar show the average modulus and the
standard deviation of Young’s modulus, respectively, calculated from the 60 individual

measurements represented in the frequency distributions. The dashed lines are indicated as a guide
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PIM-HMI-Trip

Figure S2. SEM images of the cross section of the ultrapermeable PIMs acquired with Phenom Pro
X desktop SEM and an acceleration voltage of the primary electron beam of 10 kV in backscattering

mode.
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PIM-TFM-BTrip

PIM-DTFM-BTrip PIM-TMN-Trip

Figure S3. Optical micrographs of the membranes surface of ultrapermeable PIMs.

The soaking in methanol PIMs caused a dilation of network and a consecutive evaporation and
contraction. The evaporation of MeOH, faster on the surface, induced the visible cracks in PIM-
BTrip.%
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