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a b s t r a c t

Carbon molecular sieve (CMS) membranes separate penetrants using size and shape-selective pores. In
this paper we report pyrolysis of a 6FDA:BPDA-DAM polyimide precursor between 500 and 800 �C and
measure gas evolution during the CMS structural development. The CMS materials were then charac-
terized using combined transport properties, porosimetry, FTIR, Raman spectroscopy, TGA-FTIR, WAXD,
and elemental analysis measurements to assess their resulting physical and chemical properties. The
results support a previous vision that fragmentation of the polyimide precursor occurs to form aromatic
strands that provide building blocks for the overall CMS cell structure. This fact notwithstanding, these
new findings indicate that constituent strands appear to be more complicated than previously suggested.
An ordering process of such strands can generate a bimodal morphology comprising larger micropores
with irregular cell walls containing ultramicropores. Permeability and permselectivity of the CMS for the
C2H4/C2H6 pair are also correlated with CMS structures based on the above characterizations. The results
of this work suggest that molecular probe-based transport measurements are by far the most useful tools
to study these complex, amorphous materials for molecular separation applications.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction and background

Carbon molecular sieve (CMS) materials outperform traditional
polymeric membranes in both permeation productivity and selec-
tivity for many gas pairs [1e10]. Such materials are especially
attractive for both olefin/paraffin and natural gas separations,
which require discrimination of gas molecules differing by� 0.5 Å
[11e15]. The gas transport properties of CMS stem from a bimodal
pore size distribution (Fig. 1a and b) consisting of larger micropores
(7e20 Å) and smaller ultramicropores (<7 Å) [5,16e22]. The mi-
cropores provide substantial pore volumes (>0.1 cm3/g) and high
gas permeability, while the ultramicropores allow selective diffu-
sion of size-similar penetrants to perform ultrafine molecular
discrimination [5,16,23].

In previous work, during pyrolysis of a polyimide precursor,
6FDA:BPDA-DAM (Fig. 2), we used the scheme in Fig. 3 to discuss
key aspects of the formation of CMS membranes [23]. In this
.

scheme, during heating in an inert atmosphere, fragmentation of
the high molecular weight (>150 k g/mol) polymer precursor leads
to mobile rigid aromatic strands (Fig. 3aeb). The aromatic strands
will tend to align into ultramicropore-containing plates due to
entropically driven volume exclusion effects, like those in rigid
liquid crystals (Fig. 3b and c) [24]. Such plates can further consol-
idate into tighter structures if adjacent aromatic strands bond and
evolve H2. Molecular-scale spaces between parallel aromatic
strands comprise the ultramicropores, while the voids between the
plates make up the micropores (Fig. 3d). During thermal soak and
cooling, adjacent micropores can coalesce into a cellular structure,
with shared ultramicropore walls between micropore cells (Fig. 3e
and f). As the CMS develops, the cellular structure relaxes, leading
to a tighter, more selective pore structure [13,25,26]. In this work,
we have pursued the implications of the scheme in Fig. 3 further by
considering elemental balances involving the starting polymer,
evolved gases during pyrolysis, and residual elements in the final
CMS sample (Table S1.1).

Our analysis also provides more insight into the likely fine
structure of a “typical strand” in Fig. 3b derived from the
6FDA:BPDA-DAM precursor. As a first step, we quantified gas evo-
lution of H2, CF3H, HF, H2O, CO2, CO, CH4, and HCN during pyrolysis



Fig. 1. CMS slit-like structure (a) and idealized bimodal pore size distribution (b) [5].

Fig. 2. Chemical structure of 6FDA:BPDA-DAM [23].
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in UHP argon between 500 and 800 �C. Low N2 evolution, along
with significant residual N content in the CMS, are generally
consistent with the fragmented strand structure in Fig. 3b showing
significant retention of nitrogen even at high pyrolysis tempera-
tures (Table S1.1). Elemental analysis, TGA-FTIR and Raman spec-
troscopy further quantify changes in composition and functional
groups during carbonization associated with the increased
ordering of the carbon backbone as pyrolysis temperatures
increase.

Earlier permeation results for C2H4 and C2H6 gas probes in CMS
pyrolyzed at increasing temperatures are also reviewed to com-
plement the new characterizations of increasingly restrictive pores
[27]. Finally, H2 and the relative CO to CO2 evolution rates are dis-
cussed to provide additional insights into the process outlined in
Fig. 3. Taken together, the results discussed here provide a self-
consistent connection between changes in CMS composition and
observed high permselectivity based on diffusion selectivity be-
tween penetrants.
2. Experimental methods

2.1. Measurement of gas evolution during pyrolysis

The identity of evolving gases was determined using thermog-
ravimetric analysis-fourier transform infrared spectroscopy (TGA-
FTIR) analysis and mass spectrometry (Stanford Research Systems,
UGA 300). Quantitative mass spectrometry measurements were
performed using the experimental set up below (Fig. 4). Specif-
ically, 1.25 g of 6FDA:BPDA-DAM (1:1) polymer (Akron Polymer
System,185 kMW)was placed in the furnace (Thermcraft Inc., XST-
3-024-3C), which was purged with UHPArgon (Airgas, 99.999%) for
8 h at 25 �C prior to beginning each experiment. An O2 sensor was
used to verify that less than 1 ppm O2 was present in the atmo-
sphere prior to starting pyrolysis. All measurements followed the
same heating protocol discussed in more detail in previous work
shown below [11e14,16,23,25,27e29].

1) 25 �C/250 �C at a ramp rate of 15 �C/min
2) 250 �C/(Tmax-15) �C at a ramp rate of 3.85 �C/min
3) (Tmax-15) �C/Tmax

�C at a ramp rate of 0.25 �C/min
4) Soak for 120min at Tmax
5) Cool naturally to room temperature under flowing UHP Argon

Measurements on the mass spectrometer began once the
furnace temperature reached 250 �C associated with the tempera-
ture programs noted for each experiment shown below (Fig. 5).

Mass spectra data were converted into quantitative flow rates
using calibration factors determined by an elemental and mass
balance analysis. Samples recovered from each experiment were
also characterized by carbon, hydrogen, nitrogen (CHN) combus-
tion analysis, oxygen pyrolysis IR detection, and flask combustion
ion chromatography to determine their composition (Supporting
Information S1). Complementary TGA (TA instruments, Q50) ex-
periments, using the same 6FDA:BPDA-DAM precursor, were per-
formed to determine the exact weight loss during each
temperature profile (Supporting Information S2). Finally, the gas
evolution profiles of each experiment were integrated and related
to the change in composition of each sample. By careful analysis of
the results, calibration factors were calculated to convert mass
spectra outputs into molar flow rates (Supporting Information S3).



Fig. 3. Polymer precursor transformation into CMS, adapted from Ref. [23]. (A colour version of this figure can be viewed online.)

Fig. 4. A schematic of the three-zone pyrolysis system used for membrane fabrication [28]. (A colour version of this figure can be viewed online.)
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2.2. Material characterization

CMS powders were characterized using Brunauer-Emmett-
Teller (BET) physisorption, attenuated total reflectance (ATR) FTIR
spectroscopy (Thermo Scientific, Nicolet iS 50), Raman spectros-
copy (Reinshaw, inVia). Porisometry (Micromeritics, ASAP 2020)
was used to determine the pore size distribution in CMS samples
pyrolyzed at different temperatures. The pore size distribution
between 3.5 and 10 Åwas determined using CO2 physisorption, and
N2 physisorptionwas used for pores >10 Å (Supporting Information
S4). FTIR and Raman spectroscopy elucidated changes in functional
groups and carbon hybridization in the CMS versus pyrolysis
temperature.
3. Results and discussion

3.1. Identification of evolving gases

TGA-FTIR data were collected on 6FDA:BPDA-DAM (Fig. 6) for a
800 �C pyrolysis protocol that spanned the range of interest here.
The results show the evolution of majority compounds such as
CF3H (1150 cm�1), CO2 (2300-2400 cm�1), CO (2100 cm�1), and CH4

(3010 cm�1). Similar experiments reported elsewhere on
6FDA:BPDA-DAM have shown spectroscopic evidence for faint
concentrations of HF and HCN, which were seen in our work as well
[29].

Mass spectrometry was used to quantify the evolution of CF3H,



Fig. 5. Pyrolysis heating protocols with ramps to max soak temperatures between 500
and 800 �C. (A colour version of this figure can be viewed online.)

Fig. 6. TGA-FTIR data for 6FDA:BPDA-DAM pyrolyzed under 800 �C ramp conditions.
(A colour version of this figure can be viewed online.)
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HF, CO2, CO, CH4, H2, H2O, and HCN. Some water was apparent and
traces of N2 were also evolved, but the N2 levels were close to the
detection limit and were considered negligible. These results are
also consistent with results reported elsewhere on the pyrolysis of
related polyimides [30e34], and as discussed below, provide a basis
for further refining the scheme in Fig. 3. Using this combination of
TGA, elemental analysis, and mass spectrometry, molar flow rates
of each gas were determined as a function of time.
3.2. Formation of aromatic strands

Fragmentation by scission at entanglement points is expected
for typical random coil high molecular weight (>150 k g/mol)
6FDA:BPDA-DAM materials (Fig. 2). As aromatization proceeds,
stress is relieved by breaks at weaker links in the polymer backbone
such as the biphenyl or imide bonds. As noted in our earlier work
[23], recognized effects of mechanochemical stresses on key re-
actions [35], can promote chain scissions at stressed points during
pyrolysis. As discussed later, we believe that engineering of
simultaneous aromatization and entanglement of segments in the
precursor coils can enable tuning of the evolving CMS structure.

As noted earlier [23], if only CF3H, CO2 and CH4 are evolved in
the pyrolysis process, the typical fragmented aromatized strand
structure, or an oligomer thereof, shown in Fig. 3 is appropriate. The
measurable evolved components detected here help refine under-
standing of the pyrolysis process and key structures leading to
functional CMS properties. Specifically, the presence of CO and H2
in the evolved gases, besides those noted above, help better clarify
the fragmentation and aromatization scheme in Fig. 3, as discussed
below.

3.2.1. Defluorination of 6FDA unit
An early step in the pyrolysis reaction involves defluorination of

the polymer precursor to produce a high free volume medium.
Elemental analysis shows CMS samples contained <0.1wt% of
fluorine after pyrolysis for all temperatures in this study
(Table S1.1). Most of this fluorine leaves as CF3H, which fragments
from the 6FDA units. This fragmentation is consistent with CF3H
evolution profiles, which change little for the various pyrolysis
protocols (Fig. 7a) and indicate that most of CF3H leaves the poly-
mer precursor around 500 �C.

Less fluorine evolution occurs in the form of trace HF as
compared to the CF3H contribution, among all pyrolysis tempera-
tures with an apparent maximum for the 600 �C protocol (Fig. 7b).
HF evolution begins about 10min after the onset of CF3H evolution
but is a relatively minor component in all cases.

3.2.2. Demethylation of DAM monomer
Demethylation onset occurs simultaneously with the loss of

CF3H, reflecting the loss of methyl groups from the DAM moiety in
the repeat unit. The CH4 profile, however, shows two distinct
demethylation peaks for pyrolysis protocols reaching 600 �C or
above (Fig. 8). One peak is observed for the 500 �C and 550 �C
protocols, which appears as a shoulder in the 600e800 �C pro-
tocols. Integration of the areas under the 550 �C and the 800 �C
profiles shows a 2:3 ratio, suggesting two CH4 molecules leave the
polymer at temperatures between 475 and 550 �C with a final CH4
molecule leaving at temperatures between 550 �C and 675 �C. Such
a result is generally consistent with compact, packable strands
associated with significantly higher selectivity with lower perme-
ability, as discussed later (Fig. 13) for pyrolysis temperatures
>550 �C. In any case, all methyl groups are removed after reaching a
temperature of 675 �C.

3.2.3. Decarbonylation of 6FDA and BPDA units
Decarbonylation occurs by elimination of carbonyls in the imide

groups arising from 6FDA and BPDA units. This process occurs in a
similar temperature range to that of demethylation. Evolution of
CO2 begins about 10min after CO evolution starts, with most oxy-
gen being removed in the form of CO and CO2 after reaching a
temperature of 600 �C. The CO and CO2 profiles show similar pat-
terns, but with CO being themore dominant fragmentation product
(Fig. 9a and b), as has been observed for some other polyimide
precursors [11e19,23,25,27e34]. The strand structure in Fig. 3b
with aromatic six membered pyridinic N moieties is consistent
with one CO2 molecule leaving during each imide unit decompo-
sition and aromatization. Stoichiometrically, removal of two CO
molecules, rather than one CO2 molecule is consistent with for-
mation of a pyrollic, rather than a pyridinic N moiety. Replacing the
six membered pyridinic ring with a 5-membered aromatic pyrrolic
ring, associated with evolution of two CO molecules during an
imide unit decomposition and aromatization, results in a different
but equally rigid aromatic strand. This observation suggests that
the basic scheme in Fig. 3 remains appropriate, but with ultra-
micropore “plates” composed of a mixture of primarily pyridinic or
pyrrolic segments.

Typical expected shapes of the “pyridinic” and “pyrrolic” strand
segments are shown in Fig.10a and b. The pyridinic strand (Fig.10b)
corresponds to the model proposed in Fig. 3, but this new analysis
gives insight into a CMS structuring consisting of both nitrogen
moieties.



Fig. 7. Mass spectra data of CF3H (a) and HF (b) for pyrolysis protocols between 500 and 800 �C. (A colour version of this figure can be viewed online.)

Fig. 8. Mass spectra data of CH4 for pyrolysis protocols between 500 and 800 �C. (A
colour version of this figure can be viewed online.)

Fig. 9. Mass spectra data of CO (a) and CO2 (b) for pyrolysis protocols betwee

Fig. 10. Typical all-pyrole (a) and all-pyridine
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The relative number of pyrrolic vs. pyridinic units created during
pyrolysis should be reflected by the relative integrated amounts of
CO vs. CO2 evolved in Fig. 9a &b (QCO vs. QCO2). More precisely,
removing two CO molecules leads to a pyrrollic moiety while
removing one CO2 molecule leads to a pyridinic moiety. Therefore,
the ratio [0.5 QCO/QCO2] is a useful parameter for quantifying the
relative quantity of eachmoiety. Table 1 provides a summary of this
0.5 QCO/QCO2 ratio as a function of final pyrolysis temperature over
the period from t¼ 0e300min. On this basis, the average pyrrollic-
to-pyridinic strand ratio in Table 1 suggests that roughly 75e80% of
n 500 and 800 �C. (A colour version of this figure can be viewed online.)

(b) strand segment comprising the CMS.

Table 1
Ratio of 0.5 QCO to QCO2 as a function of pyrolysis temperature.

Final pyrolysis temperature (�C) [0.5 QCO/QCO2 ]

500 3.1
550 3.4
600 4.2
675 3.4
800 3.7
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the strands comprising a typical ultramicropore-rich “plate” are
pyrollic in nature. Interestingly, the 0.5 QCO/QCO2 ratio marginally
increases with temperature, but the reason for this phenomenon is
not yet clear. High resolution X-ray photoelectron spectroscopy
(XPS) [36e39] and X-ray absorption near edge spectroscopy
(XANES) [39e41] in the future can help check the validity of this
prediction regarding the nature of the N moieties in the carbon.
Specifically, consideration of relative XPS N 1s peaks from the areas
in the N 1s for 398.6 eV for pyridinic vs. at 400.1 eV for pyrrolic N1s
should be particularly helpful [39].

Shifts in the chemical nature of differing pyridinic to pyrrolic
ratios may be reflected in changes in sorption and permeation of
acidic gases like CO2 and H2S vs. CH4. Understanding factors con-
trolling the Qco/Qco2 ratio could help in tuning gas diffusion and
sorption selectivity associated with the slit like pores in Fig. 3.
Further, it may be possible to direct the formation of these nitrogen
moieties by cofeeding either CO or CO2 during pyrolysis, whichmay
inhibit the formation of pyrollic and pyridinic groups respectively.
Another method of manipulating the relative concentration of
these nitrogen species is through careful control of pyrolysis tem-
perature protocols. For instance, high temperature treatments of
as-made carbon materials have shown that pyrrolic species may
decompose more readily than pyridinic species at temperatures
above 600 �C [42].
3.2.4. Formation and decomposition of secondary functional groups
Following the removal of the primary functional groups present

on the polymer precursor, secondary functional groups may form
and then decompose. Elemental analysis of these CMS samples
show that besides carbon, some nitrogen, and oxygen remains in
the CMS (Supporting information S1). Past studies on related pol-
yimides suggest that these elements may exist in the form of aro-
matic strands consisting of phenyl, pyridine, pyrrole, and furan
groups [23,33]. Moreover, FTIR suggests the presence of carbonyl
(1750 cm�1), cyano (2225 cm�1) and hydroxyl (3000-3500 cm�1)
groups (Fig. 11). Pyrolysis above 550 �C removes the functional
groups, correlated to the release of HCN and H2O in the mass
spectra data (Fig. 12a and b). Hydroxyl and cyano groups, formed
between 500 and 550 �C, remain until the CMS reaches 675 �C, but
such groups are small features in the CMS samples.
Fig. 11. FTIR spectra for CMS pyrolyzed between 550 and 800 �C. (A colour version of
this figure can be viewed online.)
3.3. Tuning gas separation performance by control of pyrolysis
conditions

As mentioned earlier, tightening of ultramicropores at
increasing pyrolysis temperatures improves discrimination of gas
pairs at the cost of permeability ½25]. Large reductions in perme-
ability generally reflect tightening of the CMS matrix at higher
pyrolysis temperatures. For example, C2H4/C2H6 permselectivity
(aC2H4=C2H6

) on CMS pyrolyzed from 6FDA:BPDA-DAM between 550
and 800 �C increased from 4.7 to 9 while permeability decreased
from 120 Barrer to 11 Barrer (Fig. 13). Higher C2H4/C2H6 permse-
lectivity reflects changes in size or shape molecular discrimination
(DC2H4

=DC2H6
) and/or changes in gas adsorption affinity

(SC2H4
=SC2H6

).

aa=b ¼ Pa
Pb

¼ Sa

Sb

Da

Db

More specifically, trends such as those in Fig. 13 typically reflect
reductions in diffusion coefficients, rather than major changes in
sorption factors. Indeed, sorption selectivity tends to be moderate
in CMS from various precursors for the C2 pair [29], so the trend in
Fig. 13, indicates strong effects of diffusion [15]. Since the kinetic
diameters of C2H4 (3.75 Å) and C2H6 (3.85 Å) differ by only 0.1 Å
[27], these trends suggest that sub-nanometer ultramicropores
tighten with increasing pyrolysis temperatures and may reflect the
formation of impermeable sectors in the micropore walls (Fig. 3).
This latter issue is discussed below in more detail regarding
observed H2 evolution for the various pyrolysis conditions.

3.4. Bonding between aromatic strands

After aromatic strands form and the initial CMS structure is
ordered, inter-strand bonding may occur and evolve H2 (Fig. 14).
Interestingly, the total moles of H2 evolved systematically increases
with pyrolysis temperature suggesting that inter-strand bonding is
more pronounced at higher temperatures. Presumably a single ar-
omatic strand may bond at multiple locations, but the increasingly
constrained segments may require increasing thermal energy to
bond at more locations. This bonding may force adjacent strands
closer together and results in tightening of the ultramicropore slits
between these strands. This bonding may also result in essentially
impermeable local sections, which add non-selective tortuosity in
micropore walls (Fig. 3). Increasing inter-strand bonding, signaled
by increasing H2 evolution at higher pyrolysis temperatures
(Fig. 14), is consistent with the observed decrease in C2H4 perme-
ability and increase in C2H4/C2H6 selectivity (Fig. 13). This new
observation may allow for H2 evolution to be used as a quantitative
measure of the extent of inter-strand bonding and could assist in
carefully tuning the pore structure of CMS for specific gas pair
separations.

3.5. Ordering and micropore characterization of the CMS structure

Higher pyrolysis temperatures lead to more complete aromati-
zation and removal of functional groups, enabling easier organi-
zation of aromatic strands reflected by higher penetrant
permselectivity noted in Fig. 13. The fragmented aromatic strand
formation in Fig. 3 is driven by imide decomposition, defluorination
and demethylation in a complex manner indicated by the Raman
results in Fig.15. These Raman results show a stable G peak at 1580-
1590 cm�1 with a significant increase in the D peak at 1350 cm�1 as
pyrolysis temperature increases. This result is unexpected and
suggests that higher pyrolysis temperatures lead to increasing de-
fects in the complex CMS structure. The reason for this



Fig. 12. Mass spectra data of H2O (a) and HCN (b) for pyrolysis protocols between 500 and 800 �C. (A colour version of this figure can be viewed online.)

Fig. 13. C2H4/C2H6 separation performance (35 �C, 50 psia) of CMS dense films pyro-
lyzed from 6FDA:BPDA-DAM in UHP Ar between 550 and 800 �C (Reproduced with
permission from Ref. [ 29].

Fig. 14. Mass spectra data of H2 for pyrolysis protocols between 500 and 800 �C. (A
colour version of this figure can be viewed online.)

Fig. 15. Raman spectra for CMS pyrolyzed between 550 and 800 �C. (A colour version
of this figure can be viewed online.)

J.S. Adams et al. / Carbon 141 (2019) 238e246244
phenomenon is not clear at this time. We feel it is wise to avoid
over-speculation, since the sp2 nature is more complex than that of
a true graphene structure. Indeed, highly aromatic sp2 hybridized
strands in Fig. 3 should already largely exist at 550 �C, and nitrogen
containing carbons created by different preparation protocols with
different precursors show a diverse array of responses with tem-
perature treatments [37e39,43]. Therefore, it is premature to try to
draw specific conclusions about the precise CMS morphology from
these results alone.

Fig. 16 reports CO2 physisorption results at 0 �C for samples
created at progressively higher pyrolysis temperatures. Fig. 16
documents modest contraction in both micropores (>7 Å) and
ultramicropores (<7 Å) at higher temperature, which may reflect a
generalized tightening of the CMS throughout the material. Size-
selective ultramicropore changes ranging from 3.75 to 3.85Å,
pertinent to the C2 pair, cannot be probed directly using this tool in
Fig. 16. A peculiar shoulder appears and increases for pores near
4.5 Å diameter in Fig. 16 for increasing pyrolysis temperature. As
noted in section 3.3, C2H4 permeability decreases and C2H4/C2H8
selectivity increases with increasing pyrolysis temperature. While
reproducible, relevance of this 4.5 Å peak on transport properties
for the C2 pair is not clear at this time.

Wide angle X-ray diffraction (WAXD) in Fig. 17, also does not
provide definitive insights in terms of the scheme in Fig. 3 [44].
Moreover, changes in total pore volume, BET surface area (Table 2)
and differential pore volume vs. pore size do not show dramatic
changes reflected in transport properties discussed in Section 3.3.



Fig. 16. Pore size distributions between 3.5 and 10 Å for CMS pyrolyzed between 550
and 800 �C. (A colour version of this figure can be viewed online.)

Fig. 17. WAXD curve showing sub-nanometer structures in the 6FDA-BPDA:DAM
precursor and CMS pyrolyzed between 550 and 800 �C [44].

Table 2
Total pore volume and surface area for CMS pyrolyzed between 500 and 800 �C.

Pyrolysis Temperature (�C) Surface Area (m2/g) Pore Volume (cm3/g)

500 502 0.149
550 568 0.169
600 555 0.163
675 542 0.156
800 548 0.157
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Upon reflection, this observation is reasonable, since the scale
probed by these complementarymethods is beyond themain range
of ultramicropores within micropore walls in Fig. 3 for separating
challenging size-similar penetrants. Indeed, at this time, pertinent
subtle changes in structure are best reflected by transport property
changes such as those shown in Fig. 13.

4. Summary and conclusions

In this work, pyrolysis of 6FDA-BPDA:DAM polyimide between
500 �C and 800 �C was coupled with evolved gas analysis using
mass spectrometry, TGA-FTIR, Raman spectroscopy, porosimetry,
and elemental analysis of the CMS. This work extends earlier
transport studies and analysis on the same CMS materials to pro-
vide insights into the coupling of structural evolution and end-use
gas separation properties. Quantification of specific evolved gases
during pyrolysis generally supports a picture of aromatization and
organization intomolecular sievingmedia. These new findings help
elucidate the complexity of crucial aromatization and fragmenta-
tion processes leading to the special properties of CMS materials.
High resolution XPS and XANES tools would also be valuable to
understand pyrrolic vs. pyridinic nitrogen components in the CMS.
Additional studies at both faster and slower pyrolysis ramp rates
compared to the standard 3.85 �C/min used in Fig. 5 would be
interesting to determine if they lead to shorter or longer strands,
respectively. Such effects are anticipated due to larger or smaller
local fragmentation stresses at entanglement points for cases with
less or more time to relax stresses, respectively. If significant, such
changes should be deconvoluted into diffusion selectivity and its
component energetic and entropic factors responsible for ultrafine
molecular discrimination in these valuable materials.
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