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Abstract: Carbon molecular sieve (CMS) membranes have
impressive separation properties; however, both chemical and
morphology structures need to be understood better. Here we
characterize CMS with the simplest polyimide (Pl) PMDA/pPDA
(PMDA=Pyromellitic ~ Dianhydride, = pPDA=p-Phenylenediamine),
using FTIR, solid state >N-NMR, *C-NMR, XPS, XRD, and Raman
spectra to study chemical structure. We also compare gas separation
properties for this CMS to a CMS derived from a more conventional
PI precursor. The detailed characterization shows the presence of
aromatic pyridinic, pyrrolic rings as well as graphitic, pyridonic
components and a few other groups in both CMS types derived from
the very different precursors. The CMS morphologies, while related to
precursor and pyrolysis temperature details, show similarities
consistent with a physical picture comprising distributed molecular
sieving plate-like structures. These results assist in understanding
diverse CMS membrane separation performance.

Introduction

Carbon molecular sieve (CMS) membranes M have gained
attention due to their excellent thermal, chemical, and
plasticization stability, and particularly attractive gas separation
properties, e 1 2l which surpass the permeability versus selectivity
"polymer upper bound" trade-off.l CMS membranes can be
created by pyrolysis of polyimide precursor membranes under
controlled conditions to produce relatively pure carbon materials.
During pyrolysis random coil precursor polymers become
aromatized by releasing small molecules to form rigid highly
aromatic “strands”. Evidence indicates that such strands can
organize into imperfect “plates”, and neighboring plates further
organize to form imperfect “cell” structures. Adjacent “cells” can
coalesce to form a larger “cellular” structure with 7-20 A internal
micropore volumes having ultramicropore cell walls,™ with
“orphan strands” randomly packed between cells to form a
continuous phase around “cells” in the “cellular” structure, as
illustrated in Figure 1. Besides small “normal” ultramicropores (<7
A) between “strands” in individual “plates”, imperfections at the
plate joints can create “slit bypass pores”.[®! The envisioned slit-
like pore structure of amorphous CMS, with large micropores
connected by smaller ultramicropores windows, provides unique
properties due to a bimodal pore distribution.?>: 4 71 The
combination of micropores and ultramicropores provide both high

flux and high efficiency in gas separations via a molecular sieving
function.
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Figure 1. CMS membrane with (a) Ideal “slit-like” pore structure, (b) Bimodal
distribution of pores, (c) Idealized micropore “cell” with ultramicropores
between “strands” in the plate, and (d) Cellular structure composed with
multiple micropore “cells” with ultramicropore walls surrounded by continuous
phase of randomly dispersed “strands” not included in plate (shown in red to
distinguish from strands in plate) believed to reflect the CMS morphology
resulting from pyrolysis of conventional random coil polyimide precursors.
The ultramicropores, between the carbon-rich “strands”, largely
determine the CMS gas separation selectivity, so studying the
chemically-relevant “strand” structure can help understand the
ultramicropore structure as well as defects within and between
plates. Such information can help understand CMS membranes
and their aging and separation behaviors. Chemically-relevant
strand structure can also test formation mechanisms described
above that affect tuning of ultramicropores and micropores for
separation of specific gas pairs. Polyimides have been shown to
be a diverse family of precursors to make CMS membranes for
gas separation.[? 2b. 2441 |n order to understand such precursors,
the structurally simplest PI, PMDA/pPDA (Scheme S1) was
synthesized using °N-labeled diamine as precursor polymer. This
Pl was pyrolyzed under varied temperatures to create CMS
materials. Solid state *N-NMR, and 1*C-NMR, XPS, and Raman
spectra were used to analyze the nature of elements in the CMS,
including C, N, and O to elucidate the hypothetical morphological
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features. Gas separation properties of CMS membranes from
PMDA/pPDA (w/o 1°N) were evaluated compared to CMS
structures derived from a more conventional precursor to test the
prevailing CMS model.

The N labeled PMDA/pPDA allowed investigating the
detailed chemical structure of CMS materials. PMDA/pPDA has
the simplest chemical structure in the polyimide family, therefore
facilitating mechanistic studies of pyrolysis mechanisms for
understanding more complex commonly used polyimides.
Especially >N-NMR of the labeled polymer allows the direct
observation of structural changes of the imide ring at different
stages in the pyrolysis.

Results and Discussion

TGA and FTIR (Figure S1) indicate successful synthesis of the
15N-labeled PMDA/pPDA. This is confirmed by the solid-state
NMR (Figure 2). Since both the PMDA/pPDA polyimide and
CMSs are insoluble, high resolution solid-state magic angle
spinning (MAS) NMRP! is used. Basic principles of this technique
rely upon rapid spinning of samples at an angle of 54.74 degree
with respect to the magnetic field to average quantum mechanical
interactions, which otherwise cause significant broadening of the
detected NMR signal. For one part of this study we use the
variable amplitude cross-polarization (VACP) technique, which is
based on the transfer of magnetization from the *H nuclei to the
13C or 5N nucleus. This techniques allows sensitive detection of
13C or 5N nuclei in the direct vicinity of 'H. We also use the direct
polarization (DP) technique, which is based on the direct
excitation of C or **N nuclei. This technique allows the detection
of all 3C or ®N sites irrespectively of their proximity to hydrogen
atoms. In Figure 2a, the strong peak at 103.8 ppm in PAA is
assigned to N atoms in -CONH- moieties, the small peak at 141.1
ppm is assigned to N atoms in imide ring of -N(CQ)2- indicating
a partial imidization of the PAA; the small peak at 14.0 ppm is
assigned to N atoms in —-NH, end group of the polymer. In Pl
sample, the strong peak of N atoms in the imide ring shows at
144.4 ppm, and the very small peak at 94.4 ppm indicates trace
amount of PAA in the PI. The small peak at 20.2 ppm is caused
by the N atoms of the —NH, end-group. In Figure 2b, peaks
marked “ssb” are so called spinning side bands caused by the
technically limited frequencies of MAS spinning. For PAA, the
peak at 167.4 ppm is assigned to the C atom in C=0 moiety, while
the broad peaks at 120.6-134.2 ppm are associated with aromatic
C atoms. The C atoms peak of C=0O at 165 ppm (C1) in PI
becomes narrow, and the aromatic C atoms peaks also get
narrow and appear at 137 ppm (C2), 130 ppm (C3, C4), and 116
ppm (C5), as assigned in the polyimide chemical structure in
Figure 2b. The chemical shift in solid polymers is associated with
conformational disorder and therefore varying electronic
environment experienced by individual 13C sites. The imidization
to form rigid polymers, therefore greatly reduces conformational
disorder of the PI, which in turn leads to narrower line-shapes.

As expected, CMSs showed quite different FTIR spectra from
the precursor (Figure S1b). For PMDA/pPDA, the resulting CMS
was found to maintain some degree of Pl structure for pyrolysis
temperature  below 550°C. However, higher pyrolysis
temperatures resulted in increased carbonization degrees, and
CMS-675 and CMS-800 showed typical FTIR spectra of carbon
materials. Solid-state NMR provided more detailed information on
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Figure 2. Solid-state NMR spectra of °N labeled PMDA/pPDA
polyamic acid (PAA) and polyimide (PI): (a) **N VACP/MAS NMR, and
(b) 13C VACP/MAS NMR.

CMS materials. For completely pyrolyzed PMDA/pPDA the
VACP-MAS method will not detect any '°N sites, which is mostly
due to the lack of hydrogen at the sites. However, °N atoms
existing at edges or defect sites are expected to be observable,
since H atoms tend to exist at edges or within defects in graphitic
plates of carbon materials. Because CMS-675 and CMS-800
were conductive, it was not possible to measure their NMR
spectra. Only CMS-500 and CMS-550 were measured to identify
the status of N atoms at edges or defect of the samples in Figure
3a. Peak intensities in CP-MAS spectra usually do not
guantitatively correspond to molar concentrations. The strong
peak at 144 ppm in CMS-500 in Figure 3a (N atoms within the
imide ring), suggests that some PI structure is maintained in CMS-
500; however, some degree of carbonization is likely. Overlapping
peaks at 105 ppm, 92.5 ppm, and 82 ppm may be assigned to
pyrrolic N atoms with different structures® and possibly also some
N atoms in —CONH- moieties resulting from pyrolysis
intermediates; the shoulders between 120 ppm to 130 ppm may
be due to graphitic N atoms and pyrrolic N atoms;®¥ the small
peak at 22 ppm is assigned to the N atoms of —NH. end-group
as found in PI. For CMS-550, the peak of imide ring (114 ppm)
disappeared, while peaks of pyrrolic N atoms at 104 ppm and 82
ppm appear stronger; the shoulder peak at 138 ppm is assigned
to graphitic N atom which is bonded to three carbon atoms; the
broad weak peak at ~225 to ~270 ppm is assigned to pyridinic
type N atoms with different structures.[®1% The peak intensities
qualitatively indicate that more N atoms exist as pyrrolic than as
pyridinic species at the edge or as defect sites in CMS-500 and
CMS-550. This fact is consistent with a 6FDA1:BPDAi/DAM,
(Scheme S2) copolyimide derived CMS where it was found that
strands comprising a typical ultramicropore-rich “plate” are mostly
pyrrolic in nature.*] As will be discussed later, the presence of
pyridinic and pyrrolic N in the strands is apparent in all polyimide-
derived CMS materials.

Due to sample conductivity, only CMS-500 and CMS-550 were
successfully measured with *C VACP/MAS NMR to identify C
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Figure 3. Solid-state NMR spectra of PMDA/pPDA polyimide and CMS materials: (a) **N VACP/MAS NMR, (b) 3C VACP/MAS NMR, (c) >N DP/MAS NMR,

and (d) *3C DP/MAS NMR (the * indicates C atoms).

atoms that are associated with N atoms at edges or defects.
Shown in Figure 3b, the 3C spectrum of the CMS-500 still
contains sharp peaks, which coincide with those of Pl. The peak
at 165 ppm is assigned to the C atom of C=0, while peaks at 137
ppm, 130 ppm, and 116 ppm are associated with aromatic C
atoms. However, overall a broadening of peaks, especially the
aromatic moieties, is observed. In CMS-550, instead of the narrow
peak at 165 ppm due to the C atom of C=0 in imide rings, a broad
weak peak is apparent at about 161 ppm, which is likely due to
the a-C atoms associated with pyridinic N atoms (noted with a “*”
in Figure 3b and in Figure 3d) as well as possibly some remaining
C=0 functional group.d The broad peak between 150~100 ppm
can be assigned to aromatic C atoms as well as to various fused
aromatic ring structures. The peak at 126 ppm is assigned to
aromatic carbon atoms,®® 2 and likely also from contribution of
B-C atoms associated with pyridinic N atoms;[°® the shoulder at
about 139 ppm can also be assigned to the a-C atoms associated
with pyrrolic N atoms.3 Note that the broadening of lines is very
typical for the generation of a graphitic structure.[*?!

While the CP-MAS method provides a sensitive measurement
of 3C or '®N sites in the proximity of hydrogen, the DP-NMR
method detects nuclei irrespective of the presence of hydrogen,
which makes it a valuable comparison tool. The DP method is less
sensitive to tuning imperfections and the associated exact match
of rf-power of both the *H and the *°N or 3C channel. Therefore it
is possible to record DP NMR spectra of CMS -675 and CMS-800.
Figure 3c shows that, similar to Pl sample, CMS-500 has a strong
peak at 143 ppm, which is assigned to N atoms in the imide ring.

The broad small peaks at 200~300 ppm result from intermediate
pyrolysis products including also kinds of pyridinic N atoms. The
broad weak peak at about 100 ppm is probably caused by pyrrolic
N atoms.®! In the CMS-550, the peaks appearing in CMS-500
still exist, indicating CMS-550 has similar N atoms as in CMS-500;
hence, so features of the polymer structure are partially retained
in CMS-550. However, a broadening of peaks is an indication for
a higher carbonization degree than CMS-550.21 The broader
peak at 143 ppm is due to the graphitic N atoms as well as N
atoms within the pyrolyzed polymeric intermediates of bulk
materials; the peak at 116 ppm is assigned to pyrrolic N atoms,
and the peak at 93 ppm to pyrrolic N atoms as well as N atoms in
the -CO-N- structure due to imide ring opened in pyrolysis.
Similar to the CMS-500, the broad peak at 200~300 ppm is
assigned to pyridinic N atoms in intermediates. The CMS-675
showed a significantly different NMR spectrum from CMS-550;
peaks attributed to the polymer have now completely disappeared
leaving only two broad peaks. The peak of pyridinic N atoms at
284 ppm is evident. The strong broad peak at 148 ppm can be
assigned to graphitic N atoms of different structures and pyrrolic
N atoms. Only two very broad peaks are observed for the CMS-
800. The peak between 170 to 310 ppm is due to pyridinic N
atoms and likely also due to pyridine-oxide N atoms; the peak
between 50 to 150 ppm is assigned to different structures found
within graphitic N atoms as well as pyrrolic N atoms. The shift of
these two broad peaks to lower ppm values has been previously
observed for carbon materials, which were produced by a
controlled pyrolysis; it was attributed to the increased formation of
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graphitic microcrystallites.*? Peak intensities in DP spectra only
quantitatively correspond to the concentration of corresponding
moieties if T;-relaxation of all sites is complete. The pyrolysis is
expected to introduce an environment containing sufficient
paramagnetic defects to lead to short Ti-relaxation times such
that quantitative conditions for the DP spectrum are likely. Hence
results indicate that more N atoms exist as graphitic forms at
higher pyrolysis temperature.

Shown in Figure 3d, CMS-500 still has the peak at 165 ppm
due to C atom of C=0, while the shoulder at 136 ppm and the
peak at 129 ppm are associated with aromatic C atoms. The peak
at 116 ppm from that in polyimide is broadened and merges with
the peak at 129 ppm. This confirms that the bulk of CMS-500
retains some of the polymer structure in bulk materials, although
effects of the pyrolysis are obvious. In CMS-550, the peak at 165
ppm has significantly broadened, it might be assigned as the C
atom of C=0 as well as the o-C atoms associated with pyridinic
N atoms; the shoulder at 138 ppm is attributed to the aromatic C
atoms and the o-C atoms associated with pyrrolic N atoms; the
strong peak at 126 ppm is assigned to the graphene C and likely
B-C atoms associated with pyridinic N atoms. In the CMS-675
and CMS-800 samples, only one broad peak was observed at 123
ppm and 119 ppm, respectively, which shows the typical **C-NMR
lineshape of graphene-type materials. This broad peak is
assigned mainly to sp? C of graphene, and also contribution from
C atoms associated with pyrrolic N atoms as well as to -C atoms
associated with pyridinic N atoms.®¥ The aromatic sp? carbon
peak shifts to low ppm value and broadens simultaneously with
increase of pyrolysis temperature in Figure 3d, indicates that
higher pyrolysis temperatures lead to C atoms which mainly exists
as graphenes form, where some C atoms are associated with
pyridinic or pyrrolic nitrogen.

In Figure 4a, the polyimide exhibits several diffraction peaks at
20 of 14.7, 19.7, 27.5, 29.4, 36.7, and 44.5°. These peaks also
appear in CMS-500, which is in agreement with finding from FTIR
and NMR results where it was concluded that the sample still
maintained high degree of Pl structure. The peaks disappeared in

a

— olyimide
5 | poty

& CMS-500
Z [y, CMS-550
C

o

£ M

CMS-800

WILEY-VCH

the CMS-550, instead, a very broad peak with the center at about
26 of 22.5° is observed. The WAXD pattern of CMS-550 is
different from that of the CMS-675 and CMS-800 shown in Figure
4a. The CMS-675 and CMS-800 samples show similar patterns
containing a main amorphous peak and an additional smaller
peak, which is a typical WAXD patterns of CMS materials.? 2l
The 26 value of the main peak is 24.0° for CMS-675 and 24.8° for
CMS-800, and the small peak at 44° remains unchanged. The
calculated average interchain distances (d-spacing) values are
therefore 3.95 A (CMS-550), 3.70 A (CMS-675), and 3.59 A
(CMS-800), respectively. This is in agreement with the d-spacing
for a polymer char which can vary from 5 to 3.35 A, depending on
the extent of carbonization and atomic organization.*3 The
decrease of d-spacing values with increasing pyrolysis
temperatures reflects the decreased size of micropores and ultra-
micropores in. CMS materials. The weak peak at about 44°
demonstrates the d.0: and/or digo plane of carbon-carbon spacing
on graphite-like planes.*® This peak is more pronounced at a
higher pyrolysis temperature, indicating a more ordered graphitic-
like structure of the CMS materials.

Since CMS-500 is a mixture comprising mainly residual
polymer with a few pyrolyzed components. To avoid unnecessary
complexity and interference information in deconvolution of high
resolution spectra, only the highly carbonized CMS-550, the more
pure-carbon materials of CMS-675 and CMS-800 were
investigated using Raman spectroscopy and XPS. Raman
spectroscopy has been used to study carbonaceous materials,
since it is nondestructive and sensitive to intrinsic defects of the
graphitic lattice.['4!

A typical bimodal distribution of pores for CMSs were observed
(Figure S2). Two apparent broad strongly overlapping peaks at ~
1330 cm™ and 1560 cm? were observed for CMSs in Raman
spectra. The G band (“Graphite”) at about 1560 cm™ is analogous
to the ideal graphitic vibration mode (Eg-symmetry), the D
(Defect) peak (graphene layer edges, Ai;g-symmetry) at about
1330 cm? is known as the characteristic for disordered
graphite.’® Different deconvolution of Raman spectra were

b
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Figure 4. Characterization of CMS materials from *°N labeled PMDA/pPDA polyimide: (a) WAXD, (b) typical Raman, and (c) typical XPS using CMS-675

as an example.
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explored and the best fitting was achieved in this work (Figure 4b)
with four Lorentzian functions for D1, D2, D4 and G, and one
Gaussian function for D3 band.[!41% 15 The D1 band is due to a
graphitic lattice vibration mode with Ay symmetry; D2 band is
generally assigned to graphitic lattice vibrations mode with Exgy
symmetry, analogous to that of G band but involving isolated
graphene layers, i.e., not directly sandwiched between two other
layers; the D3 band originates from the amorphous carbon
fraction, while the origin of the D4 band is still under debate, and
both the D3 and D4 bands are usually found in highly disordered
carbonaceous materials.[*415.15¢ All of the CMS materials (Figure
S3) are composed of highly disordered amorphous carbon (D3
and D4 bands), which is good agreement with XRD results.
However, the CMS-550 shows obvious difference when
compared to the CMS-675 and CMS-800. The D4 and D3 peaks
are smaller, and shifted to higher frequencies for CMS-550. This
is in agreement with observations from FTIR, NMR, and WAXD,
which all provided evidence that the CMS-550 maintains a small
amount of the polymer nature.

XPS is a useful tool to investigate elements within a depth up
to about 5 nm from the surface of a materials. The XPS survey
spectra indicated that all of the CMS materials exhibited three
distinct peaks due to carbon, oxygen, and nitrogen. In order to
study the detailed structure information on the surface of CMS
materials, the C1s, N1s, and O1ls peaks were deconvoluted into
individual spectral lines, and the typical deconvolution is shown in
Figure 4c. The binding energies and corresponding assignment
to chemical species based on literature data of carbonaceous
materials are summarized as follows:

Cls: 284.3~284.8 eV (graphitic-like sp? carbon C=C, C-H),
285.0~286.7 eV (C-OH, C-O-C, sp® hybridized C-C, N-sp? carbon
N=C), 287.0~287.8 eV (C=0, O-C-O, quinone), 288.5~289.3 eV
(O=C-OH, 0O=C-O-C, N-sp® carbon N-C), ~290.5 eV (-1,
adsorbed CO and COy).[t5a 15b. 18]

N1s: 398.1~399.3 eV (Pyridinic N); 399.8~400.3 eV (pyrrolic
N); 400.6~401.2 eV (pyridonic N); 401.1~402.7 eV (graphitic N,
including quaternary N — nitrogen substituents in aromatic
graphene structures); 402.2~403.8 eV (pyridine-N- oxide); 404
eV (probably shake-up effects); >405 eV (chemisorbed nitrogen
OXidES).[le’ 16e-h, 17]

O1s: 530.1~531.3 eV (conjugated C=0O, such as quinone
groups); 531.1-532.1 eV (non-conjugated carbonyl groups, such
as ketone, aldehyde, carboxyl C=0); 532.4~533.3 eV (-C-O-C);

533.5~534.7 eV (C-OH); >535.0 eV(absorbed oxygen/water) (152

16d, 16f, 18]

Figure S4 shows deconvoluted C1s, O1s, and N1s peaks of
CMS-550, CMS-675, and CMS-800. The C1s spectrum of each
CMS could be deconvoluted into three peaks. The peak at a
binding energy of ~284.7 eV is corresponding to graphitic-like sp?
C (C=C), C-C and C-H bonds. The peak at ~285.3 eV was labeled
as “defects”, including C atoms at the edge of graphene-like
layers, polyene connected to the edges, or carbon in structural
defects within the graphene layers N-sp? C (N=C). And the peak
at ~288.0 eV is assigned to C=0O type bond C. No obvious
variation was seen in the relative area of peaks of corresponding
carbon types between CMS-675 and CMS-800. However, CMS-
550 shows a slightly lower peak intensity at 287.3 eV while higher
intensity at 285.0 eV, indicating a higher amount of “defects” as
compared to other samples. These results indicate that analog C
structures exists in the surface in all of the CMSs including CMS-
550, CMS-675 and CMS-800. The O1s spectrum could be

WILEY-VCH

deconvoluted into two peaks. CMS-550 showed a peak at 531.7
eV which can be assigned to O atoms in non-conjugated C=0
groups including ketone, aldehyde, or carboxyl carbonyl moieties;
another peak at 533.7 eV can be assigned to O atoms in C-OH
structure. CMS-675 shows a main peak at 532.3 eV might due to
O atoms in the non-conjugated C=0 structure or C-O-C structure;
similar to CMS-550, the peak at 533.8 eV is due to O atoms in the
C-OH structure. The CMS-800 shows a predominant peak at
532.5 eV, while the peak of C-OH (533.7 eV) disappeared. This
peak is due to O atoms in hon-conjugated C=0 structure or C-O-
C structure; different from the other two samples, a small peak at
529.3 eV is detectable, which probably results from O atoms in
conjugated C=0O structures such as quinone groups. By
comparing the O1s spectra of the three samples, it is evident that
more oxygen atoms exist as C-OH structure in lower temperature
pyrolyzed CMS materials. The N1s spectrum could be
deconvoluted into three peaks. The peak at 398.2 ~ 398.6 eV
corresponds to pyridinic N, the relative peak intensity decreases
with increasing pyrolysis temperature, indicating that less

pyridinic N exist in the higher temperature pyrolyzed CMS surface.

This is probably due to the surface pyridinic N converted to
graphitic N and cross-linked at higher temperature as will be
discussed later. The peak at 400.3 ~ 400.8 eV is assigned as
pyrrolic N and pyridonic N. Possibly CMS-550 contains only
pyrrolic N (400.3 eV) while CMS-675 (400.7 eV) and CMS-800
(400.8 eV) contains a mixture of pyrrolic N and/or pyridonic N. It
was found that both pyrrolic N and pyridinic N can convert to
qguaternary N during the pyrolysis of chars from
polyacrylonitrile.'”d The very broad peak centered at 401.1 eV in
CMS-550 might be due to graphitic N, while the peak at
402.5~402.7 eV in CMS-675 and CMS-800 is assigned as
graphitic N and some pyridine-N-oxide. The center position and
relative intensity of this broad peak indicate that more graphitic
and oxidized nitrogen structure exists in CMS pyrolyzed at higher
temperature.

The above results indicate that the CMS materials do not
contain perfect graphene plates of pure carbon atoms. Instead,
during pyrolysis, the precursor Pl forms carbon materials with a
highly aromatic plate structure,” which contains also structural
elements with various types of N, O, and H-containing functional
groups on the surfaces and edges as well in the bulk. The N
atoms exist as a heterocyclic structure such as pyridinic, pyrrolic,
and graphitic nitrogen in all CMSs. In high temperature pyrolyzed
CMS materials such as CMS-800 also pyridine N-oxide is found,
i.e., high oxidized nitrogen structures occur at higher pyrolysis
temperatures. The surface and edges of high temperature
pyrolized materials contains more graphitic N and pyridine-N-
oxides, while less pyridinic N is found. The O atoms exist as C-
OH and C=0 bonds in low temperature pyrolyzed CMS, while
mainly as C=0 and even N-O in high temperature pyrolyzed CMS.
In other words, more oxygen atoms exist as C-OH structure in
lower temperature pyrolyzed CMS materials. The N, O, and H
atoms may exist in the bulk CMS materials, and also at the edges
and defect sites in the graphene plates. The plate structure forms
a “cell” structure within the CMS, with ultramicropores within the
plates and micropores between plates, and “orphan strands”
randomly packed between “cells”,®! shown in Figure 1. The main
structure of chemical species that assembled to CMS derived
from PMDA/pPDA polyimide are listed in Scheme 1.

The pyrrolic N and pyridinic N were observed also in a complex
copolyimide 6FDA;:BPDA;/DAM,  during pyrolysis.'Y This
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Scheme 1. Possible species in CMS materials.

indicates that species in CMS materials from the simplest
PMDA/pPDA polyimide appear in other polyimide-derived CMS
materials. With temperature increases, part of the pyrrolic N and
pyridinic N can convert to various forms of quaternary nitrogen. 7
The aromatic ring can be cross-linked, for example, via aromatic
radicals which are recombining to form “polymer carbon”.lt%
Therefore, the strand fragments can be “cross-linked” through
radical coupling and/or formation of graphitic nitrogen structures
between strands, and possibly also through the release of N2 from
pyridinic N atoms between strands. A hypothetical schematic
formation of graphitic nitrogen involving pyridinic and pyrrolic N is
shown in Scheme S3.279 In addition to production of graphitic-like
sp? carbons, the formation of pyrrolic and pyridinic N might be the
initial products and basic intermediate for various N-containing
structures in the pyrolysis process of polyimides.

Our earlier paper, focused on conventional semi-flexible
random coil PI precursors. For such precursors, a key element of
such polyimide-derived CMS comprises rigid strands® shown in
Scheme 2a. Plates formed from entropically driven assembly of
such strands, like that in rigid liquid crystalline materials are
envisioned to be key structures in such conventional CMS
materials.™! Conventional CMS materials appear to be created
via the following steps:™ (1) precursor PI aromatization with
scissions at weaker backbone chain bonds to form rigid “strands”
with different length and orientations; (2) the “strands” align and
organize into imperfect “plates”; (3) the neighboring “plates”
organize into “cell” structure, which is composed of ultramicrporoe
slits between strands in a plate, micropores voids between “plate”
walls, and “slit bypass pores” as the edge-imperfections between
the neighboring ultramicroporous plates; (4) the adjacent
micropore “cells” coalesce to create a “cellular” structure. Gas
sorption and transport evidence also suggests “orphan strands”,
not included in organized “plates” that are randomly packed
between cells to form a continuous phase around “cells” in the
“cellular” structure (Figure 1d). This continuous phase is expected
to provide lower diffusion-selectivity but higher gas diffusivities.
Penetrants may pass more easily through larger ultramicropores
in the random continuous phase; however, local equilibrium exists
between adjacent points, leading to overall desirable diffusion
selectivity in the effective medium. Such a cellular structure is
consistent with a mathematical model of sorption and transport
within CMS materials derived from conventional random coil
polyimide precursors.

Additional components of graphene-like CMS plates might be
mainly composed of such structures, together with fragments
containing other possible structures represented in Scheme 2b.
During pyrolysis process, highly aromatic rigid strands, i.e., the
isolated ~strands (Scheme 2a) and fused fragments with
analogous structures (Scheme 2b) can align and organize into the
main plates. These plates may organize into imperfect “cells”
containing micropores, with adjacent cells coalescing to yield the
final cellular structure typical of conventional CMS materials.™
Such amorphous CMS membranes contain micropores
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connected via ultramicropores, providing intrinsic molecular sieve
characteristics with attractive gas permeabilities. Graphene-like
CMS “plates” are envisioned to be composed of isolated “strands”
with pyridinic and/or pyrrolic rings at low pyrolysis temperature.
Such feature, with few cross-linked fragments containing pyridinic,
pyrrolic, graphitic structures, pyridonic, and few pyridine oxide
structures provide high diffusion coefficients. The chemical
structures of strands in Scheme 2 depend on a variety of factors,
namely precursor polymer structure, pyrolysis temperature,
pyrolysis atmosphere, and inert purge gas flow rate. The diverse
functional groups present can affect sorption affinity for specific
gas molecules, but this is beyond the scope of the current study.
The chemical structures of strands in Scheme 2 depend on a
variety of factors, namely precursor polymer structure, pyrolysis
temperature, pyrolysis atmosphere, and inert purge gas flow rate.
Physically organized wall structures in Figure 1c based on
Scheme 2a strand elements should be most prevalent at low
pyrolysis temperatures. On the other hand, more fused structures
in plate walls illustrated in Figure 1c similar to Scheme 2b should
become more prevalent at higher pyrolysis temperatures. An
isolated strand, even derived from the simplest PMDA/pPDA PI,
contains pyrrolic moieties (Scheme 2a), preventing truly straight
strands from the original precursor. This fortunate fact creates

A p ‘N i ~N_
[N,
- [ / )N
N
H
b pyridinic graphitic
OH o
| . : ~ > N ‘ p ‘ c OH
N N N
LU ol | ] +°
e N [
LI a L T w \d.
N i | N pyridine
HO ,N\ . A .N\ A oxide
(o]
pyridonic pyrrolic

Scheme 2. Possible fragments composed graphene-like plate

structure in CMS materials pyrolyzed from PMDA/pPDA polyimide:

(a) Isolated strands, and (b) Fused fragments.
useful ultramicropores between strands for molecular sieving in
CMS “plates” formed from such strands during low temperature
pyrolysis of any polyimide. As lateral connections develop
between strands, the Scheme 2b features can become more
prevalent in CMS formed from conventional random coil polyimide
or PMDA/pPDA.

Increased pyrolysis temperature presumably alters the
ultramicropores in both the continuous and distributed molecular
sieving phase in Figure 1d derived from random coil precursors.
This unique structure yields the CMS membrane molecular
sieving properties with both high gas permeability/permeance and
selectivity. High gas permeability of CMS membranes derived
from various polyimides, summarized in our previous work
appears consistent with this view.% Specifically, CMS-550
membrane from 6FDA;::BPDA;/DAM; showed a CO, permeability
above 7000 Barrers with CO,/CHj, selectivity around 29;?% while
the CMS-675 gives 1100 Barrers CO, permeability and CO,/CH,4
permselectivity of 66.1

Our results summarized below suggest the main chemical
species in Scheme 1 appear to be present in both CMS derived
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from conventional random coil Pl precursors and those from the
highly rigid PMDA/pPDA. Differences in sorption, diffusion and
permeability properties of the two CMS types are quite interesting
to compare and understand. As will be discussed below, such key
performance properties differ dramatically, but can be understood
using the dual mode sorption and transport models developed for
CMS derived from random coil precursors.®! First we consider
the standard characterizations, and then focus on sorption,
diffusion and permeability properties.

The CMS derived from a high performance conventional
random coil Pl precursor (6FDA;:BPDA;/DAM,) was used for
comparison to the highly rigid PMDA/pPDA precursor. XPS, NMR,
XRD, and Raman studies of CMS materials were done — as we
did for PMDA/pPD precursor. Figure S5 shows that similar Cls
and N1s, which were recorded in Figure S4 for CMSs from
PMDA/pPDA, were detected for CMSs from 6FDA1:BPDA1/DAM,.
The relative more complex Ols spectrum in Figure S5 reflects
subtle O states derived from more complex 6FDA;:BPDA1/DAM,
copolyimide. This indicates that CMS from 6FDA;:BPDA;/DAM,
contains fragments like those for CMS derived from PMDA/pPDA.
Figure S6 shows the '*C DP/MAS NMR spectra of CMSs from
different precursors, i.e., PMDA/pPDA and 6FDA1:BPDA1/DAM:
are composed of similar fragment species. CMS-550 from
6FDA;:BPDA;/DAM; is identical to CMS-550 from PMDA/pPDA,
except the shoulder at 138 ppm from the aromatic C atoms and
the a-C atoms associated with pyrrolic N atoms was not seen.
This might be due to the relatively lower decomposition
temperature of 6FDA;:BPDA;/DAM,. Note that this shoulder gets
weaker at higher pyrolysis temperature in Figure S6. Compared
with CMS-800 from PMDA/pPDA, the peak of CMS-800 from
6FDA;1:BPDA;/DAM; is broader with movement to higher
chemical shift. One of possibilities is due to slight conductivity of
this sample. The observed lineshape is very typical for graphene
—type materials containing a large amount of fused aromatic
structures with little *H content. Our calculation also showed that
the fused ring-system containing N cause higher chemical shift if
the fused ring system contains OH or CO groups. Note that the
shoulder at ~170 ppm indicates the presence of carbonyl moieties.
This indicates possibly more fused fragments (Scheme 2b) in
CMS-800 from 6FDA;:BPDA:/DAM,. Although the NMR results
indicate that the precise chemical and spatial structure, as well as
the concentration of a specific fragment species may differ
between CMS materials, the Scheme 2 can reasonably represent
CMS structures derived from other polyimides.

Similar to Figure 4a, a main peak at 26 value of ~24.0° and a
small peak at ~44° were obsrved in WAXD for CMSs in Figure S7.
Like Figure 4b and Figure S3, the Raman spectra of CMSs from
6FDA;:BPDA;/DAM; showed G band and D band (Figure S8). We
also observed that the deconvolution of Raman spectra of CMSs
varies based on polymer precursors and pyrolysis conditions.

We suggest, therefore, that for essentially all kinds of
polyimides, the imide rings are likely to convert to pyridinic and/or
pyrrolic rings which locate between the aromatic backbones of a
dianhydride and a diamine, forming strands like Scheme 2a.
Next, however, we consider implication of the random coil in
conventioal precurors versus the rigid rod PMDA/pPDA precursor.
We presume the basic strand structure, like that in Scheme 2a, is
initally formed in both cases; however, the absence of
entanglements in PMDA/pPDA precursor can have key effects.

In fact, the “texture” or “morphology” of final CMSs appear to
be strongly affected by the presence or absence of entanglements
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in precursor polymer. Stresses at entanglements can cause
scission at weak backbone links, thereby producing short mobile
strands, rather than long, aligned strands, despite have similar
chemical compositons showed above. This reality provides
insight into why and how  precursor polymers influence
organization of “strands” in forming CMS “cell” structures for the
polyimde precursor types. As shown below, gas sorption,
diffusion and permeation behavior can be understood in CMS
using this insight, with the PMDA/pPDA derived CMS providing a
limiting case for CMS membranes from polyimides.

Unlike semiflexible polyimides such as 6FDA1:BPDA1/DAM;,
which form random coil polymer chains with large free volume in
a polymer membrane, the PMDA/pPDA has been found to
possess only a rod-like conformation with limited rotational
freedom.?2 PMDA/pPDA has a high inherent chain order along
the chain axis with a high degree of in-plane orientation.?? The
high glass transition temperature (505 °C) as well as the very
limited chain mobility (very high rigidity), make the fully rod-like
PMDA/pPDA chain straight. Orientation in the film plane with a
high degree of order also gives low free volume.?>23 This
morphology is consistent with both lower gas diffusion observed
for PMDA/pPDA compared to other polyimides. PMDA/pPDA
showed lower sorption than conventional polyimides (Figure S9).
6FDA;:BPDA:/DAM, has dramatically higher CO, permeability of
309 Barrers 24 while PMDA/pPDA only 1.0 + 0.2 Barrers. Even
H> (2.9 A) showed permeability only 2.0 + 0.1 Barrers with He/H,
selectivity of 1.2 + 0.1 in PMDA/pPDA precursor, emphasizing its
impermeable nature. Such results reflect the rigid rod-like
PMDA/pPDA chains that are oriented and tightly packed in
multiple layer sheets in the plane of the precursor film.

The CMS-550 membrane from PMDA/pPDA showed a
CO,/CHj, selectivity of 34.8 + 10.3, with a CO, permeability of only
396.3 + 16.1 Barrers (vs > 7000 Barrers of 6FDA;:BPDA;/DAM,
derived CMS). Moreover PMDA/pPDA derived CMS-800 had a
CO; permeability of only 1.0 + 0.1 Barrers (vs 1660 + 236 Barrers
of 6FDA;:BPDA:/DAM, derived) (Figure S10). Despite its
impermeable nature, CMS from PMDA/pPDA showed remarkably
high CO, sorption capacity, although lower than CMSs from
6FDA;:BPDA;/DAM; (Figure S11a). And the CO, sorption follows
a dual mode shaped isotherm for CMSs from both precursors like
that discussed for CMS derived from semiflexible precursors.®
Clearly, despite simlar species noted in Scheme 1 for both CMS
types, permeation and diffusion properties reflect dramatic
differences between 6FDA;:BPDA;/DAM, and PMDA/pPDA
polyimides CMS “texture” or “morphology” features. Semiflexible
entangled coil conventional polyimide precursors with large free
volume can undergo stress-induced scissions at entanglement
points to create relative shorter, randomly oriented “strands”. As
discussed earlier, such strands can easily align to organize into
“plate® and “cell” structures (Figure 1c) during the pyrolysis
process. On the other hand, the oriented, non-entangled, rigid
rod-like chains provide PMDA/pPDA with preexisting order to
promote more or less stacked sheets. Evolution of CO, CO,, etc.,
during pyrolysis may expand inter-sheet spacing, but with minimal
bond stress in the pyrolyzed PMDA/pPDA backbones (Figure
S12). This fact should yield long rigid “strands” compared to
random coil polyimides during pyrolysis. Such long “strands”,
coupled with minimally disturbed spacings between stacked
plates across a film (Figure 1c) in the direction of permeation, is
consistent with extremely low penetrant diffusion coeffients,
despite significant sorption capacity. In such a  stacked
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morphology, penetrants must execute more lateral jumps to
encounter a suitable ultramicropore to enable movement in the
direction of permeation. Such a structure is consistent with lower
gas permeability (diffusion) in PMDA/pPDA derived CMS despite
similar sorption capacities compared to CMSs derived from
semiflexible coil polyimide precursors under the same pyrolysis
temperature. On the other hand, these results imply that precursor
with oriented, highly rigid chains may lower permeability of
resulting CMS membranes. To get CMS membrane with high gas
permeability, precursor polyimide with appropriate flexible
backbone is essential. The PMDA/pPDA derived CMS is also
found to be remarkably stable against physical aging (Figure
S11b, Figure S13). This fact provides a view for designing
copolyimide to make CMS membrane with inherent anti-physical
aging properties. Furthermore, despite similar chemical
compositions, sorption and diffusion properties are determined
largely by CMS strand length, packing ability and arrangement
into plates, and the lateral bonding between strands related to
pyrolysis temperature. The PMDA/pPDA provides a “limiting”
case that provides insight into polyimide-derived CMS materials.

Conclusion

Specifically, while the permeability of the precursor polymer is
well understood in terms of free volume; the permeability of CMS
is best explaining based on the textural structure due to
assembled strands with different structures pyrolyzed from
different precursor polyimides. Independent of the specific
polyimide precursor, the concept of CMS “strands” (Scheme 2)
created during aromatization of the precuror with similar chemical
groups shown in Scheme 1 is useful. This fact notwithstanding,
the shape and length of the aromatized “strand” affects detailed
morphology of the resultant CMS. Introducing lower temperature
removable bulk moieties like the CH3 groups and the presence of
intentional weaker bonds introduced in the polyimide backbone (-
O-, biphenyl, etc.) are tools for CMS engineering. Transverse
connection between strands may adjust distance between
strands with permeable unltramicropores, and could be
influenced by polymer backbone natures, side functional groups,
and final pyrolysis temepratures. A copolyimide might also create
different “strands” and form “hybrid celluar” structure. The final
CMS gas separation properties, can be understood in terms of
precursor polyimide chemical structure using the ideas of
“strands”, “plates”, and “cell” structures to move the CMS field
forward. Such features are also helpful to understand aging and
physical aging of CMS membranes. Related ideas may also guide
development of CMS from non-polyimide precursors. Neverthelss,
detailed work like that which has been done for polyimide
precursors is needed for these alternative polymer families to see
the degree to which such concepts can be tranferred between
precursor families.
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Chemical structures in CMS
“strands” from polyimides
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The chemical structure of “fragments” that composed CMS “strands” from varied polyimide precursors are similar, however, the
“texture” or “morphology” structure is greatly affected by precursors, determining CMS membrane separation performance. The CMS
properties can be tuned via control the “strands” structure, thereafter the “plate” and “cellular” structures, by designing precursor
polymer chemical structure and pyrolysis conditions.
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