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ABSTRACT: Carbon molecular sieves (CMSs) derived from polymer precursors that can be prepared at scale are attractive for
various energy-efficient sorption and separation technologies, such as hydrogen recovery, air purification, and hydrocarbon
separation. Preparing CMSs with uniform sub-nm pores is prudent but rarely studied. Here, we report the use of phenylethynyl-
terminated crosslinkers to control pore size, leading to highly uniform pore formation between 6 and 7 A. We demonstrate that
incorporating phenylethynyl-terminated functionalities into thermally rearrangeable (TR) imide oligomers with asymmetric
chemical structures results in CMSs with consistent pore sizes (6—7 A), high surface areas (up to 775 m*/g), and excellent CO,
sorption performance (3.17 mmol CO,/g of CMS). Additionally, our results indicate that sub-nm pore formation can be further
tailored through polymer network architecture, leading to variable surface areas (569—735 m?/g), which is accomplished through
composition control of polymer precursors with and without TR capabilities. The fundamental understandings about the impact of
the molecular design of phenylethynyl-terminated polymer precursors on their derived carbon structure can provide critical insights
into their rational design for future molecular sorption and separation applications.

Thermal
Rearrangement

KEYWORDS: carbon molecular sieves, uniform sub-nm pores, molecular design, polymer network architecture

B INTRODUCTION

Carbon molecular sieves (CMSs) have attracted much
attention in recent years due to their great potential in the

their great properties, removal of ionic salts from carbonized
materials requires additional washing steps, thus increasing
synthesis complexity. Therefore, several researchers have

development of next-generation separation technologies for
gases and liquids, wh1ch account for 10—15% of the global
energy consumption.' ~ Specifically, membrane-based separa-
tions can lead to an order of magnitude improvement in energy
efficiency compared to conventional thermal-based pro-
cesses.” > Molecular sieving separation enabled by CMSs is
controlled via thermodynamic partitioning and diffusion
kinetics, which provides opportunities for complementary
molecular diffusion and sorption selectivity through CMS
engineering, such as developing uniform pore channels and
heteroatom doping of the carbon framework.” However,
fabrication of ordered sub-nm porous structures in carbona-
ceous materials remains challenging, as uncontrollable defect
formation that occurs during the carbonization step can cause
a broad pore size distribution (PSD) below 1 nm.”

Several examples of ordered sub-nm porous CMSs have
been previously reported through carbonization of bamboo,
oil-tea shells, cacti, and camphor seed husks with ionic salts
such as KOH or K,CO,.*""" Similar methods have also been
demonstrated for preparing sub-nm porous CMSs by carbon-
izing metal organic frameworks (MOFs) with KOH."” Despite
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investigated strategies of direct pyrolysis of covalent organic
frameworks (COFs),"*"* porous organic frameworks,'” zeolitic
imidazolate frameworks,'® and MOFs,"” resulting in uniform
sub-nm porous CMSs. However, scale-up of these materials
remains challenging due to their associated high costs.">"”
Amorphous CMSs can also be prepared using polymer
precursors, which usually contain bimodal PSD comprising
micropores (7—20 A) and ultramicropores (<7 A), while
monomodal PSD in a sub-nm range is still difficult to achieve
and underexplored.'®'? Specifically, while many works have
focused on the development of hierarchical porosity
(combining micro-, meso-, and macropores) in CMSs, limited
studies have demonstrated effective pore engineering at sizes
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<10 A through rational polymer precursor molecular
design.'”*°~** A recent report by Du and coworkers showed
that thermally controlled pyrolysis of polydopamine can
achieve micropores between 4.7 and 5.3 A, elucidating the
importance of matching the CMS pore size to the kinetic
diameter of the gas molecule of interest for molecular
separations.” Koh et al. reported that carbonization of
crosslinked poly(vinylidene fluoride) can result in a CMS
with well-defined bimodal pore sizes of 6—7 and 8-9 A,
respectively.23 Notably, pore sizes between 6 and 9 A could
efficiently separate liquid xylene isomers that typically require
energy-intensive separation, such as through crystallization and
simulated moving bed adsorption,”*** without pore swelling or
PSD changes.””**” We note that few literature examples can
be found associated with the direct carbonization of polymers
to prepare CMSs with separation capabilities containing well-
defined, sub-nm pore sizes,”'”>” which may be due to the
underdevelopment of the polymer precursor molecular design.
Addressing this technology gap would further advance the
synthetic capabilities of polymer-derived CMS while expanding
their application domains for gas and liquid sorption and
separation.

Ortho-hydroxyl polyimides can undergo thermal rearrange-
ment (TR) to form polybenzoxazoles (PBOs) with intrinsic
microporosity,”® > which generally have characteristic bimo-
dal pore sizes around 4 and 8 A.**”** However, Do and
coworkers demonstrated that monomodal sub-nm pore sizes
can be prepared through TR of a crosslinked bismaleimide
(BMI) monomer precursor,”” which is attributed to the
synergistic effects of the TR process and highly crosslinked
nature of the BMI network. In this work, end-capped
maleimide crosslinkers can promote pore size control during
the TR process through limiting the length of the polymer
backbone. Furthermore, the well-defined pore size (~7.3 A)
could be maintained upon carbonization of the crosslinked
network, which has been previously demonstrated by Koh and
coworkers from using crosslinked poly(vinylidene fluoride).*®
To further develop and build on these seminal works, there is a
strong need to study and enable PSD control from direct
carbonization of end-capped crosslinking TR polymer net-
works.

Phenylethynyl-terminated imide (PETI) oligomers and their
derived polymer networks are broadly employed in high-
temperature polymer composite applications in the aerospace
industry.”*™** PETI-type oligomers undergo crosslinking
through radical polymerization at elevated temperatures
(325—400 °C), forming linear acetylenic structures at lower
temperatures around 325 °C and crosslinked cyclized rings at
temperatures greater than 350 °C.”~* Recent studies have
incorporated ortho-hydroxyl functionalities into the backbone
of PETI imide oligomers, enabling TR during network
formation.”” ™' TR conversion and the resulting film proper-
ties such as dielectric constant, glass transition temperature
(Tg), and thermal degradation of the crosslinked TR-PBO
networks (TR-PBOx) were elucidated, while their pore
structures and properties remain less understood.

This work focuses on end-cap crosslinking and carbonization
of TR-PBOx for preparing CMS materials with controlled
microporosity development for molecular sorption and
separation applications. Phenylethynyl-terminated ortho-hy-
droxy imide oligomers (oHIOs) were synthesized via a two-
step azeotropic imidization method. oHIO powders were
crosslinked, undergoing TR between 350 and 450 °C in an

inert atmosphere and leading to the formation of TR-PBOx,
which were subsequently carbonized up to 800 °C. We
demonstrated that the oHIO degree of polymerization (DP) as
well as the fractional free volume (FFV) of TR-PBOx play a
significant role in impacting the micropore size and surface
areas of their derived CMSs. Furthermore, the heteroatom
content and microporous carbon structure of CMSs are
investigated. These heteroatom-doped porous carbons with
controlled pore size can profoundly influence future molecular
sieving applications in gas and liquid sorption and separation
technologies.

B EXPERIMENTAL SECTION

Materials. Toluene (99.85%) and anhydrous N-methyl-pyrroli-
done (NMP) (>99.5%), were purchased from Fisher Scientific. 1,3'-
Bis (3-aminophenoxy)benzene (APB-133, 99%) was purchased from
Chriskev Incorporated. 2,2-Bis(3-amino-4-hydroxyphenyl)-
hexafluoropropane (6FAP, 99%) was obtained from Alfa Chemistry.
2,3,3',4’-Benzophenone dianhydride (a-BTDA, 99%) was received
from Jayhawk Fine Chemicals Corp., part of CABB Group GmbH. 4-
(Phenylethynyl)phthalic anhydride (PEPA, 99%) was received from
Nexam Chemical. Deionized H,O was obtained in-house from the
University of Southern Mississippi. All materials were used as received
unless otherwise noted.

o-Hydroxy Imide Oligomers Synthesis. o-Hydroxy imide
oligomers (oHIOs) with target DPs of 4, 8, and 12, corresponding
to number-average molecular weights (M,) of approximately 2500,
5000, and 9000 g/mol, were prepared following a previously reported
method.*’ In brief, for a target DP of 8, a 250 mL two-neck flask
equipped with a Dean—Stark trap and a reflux condenser was charged
with a solution of 6FAP (36 mmol) in NMP (59 mL), and then a-
BTDA (32 mmol) was slowly added. The mixture was stirred for 1 h
at room temperature until fully dissolved before the PEPA end-capper
(8 mmol) was slowly introduced to the reaction solution and stirred
for 16 h under N,. The reaction solution was then charged with
toluene (60 mL) before heating at 180 °C for 16 h. The reaction
solution was cooled to room temperature, precipitated into deionized
H,O0, and dried at 250 °C for 6 h in a vacuum oven. oHIO monomers
were named according to the target DP and stoichiometrically
controlled by adjusting the molar ratio between 6FAP, a-BTDA, and
PEPA. For example, oHIO-4 refers to an oHIO sample with a target
DP of 4. A non-TR IO control was synthesized using a similar
protocol with a target DP of 4 (M, of 2500 g/mol). A more detailed
synthetic procedure can be found in the Supporting Information.

Thermally Rearranged Crosslinked Polybenzoxazole Film
Preparation. oHIO powders were transferred to an UPILEX-S film
template (obtained from UBE Corporation) on steel plates and then
bagged using a high-temperature Thermalimide (obtained from
Airtech International Inc.) film equipped with a vacuum port (Figure
S1). Thermally rearranged crosslinked polybenzoxazole (TR-PBOx)
films were pressed under vacuum through a stepwise curing process,
heating at 300 °C for 0.5 h and 400 °C for 1 h in a Carver press under
a pressure of 5000 psi. TR-PBOx films were cooled to room
temperature before being removed from the Thermalimide bag.

CMS Preparation. oHIO powders were transferred to a tube
furnace and heated from room temperature to 350 °C at a ramp rate
of 5 °C/min and isothermally held at 350 °C for 2 h, enabling
crosslinking of PEPA functionalities. Samples were then heated from
350 to 450 °C at a heating rate of 5 °C/min and isothermally held at
450 °C for 1 h to form TR-PBOx. These networks were named
according to the target DP from synthesis. For example, TR-PBOx-4
would indicate the thermally treated oHIO sample with a target DP of
4. TR-PBOx networks were then heated from 450 to 800 °C at a
heating rate of 1 °C/min under constant N, flow (300 mL/min)
during the carbonization process. The derived carbonaceous samples
were named according to the target DP from synthesis. For example,
CMS-4 would indicate a thermally treated and carbonized oHIO
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Figure 1. (a) Chemical structure of the oHIO samples with change in the chain topology after curing and TR at 450 °C. (b) Chemical structure of
the control with no change in the chain topology following a cure at 450 °C.

sample with a target DP of 4. The CMS derived from the control is
referred to as CMS-c, hereafter.

Characterization Methods. 'H nuclear magnetic resonance
(NMR) spectroscopy measurements were conducted using a Bruker
Ascend 600 spectrometer (Bruker Corporation, Billerica, Massachu-
setts, USA) at a 600 MHz proton frequency and temperature of 303
K. All samples were dissolved in deuterated dimethyl sulfoxide
(DMSO-d;) at a concentration of 40 mg/mL for 'H NMR
characterization. '*C solid-state cross polarization magic angle
spinning (CP-MAS) NMR spectroscopy was performed on a Varian
UNITY-INOVA 400 MHz spectrometer (Varian Inc., Palo Alto, CA,
USA) using a Chemagnetics three-channel 4 mm PENCIL-style
probe. Samples were loaded into zirconia rotor sleeves, sealed with
Teflon caps, and spun at rate of 10.0 kHz. CP/MAS®” was used with
high-power proton decoupling implemented during data acquisition.
The acquisition parameters were as follows: the "H 90° pulse width
was 6.675 us, the dead time delay prior to data acquisition was 6.4 us,
and the acquisition time was 45 ms. The cross polarization time was
either 4 ms (for TR-PBOx samples) or S ms (for oHIO and the 10
control precursor samples), with the *C RF field linearly ramped
from 35.4 to 39.4 kHz.>® A recycle delay of 3 (TR-PBOx) or 5 s
(oHIO and the IO control samples) between scans was utilized, and a
'H decoupling field of 37.5 kHz was implemented during acquisition.
The number of co-added scans varied from 1856 to 6336.

The number average molecular weight (M,), weight average
molecular weight (M,,), and dispersity (D) were determined by gel
permeation chromatography (GPC) relative to polystyrene standards
at 45 °C in tetrahydrofuran (THF) using a Waters ACQUITY

Advanced Polymer Chromatography system configured with
ACQUITY APC XT 450, ACQUITY APC XT 12§, and APC XT
45 columns in series. PETT oligomer samples were pre-dissolved at a
concentration of 1.00—2.00 mg/mL in THF with stirring at 45 °C for
1 h. Thermal gravimetric analysis coupled with simultaneous mass
spectrometry (TGA—MS) characterization experiments were per-
formed on a TA Instruments Discovery Series TGA with a Discovery
MS (TA Instruments, New Castle, Delaware, USA), which was
operated between 100 and 1000 °C at a 10 °C/min heating rate,
under a continuous flow of N, at 10 mL/min. The ion current (mA)
was measured for atomic mass units (amus) of H,O (18 amu), HF
(20 amu), CO, (44 amu), and COF; (85 amu) using the peak jump
data collection method. Attenuated total reflectance Fourier transform
infrared (ATR—FTIR) spectroscopy was carried out on a
PerkinElmer Frontier spectrometer with the scanning wavenumber
in the range of 4000—600 cm™' at a resolution of 2.0 cm™
(PerkinElmer Inc., Waltham, Massachusetts, USA).

A Micromeritics Tristar II instrument was used to determine the
CMS pore texture, including their adsorption and desorption
isotherms under N, at 77 K. The surface area was determined
using Brunauer—Emmett—Teller (BET) analysis, and the PSD was
calculated using the Horvath—Kawazoe (HK) model, assuming a slit-
pore geometry for final CMS samples. Additionally, this instrument
was also utilized to determine the CO, sorption performance of CMS
samples at 293 K by measuring their respective sorption isotherms
from 0.01 to 1 bar.

Wide-angle X-ray scattering (WAXS) experiments were conducted
on a laboratory beamline system (Xenocs Inc. Xeuss 2.0) with an X-
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ray wavelength of 1.54 A and a sample to detector distance of 150.8
mm. Samples were kept under vacuum to minimize the background of
air scattering. WAXS data reduction and analysis were performed
using Nika software, and correlation spacing (d) was calculated using
Bragg’s law, where Q is the scattering vector (eq 1).

2

R W

X-ray photoelectron spectroscopy (XPS) characterization was
performed on a Thermo Fisher ESCALAB Xi + spectrometer
equipped with a monochromatic Al X-ray source (1486.6 eV) and a
MAGCIS Ar+/Ar,+ gas cluster ion sputter gun. Measurements were
performed using the standard magnetic lens mode and charge
compensation. The base pressure in the analysis chamber during
spectral acquisition was at 3 X 1077 mbar. The pass energy of the
analyzer was set to 20 eV for high-resolution spectra and 150 eV for
survey scans, with energy resolutions of 0.1 and 1.0 eV, respectively.
An average of five scans were completed for high-resolution spectra
and two scans were completed for survey spectra. Binding energies
were calibrated with respect to the Cls peak at 284.8 eV. Thermo
Scientific Avantage analysis software v5.9904 was used to analyze the
heteroatom content of CMS carbon samples.

Densities of crosslinked films were measured in DI water at
ambient temperature with an analytical balance (ML204 Mettler
Toledo) combined with a density kit using dry films by the
Archimedes principle. FFV was calculated from the experimentally

determined density according to previously published literature (eq
2) 5485

v-Y,
FFV =
14

2)

The specific volume (V) of the polymer network is calculated from
the experimentally determined density, and the occupied volume (V)
is estimated by Bondi’s group contribution method using eq 3

V., =13 Z Veaw (3)

where V4 is the van der Waals volume of a single repeating unit and
the fraction of the end groups according to their calculated molecular
weights.

B RESULTS AND DISCUSSION

CMS Formation via the oHIO Precursor. A two-step
process was used to prepare a series of CMSs from PEPA end-
capped, oHIO precursors with varying DP (Figure 1a). oHIO
precursors were first synthesized via azeotropic imidization
reactions, stoichiometrically controlling DP according to an
established method (Table $1).°° A PEPA end-capped 10
(control) that cannot undergo TR was synthesized using a
similar procedure (Figure 1b). oHIO and IO precursor
structures were confirmed via solution-state '"H NMR, where
hydroxyl functionalities were observed in the oHIO precursors
at a chemical shift of 10.4 ppm (Figure S2).

oHIO and IO precursors were then placed into a tube
furnace for crosslinking of phenylethynyl groups at 350 °C for
2 h, similar to previous literature.**”” Crosslinked oHIO
precursors were then isothermally held at 450 °C for 1 h,
resulting in TR-PBOx formation. Particularly, a TR temper-
ature of 450 °C was selected based on the TGA results (Figure
2a), which can lead to complete oHIO TR without thermal
degradation. TGA—MS characterization was conducted to
determine the completion of oHIO TR via CO, detection
(Figure S3). Additionally, crosslinking and TR were confirmed
via ATR-FTIR through alkyne peak disappearance (2215
cm™") and new benzoxazole ring formation bands at 1478 and
1056 cm™ (Figure 2b).>"%7

a) b)
100+ —— Control Alkyne oHIO
—— oHIO-8 v = TR-PBOx
__ 9% 8 T
S = e
= 80 g 2400 2200 2000
< =
o
% 70 2 Alkilne
= 60 < PBOZ-
Crosslinking & TR

200 400 600 800 1000 4000 3000 2000 1000

Temperature (°C) Wavenumber (cm-')

Figure 2. (a) Example TGA weight loss vs temperature of oHIO-8
and the IO control samples showing distinct TR weight loss in oHIO-
8 and char yields for both samples. (b) ATR—FTIR spectra of the
precursor with an alkyne crosslinker band at 2215 cm™" and PBO ring
formation stretches following crosslinking and TR.

Asymmetric/symmetric imide carbonyl (1783/1714 cm™)
and hydroxyl (3700—3200 cm™') ATR—FTIR bands were
drastically reduced after crosslinking and TR, further indicating
oHIO conversion into TR-PBOx.>”*° Additionally, the
completion of TR was confirmed using "*C solid-state CP-
MAS NMR, wherein chemical shifts of the benzoxazole ring in
the TR-PBOx samples were observed at 163, 150, and 141
ppm, similar to previous reports (Figures §4—86).275051:38
However, the chemical shifts at 192, 165, 158, 132, and 122
ppm observed in the control remained the same following
thermal annealing at 350 and 450 °C, thus signifying that no
TR occurred in the control (Figure S7).

It has been previously demonstrated that pyrolysis of linear
ortho-hydroxy polyimide precursors at temperature up to 800
°C yielded nitrogen-doped CMSs.*” " In this work, TR-PBOx
networks were carbonized at 1 °C/min from 450 to 800 °C to
form CMSs, which was confirmed via ATR—FTIR (Figure S8).
A monolithic morphology with particle sizes of ~300 and ~50
um was observed for the control (CMS-c) and CMS-8,
respectively, using scanning electron microscopy (SEM)
(Figure S9).

XPS characterization was performed to investigate the
heteroatom content present in the CMS following TR-PBOx
carbonization up to 800 °C (Figure 3). As previously
discussed, incorporation of heteroatoms, such as nitrogen
and oxygen, into CMS materials provide advantages to
improve their physicochemical properties, altering charge
density and electronegativity, which can enable enhanced
charge transfer or chemical interactions for many applications,
such as molecular sieving.*”%> XPS survey scans indicated the
presence of C, O, and N heteroatoms in CMS samples
following TR-PBOx precursor carbonization (Figure 3a and
Table S2). High-resolution XPS spectra were used to further
elucidate the chemical environment of the atoms found in the
CMS (Figures 3b—d and S10—S12). As an example, CMS-8 C
Is peak can be deconvoluted into four sub-peaks at 284.0,
284.8, 285.7, and 289.1 eV, corresponding to sp* (56 at. %),
sp> (17 at. %), C—(O,N) (21 at. %), and C=0 (7 at. %)
groups, respectively (Figure 3b). We observed that the C 1s of
CMS-c was also a convolution of four sub-peaks at 284.7,
285.0, 285.7, and 289.0 €V, corresponding to sp> (40 at. %),
sp> (28 at. %), C—(O,N) (24 at. %), and C=0 (8 at. %)
functionalities, respectively (Figure S10). Interestingly, the
relative ratio of sp* carbons is significantly lower in CMS-c than
in CMS-8, while the relative ratio of sp® carbons is much
higher. This result demonstrated that benzoxazole rings lead to
a higher relative ratio of sp* carbons following carbonization
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Figure 3. CMS XPS results. (a) Example XPS survey spectra of CMS-
8. (b—d) High-resolution C 1s (b), N 1s (c), and O 1s (d) XPS
spectra of CMS-8.

when compared to imide rings. Additionally, a higher sp*/sp*
ratio is also found in CMS-8 (4.67) when compared to CMS-c
(1.4S5), which is also attributed to the benzoxazole ring
structure in the TR-PBOx precursor (Table S2). As
anticipated, the relative ratio of C—O/C—N is higher in
CMS-c as more C—O/C—N bonds are observed in the
molecular structure of the control IO precursor, while the
relative ratio of C=0 is similar for both CMS-c and CMS-8
(Figure 1).

N 1s peak of CMS-8 is a convolution of two sub-peaks at
400.0 and 397.8 eV, associated with 23 at. % of pyrrolic/
pyridonic and 77 at. % of pyridinic nitrogen group types,
respectively (Figure 3c). As a comparison, the CMS-c can also
be deconvoluted into two sub-peaks at 401.2 and 398.3 eV,
corresponding to pyrrolic/pyridonic (25 at. %) and pyridinic N
(75 at. %) groups, respectively (Figure S10). Similar relative
ratios were observed for both CMS-8 and CMS-¢, which was
anticipated because both precursors are composed of N-
containing, heterocyclic ring structures with similar relative
amount. However, a sharp difference was observed in the
CMS-8 and CMS-c O 1s high-resolution scans. CMS-8 O 1s
scans indicated the presence of two different bonding
environments represented by peaks at 532.8 and 532.3 eV,
corresponding to C=0 (18 at. %) and C—O (82 at. %)
functionalities, respectively (Figure 3d). CMS-c O 1s scans
indicated the presence of the same bonding environments with
sub-peaks at 532.3 and $32.7 eV, corresponding to C=0 (84
at. %) and C—O (16 at. %) functionalities, respectively (Figure
S10). Based on the molecular structure, a relative ratio of 4:1
(C—0/C=0) is expected for CMS-8, namely, due to the
benzoxazole ring structure in TR-PBOx. The relative ratio of
C—0/C=0 is 4.5:1 in the CMS-8, which not only confirms
that TR occurred, but also demonstrates the enhanced stability
of the benzoxazole ring structure. A relative ratio of 5:9 (C—
0O/C=0) is expected for CMS-c based on the molecular
structure of the IO precursor; however, a relative ratio closer to
1:5 (C—0/C=0) was observed in the CMS-c. The difference
in relative ratio suggests that bond cleavage may occur at the

ether C—O bonds in the IO network precursor, while imide
carbonyls are maintained through carbonization.

All CMS derived from TR-PBOx had similar chemical
compositions and sp?/sp® ratios according to XPS character-
ization (Table S2). It is noteworthy that the atomic percentage
of C increases as the oHIO precursor DP increases for CMS-4
(84.9%), CMS-8 (87.7%), and CMS-12 (89.1%). The
crosslinking density can decrease as DP increases for PEPA
end-capped 1Os, which causes the compositional change in the
final carbons.’®** The CMS-12 C composition becomes more
comparable to linear polyimides (93.1%) that were carbonized
up to 800 °C due to the decrease in the crosslinking density."

CMS PSD and Structure. CMS pore volumes, surface
areas, and PSDs were characterized by N, gas physisorption at
77 K. All CMS samples, including the non-TR IO-derived
CMS (CMS-c), exhibited type I isotherms, which indicated the
presence of microporosity (Figure Sa). Micropores in CMS-c
are attributed to the asymmetric and fluorinated molecular
structure in the IO backbone, which can hinder the tight
packing of formed carbon strands leading to microporous
CMS."”*% However, the BET surface area and pore volume
of CMS-c (356 m*/g, 0.124 cm®/g) were much lower than the
those of CMS derived from precursors that underwent TR
conversion prior to carbonization. CMS-4 (667 m?/g, 0.236
cm®/g), CMS-8 (700 m?/g, 0.244 cm®/g), and CMS-12 (775
m?/ g 0.283 cm?/ g) were observed to have nearly double the
BET surface area and pore volume compared to CMS-
demonstrating the beneficial impact of TR on pore formation
of TR-PBOx-derived carbons (Table S2). PSDs were obtained
using the HK method, assuminbg a slit-pore structure to probe
the micropore size (Figure Sb). © CMS-c was observed to have
a narrow PSD centered around 7.7 A, which is similar to
previous work studying the carbonization of linear polyimides
with asymmetric backbones, containing a bimodal PSD with
pore populations of 5.2 and 7.9 A."” CMS-4, -8, and -12 were
observed to have more narrow PSD between 6 and 7 A,
suggesting uniform micropores centered around 6.46, 6.61, and
6.40 A, respectively. Micropore uniformity was attributed to
the dense polymer network formed during end-capped,
crosslinking and cyclization of PEPA, thus concentrating
pore formation between the crosslinkers during TR and
reducing defects during subsequent carbonization (Figure 4).

oHIO Precursors TR-PBOx CMS

Cf;fy 350 °C (2h)

° 800 °C
o;gk.j? 450 °C (1h)
Figure 4. Idealized network formation of PEPA end-capped oHIO
crosslinking and thermally rearranging into TR-PBOx intermediates

between 350 and 450 °C, prior to being carbonized up to 800 °C,
creating controlled micropore formation between 6 and 7 A.

The CMS pore size was observed to be larger than previously
studied linear fluorinated polyimide-derived CMSs (~5.5 A),
suggesting synergistic pore widening by combining a variety of
molecular functionalities into the IO backbone, such as
asymmetry, fluorination, and TR motifs.*"** It is worth noting
that the CMSs exhibited similar pore sizes when carbonized at
higher temperatures, such as 1000 and 1200 °C (Figure S13).
Specifically, CMS-8 was carbonized at 1000 and 1200 °C

https://doi.org/10.1021/acsanm.3c02516
ACS Appl. Nano Mater. 2023, 6, 14957—14966


https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c02516/suppl_file/an3c02516_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c02516/suppl_file/an3c02516_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c02516/suppl_file/an3c02516_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c02516/suppl_file/an3c02516_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c02516/suppl_file/an3c02516_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c02516/suppl_file/an3c02516_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c02516/suppl_file/an3c02516_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c02516?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c02516?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c02516?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c02516?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c02516?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c02516?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c02516?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c02516?fig=fig4&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c02516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

leading to pore sizes centered around 6.6—6.7 A. However,
CMS-8 pore surface area and volume were observed to
decrease when carbonized at 1000 °C (571 mz/g, 0.195 cm?/
g) and 1200 °C (558 m*/g, 0.200 cm?/g) (Table S3).

While narrow PSDs (6—7 A) were observed for the CMS
samples, PSD broadening was also noted as the oHIO
precursor DP increased. Therefore, TR-PBOx films were
prepared to elucidate the influence of polymer network density
and FFV on the PSD, surface area, and pore volume of derived
CMS. It was found that TR-PBOx film density decreased from
140 to 1.21 g/cm3 as the oHIO precursor DP increased,
suggesting a decrease in the crosslinking density, similar to
previous reports (Table 1).**®® Decreasing crosslinking density

Table 1. Density and FFV of Crosslinked TR-PBOx Films

film precursor density (g/cm®) FFV (%)
Control 1.35 + 0.02 11.5 £ 0.9
oHIO-4 1.40 + 0.03 140 + 0.4
oHIO-8 1.39 + 0.01 15.8 + 0.6
oHIO-12 1.21 + 0.01 26.7 + 0.8

could explain the PSD broadening in CMS-8 and CMS-12. An
inverse relationship between TR-PBOx film density and FFV
was also observed, further confirming a decrease in the
crosslinking density as the oHIO DP increases. The FFV of
TR-PBOx films correlated well with the CMS pore surface area
and volume changes, indicating a direct relationship between
the TR-PBOx FFV and CMS microporosity.

WAXS characterization was performed to elucidate the CMS
nanostructures. Intensity versus scattering vector (Q) plots in
the log—log scale are shown in Figure Sc, wherein a Q"
dependency was observed in the intermediate Q range (0.4—
1.0 A™") for all CMS samples. The fractal dimension (D) was
measured to be between 2 and 2.5 for all CMS samples,
suggesting the formation of planar slit micropores with bent (D
=2) or crumpled (D = 2.5) lamellae structures.”” D values of
CMS-c (2.0), CMS-4 (1.9), CMS-8 (2.2), and CMS-12 (2.1)
were very similar, indicating consistent formation of bent
lamellae structures.

Correlation size can be further characterized via a Kratky
plot, wherein I(Q)eQ? is plotted versus Q (Figure 5d). For
clarity, I(Q) is the intensity as a function of the X-ray scattering
vector Q. The first peak at a Q of ~0.4 A™" is attributed to the
micropores measured in gas physisorption, where domain
spacing of the pore (dp) were calculated for CMS-c (23.5 A),
CMS-4 (184 A), CMS-8 (18.8 A), and CMS-12 (19.3 A)
using Bragg’s equation. Pore wall thickness was then extracted
for CMS-c (15.8 A), CMS-4 (12.0 A), CMS-8 (12.2 A), and
CMS-12 (12.9 A) by comparing PSD from gas physisorption
characterization and calculated dj,.

The peak at Q of ~1.6—1.7 A™' was attributed to the
carbon—carbon layer distances (d.) and was calculated for
CMS-c (3.7 A), CMS-4 (3.7 A), CMS-8 (3.6 A), and CMS-12
(3.6 A). These d_ values are higher than the ideal length of a
single graphene layer (3.4 A), suggesting that the resulting
carbon has a disordered structure, which agrees well with the
low sp*/sp’ ratios observed for CMS samples in the XPS
characterization.

CO, sorption performance was characterized to demonstrate
the practical application of the CMS. Previous literature has
determined that a molecular sieving capability of >2 mmol of
CO,/g of sorbent is ideal for CO, adsorption applications.68 In
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Figure S. (a) Gas physisorption isotherms measured with N, at 77 K,
which have been shifted in the positive Y-direction: CMS-c (+0),
CMS-4 (+5), CMS-8 (+50), and CMS-12 (+150). Closed symbols
signify adsorption, and open symbols signify desorption. (b)
Differential pore volume plots measured using the HK method,
which have been shifted in the positive Y-direction: CMS-c (+0.02),
CMS-4 (+0.05), CMS-8 (+0.2), and CMS-12 (+0.4). (c) WAXS
intensity profiles for CMS-c, CMS-4, CMS-8, and CMS-12, which
have been shifted in the positive Y-direction: CMS-c (x1), CMS-4
(X1.5), CMS-8 (x3.5), and CMS-12 (X10). (d) Kratky plots for
CMS-¢c, CMS-4, CMS-8, and CMS-12, which have been shifted in the
positive Y-direction: CMS-c (+0), CMS-4 (+50), CMS-8 (+250), and
CMS-12 (+550).

this investigation, CMS-8 (3.17 mmol of CO,/g of CMS) and
CMS-12 (3.12 mmol of CO,/g of CMS) had the highest CO,
sorption performances, while CMS-4 (3.08 mmol of CO,/g of
CMS) showed slightly lower sorption performance (Figure
S14). However, it is worth noting that even CMS-c (2.42
mmol of CO,/g of CMS) had great CO, sorption performance
greatly exceeding the literature value of desired CO, capacity
(>2 mmol of CO,/g of sorbent).® The excellent CO,
adsorption capabilities suggest the potential of the CMS for
sorption and separation of other small molecules such as
ethylene and xylene.

Fine-tuning the CMS Pore Size, Surface Area, and
Volume. Mixing IO precursors could further provide the
ability to tune the CMS pore size, surface area, and volume,
thus allowing controlled molecular sieving separation capa-
bilities. Therefore, oHIO-8 and the control samples were
mixed in THF solutions at varying weight ratios to investigate
the impact of composition on the porosity of mixed CMSs
(mCMSs). All mixtures were thoroughly dried for 24 h at 250
°C under vacuum, removing all solvent residues before
carbonization at 1 °C/min from 450 to 800 °C. Complete
carbonization was confirmed via ATR—FTIR (Figure S8). It
should be noted that oHIO-8 was selected in this study for
solubility purposes. oHIO-12 had limited solubility in THEF,
despite CMS-12 having the highest BET surface area. All
mCMSs were characterized using gas physisorption and WAXS
measurements. mCMS samples were named according to
CMS-c to oHIO-8 weight ratio. For example, mCMS 80:20
would indicate 80 wt % control to 20 wt % oHIO-8.

Type I isotherms were observed for all mCMSs, indicating
that the microporosity was maintained after carbonizing of the
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mixed precursors from blending the control and oHIO-8
(Figure 6a). BET surface area and pore volume for mCMS
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Figure 6. (a) Gas physisorption isotherms measured with N, at 77 K,
which have been shifted in the positive Y-direction: 80:20 (+0), 60:40
(+100), 40:60 (+200), and 20:80 (+300). Closed symbols signify
adsorption, and open symbols signify desorption. (b) Differential pore
volume plots measured using HK method, which have been shifted in
the positive Y-direction: CMS-c (+0.064), CMS-4 (+0.38), CMS-8
(+0.89), and CMS-12 (+1.2). (c) WAXS intensity profiles for mnCMS
80:20, 60:40, 40:60, and 20:80, which have been shifted in the
positive Y-direction: CMS-c (x0.1), CMS-4 (x0.5), CMS-8 (X1.5),
and CMS-12 (x5.0). (d) Kratky plots for mCMS 80:20, 60:40, 40:60,
and 20:80, which have been shifted in the positive Y-direction: CMS-c
(+0), CMS-4 (+125), CMS-8 (+250), and CMS-12 (+375).

80:20 (569 m*/g, 0.220 cm®/g), 60:40 (638 m?/g, 0.222 cm®/
g), 40:60 (638 m?/g, 0.221 cm?/g), and 20:80 (735 m*/g,
0.256 cm®/g) increased as the control to oHIO-8 mass ratio
decreased, suggesting that controlled pore surface area
manipulation can be achieved by leveraging polymer precursor
mixing (Table S4). Monomodal micropores were centered
around 6—7 A for mCMS 80:20 (6.4 A), 60:40 (6.6 A), 40:60
(6.6 A), and 20:80 (6.4 A) (Figure 6b).% Interestingly,
micropores in mCMS were more uniform than CMS-8 alone,
suggested by their narrower PSD, most notably in mCMS
60:40. PSD narrowing was attributed to mixing the control
precursor, which had a much lower FFV after crosslinked
network formation than the oHIO-8 precursor. Uniform
mCMS PSD results suggested that FFV, ergo crosslinking
density, plays a significant role in CMS pore formation,
demonstrating the importance of oligomer molecular design
considerations when preparing CMS for molecular sorption
and separation applications.

WAXS characterization was employed to determine the
nanostructure changes of samples upon conversion to mCMS
from polymer precursor. Intensity versus Q plots in the log—
log scale are shown in Figure 6c, wherein a Q"' dependency
was found in the intermediate Q range (0.4—1.0 A™") for all
mCMS samples.

D values of mCMS 80:20 (2.0), 60:40 (2.0), 40:60 (1.9),
and 20:80 (2.0) indicate that bent lamellae structures were
maintained in mCMS, while the changes in pore size, surface
area, and volume were observed. Correlation size was
characterized via a Kratky plot, wherein two local Q maximum

values were observed (Figure 6d).The first peak at a Q value of
0.4 A™' is attributed to the micropores measured in gas
physisorption, where d, was calculated to be similar for mCMS
80:20 (19.5 A), 60:40 (19.0 A), 40:60 (18.9 A), and 20:80
(18.3 A). Pore wall thickness was determined, including
mCMS 80:20 (13.1 A), 60:40 (12.4 A), 40:60 (12.3 A), and
20:80 (11.9 A) in which pore wall thickness decreased at larger
concentrations of the oHIO-8 precursor.

Collectively, these results demonstrate that both backbone
chemistry and polymer network architecture of oligomer
precursors play essential roles in controlling the pore formation
of final CMS. Using different molecular designs, CMS porosity
could be fine-tuned to match the specific molecular sorption
and separation requirements, further expanding CMS
utilization. Therefore, it is important to continue to explore
different backbone chemistries and polymer network archi-
tectures to further improve future molecular sorption and
separation capabilities.

Bl CONCLUSIONS

This study demonstrated that controlled CMS microporosity
could be achieved through molecular engineering of oligomer
precursor backbone chemistry and polymer network architec-
ture. Rational design of end-capped crosslinking oHIO
precursors, with TR functionalities and asymmetric molecular
structures between the crosslinks, provides an avenue for
preparing CMS with well-defined, planar slit micropores
between 6 and 7 A, BET surface areas up to 775 m’/g, and
CO, sorption performance up to 3.17 mmol of CO,/g.
Furthermore, this research demonstrated that CMS micro-
porosity could be further tailored by blending different
precursors with varying FFV, forming mCMS with adjustable
pore size (6.4—6.6 A) and BET surface area (569—735 m?/g).
Potential research opportunities exist for preparing CMS
membranes from oHIO precursors and characterizing the
CMS membranes to understand their molecular sieving
properties, as well as fabricating microporous fibers with
well-defined sub-nm pore sizes due to the excellent solubility of
oHIO precursors.
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