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Polymer-modification-enabled in-situ metal-organic framework formation (PMMOF) is potentially a paradigm-shifting

preparation method for polymer/MOF mixed-matrix membranes (MMMs). However, the actual reaction conditions of in-

situ formation of MOF in the confined polymer free volume are expected quite different from that in a bulk solution. ZIF-7

is an interesting filler material not only for its use in selective light gas separations but also for its three different crystal

phases. Herein, we carried out systematic investigations on in-situ confined formation of ZIF-7 phases inside polymer (6FDA-

DAM) by PMMOF. The reaction conditions of ZIF-7 in the polymer free volume were deduced based on a bulk-phase ZIF-7

phase diagram constructed by varying ZIF-7 precursor concentrations and ratios. Based on the understanding of reaction

conditions, ZIF-7 crystal phases formed inside polymer during the PMMOF process were controlled, yielding 6FDA-DAM/ZIF-

7 MMM s with three different crystal phases. ZIF-7 phases had significant effects on the gas transport of MMMs with layered

ZIF-7-11l fillers exhibiting the highest performance enhancement for H,/CO, separation (i.e., H> permeability of ~ 1630 Barrer
and H,/CO; selectivity of ~3.8) among other phases. Furthermore, the MMMs by the PMMOF showed enhanced H»/CO-

separation performance, surpassing the upper bound.

Introduction

Metal-organic frameworks (MOFs) consist of metal nodes
ligated by organic bridging ligands with unique features of
uniform pore structures, large surface areas, chemical and
thermal stability, and tunable properties.> 2 Due to these
unique features, MOFs have attracted extensive attention for
diverse applications including drug delivery, optics, catalysis,
gas separation, and etc.3® In particular, the well-defined
molecular scale pores and the tunable properties of MOFs make
them an ideal membrane material for gas separations.” Of
particular interest is their potential as functional fillers in mixed-
matrix membranes (MMMs), which could overcome limitations
of polymeric membranes by taking advantages of both
polymers and molecular sieving fillers.8 Despite their promises

and successes in literatures,® MMMs have never been
commercialized for industrial-scale applications. This is
primarily due to the several challenging issues in the

conventional blending-based MMM fabrication methods,
including poor interfacial adhesion between MOF and polymer,
agglomeration of MOF fillers, limited filler loadings, and
difficulty in forming MOF nanoparticles (smaller than 100 nm).10

@ Artie McFerrin Department of Chemical Engineering and ¢Department of
Materials Science and Engineering, Texas A&M University, 3122 TAMU, College
Station, TX 77843-3122, United States.

b.pepartment of Industrial Chemistry, Pukyong National University, 45 Yongso-ro,
Nam-gu, Busan 48513, Republic of Korea.

TElectronic Supplementary Information

DOI: 10.1039/x0xx00000x

FThese authors contributed equally to this work.

(ESI) available. See

Even after addressing the above-mentioned issues,
conventional blending-based methods are hardly scalable since
it is tremendously challenging to spin dope solutions containing
fillers into commercially viable hollow fibers with sub-micron
thick selective skin composite layers.8 11

Recently, we developed and reported polymer-modification-
enabled in-situ  metal-organic  framework formation
(PMMOF).22 PMMOF enables MOF nanoparticles to in-situ form
inside polymers, effectively suppressing several issues that
conventional blending-based MMMs face. Moreover, since
PMMOF decouples the filler incorporating step and the MMM
fabrication step, PMMOF is expected to be applied directly to
large-scale commercially available polymer membranes,
thereby enabling a simple upgrade of relatively cheap polymer
membranes to more valuable MMMs. Properties of MMMs are
greatly influenced by microstructures (i.e., phase, size, shape,
etc.) of fillers, which often affect microstructures of composites
(i.e, interface, distribution of fillers, etc.). Filler microstructures
are determined by the synthesis reaction conditions (e.g.,
precursor concentration, precursor diffusion, chemical
interactions, etc.).13 14 Since the actual conditions for in-situ
MOF formation by PMMOF are expected quite different from
those for MOF synthesis in a bulk solution, the investigations for
the actual synthesis conditions are very important, yet quite
challenging because of the nature of in-situ synthesis in
confined spaces.

Zeolitic-imidazole framework-7 (ZIF-7, Zn(blm),) consists of zinc
tetrahedrally coordinated with benzimidazole forming six-
membered rings with a sodalite (SOD) topology.2 ZIF-7 has been
considered as one of the most important ZIFs reported because
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of its unique gate opening phenomenon, intrinsic hydrophobic
and thermally-stable properties, and excellent molecular
sieving effects for mostly hydrogen over other light gases.2 15 16
Moreover, ZIF-7 undergoes phase transformation with three
different crystal phases:17 a symmetric structure with a large-
pore structure (ZIF-7-1, Phase 1), a distorted structure of Phase |
with a narrow-pore structure (ZIF-7-1l, Phase Il), which is
transformed from Phase | when guest molecules such as DMF,
water, and CO; are removed, and a layered structure with a
nonporous structure (ZIF-7-111, Phase Ill), which is induced by
hydrolysis of Phase | or Il. While transformation between Phases
I and Il is reversible, transformation of Phase | or Il to Phase IlI
is irreversible. It is noteworthy to mention that formation of the
three crystal phases of ZIF-7 is governed by synthesis
parameters including precursor concentration, solvents, and
post-treatments.’® As such, the aforementioned unique
features of ZIF-7 give a unique opportunity to investigate how
the actual reaction conditions in PMMOF differ from those in
solution precipitation.

There are a few reports on ZIF-7-based MMMs prepared by a
conventional physical blending method. Li et al.*® prepared
poly(ether-block-amide)1657 (Pebax®1657)/ZIF-7 MMMs and
showed their promising separation performances for CO>/N>
and CO,/CH4 mixtures despite a decrease in CO, permeation.
Also, Yang et al.?0 successfully incorporated ZIF-7 nanoparticles
of <50 nm in size in polybenzimidazole (PBI) up to 50 wt%. The
MMMs  showed
improvement in H,/CO, separation at the temperature up to
180 °C. They attributed the significantly enhanced H;
permeability to the enlarged polymer free volume as ZIF-7

resulting considerable  performance

loading increased. Recently, enhanced gas separations were
observed in MMMs with functionalized ZIF-7.21. 22

Here, we take systematic approaches to understand in-situ
growth of ZIF-7 inside a polymer thin-film by PMMOF. 6FDA-
DAM/ZIF-7 MMMs are fabricated by PMMOF and the crystal
phase of in-situ formed ZIF-7 is compared with that of ZIF-7
precipitated in a bulk solution. A crystal phase diagram for
solution-precipitated ZIF-7 is constructed by varying important
synthesis parameters in solutions. Based on the ZIF-7 phase
diagram, the reaction condition of each ZIF-7 crystal phase is
determined during PMMOF, which eventually leads to form
6FDA-DAM/ZIF-7 MMMs with three different ZIF-7 crystal
phases. Lastly, the gas separation properties of the resulting
MMMs are examined under both single and mixed gas
conditions to investigate tunable gas separation performances
of MMMs with different ZIF-7 crystal phases.

Experimental
Materials

6FDA-DAM (Mw: 148k, PDI: 2.14) was purchased from Akron
Polymer Systems Inc. Sodium formate (HCOONa, = 99 %, Sigma
Aldrich), zinc nitrate hexahydrate (Zn(NOs),-6H,0, 98 %, Sigma
Aldrich), and benzimidazole (Hblm) (C7H6N2, = 98 %, Sigma
Aldrich) were used for ZIF-7 synthesis. Ethanol (C;HsOH, 94-96
%, Alfa Aesar) and N,N-dimethylformamide (DMF) (C3H;NO, >

2| J. Name., 2012, 00, 1-3

99.8 %, Alfa Aesar) were used as solvents. Methanol (CH;0H, >
99.8 %, Alfa Aesar) was used for washing. All chemicals were
used as received.

ZIF-7 particle synthesis

A crystal phase diagram of ZIF-7 was constructed based on
solvothermal synthesis of ZIF-7 particles in a bulk solution. Both
metal and linker precursor solutions were prepared by varying
precursor compositions ranging between 0.1 — 100 mmol of zinc
nitrate hexahydrate and 0.1 — 75 mmol of benzimidazole in
ethanol/DMF co-solvents (30 ml, 99/1 v/v). A metal and a linker
solution were mixed and the precursor mixture solution was
placed in a Teflon-lined stainless-steel autoclave. The synthesis
was carried out at 100 °C for 2 h without stirring. The resulting
ZIF-7 powder was decanted after centrifugation with 8000 RPM
for 20 min. The powder sample was then purified by re-
dispersing in methanol under sonication followed by
centrifugation. This purification step was repeated two more
times. The acquired ZIF-7 powder was dried at 60 °C for
overnight before characterizations.

Fabrications of 6FDA-DAM/ZIF-7 MMMs by PMMOF

A 2 wt% 6FDA-DAM solution in DMF was prepared as a stock
polymer solution and used for polymer thin films on porous a-
alumina substrates. 2.4 ml of the polymer solution was slowly
dropped onto the polished side of a home-made a-alumina disk.
Porous a-alumina disks (22 mm in diameter, 2 mm in thickness,
and 46 % porosity with an average pore diameter of ~ 200 nm)
were prepared by following a previously reported recipe.?3
Thereafter, the sample was immediately placed into a vacuum
oven and then dried at 150 °C for 24 h under vacuum. For
hydrolysis, the 6FDF-DAM coated a-alumina disk was vertically
loaded on a custom-made Teflon holder and placed in a Teflon-
lined autoclave containing a sodium formate solution (100
mmol of sodium formate in 30 ml of D.I. water). The hydrolysis
reaction was performed at 120 °C for 5 h, followed by natural
cooling to room temperature. The hydrolyzed polymer thin film
was then washed with D.I. water for overnight using a lab shaker
to remove physically absorbed sodium and formate ions. A Zn
ion exchange step was carried out by immersing the hydrolyzed
polymer film into an ion exchange solution (10, 25, or 50 mmol
of zinc nitrate hexahydrate in 30 ml of D.l. water) at room
temperature for 3 h followed by a simple rinsing with ethanol.
The ligand treatment was performed by immersing the Zn ion
adsorbed film into the benzimidazole solution (25 mmol of
Hblm in 30 ml of ethanol/DMF, 99/1 v/v) in a Teflon-lined
autoclave at 100 °C for 2 h without stirring. After slow cooling
the reactor to room temperature, the resulting film was washed
with methanol for overnight. Lastly, the imidization reaction
was conducted by heating at 220 °C for 3 h in a pre-heated
convection oven.

Characterizations

Scanning electron microscope (SEM) measurements were
conducted using a JEOL JSM-7500F at an acceleration voltage of
5 keV with 15 mm working distance. Transmission electron
microscope (TEM, JEOL JEM-2010) was operated at a voltage of
200 keV. X-ray diffraction (XRD, Rigaku Miniflex II) was
performed in the 2 9 range of 5 — 40 ° with Cu-Ka radiation (A =

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. (a) XRD patterns and (b) cross-sectional SEM images of as-prepared PI/ZIF-7- by PMMOF. The insert in Fig. 1b is the
TEM image of in-situ formed ZIF-7-1 in the polymer. (c) cross-sectional SEM images of the Pl that was hydrolysed and then

imidized.

1.5406 A). Fourier transform infrared spectra (FT-IR) were
taken using a Nicolet iS5 spectrometer (Thermo Scientific)
equipped with attenuated total reflectance (ATR, iD7)
accessory. X-ray  photoelectron  spectroscopy  (XPS)
measurements were conducted by an Omicron ESCA+ with Mg
X-ray source at 300W. Thermogravimetric analysis (TGA, Q50
TA instruments) were carried out under air at the
temperature ranging from 25 °C to 800 °C with a heating rate
of 10 °C min-1.

Gas permeation measurements

Gas permeation tests were performed using the Wicke-
Kallenbach technique at room temperature under atmospheric
pressure. For single gases of H,, CO3, N2, and CHg4, a feed gas was
provided at 20 cm3 min! while the permeate side was swept by
argon gas with the flow rate of 20 cm3 min-1. Similarly, for equal-
molar binary gas mixtures of H,/CO,, Hy/CHa4, and CO2/N,, the
total feed flow rate was kept at 20 ml min-1. The composition of
the permeated gases was determined using a gas analyzer
(QGA, Hiden Analytical).

Results and discussion
Fabrication and characterization of PI/ZIF-7 MMMs by PMMOF

6FDA-DAM/ZIF-7 MMMs were fabricated using our polymer-
modification-enabled  in-situ  metal-organic  framework
formation (PMMOF) process reported recently.2* A 6FDA-DAM
polyimide (PI) (Fig. S1a) thin film was prepared on an a-alumina
disk by a drop-casting method, resulting in a Pl film with a
thickness of 7.9 £ 2.0 um. As shown in Fig. S1, ZIF-7 was in-situ
formed inside the PI thin film by PMMOF which consists of four
steps: hydrolysis, ion-exchange, ligand treatment, and
imidization, each of which was monitored by ATR-FT-IR spectra
(Fig. S2). Detailed explanations are presented in the Supporting
Information (Figs. S2 and S3). The XRD patterns of the PI/ZIF-7
MMM match with the simulated pattern of ZIF-7-I, which has a
symmetric large-pore structure (Fig. 1a).1” The cross-sectional
SEM image of the PI/ZIF-7-1 exhibits a grainy surface, which may
or may not be ZIF-7, compared with the relatively smooth cross-
section of the PI (Fig. 1b-c). Also, relatively large clusters were
found on the top surface of the PI/ZIF-7-1 (Fig. 1b). To confirm

This journal is © The Royal Society of Chemistry 20xx

the presence of ZIF-7-l inside the PI, the surface of the PI/ZIF-7-
| was gently wiped using a diluted nitric acid solution (0.1 M).
Since ZIFs are very sensitive to acid,?> the acid treatment
removed most of the clusters present on the top surface of the
PI/ZIF-7-I (Fig. S4). In addition, some of ZIF-7-1 formed in the
vicinity of the external surface appeared to be partially removed
as well (see the red dashed area in Fig. S4). The XRD patterns of
the PI/ZIF-7-1 after acid treatment show slightly reduced peak
intensities relative to that of the pattern before acid treatment
(Fig. S5), suggesting a majority of ZIF-7-1 were formed inside the
polymer. The cross-sectional TEM image of the sample in the
inset of Fig. 1b shows poorly defined ZIF-7-I crystals of less than
100 nm in size. Based on these observations, it was concluded
that ZIF-7-1 nanoparticles less than 100 nm in size were formed
mostly inside the PI film by PMMOF.

In PMMOF process, crystallization happens in confined spaces
inside the polymer (i.e., free volumes),?* 26 thereby affecting the
diffusion of precursor species inside the polymer film as well as
reacting species. words, ZIF-7
crystallization inside a PAA-Zn film proceeds in a different

interactions of In other
environment than in a bulk solution. To confirm this, ZIF-7 was
synthesized in a solution under the same reaction condition as
PMMOF. The obtained ZIF-7 powders exhibited ZIF-7-IIl (dense
layered structure) phase with several microns in size (Fig. S6).
Formation of a different ZIF-7 crystal phase in a bulk solution vs.
in PMMOF strongly suggests that the actual reaction conditions
are very different. On the other hand, the much smaller
particles of in-situ grown ZIF-7 (Ip) by PMMOF can be attributed
mainly to the unique confined environments inside the
polymer. It was, therefore, hypothesized that the
concentrations and ratios of both absorbed Zn and bim
precursors inside the polymer film can be an important
parameter to determine the ZIF-7 crystal phase.

ZIF-7 crystal phase diagram and PMMOF reaction conditions

To confirm our hypothesis on the effect of precursor
concentrations and ratios inside the polymer film on ZIF-7
crystal phase, a ZIF-7 crystal phase diagram was established by
varying the concentrations and ratios of Zn ions and blm ligands
using bulk solution reaction. The acquired ZIF-7 particles were
characterized by SEM and XRD to investigate their crystal

J. Name., 2013, 00, 1-3 | 3
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Fig. 2. (a) ZIF-7 crystal phase diagram as a function of concentrations of zinc and blm. (b) lllustration of the ZIF-7 systhesis stages

and the corresponding conditions upon PMMOF process.

phases (Fig. S7 and S8). Four distinctive regions were identified
in the crystal phase diagram (see Fig. 2a): 1) ZIF-7-1 phase
(marked with red spots), 2) ZIF-7-mix mixed-phase containing
both ZIF-7-1 and ZIF-7-11l phases (marked with yellow spots), 3)
ZIF-7-1ll phase (marked with green spots), and 4) undefinable
region due to the lack of precipitations (marked with a dashed
line). Representative SEM images and XRD patterns for the
three distinctive ZIF-7-1, ZIF-7-mix, and ZIF-7-1ll samples
collected from bulk solutions were displayed in Fig. S7 and S8,
respectively. The SEM images presented a spherical shape of
ZIF-7-1 with sub-micron in size and a planer shape for ZIF-7-mix
and ZIF-7-11l with microns in size (Fig. S7). ZIF-7-lll showed a
smooth surface. In the case of ZIF-7-mix, however, ZIF-7-ll|
seemed covered with debris of ZIF-7-1, suggesting that the two
different crystal phases including ZIF-7-1 and ZIF-7-1ll were
seemingly physically mixed (Fig. S7).

Based on the ZIF-7 crystal phase diagram, the reaction
conditions of in-situ synthesis of ZIF-7 in the polymer by PMMOF
were evaluated by tracking precursor concentrations at three
stages: (1) when a PAA film was immersed in the zinc solution,
(2) when the polymer film was saturated with Zn ions, (3) when
a PAA/ZIF-7 was formed after ligand treatment. The
concentration of Zn ions was determined by the amount of
evaporated solvents and zinc oxide residues formed by thermal
oxidization of dried samples (Fig. S9). It is noted that the
determined amounts of zinc sources are based on mobile Zn
ions rather than immobile Zn ions coordinated to the polymer
(confirmed by the XPS analysis in Fig. S10). This is because the
mobile zinc sources mainly contribute to form ZIF inside the
polymer.12 26 |nitially, as indicated at the point (1) in Fig. 2a, the
concentration of Zn ions in the mother solution was 0.42 mol
kg1l. By immersing a PAA film in the zinc solution, Zn ions were
absorbed into the polymer free volume (Fig. 2b (1)). When the
polymer was fully saturated with the Zn ions, as shown in Fig.
2b (2), the total concentration of Zn ions in the PAA film was
1.51 + 0.08 mol kgt and the concentration of mobile Zn ions
was 0.89 * 0.05 mol kg (see the point (2) in Fig. 2a). The Zn ion
concentration in the polymer (i.e., 0.89 + 0.05 mol kg'1) was two
times higher than that of the mother solution (i.e., 0.42 mol kg~
1). This relatively high zinc concentration inside the PAA film can
be explained by the fact that Zn ions were thermodynamically

preferred inside the film while solvent molecules were

4| J. Name., 2012, 00, 1-3

preferred in solution, probably due to 1) the electrostatic
interaction of Zn ions with charged polymer and 2) the much
smaller size of Zn ions as compared to ethanol (i.e., 0.74 A of
zinc ionic radius vs. 4.5 A of ethanol critical diameter).?” After
the ligand treatment using the blm solution with the blm
concentration of 1.05 mol kg1, the concentration of mobile Zn
ions was reduced to 0.053 + 0.012 mol kg™ (See the point (3) in
Fig. 2a). As depicted in Fig. 2b (3), the majority of Zn ions were
drained from a PAA free volume and blm ligands were absorbed
into the polymer upon the ligand treatment possibly due to the
applied electric potential gradient of the precursors inside and
outside the polymer.28 The remaining Zn ions inside the polymer
free volume were simultaneously reacted with the absorbed
blm ions upon solvothermal ligand treatment, resulting in the
nucleation and growth of ZIF-7 nanocrystals in the PAA free
volume (Fig. 2b (3)). At the final mobile Zn ion concentration
(i.e., 0.053 + 0.012 mol kg?), it was found that ZIF-7-1 phases
were presented in the very narrow blm concentrations ranging
from 0.65 mol kg! to 1.05 mol kg in the ZIF-7 phase diagram
(Fig. 2a). Since PI/ZIF-7 by PMMOF exhibited ZIF-7-1 phase (Fig.
1a), the synthesis conditions (i.e., concentrations of Zn ions and
blm ligands) for ZIF-7 by PMMOF was estimated in the region
(3) in Fig. 2a.

Engineering of ZIF-7 crystal phase of PI/ZIF-7 MMM

The performances of ZIF-7-containing MMMs are expected to
be greatly affected by the ZIF-7 phase in-situ formed by
PMMOF. As such, we attempted to test if the ZIF-7 phase
diagram and the evaluated PMMOF reaction conditions can be
used to control the formation of not only ZIF-7-I but also the
other phases (i.e., ZIF-7-mix and ZIF-7-IIl). As discussed above,
PI/ZIF-7-1 MMMs were formed when the zinc concentration in a
mother solution is 0.42 mol kg (see the aregion in Fig. S11).
As the zinc concentration in an ion exchange solution increased
to 1.05 mol kg1, ZIF-7-mix mixed-phase was acquired (see the 8
region in Fig. S11) with the crystal phase composition of ZIF-7-I
(51 %) and ZIF-7-1l (49 %) (Fig. 3). It is noted that the
percentages of each ZIF-7 phase were calculated by integrating
the intensive XRD peaks of (101) and (110) for ZIF-7-1 and (002)
for ZIF-7-1ll. When the zinc concentration in an ion exchange
solution further increased to 2.11 mol kg1, ZIF-7-1ll phase was
formed (see the y region in Fig. S11), confirmed by the absence

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. XRD patterns of PI/ZIF-7 MMMs by PMMOF with three
different ZIF-7 crystal phases.

of (101) and (110) peaks in the XRD pattern (Fig. 3). ZIF-7 phases
present in MMMs by PMMOF well corresponded to those
estimated in the phase diagram. This indicates that the phase
diagram and the estimated reaction conditions inside the
polymer free volume can give a reasonable guideline to control
the ZIF-7 phase in PI/ZIF-7 MMMs by PMMOF.

Interestingly, both PI/ZIF-7-mix and PI/ZIF-7-l MMMs
exhibited almost identical cross-sectional morphology as PI/ZIF-
7-1 (Fig. S12). Regardless of the crystal phase, the size of in-situ
grown ZIF-7 nanoparticles was seemed to be significantly
smaller than those crystals synthesized by the solution reaction
(i.e., > 1 ym) (Fig. S7). Suppression of micro-sized particle
formation was attributed to confined growth inside polymer
(i.e., free volume). It is highly desirable to have nano-sized fillers
for ultra-thin MMM layers, in particular, asymmetric mixed-
matrix hollow fiber membranes.1! In addition, it was found that
total ZIF-7 loading in MMMs could increase with changing ZIF-7
phases from ZIF-7-1 to ZIF-7-lll (Table S1). ZIF-7 loadings in
PI/ZIF-7 MMMs by PMMOF were determined using TGA
analysis, which is described in detail in Supporting Information
(Table S1). ZIF-7-1 content in a PI/ZIF-7-l MMM was estimated at
2.78 wt%. With an increase in Zn concentration relative to that
for PI/ZIF-7-1, 7.00 wt% for ZIF-7-mix in PI/ZIF-7-mix and 9.96
wt% for ZIF-7-11l in PI/ZIF-7-11l were formed (Table S1).

Gas transport properties of PI/ZIF-7 MMMs by PMMOF

The single gas permeation of a pristine 6FDA-DAM polymer
membrane exhibited similar properties to the reported results
for Hy, CO3, Nz, and CH4 (Fig. 4 and Table S2).29 30 When
compared with pristine 6FDA-DAM polymers, PI/ZIF-7-| MMMs
by PMMOF showed increased permeabilities for
condensable gases (i.e., H; and N;) and decreased
permeabilities for condensable gas molecules (i.e., CO; and CHj)
(Fig. 4a and Table S2). This result can be ascribed to the
presence of microporous ZIF-7-1 which allows a fast diffusion for
non-condensable gases and a retarded diffusion of condensable
gases via relatively strong sorption.3%.32 The ideal selectivities of
H,/CO,, H2/N3, and Hy/CH4 pairs of MMM s increased from 1.36,
30.62, and 40.23 to 2.26, 36.12, and 67.42, respectively. In
contrast, there was a slight decrease in the ideal selectivity of

non-

This journal is © The Royal Society of Chemistry 20xx
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CO,/N, (22.54 > 15.97) (Fig. 4b). The increased ideal
selectivities of H,/CO,, H2/N>, and Hy/CH, pairs are likely due to
the sieving effect of  ZIF-7-,
crystallographically-defined aperture size is ~ 3.0 A,33 given the
kinetic diameter of hydrogen (2.89 A). Since the kinetic
diameters of both COzand N, are 3.3 A and 3.64 A, respectively,
both molecules can be excluded by ZIF-7-I (Fig. 4b). As such, the
decreased CO/N; selectivity can be primarily due to the fact
that CO, and N; interact with ZIF-7-1 differently (i.e., CO3
interacts more strongly than N3). Moreover, as compared with
the single gas separation, the mixed gas separation factors were
depressed except for H,/CHa, likely due to the competition
between two different gas molecules (Fig. S13).3% Further
explanation is in Supporting Information (Fig. S13).

As discussed above, ZIF-7 loading increased in the following
order: PI/ZIF-7-1 < PI/ZIF-7-mix < PI/ZIF-7-ll (Table S1).
Nevertheless, the gas permeabilities increased in the opposite
order for all gases tested: PI/ZIF-7-1 > PI/ZIF-7-mix > PI/ZIF-7-Ill
(Fig. 4a). This decreasing trend of gas permeability with an
increase in ZIF-7 filler loading can be most likely due to the
presence of less permeable ZIF-7-Ill phase in MMMs (i.e., ZIF-7-
Il works as a gas barrier).l” Nevertheless, the ideal gas
selectivities of the PI/ZIF-7-1Il except for CO,>/N> were higher
than those of the ZIF-7- MMM (Fig. 4b). This can be explained
that ZIF-7-1ll nanoparticles in-situ grown in the polymer free
volume might be loosely stacked, thereby showing possible
molecular sieving effect of ZIF-7-lll. Furthermore, polymer
matrices in PI/ZIF-7 MMMs might become less permeable as
ZIF-7 loadings increase since ZIF-7 crystals were formed in

molecular whose

polymer free volumes, resulting in the reduction of Pl free
volume.12

Since the filler content has a great effect on the gas transport
properties of MMM.s, it is important to compare the transport
properties of MMMs with the same filler content in order to
discern the effects of fillers. Due to the nature of PMMOF, it is,
however, not straight forward to fabricate PI/ZIF-7 MMMs
made of three different ZIF-7 phases with the same filler
contents. To examine the filler effects, PI/ZIF-7-1Il MMMs were
prepared by a post-phase-transformation from ZIF-7-1
containing MMMs using the hydrolysis process in water at 150
°C for 3 h. Initially, we attempted to perform hydrolysis on
PI/ZIF-7-1. Unfortunately, 6FDA-DAM is hydrophobic, impeding
sufficient water adsorption in MMMs, resulted in incomplete
hydrolysis regardless of the reaction time.2?® Meanwhile,
relatively more hydrophilic PAA/ZIF-7-1, where PAA (i.e.,
poly(amic acid)) is deimidized Pl, resulted in complete
hydrolysis, leading to transformation of ZIF-7-1 to ZIF-7-Ill in the
polymer. This phase transformation was confirmed by XRD (Fig.
$14).3°0 PAA/ZIF-7-1Il was then imidized to obtain PI/ZIF-7-III,
which is denoted as PI/ZIF-7-1II* to distinguish from PI/ZIF-7-1I,
whose ZIF-7-1ll is in-situ formed via PMMOF.

Gas permeation properties of PI/ZIF-7-11I* MMMs were tested
and compared with those of PI/ZIF-7-I. As presented in Fig. 4c,
PI/ZIF-7-11I* MMMs showed higher H, permeability with similar
CO, permeability, which is ascribed to the intrinsic property of
ZIF-7-1ll. Peng et al.3> showed that the disorderly stacked
exfoliated ZIF-7-11l nanosheets showed the exceptionally high
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H,/CO, separation performance. They claimed that the four-
membered rings of ZIF-7-11l nanosheets consisting of flexible
organic linkers allowed high H, permeation while excluding
larger C0,.35 Hence, PI/ZIF-7-1II* showed greater H,/CO,
selectivity by ~ 70 % than PI/ZIF-7-1, which can be attributed to
better molecular sieving effect of ZIF-7-Ill than ZIF-7-1 for H,/CO;
separation.33. 35

When compared with other reported MMMs, the PI/ZIF-7
MMMs by PMMOF showed high H, permeability and H,/CO,
ideal selectivity, effectively surpassing the polymeric upper
bound (Fig. 4d).20 3673 While most of the reported MMMs
showed mediocre H,/CO; ideal selectivity improvement from
their corresponding pristine polymers, the PI/ZIF-7 MMMs by
PMMOF exhibited up to ~ 220 % enhancement in the H,/CO,
ideal selectivity (Table S3). Those enhancements are quite
surprising considering the relatively low filler loadings (i.e., ~ 10
wt%), indicating the exceptionally high filler efficiency (Table
S3). In particular, the PBI/ZIF-7 MMMs prepared by
conventional physical blending method, even with 50 wt% ZIF-
7-1loading, showed improvement in the H,/CO, ideal selectivity
from 8.7 to 14.9 (~ 70 % improvement).2% On the contrary, the
PI/ZIF-7 MMMs by PMMOF with 2.78 wt% ZIF-7 loadings
exhibited ~ 66 % and ~ 180 % improvement for ZIF-7-I and ZIF-
7-11*, respectively, (Table S3). However, the separation
performance of other pairs rarely exceeded the
corresponding upper bounds (Fig. S14).

gas
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Conclusions

In conclusion, we prepared 6FDA-DAM/ZIF-7 MMMs using
PMMOF by in-situ growing ZIF-7 nanoparticles inside the
polymer. To understand the different synthesis conditions
between confined and bulk synthesis, a ZIF-7 phase diagram
was constructed based on bulk solution synthesis. The ZIF-7
phase diagram was utilized to estimate and design 6FDA-
DAM/ZIF-7 MMMs by PMMOF, resulting in controlled synthesis
of three different ZIF-7 phases (i.e., ZIF-7-l, ZIF-7-mix, and ZIF-7-
Ill. Among the MMMs, the ZIF-7-1l1*-based MMM where ZIF-7-
III* was transformed from ZIF-7-1, even with 2.78 wt% filler
loading, showed the best H,/CO, separation performances,
exhibiting the dramatic improvements. The PI/ZIF-7-1II* MMMs
exhibited improved H, permeability and enhanced H,/CO;
selectivity by ~ 176 % and ~ 180 %, respectively, as compared
with 6FDA-DAM and by ~ 77 % and ~ 69 %, respectively, as
compared to PI/ZIF-7-1 with the same filler loading. This
enhancement was likely due to the more efficient molecular
sieving property of ZIF-7-1ll than that of ZIF-7-l. The current
findings are expected an important stepping stone for further
development of PMMOF process for in-situ formed MOF-based
MMM and scalable MMMs.

This journal is © The Royal Society of Chemistry 20xx
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