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ARTICLE INFO ABSTRACT

Keywords: 13C pulsed field gradient (PFG) NMR was used to study the self-diffusion of ethylene in loosely packed beds of
Diffusion ZIF-11 crystals and ZIF-11 based mixed matrix membranes (MMMs) at different sorbate loadings and diffusion
PFG NMR

times. The ZIF-11 based MMMs were formed by embedding ZIF-11 crystals in one of the following three
MQF . polymers: Torlon, Matrimid, and 6FDA-DAM. PFG NMR data allowed obtaining ethylene diffusivities inside ZIF-
Mixed-matrix membrane 11 crystals in the crystal beds and MMMs under the same or similar conditions. It was observed that the intra-ZIF
diffusivities in ZIF-11/Torlon MMM are smaller than the corresponding diffusivities in the ZIF-11 bed. The
observed diffusivity reduction becomes less significant with increasing ethylene loading. At the same time,
within uncertainty, no difference in the intra-ZIF diffusivities between ZIF-11 bed and MMMs were observed for
ZIF-11/Matrimid and ZIF-11/6FDA-DAM MMMs. The intra-ZIF diffusivity reduction observed for ZIF-11/Torlon
MMM is tentatively attributed to the reduced framework flexibility of ZIF-11 crystals once embedded in the
Torlon to form the MMM. The absence of such diffusivity reduction in the other two studied MMMs is tentatively

explained by the higher bulk modulus of Torlon compared to Matrimid and 6FDA-DAM.

1. Introduction

Membrane-based gas separations can provide a reduction in energy
consumption and cost compared to typical separation processes like
distillation [1-6]. One promising technology is mixed matrix mem-
branes (MMMs), which consist of permeable filler particles embedded
within a dense polymer matrix [6-10]. More specifically, MMMs have
piqued interest due to their simple, economic fabrication methods, and
potential for high-performance gas separations. These advanced hybrid
membranes are designed to combine the high-performing separation
properties of the filler particle with the ease of fabrication and me-
chanical properties of pure polymeric membranes [4,8-13]. With the
selection of an appropriate filler phase, MMMs have been shown in both
experimental and simulation work to improve separation performance
relative to the neat polymer phase for challenging gas mixtures, such as
carbon dioxide/methane [4-6,10,11,14,15] and olefin/paraffin mix-
tures [9,16,17]. Recently, zeolitic imidazole frameworks (ZIFs) have
been incorporated into polymer matrices as molecular sieves
[3,5,8-14,17-19]. The ZIF family has great chemical and thermal sta-
bility, while their high surface area, tunable pore aperture size, and
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functionality make them intrinsically more compatible with polymers
compared to other types of filler particles [5,8,9,11,12,14].

Although most studies have focused on ZIF-8 as the filler material,
ZIF-11 [13,14] and ZIF-90 [3,11] have also been considered in MMMs.
In particular, ZIF-11 consists of benzimidazole ligands and Zn?* nodes
arranged in a RHO topology, whereas ZIF-8 consists of methylimidazole
ligands and Zn?* nodes arranged in a SOD topology. Structures of these
ZIFs are well described and shown in Refs. [20,21]. ZIFs are known for
their framework flexibility, which allows molecules larger than the ZIF
pore aperture to diffuse through. Some simulation studies have ex-
plored the transport properties of ZIF-8 accounting for this flexibility
[22,23]. Our recent *3C pulsed field gradient (PFG) NMR studies of
sorbate diffusion in a ZIF-8/6FDA-DAM (where 6FDA-DAM indicates
dianhydrides, 4,4'-(Hexafluoroisopropylidene)diphthalic anhydride -
diamine diaminomesitylene) MMM revealed a difference in the intra-
ZIE-8 transport properties between the embedded ZIF-8 particles and a
packed bed of ZIF-8 [18,19]. Although the observed effect was small, it
represents the first direct experimental observation of the influence of
the ZIF crystal confinement in a polymer on intra-ZIF diffusion. A
tentative explanation of this effect has been that the confinement of the
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ZIF particles leads to a reduced flexibility of the ZIF framework [18,19].
Comparison of the separation performance and properties of ZIF-90/
Matrimid and ZIF-8/Matrimid MMMs at different vol-% of ZIF to the
properties of their pure ZIF counterparts led an independent group of
authors to the same conclusion [3]. To further understand this con-
finement phenomenon, detailed diffusion studies of more ZIF based
MMMs with varied ZIFs and polymer matrices can be beneficial. Al-
ready, ZIF-11 has been discussed as a potentially interesting candidate
as a filler material for MMMs in both experimental [13,14] and simu-
lation studies [6], primarily due to its small pore aperture size of 3.0 A —
3.3 A and its cage size of 14.6 A, which support its appropriate struc-
tural characteristics for molecular sieving [20,24]. Furthermore, ZIF-11
has comparable chemical and thermal stability with the same metallic
center as ZIF-8 [13,20].

Here we report microscopic studies of diffusion of ethylene at dif-
ferent ethylene loadings in ZIF-11 bed and in the following ZIF-11
based MMMs: a ZIF-11/Torlon, ZIF-11/Matrimid, and ZIF-11/6FDA-
DAM. Diffusion measurements were performed using '°C PFG NMR
utilizing a high field (17.6 T or 14 T) and high magnetic field gradients
(up to 25 T/m) to obtain diffusivities for the length scales of displace-
ments smaller than the mean size of the ZIF-11 crystals. These studies
provided direct information of the influence of the confinement of ZIF-
11 crystals in the studied polymers on the intra-ZIF diffusivity of
ethylene molecules.

2. Experimental
2.1. Preparation of ZIF -11

ZIF-11 crystals were prepared through modified solvothermal
synthesis protocol reported by He et al. [25]. Fig. 1A shows a re-
presentative image of the ZIF-11 sample. The crystal size distributions
and the mean crystal sizes are given, respectively, in Fig. S1 and Table
S1. About 600 mg (4.91 mmol) benzimidazole (Alfa Aesar) was added
to a mixture solution of 16.75g methanol (VWR International) and
3.75 g 18% ammonium hydroxide solution. About 550 mg (2.46 mmol)
of Zn(0O,CCH3)52H,0 (Alfa Aesar) was added to a mixture solution of
16.8g methanol (VWR International) and 13.0g toluene (VWR
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Fig. 2. Powder XRD patterns of the measured ZIF-11 sample (upper pattern)
and simulated ZIF-11 (lower pattern) [20].

International). The latter solution was added to the former and stirred
for 2hat room temperature. Note that the reaction time should be
precisely controlled to avoid the formation of larger crystals. The ZIF-
11 product was recovered by vacuum filtration with methanol washing
in the case of powder samples and by centrifugation for use in mixed
matrix membranes. The product was activated at 403 K under dynamic
vacuum for 24 h. The powder x-ray diffraction patterns reveal a highly
crystalline product that is well-matched to the simulated pattern from
the literature (Fig. 2).

2.2. 6FDA-DAM synthesis

6FDA-DAM was synthesized following protocols as published in Ref.
[26]. A brief and high level description will follow, both 6FDA

Fig. 1. SEM images of ZIF-11 (A) and ZIF-11 based mixed matrix membranes using the base polymer of Torlon® (B), Matrimid” (C), and 6FDA-DAM (D).
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(dianhydrides, 4,4'-(Hexafluoroisopropylidene)diphthalic anhydride)
(BTC) and DAM (diamine diaminomesitylene) (Sigma Aldrich) were
dried under vacuum at room temperature before purification. The
monomers were further purified in a sublimation apparatus at 488K
(6FDA) and 373K (DAM) under 100 mTorr vacuum. The sublimated
monomers were then stored under dynamic vacuum. Separately, NMP
(N-Methyl-2-pyrrolidone) (VWR International) and acetic anhydride
(Sigma Aldrich) solvents were dried using activated molecular sieves
(3A type). Reactors were purged with N, and propane torched under
inert purging before the formation of the polyamic acid. The sublimated
DAM monomer was dissolved into NMP under stirring and inert purging
while being cooled within an ice-water bath. The 6FDA monomer was
added into the former solution to polymerize the polyamic acid. Beta-
picoline was added to start the chemical imidization after 24h of
polymerization of the polyamic acid. The mass ratio of beta-picoline
and acid anhydride utilized was 1:10. Acetic anhydride was added
when the beta-picoline was completely dissolved. The final polymer
product was precipitated into methanol, followed by extensive washing
with fresh methanol. The product was dried under dynamic vacuum at
473K for 24 h.

2.3. MMM synthesis

Polymers used in this work were either synthesized from monomers
(6FDA-DAM) or purchased commercially in the case of Torlon® 4000T-
HV (Solvay) and Matrimid” 5218 (Huntsman). The compressive moduli
of these polymers have been reported as follows: Torlon (4.5 GPa
[27,28]), Matrimid (3.5 GPa [29]), and 6FDA-DAM (1.2 GPa [30]).

The polymer was dried at 383 K under dynamic vacuum for 24 h.
50 mg of polymer powder was dissolved in 10 g N-Methyl-2-pyrrolidone
solvent (BDH) in a 20 ml sample vial to form a dilute polymer solution
(a so-called “prime dope”). In this solution, 70 mg of ZIF-11 crystals
were dispersed with the use of a sonication horn (Branson). After the
dispersion step, another 580 mg of dry polymer powder was added to
the prime dope and mixed on a rolling mixer over 72 h to fully dissolve
the polymer. MMMs of Torlon, Matrimid, and 6FDA-DAM were made
separately. Chemical structures of these polymers can be seen in Figs.
52-54, respectively [31-33].

The membrane dope was degassed overnight before casting to
prevent non-selective holes formed via gas bubbles from evaporating
solvent. A standard knife casting technique was utilized to fabricate the
mixed matrix dense films in a clean glove bag purged with N, three
times. The as-cast membranes were kept in a solvent-saturated sealed
glove bag at 323K for over 72h, after which they were annealed at
473 K under dynamic vacuum for 24 h. Selected SEM images of formed
MMMs are shown in Fig. 1 B-D.

2.4. PFG NMR sample preparation

The ZIF-11 powder was loosely packed inside a 5 mm (thin walled)
NMR tube (Wilmad Labglass, Inc.), reaching a height of about
18 + 3 mm. The films of polymers and mixed matrix membranes were
rolled into cylinders with the diameter of around 4 mm and the length
of about 30 = 3 mm. Each roll was placed into a 5mm NMR tube. All
samples were activated by attaching their respective tube containing
the sample to a custom-made vacuum system, gradually increasing the
sample temperature under high vacuum to 423 K, and leaving it under
high vacuum at this temperature for at least 10 h to remove any sor-
bates present in the sample. Once the sample had been activated at
423 K, the sample was cooled back to around 296 K under high vacuum
and sorbate loading was performed. The sorbate used for this study was
13C,-enriched ethylene (C,H,) consisting of a 99% isotopic purity
(Sigma-Aldrich). C,H, was loaded into the samples by cryogenically
condensing the desired amounts into the NMR tubes using liquid ni-
trogen. The tubes were flame-sealed upon sorbate loading and sepa-
rated from the vacuum system. Samples requiring small sorbate
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loadings were also loaded by exposing porous material in the NMR tube
to the desired ethylene pressure (< 1 bar) at 296 K for at least 2 h, the
loading time after which no changes in the amount adsorbed were
observed based on the measured NMR signal of ethylene. The sample
tubes were flame sealed upon loading.

The sorbate loadings in each material were determined by com-
paring the NMR signal of ethylene in the studied samples with the NMR
signal of bulk ethylene gas at a known pressure in a similar way as
discussed in Ref. [34]. For the samples loaded by cryogenic condensa-
tion, the following procedure was used. Sealed NMR tubes with porous
sample were placed upside down (gas-filled volume is below the porous
material) to measure the NMR signal from the gas phase of the NMR
tube. A gas-permeable Doty Susceptibility Plug (Wilmad Labglass, Inc.)
was placed inside the NMR tubes to prevent the porous material from
falling down. NMR signal of the gas region of the samples was com-
pared to that of the reference sample containing only ethylene gas at a
known pressure (no porous material added) to obtain sorbate pressure
in the gas phase of the samples with porous materials. Sorbate loadings
of porous materials were obtained by subtracting the amount of gas in
the gas phase of a sample tube from the known total amount of gas in
the sample tube. Table 1 shows ethylene loading pressure and con-
centration in ZIF-11 bed and MMM samples studied in this work.

2.5. NMR measurements

PFG NMR diffusion measurements were performed using a 17.6 T
Avance III HD spectrometer (Bruker Biospin) and 14T Avance III
spectrometer (Bruker Biospin) operating at the '3C resonance fre-
quencies of 188.6 MHz and 149.8 MHz, respectively. >*C PFG NMR was
used instead of more traditional '"H PFG NMR to take advantage of
much longer T, NMR relaxation times for 'C than those expected for
protons of guest molecules in ZIFs. In particular, in our recent work we
have reported *3C T, NMR relaxation times of gases in ZIF-11 that were
more than a factor of 3 longer than those for protons for the same
molecules [35]. As a result, in comparison to 'H PFG NMR data, the
results obtained by '3C PFG NMR in ZIFs can be expected to be more
representative because a larger fraction of the maximum spin echo
signal is recorded. Furthermore, disturbing magnetic susceptibility ef-
fects, which might not be completely removed by the bipolar 13-in-
terval PFG NMR sequence, are much less for '3C than for 'H. Sine-
shaped and trapezoidal-shaped, bipolar magnetic field gradients with
the effective duration of 2-2.5ms and amplitudes up to 25T/m and
18 T/m were generated using Diff50 and Diff30 diffusion probes
(Bruker BioSpin), respectively. The effective diffusion time varied be-
tween 30 and 270 ms, and the time between the first and second /2

Table 1
Loading pressure and concentration of ethylene in the ZIF-11 and MMM sam-
ples obtained using NMR signal analysis.

Sample Loading pressure” at Sorbate loading” at 296 K,
296 K, bar mmol/g
ZIF-11 packed bed 0.8 1.2
ZIF-11 packed bed 2.0 1.7
ZIF-11 packed bed 9.0 3.1
ZIF-11/Torlon MMM 0.8 0.06
ZIF-11/Torlon MMM 2.2 0.40
ZIF-11/Torlon MMM 9.1 1.5
ZIF-11/Matrimid MMM 0.8 0.07
ZIF-11/Matrimid MMM 9.1 1.1
ZIF-11/6FDA-DAM 0.8 0.34
MMM
ZIF-11/6FDA-DAM 2.4 0.85
MMM
6FDA-DAM Polymer 0.8 0.17

? 15% experimental uncertainty.
" 25% experimental uncertainty.
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Fig. 3. °C PFG NMR attenuation curves measured for intra-ZIF diffusion of ethylene at low loadings corresponding to the loading pressure of 0.8 bar at 296 K for a
bed of ZIF-11 crystals (filled symbols) and in ZIF-11 based MMMs (hollow symbols). MMMs were prepared using the polymers Torlon (A), Matrimid (B), and 6FDA-
DAM (C). The measurements were performed for different diffusion times at 296 K and 17.6 T. Also shown for comparison in Figure A are the corresponding
attenuation data obtained at 14 T for Torlon MMM (symbols with crosses). The solid lines represent the results of least-square fitting using Eq. (1) for Torlon and

Matrimid and Eq. (3) for 6FDA-DAM.

radiofrequency pulses of the 13-interval sequence was 8.5 ms. The re-
ported NMR data were obtained after keeping the samples at 296 K
inside the magnet for at least 1h to ensure the sorption equilibrium
conditions in the sample. This 1h equilibration was performed in ad-
dition to at least 2 h equilibration at essentially the same temperature
outside the magnet. It was verified that the measured NMR data do not
depend on the time in the magnet after the initial equilibration. In
particular, the NMR signal, which is proportional to the total number of
sorbate molecules in the ZIF-11 crystal bed or MMM, was monitored
during the measurements that lasted several days at 296 K. There were
no changes in the signal indicating no change in the gas concentration
inside the bed. Hence, all reported NMR data correspond to the con-
dition of sorption equilibrium at 296 K. Diffusion measurements were
performed using the 13-interval PFG NMR pulse sequence with bipolar
gradients [36], modified by the addition of a longitudinal eddy current
delay. The diffusivities were obtained from the measured PFG NMR
attenuation curves, i.e., dependencies of the PFG NMR signal intensity
on the effective magnetic field gradient strength (g) with all other pulse
sequence parameters held fixed. PFG NMR signal intensities were ob-
tained for ethylene by integration of the corresponding NMR spectra.
Under our measurement conditions, the *C NMR spectrum of C,H,4
consisted of a single line at around 120.5 ppm. In the case of normal
self-diffusion with a single diffusion coefficient (D), PFG NMR at-
tenuation curves can be presented as [37-40].

166

Y= _S@ = exp(—Dg?t)

S(g~0) (€]
where ¥ is the PFG NMR signal attenuation, S is the PFG NMR signal
intensity, t is the time of observation of the diffusion process (i.e., dif-
fusion time) and q = 2ygd, where vy is the gyromagnetic ratio and § is
the effective gradient pulse length. In the case of normal self-diffusion
in three dimensions, the mean square displacement (MSD) is related to
D and t by the Einstein relation

<r?> = 6Dt. 2

For a diffusion process involving two molecular ensembles diffusing
with different diffusivities, Eq. (1) can be re-written as [37,38].

_ S _% 2
¥= SEr0) zl: p; exp(—Diq’t) @)
where, p; and D; are, respectively, the phase fraction and self-diffusivity
of ensemble i.

The uncertainty of the diffusivities reported in the paper is based on
the reproducibility of the diffusion data measured with 2-3 identically
prepared (but different) NMR samples. Hence, the uncertainty of the
loading contributes to the uncertainty of the reported diffusivities. The
uncertainty of the diffusivities is also based on the reproducibility of the
data measured with the same samples but at different fields (17.6 and
14 T) and using different diffusion probes (Diff50 and Diff30).

Longitudinal (T;) and transverse (T») NMR relaxation times were
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estimated using the 13-interval PFG NMR sequence. For T; relaxation
times, the measurements were performed by changing the time interval
between the second and third /2 radiofrequency pulses of the se-
quence while keeping all other time intervals constant. For T, relaxa-
tion times, the measurements were performed by changing the time
interval between the first and second /2 radiofrequency pulses of the
sequence. Under the conditions of these measurements, it was ensured
that there was no attenuation of the signal due to sorbate diffusion
inside ZIF-11 crystals or MMM. At the same time, all signal from the gas
phase of the sample was completely suppressed by the applied gra-
dients. As a result, the reported T; and T, relaxation times correspond
to ethylene located inside microporous samples. The relaxation mea-
surements were performed using the 13-interval PFG NMR sequence
because such measurements provide a direct approach to estimate the
total loss of the signal in the diffusion measurements using this se-
quence due to NMR relaxation. As a high magnetic field and complex
samples are used, measured NMR relaxation times are susceptible to
depend on the NMR sequence used. T; relaxation was found to range
from 0.3 to 25, and T, relaxation was found to range from 4.2 to 9 ms
(Table S2). All NMR relaxation data were consistent with the absence of
any distribution over T; and T, relaxation times. All NMR studies re-
ported in this work were performed at 296 K.

3. Results and discussion

Figs. 3 and 4 show the *C PFG NMR attenuation curves measured at
17.6 T for ethylene diffusion in ZIF-11/polymer MMMs and the
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corresponding ZIF-11 beds for the low and high ethylene loadings used
in this work, respectively. It is important to note that in all cases the
measured bed of ZIF-11 crystals was from the same batch of crystals
used to synthesize the corresponding MMM. In each of the A, B, and C
figures, the attenuation data for a particular ZIF-11 based MMM are
compared with the data for the corresponding ZIF-11 bed at the same,
within uncertainty, ethylene loading pressure, which ensures the same
intra-ZIF ethylene loading in the MMM and bed. The high ethylene
loading data in Fig. 4 correspond to the loading pressure of 9.1 bar for
ZIF-11/Torlon and ZIF-11/Matrimid MMM. However, a loading pres-
sure of only 2.4 bar was used for ZIF-11/6FDA-DAM MMM as the 6FDA-
DAM polymer shows plasticization effects at 9.1 bar. Fig. S6 presents
the comparison of the attenuation data for Torlon MMM and ZIF-11 bed
at an additional ethylene loading pressure. To confirm the absence of
magnetic susceptibility effects and/or other measurement artifacts
under our experimental conditions, complementary diffusion mea-
surements were performed using *>C PFG NMR at a lower field of 14 T.
The attenuation curves in Figs. 3, 4, and S6 measured at 14 T are seen to
coincide, within uncertainty, with the respective '*C PFG NMR at-
tenuation curves measured for the same samples and under the same
conditions at 17.6T. Such agreement confirms the absence of any
magnetic susceptibility effects and/or any measurement artifacts under
our experimental conditions.

It can be seen that the '3C attenuation curves corresponding to the
ZIF-11/Torlon (Figs. 3A, 4A, S6) and ZIF-11/Matramid (Figs. 3B and
4B) MMMs exhibit monoexponential behavior (i.e., linear in the semi-
logarithmic presentation of the figure) with respect to g2 in agreement

14

0.1
» 30ms
= 90ms
0.05 ]* 270 ms : . Bl
0 1x10" 2x10" 3x10™
2. 1. <2
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Fig. 4. '>C PFG NMR attenuation curves measured for intra-ZIF diffusion of ethylene at high loadings for a bed of ZIF-11 crystals (filled symbols) and in ZIF-11 based
MMMs (hollow symbols). MMMs were prepared using the polymers Torlon (A), Matrimid (B), and 6FDA-DAM (C). The ethylene loading pressures to prepare the
MMM and bed samples were 9.1 bar (A), 9.1 bar (B), and 2.4 bar (C). The measurements were performed for different diffusion times at 296 K and 17.6 T. Also shown
for comparison in Figure A are the corresponding attenuation data obtained at 14 T for a bed of ZIF-11 crystals (open squares with a dash). The solid lines represent
the results of least-square fitting using Eq. (1) for Torlon and Matrimid and Eq. (3) for 6FDA-DAM.
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with Eq. (1). This observation indicates that, for any particular diffusion
time, there is a single diffusivity for these studied samples. These dif-
fusivities are assigned to diffusion inside the crystals of ZIF-11 confined
in the MMMs. This assignment is based on the observation that the
intra-polymer diffusion does not contribute to the measured attenuation
curves because of the low T, relaxation times combined with low gas
loadings in the polymer phases. The latter was confirmed by the NMR
measurements of the pure polymer films loaded with ethylene. Fur-
thermore, any signal originated from molecules that diffuse in the gas
phase of the sample for at least a fraction of diffusion time was atte-
nuated away already at the smallest gradient strength used in the
measurements. For the case of the ZIF-11/6FDA-DAM MMM, it can be
seen that the '3C attenuation curves deviate from monoexponential
behavior (Figs. 3C and 4C). Here, the intra-polymer diffusion con-
tributes to the measured attenuation curves as observed in our previous
studies for a MMM made of the same type of the polymer and a different
ZIF [18,19]. In this case, the intra-polymer diffusion is observable by
13C PFG NMR because T, >C NMR relaxation time of ethylene in 6FDA-
DAM as pure polymer is sufficiently large (Table S2). Hence, for ZIF-11/
6FDA-DAM MMM, observation of two molecular ensembles (one dif-
fusing inside ZIF-11 crystals and another in the polymer phase sur-
rounding the crystals) is expected by *C PFG NMR at sufficiently small
times when the molecular exchange between the crystals and the
polymer can be neglected. As a result, Eq. (3), which considers the
existence of two diffusing ensembles, was used to fit the attenuation
curves for this MMM. At the same time, Eq. (1) is valid for a single
diffusivity and was applied for the remaining two MMMs and for ZIF-11
beds. The results of least squares fitting of the attenuation curves using
these equations are shown in Tables 2-4, respectively, for ZIF-11/
Torlon, ZIF-11/Matrimid and ZIF-11/6FDA-DAM MMMs as well as the
respective ZIF-11 bed samples. The corresponding least square fitting
data for ZIF-11/Torlon at the additional ethylene loading pressure of
2.2 bar (Fig. S6) are presented in Table S3. Tables 2—4 and S3 also show
the corresponding root MSD values obtained using Eq. (2).

To ensure the correct assignment of the two diffusion ensembles
observed for ZIF-11/6FDA-DAM MMM to intra-ZIF and intra-polymer
diffusion, the diffusivities in Table 4 were compared with the previously
measured ethylene diffusivity at a high loading pressure [19] and with
the corresponding diffusivity measured in this work at a low loading
pressure (Fig. S7) in a film of pure 6FDA-DAM polymer. The attenuation
curves of the 6FDA-DAM polymer (Fig. S7) show no dependence on
diffusion time, coinciding onto a single line. The least square fitting of
these data by Eq. (1) revealed the intra-polymer diffusivity to be equal
to (2.0 = 0.2) x 10~ 2 m?/s. Comparison of this diffusivity to that in
Table 4 shows that the intra-polymer diffusivity slightly decreased
through the formation of the MMM. We have previously reported such
intra-polymer diffusivity decrease for the case of ZIF-8/6FDA-DAM
MMM, which can be attributed to the polymer chain rigidification in-
duced by the MMM formation [18,19]. It should be noted that for the
ZIF-11/6FDA-DAM MMM sample, using Eq. (3) to fit the data results in
a larger total experimental error of the intra-ZIF diffusivities compared
to fitting all the other data with Eq. (1). This is due to the nature of
biexponential fits (Eq. (3)); in which four fitting parameters are used

Table 2
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instead of a single fitting parameter in monoexponential fits (Eq. (1)).
Furthermore, it can be seen in Table 4, that at higher loadings in ZIF-
11/6FDA-DAM MMM sample, the majority of the measured PFG NMR
signal is from the polymer phase, which makes the uncertainty of the
diffusivity in the ZIF-11 phase even larger.

The diffusion data in Tables 3 and 4 and Figs. 3 and 4 show that for
ZIF-11/Matramid, ZIF-11/6FDA-DAM MMM, and their respective beds
of ZIF-11 crystal batches no dependence of diffusivities on the diffusion
time is observed, within uncertainty. However, for ZIF-11/Torlon MMM
and its respective batch of ZIF-11 (Tables 2 and S3 and Figs. 3, 4, S6),
the measured diffusion data indicate some weak decrease of intra-ZIF
ethylene diffusivity as the diffusion time increases. For ZIF-11 beds,
similar time dependence of the diffusivity measured by PFG NMR was
previously reported when methane and carbon dioxide were used as
sorbates [35]. This dependence was analyzed with formulations pre-
sented by Mitra et al. [41-44] and attributed to reflections of diffusing
molecules from the external crystal surface that acts as a transport
barrier at small diffusion times. Comparison of the root MSD values for
ZIF-11/Torlon MMM and the corresponding ZIF-11 bed (Tables 2 and
S3) with the average crystal size of 3.1 um (Table S1) indicate that these
values are similar and, as a result, the observed dependence of the
diffusivities on diffusion time can be assigned to the effects at the ex-
ternal crystal surface. The observed time dependence was not suffi-
ciently strong for detailed, quantitative studies of these effects. For the
other two MMMs and the corresponding ZIF-11 beds, such effects were
less pronounced or absent because of the larger average ZIF-11 crystal
sizes in these samples (Table S1).

The results in Tables 2 and S3 show that the intra-ZIF diffusivities of
ethylene in the ZIF-11/Torlon MMM are consistently smaller than the
corresponding diffusivities measured under the same conditions in the
ZIF-11 bed, with the largest difference of around a factor of 2 observed
for the low and intermediate ethylene loadings. At the same time, the
results in Tables 3 and 4 indicate that the intra-ZIF diffusivities of
ethylene in ZIF-11/Matrimid and ZIF-11/6FDA-DAM MMMs are the
same, within uncertainty, as those in the corresponding ZIF-11 beds
under the same measurement conditions. Ratios of intra-ZIF diffusiv-
ities of ethylene in the ZIF-11 beds and ZIF-11 based MMMs for dif-
ferent comparable ethylene loading pressures are shown in Table 5. For
the samples that showed a time-dependence in the diffusivity (i.e., ZIF-
11/Torlon MMM), the ratios were calculated using the diffusivities
measured at the smallest diffusion times when any effects at the ex-
ternal crystal surface on the measured diffusivity can be considered to
be negligibly small or nonexistent. Alternatively, for samples that
showed, within uncertainty, no time-dependence (i.e., ZIF-11/Matrimid
MMM and ZIF-11 6FDA-DAM MMM), the ratios were calculated based
on the average diffusivity over all diffusion times used. Smaller intra-
ZIF diffusivity in a MMM in comparison with that in the corresponding
ZIF bed was previously observed by PFG NMR for ZIF-8/6FDA-DAM
MMM [18,19]. The diffusivity reduction effect for ZIF-8/6FDA-DAM
MMM was much smaller than the factor of 2 decrease observed in this
work for ZIF-11/Torlon MMM. Despite this quantitative difference we
believe that the origin of the diffusivity reduction is the same for both
MMM, i.e. the reduced flexibility of the framework of ZIF crystals due

PFG NMR data for intra-ZIF diffusion obtained at 296 K in ZIF-11/Torlon MMM compared to ZIF-11 bed with the same ethylene loading pressure. Also shown are the

root MSD calculated using Eq. (2).

Loading Pressure” (ZIF-11), bar  Loading Pressure” (MMM), bar  Diffusion Time, ms

D(bed), 10~ 12 '"T

2 Root MSD (bed), pm 2 Root MSD (MMM), um

D(MMM), 1012 22
N

0.8 0.8 30
0.8 0.8 90
9.0 9.1 30
9.0 9.1 90
9.0 9.1 270

3.3 =03 0.74 = 0.04 1.6 = 0.2 0.51 = 0.05
2.8 = 0.3 1.2 £ 0.1 1.3 £ 0.1 0.81 + 0.05
0.53 = 0.05 0.29 = 0.01 0.46 = 0.05 0.28 = 0.01
0.47 = 0.05 0.50 = 0.03 0.39 = 0.04 0.45 = 0.03
0.42 = 0.05 0.82 = 0.05 0.34 = 0.04 0.74 + 0.05

@ 15% experimental uncertainty.
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Table 3

Microporous and Mesoporous Materials 274 (2019) 163-170

PFG NMR data for intra-ZIF diffusion obtained at 296 K in ZIF-11/Matrimid MMM compared to ZIF-11 bed with the same ethylene loading pressure. Also shown are

the root MSD calculated using Eq. (2).

Loading Pressure” (ZIF-11), bar Loading Pressure” (MMM), bar  Diffusion Time, ms

D(bed), 10712 ™

Root MSD (bed), pm Root MSD (MMM), pm

2
D(MMM), 1012 2
N

0.8 0.8 30 3.2 £ 03 0.7 = 0.06 3.4 = 0.3 0.75 = 0.07
0.8 0.8 90 31 = 0.3 1.3 £ 0.1 3.2 £ 03 1.3 £ 0.1
9.0 9.1 30 0.54 = 0.05 0.30 = 0.01 0.52 + 0.05 0.29 = .01
9.0 9.1 90 0.48 = 0.05 0.50 = 0.03 0.47 = 0.05 0.50 = 0.05
9.0 9.1 270 0.47 = 0.05 0.87 = 0.05 - -
? 15% experimental uncertainty.

to the confinement in the polymer [18,19]. The higher bulk modulus of Table 5

Torlon (4.5 GPa) in comparison with those of 6FDA-DAM (1.2 GPa) and
Matrimid (3.5 GPa) used in this work can be the main reason for
stronger confinement effects observed in ZIF-11/Torlon MMM than in
the other two studied MMM. Finally, the observed absence of reduced
intra-ZIF diffusivity in this work for ZIF-11/6FDA-DAM MMM com-
pared to the previous observation of such reduction for ZIF-8/6FDA
DAM MMM needs to be further explored. The lack of the diffusivity
reduction in the former MMM might be related to properties of ZIF/
polymer interface, which can be expected to be somewhat different for
different ZIFs.

The intra-ZIF diffusivities measured for each sample at the smallest
diffusion time when the effects at the external crystal surface are small
or nonexistent are compared as a function of ethylene loading pressure
in Fig. 5. It is seen in the figure that for both ZIF-11 and ZIF-11 based
MMM, an increase in ethylene loading pressure causes a reduction in
the intra-ZIF diffusivity of ethylene molecules, a trend previously ob-
served in other microporous materials [37,45]. Such a trend can be
explained by the mutual hindrance experienced by diffusing molecules.
Such hindrance is increased with molecular concentration. In our opi-
nion, it is possible that at high sorbate loadings ZIF-11 framework
flexibility is partially restricted by adsorbed molecules. In particular,
linker reorientation might be restricted if guest molecules are hindering
such reorientation movements due to guest-linker interaction or a re-
duction in the available free volume by guest molecules. However, it is
difficult to deconvolute this effect on diffusion from the mutual hin-
drance phenomena previously mentioned. Such flexibility restriction
can be of similar manner to that caused by a confinement when em-
bedded in Torlon. It is also possible that ethylene gas adsorbed in
Torlon at the high pressure used in this study causes some plasticization
effects in the polymer that reduce the extent of confinement of ZIF-11
crystals in ZIF-11/Torlon MMM. Both of these effects can explain a
much lower extent of the intra-ZIF diffusivity reduction due to con-
finement of ZIF-11 crystals in Torlon at the highest ethylene loading
pressure (Fig. 5 and Table 5).

4. Conclusion

13C PFG NMR at 17.6 T was used to compare the intra-ZIF diffu-
sivities inside ZIF-11 based MMM to the corresponding diffusivities in

Table 4

Ratios of intra-ZIF diffusivities of ethylene in the ZIF-11 beds and ZIF-11 based
MMNMs at different ethylene loading pressures.

MMM Type Loading Pressure”, Ratio” (Dpea/Dyiviv)
Bar
ZIF-11/Torlon MMM 0.8 2.1
ZIF-11/Torlon MMM 2.2 1.8
ZIF-11/Torlon MMM 9.1 1.2
ZIF-11/Matrimid MMM 0.8 1.0
ZIF-11/Matrimid MMM 9.1 1.0
ZIF-11/6FDA-DAM MMM 0.8 0.90
ZIF-11/6FDA-DAM MMM 2.4 0.90
% 15% experimental uncertainty.
> 20% experimental uncertainty.
494 4 & ZIF-11 Bed
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Fig. 5. Diffusivity as a function of loading pressure of ethylene in ZIF-11 and
ZIF-11 based MMMs. Diffusivities were based off the shortest diffusion time
used in the measurements.

ZIF-11 crystal beds. Selected diffusion measurements were also per-
formed using 3C PFG NMR at 14 T. The observation of the diffusion
results at two different field strengths (17.6 T and 14 T) that were the
same, within uncertainty, rules out any potential measurement artifacts
in the reported studies. It was observed that the intra-ZIF diffusivity of

PFG NMR diffusion data obtained at 296 K in ZIF-11/6FDA-DAM MMM compared to ZIF-11 bed with the same or similar ethylene loading pressure. Also shown are

the root MSD calculated using Eq. (2).

Loading Loading Diffusion D(bed), Root MSD (bed), D, 10-12 m Dy 10712 P D2 Root MSD Root MSD (MMM)
Pressure” (ZIF- Pressure” Time, ms 10-12 m? pum ’ s m? ZIF-11 (MMM) 1, pm 2, um
11), bar (MMM), bar B Polymer s
ensemble ensemble
0.8 0.8 30 3.2 =03 0.7 = 0.06 1.3 £ 0.4 3.6 = 04 0.33 0.67 0.46 = 0.05 0.77 = 0.04
0.8 0.8 90 3.1 = 0.3 1.3 = 0.1 1.5 = 0.3 3.4 = 0.3 0.41 0.59 0.87 = 0.1 1.3 £ 0.1
2.0 2.4 30 1.8 = 0.2 0.55 = 0.03 6.5 = 0.6 22 + 0.3 0.59 041 1.0 £ 0.1 0.61 = 0.04
2.0 2.4 90 1.8 £ 0.2 0.97 = 0.06 6.9 = 0.7 1.8 £ 0.3 063 0.37 19 *= 0.1 098 + 0.1

@ 15% experimental uncertainty.
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ethylene in ZIF-11 beds was about twice that of the intra-ZIF diffusivity
inside the ZIF-11/Torlon MMM at low and intermediate ethylene
loadings. Such an effect has been reported before, although not nearly
as large, for ZIF-8/6FDA-DAM and can be explained by the flexibility of
the ZIF-11 framework being restricted by the crystal confinement in
MMMs. At the same time, no intra-ZIF diffusivity reduction was ob-
served for the other two studied MMMs, ZIF-11/Matrimid and ZIF-11/
6FDA-DAM. This observation was tentatively attributed to the higher
bulk modulus of Torlon than those of Matrimid and 6FDA-DAM. It was
observed that an increase of the ethylene loading inside ZIF-11 crystals
leads to a decrease in the intra-ZIF diffusivity as well as in a reduction
in the effect of ZIF-11 confinement inside ZIF-11/Torlon MMM on the
intra-ZIF diffusivity.
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