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ABSTRACT: Multinuclear pulsed field gradient (PFG) NMR was used to study PFG NMR, IR Microscopy, Volumetric Technique
\f -

the self-diffusion of ethane and ethylene inside loosely packed beds of zeolitic
imidazolate framework-11 (ZIF-11) crystals. Diffusion measurements were
performed at different temperatures under conditions where the length scales of ~Cas
displacements were smaller than or comparable with the mean size of the ZIF-11 ¢ ;.

crystals. For the crystal beds loaded with a single sorbate, these studies showed a w @ -

larger intracrystalline diffusivity for ethane than that for ethylene under the same
or comparable experimental conditions, an unexpected result due to the larger

size of ethane compared to that of ethylene. PFG NMR diffusion studies of ZIF-

11 beds loaded with ethane/ethylene mixtures revealed that substituting a fraction of ethane molecules by ethylene molecules
decreases the intracrystalline diffusivity of ethane. These results in combination with an observation of a higher-for-ethylene-
than-for-ethane activation energy of intracrystalline self-diffusion in single-sorbate systems suggest a hindering effect of ethylene
molecules on the intra-ZIF diffusion. To further confirm and investigate the anomalous relationship between ethane and
ethylene intracrystalline diffusivities in ZIF-11, uptake curves for ethane and ethylene were measured in single crystals using IR
microscopy and in a thin crystal bed using a volumetric technique. The diffusion data obtained from these complementary
uptake studies under the same or comparable conditions were found to be consistent with the PFG NMR measurements. The
observed anomalous relationship between ethane and ethylene diffusivities in ZIF-11 is discussed in the context of the flexibility

of the ZIF-11 framework.

B INTRODUCTION

Zeolitic imidazolate frameworks (ZIFs) represent a subclass of
metal—organic frameworks (MOFs) with zeolite-like top-
ologies. ZIFs are promising materials for application in gas
separation due to their large porosity, outstanding chemical
and thermal stabilities, and well-defined pores with sizes in the
range of 0.2—2 nm.'~> Most importantly, the pore and pore
aperture sizes of ZIFs can be tuned to achieve selective
molecular sieving.” ®7 It is well known that for many ZIF types,
the framework flexibility of these materials allows molecules
with sizes larger than a ZIF pore aperture size to enter and
diffuse inside ZIF pore systems (see, for example, refs 8—16).
Clearly, it is of crucial importance to develop a fundamental
understanding of ZIF transport properties and their relation-
ship with the framework flexibility for optimizing applications
of ZIFs in gas separations.

Although many different types of ZIFs have been
synthesized, until now, a large fraction of the experimental
and simulation studies have been performed on ZIF-8 owing to
its potential to separate small molecules.”'*'>"*'"~2° ZIF-11
is another promising type of ZIFs that has caught the attention
of the scientific community for its potential related to gas
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separations.”’ ZIF-11 is composed of benzimidazolate ligands
and tetrahedral Zn>" metal centers resulting in RHO topology
(Figure S1).*> Compared to ZIF-8, ZIF-11 has similar chemical
and thermal stabilities, but its nominal pore aperture size (3.0
A) is smaller than that of ZIF-8. In our recent pulsed field
gradient (PFG) NMR diffusion study, we have compared the
intracrystalline self-diffusivities of a single sorbate (ethylene) in
ZIF-11 beds and in ZIF-11 crystals dispersed in different
polymer matrices to form mixed-matrix membranes (MMM:s).
It was found that confining ZIF-11 in a polymer can reduce
intra-ZIF self-diffusivity of ethylene.'' This diffusivity reduc-
tion effect was attributed to a reduction in ZIF-11 framework
flexibility due to confinement in a polymer. The dependence of
a sorbate loading on its self-diffusion in ZIF-11 has been
studied by a different research group for a single gas
(ethane).”” The authors observed a significant reduction in
the self-diffusivity with increasing ethane loading. This
observation was attributed to a reduction in the linker
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Figure 1. Scanning electron microscopy (SEM) images of small (A, B) and large (C) ZIF-11 crystal batches.

flexibility at high sorbate concentrations.”” It is important to
note that the very fact of the diffusion observation for ethane
(4.44 A7) and ethylene (4.16 A"*’) in ZIF-11 (3.0 A%)
represents clear evidence of a large role played by the
framework flexibility of ZIF-11 crystals in intracrystalline
sorbate diffusion.

The present work focuses on an experimental investigation
and understanding of the ethane/ethylene diffusion selectivity,
i.e,, the ratio of the diffusivity of these sorbates measured in
ZIF-11 under the same or similar conditions for pure and
mixed gases. Ethane/ethylene mixture is a common industrial
paraffin/olefin mixture, where ethylene is required for the
production of polyethylene, polystyrene, and other polymers
needed in many applications.”¥*> Diffusion measurements
were performed using 'H and *C PFG NMR at different
temperatures and concentrations of mixed and pure gases in
batches of small (3.1 and 4.5 ym) and large (100 ym) ZIF-11
crystals. The PFG NMR studies benefited from a combination
of high-field (17.6 or 14 T) and high-magnetic-field gradients
(up to 25 T/m), which allowed obtaining self-diffusivities for
the length scales of displacements smaller than the mean
crystal size even in the small crystal batches suitable for the
MMM formation. The 100 gm batch was used to enable
complementary studies of ethane and ethylene diffusion in
ZIF-11 crystals using two other techniques, which require large
crystal size under our measurement conditions: infrared
microscopy (IRM) and volumetric uptake technique. The
reported diffusion data indicate that ethylene diffuses at a
slower rate compared to ethane in ZIF-11 crystals despite its
smaller molecular size compared to ethane. The observed
satisfactory agreement between the diffusion data measured by
'H PFG NMR, *C PFG NMR, IR microscopy, and volumetric
uptake under the same or similar experimental conditions
confirms the absence of any measurement artifacts. The data
are discussed in the context of the flexibility of the ZIF-11
framework.

B EXPERIMENTAL SECTION

Materials. All chemicals were used without further
purification. Benzimidazole and zinc acetate dihydrate were
purchased from Alfa Aesar. Zinc bromide dihydrate was
purchased from Sigma-Aldrich. Methanol and toluene were
purchased from VWR International. Ammonium hydroxide
solutions were purchased from BDH Chemicals. For the
uptake and adsorption isotherm measurements, ethane
(99.99%) was purchased from Airgas and ethylene (99.99%)
was purchased from Matheson. The sorbates used for PFG
NMR studies were '*C-enriched ethane consisting of a 99%
isotopic purity (Sigma-Aldrich), *C,-enriched ethane consist-
ing of a 99% isotopic purity (Sigma-Aldrich), and "C,-
enriched ethylene consisting of a 99% isotopic purity (Sigma-
Aldrich).

ZIF-11 Synthesis. Small ZIF-11 crystals were synthesized
via solvothermal method.”® Benzimidazole (0.6 g, S mmol) was
dissolved in 21 mL of methanol and 3.8 mL of ammonium
hydroxide solution (18%). To this, a solution of zinc acetate
(0.55 g, 2.5 mmol) in 21 mL of methanol and 15 mL of
toluene was added. The reaction mixture was stirred for 2 h at
room temperature. The ZIF-11 crystals were recovered by
vacuum filtration, washed with methanol, and activated at 403
K under vacuum for 24 h (Figure 1A,B).

The synthesis of larger ZIF-11 crystals (~100 ym) was
modified from a previously reported procedure.”® Zinc
bromide (0.13 g 0.5 mmol) was dissolved in 4 mL of
methanol and 3 mL of toluene. A solution of benzimidazole
(0.059 g, 0.5 mmol) in 4.2 mL of methanol and 0.8 mL of
ammonium hydroxide (30%) was added to the zinc solution.
The reaction mixture was mixed briefly and then left
undisturbed for 4 days at room temperature. The crystals
were washed, and the solvent was exchanged three times a day
for 2 days with methanol and activated at 403 K under vacuum
overnight (Figure 1C). The crystals were sieved through a 106
pum sized mesh to remove most of the smaller ZIF-11 crystals.

Particle size distributions of the ZIF-11 crystals are
characterized by SEM and analyzed by Image] (Figures 1
and S2; Table S1). The measured powder X-ray diffraction
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Table 1. Loading Pressure and Respective Concentration of Ethane and Ethylene in the ZIF-11 Bed Samples As Measured

Using NMR Signal Analysis

sample ethane loading pressure” (bar)
ZIF-11 bed (single gas) 0.1
ZIF-11 bed (single gas) 0.3
ZIF-11 bed (single gas) 0.6
ZIF-11 bed (single gas) 0.8
ZIF-11 bed (single gas) 2.1
ZIF-11 bed (single gas) 9.0
ZIF-11 bed (single gas) 9.1
ZIF-11 bed (gas mixture) 1.1
ZIF-11 bed (gas mixture) 4.0

“15% experimental uncertainty. 20% experimental uncertainty.

ethane loading” (mmol/g)

0.36
0.62
0.80
14
2.0
2.7
3.0
0.90
2.0

ethylene loading pressure® (bar) ethylene loading” (mmol/g)

0.1 0.32
0.3 0.60
0.6 0.87
0.8 12
2.0 1.7
9.0 2.8
9.1 3.1
12 0.73
3.9 2.0

pattern (Figure S3) was found to be in agreement with the
corresponding simulated pattern of ZIF-11.

Preparation of NMR Samples. Standard S mm NMR
tubes (Wilmad-LabGlass) were filled with loosely packed beds
of ZIF-11 crystals up to a height between around 10 and 24
mm, depending on the amount of the material available from a
particular batch. Samples were activated (i.e., made sorbate-
free) using a custom-made vacuum system by keeping the
samples under high vacuum overnight at 423 K. Upon
activation, the samples were allowed to cool down to 298 K
and loaded with sorbate(s). Pure C,Hg and C,H,, as well as
C,Hy/C,H, mixtures, were loaded into the samples by
cryogenically condensing the desired amounts into the NMR
tubes with the ZIF-11 beds using liquid nitrogen. The tubes
were flame-sealed upon sorbate loading and separated from the
vacuum system. Samples requiring small sorbate loadings
corresponding to sorbate loading pressures of less than 1 bar
were also loaded by exposing the crystal bed in the NMR tube
to the sorbate (ethane or ethylene) at the desired loading
pressure and 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 the respective sorbate.
The sample tubes were flame-sealed upon loading.

The sorbate loadings in each material were determined by
comparing the NMR signal of the sorbate (ethane or ethylene)
in the studied samples with the NMR signal of the
corresponding bulk gas at a known pressure in a similar way,
as discussed in ref 27. For the samples loaded by cryogenic
condensation, the following additional procedure was used.
Sealed NMR tubes with a 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 ZIF-11
crystals from falling down. NMR signal of the gas region of the
samples was compared to that of the reference sample
containing the same gas (ethane or ethylene) at a known
pressure (no porous material added) to obtain sorbate pressure
in the gas phase of the samples with ZIF-11 beds. Sorbate
loadings inside ZIF-11 crystals 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. In the same
manner, sorbate loadings of ethane/ethylene mixture were
determined as well. Table 1 shows the loading pressure and
respective sorbate loadings obtained this way for each studied
sample. For pure gases, it was verified that the loading data
obtained by NMR are in agreement, within uncertainty, with
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the results of the standard adsorption isotherm measurements
(Figure S4).

NMR Measurements. PFG NMR diffusion measurements
were performed using a 17.6 T Avance III HD spectrometer
(Bruker BioSpin) and 14 T Avance III spectrometer (Bruker
BioSpin) operating at resonance frequencies of 750 and 600
MHz for 'H and 188.6 and 149.8 MHz for *C, respectively.
Sine-shaped and trapezoidal-shaped, bipolar magnetic field
gradients with the effective duration of 2—2.5 ms and
amplitudes of up to 25 and 18 T/m were generated using
Diff5S0 and Diff30 diffusion probes (Bruker BioSpin),
respectively. The reported NMR data were obtained after
keeping the samples at a chosen temperature inside the magnet
for a minimum of 1 h to ensure the sorption equilibrium
conditions in the sample. Standard adsorption isotherm
measurements confirmed that such equilibration time is
sufficient. Furthermore, the measured NMR signal, which is
proportional to the total number of sorbate molecules in the
studied ZIF-11 crystal bed, was monitored during the
measurements that lasted at least several hours at a constant
temperature. No changes in the signal were observed,
indicating no change in the gas concentration inside the
porous materials. Hence, all reported NMR data correspond to
the condition of sorption equilibrium at the temperatures used
in this work.

Diffusion measurements were performed using the 13-
interval PEFEG NMR pulse sequence with bipolar gradients,28
modified by the addition of a longitudinal eddy current delay.
The effective diffusion time varied between 10 and 270 ms,
and the time between the first and second 7/2 radio-frequency
pulses of the 13-interval sequence was 8.5 and 3.5 ms for '*C
and 'H, respectively. The repetition delay time, i.e., the time
delay between the application of the sequence, varied between
1 and 4 s, and the number of scans was 512 and 256 for *C
and 'H, respectively. The number of scans was, in all cases,
sufficiently large for the signal-to-noise ratio to be larger than
20 at the largest gradient amplitude. The total experimental
time for measuring a single self-diffusion coeflicient was
between about 2 and 4 h, depending on the experimental
conditions. The self-diffusivities were obtained from the
measured PFG NMR attenuation curves, ie., dependencies
of the PFG NMR signal intensity on the magnetic field
gradient strength (g) with all other pulse sequence parameters
held fixed. PFG NMR signal intensities were obtained
separately for ethane and ethylene by the integration of the
corresponding NMR spectra. Under our measurement
conditions, the *C NMR spectra of ethane and ethylene
consisted of single, nonoverlapping lines at around 4.0 and
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120.5 ppm, respectively. The '"H NMR spectra of ethane and
ethylene consisted of single lines at 1.8 and 6.3 ppm,
respectively. Representative examples of *C and 'H NMR
spectra of ethane and ethylene as single sorbates in the ZIF-11
bed for the lowest loading pressure at 296 K can be seen in
Figures S5 and S6. In the case of normal self-diffusion with a
single self-diffusion coefficient (D), PFG NMR attenuation

curves can be preSented a529—32
S(g) ,
= = exp(—Dq't)
S(g=~0) 0

where ¥ is the PFG NMR signal attenuation, S is the PFG
NMR signal intensity, ¢ is the time of observation of the
diffusion process (i.e., diffusion time), and g = 2ygs, where 7 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)

Most of the PFG NMR attenuation curves reported in this
work were measured at 17.6 T using *C nuclei. *C PFG
NMR measurements benefited from larger-for-'>C-than-for-'H
T, NMR relaxation times in the samples studied in this work
(Tables S2 and S3). To confirm the absence of magnetic
susceptibility effects and/or any other measurement artifacts,
complementary diffusion measurements were performed with
selected samples under the same measurement conditions
using 'H nuclei at 17.6 T or "*C nuclei at a lower field of 14 T
or 'H nuclei at 14 T. The observed coincidence of the results
obtained from the latter measurements with the corresponding
data measured with the same samples by *C PFG NMR at
17.6 T confirmed the absence of any measurement artifacts
under our experimental conditions.

The uncertainty of the diffusivities reported in the paper is
based on the reproducibility of the diffusion data measured
with two to three identically prepared (but different) samples.
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/or using different nuclei
types (*C and 'H).

Longitudinal (T;) and transverse (T,) NMR relaxation
times were 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 7/2 radio-frequency pulses of the sequence while
keeping all other time intervals constant. For T, relaxation
times, the measurements were performed by changing the time
interval between the first and second /2 radio-frequency
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. At
the same time, all signal from the gas phase of the sample was
completely suppressed by the applied gradients. As a result, the
reported T, and T, relaxation times correspond to the
respective sorbates located inside ZIF-11 crystals. The
relaxation measurements 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 due to NMR relaxation. As high
magnetic fleld and complex samples are used, measured NMR
relaxation times can depend on the NMR sequence. The

measured T} and T, relaxation times are presented in Tables
S2 and S3. In all cases, the NMR relaxation data were
consistent with the lack of any distribution over T| and T,
relaxation times (Figures S7 and S8).

IR Microscopy (IRM) Measurements. For IR microscopy
(IRM) measurements, several large ZIF-11 crystals (batch C)
were placed into a cylindrical vacuum cell containing an IR
quartz glass window (Starna GmbH). The cell, connected to
the gas dosing system, was mounted onto the heatable sample
holder under the IR microscope (Hyperion 3000 with Vertex
80v, Bruker Optics). ZIF-11 crystals were activated at 393 K
for at least 10 h.

Several individual ZIF-11 crystals were selected for uptake
measurements at 298 + 1 K using the IR microscope visual
mode. This temperature, within uncertainty, is the same as that
used in most of the PFG NMR measurements. The crystals
were exposed to step changes in the surrounding gas-phase
concentration, and time dependences of the IR signals of
ethane and ethylene inside the monitored crystals were
recorded separately for each crystal.

Single-Component Volumetric Gas Sorption Meas-
urements. Single-component transport diffusivities of ethane
and ethylene were measured using HPVA-II (Micromeritics)
at 296 K with an equilibrium criterion of 0.03 mbar/min for
400 min. Approximately 20 mg of ZIF-11 crystals (batch C)
resulting in a thin crystal bed was used to minimize bed
diffusion resistance. Samples were activated at 403 K under
vacuum prior to measurements. The transport diffusivities
were obtained from fitting the measured uptake curves by the
corresponding solution of the second Fick’s law (eqs S1 and
S2), as discussed in Supporting Information.

B RESULTS AND DISCUSSION

Figure 2 shows examples of the measured PFG NMR
attenuation curves at 296 K for ethane and ethylene in the
ZIF-11 samples loaded with a single sorbate (Figure 2A,B) or
ethane/ethylene mixture (Figure 2C). The sorbate loading
pressure for the data in Figure 2A (0.8 bar) is approximately
the same as the highest loading pressure used in the reported
below IR microscopy and volumetric uptake studies. Figure 2B
presents the corresponding PFG NMR data for the highest
sorbate loading pressure used (9.1 bar). Figure 2C shows
examples of the PFG NMR attenuation curves for the
approximately equimolar gas mixture at the total loading
pressure of 2.3 bar. Additional representative examples of the
measured PFG NMR attenuation curves for ethane and
ethylene as single sorbates at the lowest and intermediate
loading pressures at 296 K can be seen in Figure S9AB,
respectively. Furthermore, Figure S9C shows PFG NMR
attenuation curve at 296 K for a mixture of ethane and
ethylene at a higher sorbate loading than in Figure 2C. All data
in Figures 2 and S9 were measured with small crystal batches
(A and B), and no difference was observed between the
corresponding diffusion data for these batches, within
uncertainty.

The measured PFG NMR attenuation curves in all studied
batches show a monoexponential behavior (i.e., linear in the
semilogarithmic presentation of Figures 2 and S9) with respect
to q° in agreement with eq 1. Such an observation indicates
that for each sample at any measured diffusion time there is a
single self-diffusivity for each studied sorbate (ethane or
ethylene). This diffusivity can be assigned to the molecules
diffusing inside the ZIF-11 crystals, as any signal coming from
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Figure 2. Examples of "*C PFG NMR attenuation curves measured at
17.6 T for ZIF-11 loaded with ethane (filled symbols) and/or
ethylene (hollow symbols) at 296 K. The measurements were
performed for pure gases at the loading pressures of 0.8 bar (A) and
9.1 bar (B), as well as for the approximately equimolar gas mixture at
the total loading pressure of 2.3 bar (C). The corresponding sorbate
concentrations can be found in Table 1. Also shown for comparison
are the results of the additional PFG NMR measurements that were
performed using "H nuclei at 17.6 T (open symbols with a horizontal
dash for ethane in (B)) and *C at 14 T (empty symbols with crosses
for ethylene in (A) and half-filled symbols for ethane in (C)).
Measurements were performed at different diffusion times shown in
the figure. The solid lines represent the results of least-square fitting
using eq 1. The data were measured with the small crystal batches.

the molecules diffusing in the gas phase of the sample was
attenuated away already at the smallest gradient strength used
in measurements. Results of least-squares fitting of the
measured PFG NMR attenuation curves using eq 1 are
shown in Figure 3 and Tables S4 and SS. In addition to the
intra-ZIF diffusivities, Tables S4 and S5 also show the
corresponding values of root MSDs calculated using eq 2. It
is seen in the tables that the root MSDs are significantly
smaller than the average size of the studied ZIF-11 crystals
(4.5, 3.1, and 100 um from Table S1). Hence, the influence of

10"
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Figure 3. Intracrystalline self-diffusivities of ethane and ethylene
measured by PFG NMR in ZIF-11 beds for the smallest diffusion
times at 296 K as a function of the total sorbate concentration of
ethane and ethylene in ZIF-11 crystals. Filled symbols and empty
symbols with crosses show data for the single sorbates in the small
(batches A and B) and large (batch C) ZIF-11 crystals, respectively.
Hollow symbols show data for the samples with the approximately
equimolar ethane/ethylene mixtures in the small ZIF-11 crystals
(batches A and B).

any effects at the external surface of ZIF-11 crystals on the
measured diftusivities is expected to be small or nonexistent. In
agreement with this expectation, the diffusivities in Tables S4
and SS for the same sorbate loading are independent of the
diffusion time, within uncertainty, for the smallest and
intermediate diffusion times used in a particular measurement.
However, slightly lower diffusivities were measured in some
cases (sorbate loadings of <1.2 mmol/g) in the small crystal
batches (A and B) at the largest diffusion times used (Table
S4). This observation can be attributed to reflections of
molecules diffusing inside the smallest crystals in the samples
from the external crystal surface. Owing to a relatively broad
crystal size distribution in the small crystal batches (Figure S2),
it was not possible to quantitatively analyze the influence of the
external crystal surface on the measured diffusivities in the
same way as it was done, for example, in ref 8.

Our data in Figure 3 and Table S4 show that, overall, there is
a good consistency between the self-diffusivities measured for
the small crystal batches (A and B) at the smallest diffusion
time and the self-diffusivities measured for batch C at the same
or comparable sorbate loadings (compare filled symbols and
empty symbols with crosses in Figure 3). The observed
maximum difference between the corresponding self-diffusiv-
ities measured at comparable sorbate loadings does not accede
25%. This difference can be due to the presence of some
particularly small crystals, which might lead to a slight
reduction in the measured diffusivities in the small crystal
batches even at the smallest diffusion time used. Such
diffusivity reduction can happen because of the restricted
nature of diffusion in a small number of the smallest crystals in
batches A and B.

The data in Tables S4 and S5 show that the diffusivities
measured with '"H at 17.6 T, 'H at 14 T, and 3C at 14 T
coincide, within experimental uncertainty, with the corre-
sponding diffusivities measured in the same samples and at the
same diffusion times using *C at 17.6 T. Such consistency in
the results confirms the absence of any measurement artifacts
under our experimental conditions.

It is seen in Figure 3 that at low sorbate loadings there is a
trend of increasing sorbate self-diffusivities with increasing
sorbate concentration in ZIF-11 for each type of measured
samples, ie., samples loaded with pure ethane and pure
ethylene. Such a trend had been previously observed for the
diffusion of ethane as single sorbate in ZIF-11 crystals and can
be attributed to the expectation that the lowest free energy
sites in ZIF-11 with the largest residence times corresponding
to lowest self-diffusivities will be occupied first.”* Such a trend
was previously observed for zeolites and other microporous
materials at small sorbate concentrations comparable with the
concentrations of the lowest free energy sites.”” Furthermore, it
is seen in Figure 3 that at higher sorbate loadings there is a
trend of decreasing sorbate self-diffusivity with increasing total
concentration of sorbate molecules in ZIF-11 for each type of
the studied samples, i.e., samples loaded with pure ethane, pure
ethylene, and ethane/ethylene mixture. This trend had been
previously observed for the diffusion of different gaseous
sorbates in ZIF-11,%'"?? as well as for the diffusion of different
sorbates in other types of microporous materials.””*’ Such
concentration dependence in ZIF-11 can originate from a
higher extent of mutual hindrance of diffusing molecules at
higher sorbate concentrations>’ and/or from a reduction of the
framework flexibility with increasing sorbate concentration, as
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was suggested for the ethane diffusion in ref 22 and will be
discussed in more detail below.

Figure 3 shows that for all studied sorbate concentrations,
except for the lowest one, the self-diffusivities of ethane in the
single-sorbate samples are larger than the corresponding self-
diffusivities of ethylene at the same or comparable sorbate
concentrations. This is an unexpected result due to the larger
size of ethane than that of ethylene. Furthermore, for the
single-sorbate samples, the diffusivity ratio of ethane to
ethylene increases as the sorbate concentration increases
(Table S6). These data suggest that there is an interaction
between ethylene molecules and the ZIF-11 framework that
hinders the self-diffusion process more than the corresponding
ethane/framework interaction. Although the nature of this
ZIE-11/ethylene interaction is unclear, it is known that olefins
can interact stronger with microporous solids than paraffins. In
particular, the interaction of carbon—carbon double bond of
olefins with open metal sites of MOFs can lead to stronger
olefin/MOF than that of paraffin/MOF interaction.”* We
hypothesize that ethylene/framework interaction can reduce
the maximum and/or effective aperture size in ZIF-11 by
reducing the framework flexibility. In particular, such an
interaction can reduce the linker flexibility at the pore aperture
even at small or intermediate ethylene loadings. A similar
linker flexibility reduction effect was previously suggested
under conditions of high ethane loadings in ZIF-11.** To get a
better understanding of the anomalous relationship between
the ethane and ethylene intracrystalline diffusivities, the
diffusion of ethane/ethylene mixtures in ZIF-11 was also
investigated by PFG NMR. The measured ethane and ethylene
diffusivities in the mixed-sorbate samples can be seen in Figure
3 (hollow symbols). The data in the figure indicate that the
diffusivity of ethane is substantially reduced when a fraction of
ethane in the sample is substituted by ethylene. This
observation indicates that the presence of ethylene is slowing
down the self-diffusion of ethane in ZIF-11 crystals. This is
consistent with our interpretation of the anomalous relation-
ship for ethane and ethylene intracrystalline self-diffusivities in
ZIF-11 beds based on the diffusion-hindering effect of
ethylene.

The intra-ZIF self-diffusivities of ethane and ethylene
resulting from PFG NMR measurements in the small crystal
batches are presented as a function of temperature in Figure 4
and Tables 2 and 3. It is seen in Figure 4 and Tables 2 and 3

107"
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Figure 4. Temperature dependence of the intracrystalline self-
diffusivities of ethane and ethylene measured by PFG NMR under
the conditions of the same or similar intra-ZIF concentrations and
MSDs for each sorbate. The diffusion measurements were performed
using 'H (filled symbols) and '*C (hollow symbols) resonances. The
data were measured with the small crystal batches.

that, within experimental uncertainty, there is no difference
between the measured self-diffusivities when using different
types of nuclei (‘H and "C) and otherwise the same
conditions. This observation indicates the absence of any
types of measurement artifacts in the reported diftusivities. In
addition to the self-diffusion coeflicients, Tables 2 and 3 also
show the root MSD values calculated using eq 2.

It is seen in Tables 2 and 3 that for each particular sorbate
the root MSD values are the same or similar at different
temperatures. This was achieved by selecting different diffusion
times for the diffusion measurements performed at different
temperatures. Keeping the root MSDs similar for each sorbate
and also significantly smaller than the crystal size at all
measured temperatures ensures that the measured temperature
dependencies of diffusivities are not perturbed by any effects at
the external crystal surface. When performing the measure-
ments of the temperature dependence of intra-ZIF diffusivities,
it was taken into account that the intracrystalline sorbate
concentration in any particular sealed NMR sample, which
contains packed ZIF-11 powder and the gas volume above the
powder, is a function of temperature. The extent of sorbate
redistribution between the intracrystalline (adsorbed) phase
and the gas volume of the sample is primarily determined by
the heat of adsorption and the magnitude of the temperature
change causing the sorbate redistribution. To obtain the
diffusion data corresponding to the same or similar intra-
crystalline sorbate concentration at different temperatures,
several PFG NMR samples with different sorbate loadings at
296 K were prepared and measured. The reported data in
Figure 4 and Tables 2 and 3 correspond to such condition of
the same or similar concentration at different temperatures.

It is seen in Figure 4 that the temperature dependence for
each sorbate can be described using the Arrhenius equation

Eﬂ

D(T) = D, exp( RT) 3)
where E, is the activation energy of diffusion and D, is the pre-
exponential factor. Least-squares fitting of the data in Figure 4
using eq 3 yields intra-ZIF diffusion activation energies of 20 +
2 and 26 + 3 kJ/mol for ethane and ethylene, respectively. The
observation of higher activation energy of diffusion for
ethylene than for ethane in ZIF-11 further supports our
hypothesis about a smaller effective aperture size in ZIF-11 in
the presence of ethylene.

To confirm the data obtained for ethane and ethylene
diffusion by PFG NMR and to further investigate the
anomalous relationship between the diffusivities measured for
ethane and ethylene, complementary diffusion measurements
were performed by IRM and standard volumetric technique.
These measurements were performed at the same or similar
conditions as those carried out by PFG NMR. All IRM and
volumetric uptake measurements were done with the large
crystal batch (batch C). Using this batch allows monitoring
sufficiently large signal-to-noise ratios and uptake times for the
observation of a gas uptake in a single crystal by IRM and
sufficiently long uptake times required for the volumetric
uptake measurements.

The IRM was used to measure uptake curves for ethane and
ethylene in individual ZIF-11 crystals (examples of uptake
curves are presented in Figure S10). The curves were measured
for the smallest possible pressure steps (around 0.2 bar), which
still allowed getting sufficiently large signal-to-noise ratios.
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Table 2. Intracrystalline Self-Diffusivities of Ethane Measured by 'H and '*C PFG NMR in the Small Crystal Batches of ZIF-11
at Different Temperatures While Keeping the Intra-ZIF Concentrations and Root MSD Value the Same or Similar

intra-ZIF concentration of ethane” (mmol/g) diffusion time (ms)

2.3 89
22 89
2.2 88
2.0 89
2.0 88
1.8 29
1.8 28
22 29
22 28
1.8 19
1.8 18
1.9 19
19 18

nuclei type temperature (K) D (1072 m?/s) root MSD (um)
'H 278 30+03 1.3 +01
'H 284 3.8 + 04 14 + 0.1
Bc 284 4.0 + 04 14 + 0.1
'H 296 49 + 0.5 1.6 + 0.1
BC 296 5.0 + 0.5 1.6 + 0.1
'H 310 7.9 + 0.8 12 +0.1
3¢ 310 7.9 + 0.8 12 +0.1
'H 323 10.0 + 1.0 1.3 +0.1
Bch 323 10.6 + 1.0 1.3 + 0.1
'H 340 149 + 1.5 1.3 +0.1
ol 336 148 + LS 1.3 + 0.1
'H 352 18.3 + 2.0 14+ 0.1
Bch 348 17.9 + 2.0 14 + 0.1

“20% experimental uncertainty. “Measured at 14 T (all other data measured at 17.6 T).

Table 3. Intra-ZIF Diffusivities of Ethylene Measured by 'H and "*C PFG NMR in the Small Crystal Batches of ZIF-11 at
Different Temperatures While Keeping Intra-ZIF Concentrations and Root MSD Value the Same or Similar

intra-ZIF concentration of ethylene” (mmol/g) diffusion time (ms)

1.9 89
1.8 79
1.7 69
2.3 29
2.3 28
2.2 19
22 18
1.9 19
1.9 18
1.7 9
1.7 9

nuclei type temperature (K) D (107** m?/s) root MSD (um)

'H 278 12 +0.1 0.80 + 0.04
'H 285 1.8 +02 0.92 + 0.05
'H 296 27 +03 1.1 + 0.1

'H 309 42 + 04 0.86 + 0.04
lold 309 44 + 04 0.86 + 0.04
'H 323 62 +06 0.84 + 0.04
Bch 323 62 + 0.6 0.80 + 0.04
'H 338 9.6 + 1.0 1.1 +0.1

(ol 338 92 + 09 0.98 + 0.05
'H 348 14 +2 0.86 + 0.04
(ol 348 13+2 0.83 + 0.04

“20% experimental uncertainty. “Measured at 14 T (all other data measured at 17.6 T).

Using such small pressure steps allowed minimizing an error
introduced by the assumption of a constant transport
diffusivity (D) for each measured uptake curve. The transport
diffusivities of each studied sorbate were obtained from the
least-square fit of the measured curves by the corresponding
solution of second Fick’s law, as discussed in detail in the
previously reported studies performed by this technique.'* The
resulting transport diffusivities are shown in Figure 5 as a
function of the average sorbate concentration during the
uptake curve measurement. It is seen in the figure that, in
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Figure S. Transport and corrected diffusivities of ethane and ethylene
measured by IRM at 298 K for individual ZIF-11 crystals as a function
of an average sorbate concentration.
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complete analogy with the self-diffusion data measured by PFG
NMR, the transport diffusivities for both sorbates increase with
increasing concentration in the measured concentration range
of up to around 1.2 mmol/g. Furthermore, Figure S shows that
at sufficiently high gas concentrations the transport diffusivity
of ethane tends to be larger than that of ethylene at the same
or comparable sorbate concentration. Such a relationship was
also observed for the self-diffusion of ethane and ethylene in
ZIF-11 measured with PFG NMR.

To compare the data obtained by IRM and PFG NMR, it
should be noted that transport and self-diffusivities, respec-
tively, are directly measured by these two techniques. While
transport diffusivity is different from self-diffusivity, it can be
used to calculate a corrected diffusivity (D,) that can be
directly compared with the corresponding self-diffusivity.””*>
The corrected diftusivities in ZIF-11 were calculated using
“Darken equation”*”?

Dy = DOM =D,

dIn(c) 4)
where I' is the thermodynamic factor obtained from the
measured adsorption isotherms c¢(p). The corrected diffusiv-
ities are presented in Figure 5. The measured concentration
dependencies of the corrected diftusivities in Figure S exhibit
the same trends as the transport diffusivities: corrected
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diffusivities increase with increasing concentration and tend to
be higher for ethane than those for ethylene at higher
concentrations.

The volumetric technique was used to measure uptake
curves for ethane and ethylene in a thin bed of ZIF-11 crystals.
To optimize the signal-to-noise ratio in these measurements,
the uptake curves were measured for the pressure step between
0 and 0.8 bar, which is significantly larger than that used in the
IRM measurements. Fitting of the solution of second Fick’s law
with a constant diffusivity (eqs S1 and S2) to the measured
uptake curves resulted in the transport diffusivities of 5.7 X
107" and 4.1 X 107 m’/s for ethane and ethylene,
respectively, at the average sorbate concentration of around
0.6 mmol/g. Equation 4 was applied to calculate the
corresponding corrected diffusivities, which were found to be
7.5 X 1072 and 5.4 X 107'2 m*/s for ethane and ethylene,
respectively.

Figure 6 compares the self-diffusion data measured by PFG
NMR with the corrected diffusivities obtained from the IRM

o
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g
]

D or DD,
-
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v_Ethylene
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Figure 6. Comparison of the self-diffusivities and corrected
diffusivities measured in ZIF-11 crystals for different mean intra-
crystalline concentrations of ethane or ethylene. Filled symbols and
empty symbols with crosses show the self-diffusivities measured by
PFG NMR in small (batches A and B) and large (batch C) ZIF-11
crystals, respectively, at 296 K. Empty symbols show the corrected
diffusivities in large (batch C) ZIF-11 crystals measured by IR
microscopy at 298 K. Half-filled symbols show the corrected
diffusivities in large (batch C) ZIF-11 crystals measured by the
volumetric technique at 296 K.

and volumetric uptake measurements for the sorbate
concentration range between around 0.2 and 1.4 mmol/g,
which was used in all three types of measurements. The results
in the figure demonstrate that the IRM and volumetric uptake
data are consistent with the PFG NMR data, thus confirming
the observation of the anomalous relationship between the
ethane and ethylene diffusivities in ZIF-11 at the intracrystal-
line gas concentrations larger than around 0.5 mmol/g. This
concentration is indicated by the dotted line in Figure 6. All of
the reported above diffusion data suggest that there is a specific
interaction between ethylene molecules and the ZIF-11
framework that slows down the diffusion process by reducing
the framework flexibility (linker reorientation) and the related
effective aperture size in ZIF-11 crystals.

The mechanism to explain the anomalous relationship
between the molecular size and diffusivity of ethane and
ethylene inside ZIF-11 crystals is not yet fully understood and
further structural analyses may be required in addition to
computational efforts, which are beyond the scope of this
study. In particular, changes in the linker flexibility can be
investigated by monitoring shifts in the Zn—N vibration
frequency via IR spectroscopy, as recently discussed in ref 36.

In future studies, we will try to extend the spectral range of our
IRM setup to enable monitoring such frequency shifts.
Previously published data indicate that the interaction between
ethylene and ZIF-7 framework (containing benzimidazole
linkers) through CH---z-type interactions with the linkers can
cause geometrical distortion of the ZIF cage entrance and
hinder the sorption of ethylene molecules.”” However, in the
presence of ethane, weaker van der Waals complex with the
linker can form.”” Such a complex is not expected to lead to
any significant cage entrance distortions. We believe that a
similar situation can also occur in ZIF-11 crystals.

B CONCLUSIONS

PFG NMR was used to measure intracrystalline self-
diffusivities of ethane and ethylene in ZIF-11 crystals. For
selected matching experimental conditions, the self-diffusion
measurements were performed using different nuclei types
("*C and 'H) and different magnetic field strengths (14 or 17.6
T). The diffusion data was observed to be independent, within
uncertainty, of the field and nuclei type, which rules out any
potential measurement artifacts in the reported studies. For
diffusion in ZIF-11 crystals loaded with a single sorbate at the
same or similar concentration larger than 0.5 mmol/g, it was
observed that, despite the larger size of ethane than that of
ethylene, the intracrystalline self-diffusivity of ethylene is
smaller than the corresponding self-diffusivity of ethane at the
same temperature. In addition, the activation energy of intra-
ZIF diffusion was found to be larger for ethylene than for
ethane. It was also observed that replacing a fraction of ethane
by ethylene in ZIF-11 crystals leads to a decrease in the ethane
diffusivity. To confirm the observed by PEG NMR anomalous
relationship between the ethane and ethylene diftusivities in
ZIF-11, additional measurements were performed using IR
microscopy and volumetric uptake technique. A good
agreement between the corrected diffusivities obtained by
these two techniques with the self-diffusion data measured by
PFG NMR allowed ruling out measurement artifacts under our
experimental conditions. All of the reported diffusion data
show an anomalous relationship between the sorbate size and
diffusivity, as well as diffusion activation energy in ZIF-11. This
anomalous relationship is tentatively explained by the existence
of a specific interaction between ethylene molecules and the
ZIF-11 framework that slows down the intracrystalline
diffusion of ethylene and also the intracrystalline diffusion of
ethane molecules if the latter molecules are present inside the
crystals. The main effect of such ethylene/framework
interaction can be a reduction in the linker flexibility that
reduces the maximum and/or effective aperture size in ZIF-11.
It is important to note that this work is limited to diffusion
studies, which could not fully uncover the nature of framework
changes in ZIF-11 in the presence of guest molecules causing
the observed diffusion behavior.

Since ZIFs can potentially be used in membrane-based
separations of ethane/ethylene mixtures, it would be
interesting to investigate the diffusion of these gases in ZIF-
11-based membranes. Such studies are currently performed by
the authors of this work and will be reported in the near future.
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