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A B S T R A C T   

Confinement of crystals of metal–organic frameworks (MOFs) in polymers to form MOF/polymer mixed-matrix 
membranes (MMMs) can lead to changes in intra-MOF diffusion. Such changes in intra-MOF diffusion were 
previously demonstrated for light gases, and attributed to a reduction in MOF framework flexibility. However, to 
our knowledge, no direct measurements of intra-MOF diffusion in MMMs and of the related MOF confinement 
effect on diffusion have been reported for organic liquids. In this work, 13C pulsed field gradient (PFG) NMR was 
used to quantify self-diffusion of methanol, ethanol, p-xylene, and o-xylene inside MOF crystals of the type ZIF- 
71, which were dispersed in a Torlon polymer to form MMMs. The intra-ZIF self-diffusivities in the MMMs were 
compared with the corresponding self-diffusivities measured in beds of ZIF-71 crystals. The observed self- 
diffusivity dependencies on diffusion time were explained by crystal boundary effects. The corresponding 
values of intra-ZIF self-diffusivities not perturbed by such effects were found to be the same, within uncertainty, 
in the MMMs and ZIF-71 beds. The observed lack of an influence of the ZIF-71 confinement in Torlon on diffusion 
is explained, and an option to increase diffusion selectivity is discussed.   

1. Introduction 

Mixed-matrix membranes (MMMs), which are composed of porous 
fillers dispersed in a polymer, have emerged as promising materials for 
energy-efficient gas and liquid separations. MMMs have shown superior 
separation performance compared to pure polymeric membranes 
[1–12]. A large number of studies were performed with the focus on 
performance of MMMs prepared with different types of inorganic fillers 
including zeolites [3–5], and carbon molecular sieves (CMS) [6,13,14]. 
More recently, zeolitic imidazolate frameworks (ZIFs) have also been 
used as extremely promising molecular sieve fillers in MMM fabrication 
[7–11,15–18]. ZIFs represent a subclass of metal organic frameworks 
(MOFs) featuring large surface area, permanent porosity, significant 
chemical and thermal stabilities, and adjustable pore apertures in the 
range of about 2–20 Å [19–21]. ZIF/polymer MMMs benefit from 
tunable molecular sieving properties of ZIFs coupled with the ease of 
fabrication and low cost of pure polymeric membranes. In recent years, 
such MMMs were considered also for liquid separations [22–24], in 
addition to more common applications in gas separations. 

Majority of the experimental and simulation studies with ZIF- 
containing MMMs were carried out with ZIFs of the types ZIF-8, ZIF- 

11 and ZIF-90, which were utilized for liquid and/or gas separations 
(see, for example, refs [7–9,22–28]). For reasons discussed below, 
ZIF-71 is another promising candidate for a filler in MMM fabrications, 
especially for sorbate molecules appreciably larger than light gases. 
Until now, only a limited number of transport studies of ZIF-71 based 
MMMs were reported [29–32]. Porous structure of ZIF-71 is formed by a 
coordination of tetrahedral zinc metal ions with dichloromidazole li
gands yielding a RHO topology [20,33]. ZIF-71 has larger nominal pore 
aperture size (4.2 Å [19]) than those of ZIF-11 (3.0 Å [20]), ZIF-8 (3.4 Å 
[19]) and ZIF-90 (3.5 Å [19]). This makes ZIF-71 more attractive for 
molecular sieving of liquid sorbates exhibiting molecular sizes larger 
than those of light gases, such as methane and carbon dioxide. 

It is well known that due to an existence of framework flexibility of 
MOF and ZIF materials, sorbates with molecular sizes larger than the 
nominal pore aperture sizes can gain an ability to diffuse freely in these 
materials (see, for example, refs [34–41]). Moreover, such framework 
flexibility can be tailored (reduced) by confining MOF and ZIF crystals in 
certain polymers to form MMMs [7,15–18,42,43]. In particular, poly
mers with large bulk moduli have demonstrated this confinement effect, 
which reduces the molecular diffusion rates inside MOF and/or ZIF 
crystals. These findings emphasize the importance of quantifying 
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microscale transport inside MMMs in a manner allowing resolving 
transport properties of MOF and/or ZIF crystals confined in polymer 
matrices. We have previously demonstrated the capability of pulsed 
field gradient (PFG) NMR technique in resolving gas diffusion inside the 
polymer phases and/or inside ZIF crystals located in ZIF/polymer 
MMMs [15–18,42]. In particular, in our recent work we utilized PFG 
NMR to study intra-ZIF self-diffusion of ethane and ethylene in 
ZIF-11/polymer MMMs formed with three different polymer types as 
well as in the corresponding loosely packed beds of ZIF-11 crystals. It 
was observed that confinement of ZIF-11 crystals in Torlon polymer can 
lead to a reduction in the intra-ZIF self-diffusivity of the studied gases by 
a factor of about 2, while no such diffusivity reduction was observed for 
the MMMs formed with the other two studied polymer types. The 
observed reduction in the intra-ZIF self-diffusion was explained by 
reduced framework flexibility of confined ZIF-11 crystals in Torlon 
polymer, which exhibits larger bulk modulus than those of the other two 
studied polymers [17,18,42]. Although detailed intra-MOF diffusion 
studies in MMMs have been demonstrated for light gases, such studies 
were not yet reported for any liquids. 

In this work, we demonstrate an ability of high field NMR dif
fusometry to resolve intra-ZIF self-diffusion inside ZIF/polymer MMMs 
for liquid sorbates with molecular sizes significantly larger than those of 
gas molecules previously used in such studies. High field 13C PFG NMR 
was applied to quantify diffusion of methanol, ethanol, para-xylene (p- 
xylene), and ortho-xylene (o-xylene) inside ZIF-71/Torlon MMMs, i.e. 
MMMs formed by dispersing crystals of ZIF-71 in Torlon polymer. These 
sorbates were selected due to their relevance for industrial applications 
and challenges related to high efficiency membrane-based separations of 
ethanol/methanol and p-xylene/o-xylene mixtures. Most of the diffusion 
studies were performed with the MMMs containing ZIF-71 crystals with 
an average crystal sizes of 3 μm (batch A). In addition, the corresponding 
MMMs containing ZIF-71 crystals with an average crystal sizes of 1 μm 
(batch B) were also investigated. An influence of the external crystals 
surface of ZIF-71 crystals confined in MMMs on the intra-ZIF self- 
diffusion was investigated by performing 13C PFG NMR diffusion studies 
for different diffusion times and the corresponding root mean square 
displacements (root MSDs) comparable with and smaller than the 
average crystal sizes. Large magnetic field gradients up to 23 T/m were 
required for such studies because they afford diffusion measurements to 
be performed for relatively small length scales of displacements in the 
sub-micrometer and micrometer ranges. An application of high mag
netic field of 14 or 17.6 T was needed to enable sufficiently large signal- 
to-noise ratios in the measurements of the 13C PFG NMR signal, which 
suffers from a much lower sensitivity of 13C detection in comparison to 
that of protons. 1H PFG NMR measurements could not be used due to 
low 1H T2 NMR relaxation times of the liquid sorbates in the studied ZIF 
material. The intra-ZIF self-diffusion data obtained for the MMMs were 
compared with those measured for beds of batch A crystals. Further
more, we also report methanol/ethanol and p-xylene/o-xylene intra-ZIF 
self-diffusion selectivities for the MMMs and crystal beds, i.e. the ratios 
of the intra-ZIF self-diffusivities, which are not perturbed by any diffu
sion restriction effects at the external crystal surface. Due to a complex 
nature of diffusion in MOF/polymer MMMs, the reported results are 
expected to be beneficial for future design and optimization of such 
MMMs for liquid separations. 

2. Experimental 

2.1. ZIF-71 synthesis 

2.1.1. Small crystal (batch B) synthesis 
Small ZIF-71 crystals (average crystal size of 1 μm) were synthesized 

following a procedure reported previously [44]. Briefly, separate solu
tions of 0.5852 g zinc acetate dihydrate (2.64 mmol) and 1.4608 g 4, 
5-dichloroimidazole (10.68 mmol) in 100 mL methanol were pre
pared. The solutions were sonicated in a sonic bath until complete 

dissolution. The solutions were combined in a round bottom flask and 
allowed to sit undisturbed for 24 h. Precipitated solids (viz. ZIF-71 
crystals) were isolated by centrifuge. The crystals were soaked in chlo
roform for three days, replacing with fresh chloroform each day. The 
crystals were isolated by centrifuge and dried under vacuum at 353 K 
overnight. The crystal size distribution and a representative SEM image 
for batch B are shown in Figs. S1 and S2, respectively. 

2.1.2. Large crystal (batch A) synthesis 
Large ZIF-71 crystals (average crystal size of 3 μm) were synthesized 

by adding a modulator to the small crystal synthesis. A solution of 
0.5852 g zinc acetate dihydrate in 100 mL methanol was prepared. 
Separate solutions of 1.4608 g 4,5-dichloroimidazole and 0.5816 g 
imidazole (8.54 mmol) in 50 mL methanol were prepared. All solutions 
were sonicated until complete solvation. The 4,5-dichloroimidazole and 
imidazole solutions were combined and then mixed with the zinc solu
tion. The mixture was allowed to sit undisturbed for 48 h. Crystals were 
isolated by centrifuge and washed with dimethylformamide (DMF) for 
three days, replacing with fresh DMF each day. Crystals were then 
washed with methanol for three days, replacing with fresh methanol 
each day. Crystals were dried at 353 K overnight. The crystal size dis
tribution and a representative SEM image for batch A are shown in 
Figs. S1 and S2, respectively. 

2.2. ZIF-71/Torlon mixed-matrix membrane fabrication 

ZIF-71/Torlon MMMs were prepared by the blade casting method. 
ZIF-71 crystals and Torlon were dried under vacuum at 373 K overnight. 
0.7 g ZIF-71 and 0.3 g Torlon were dispersed in 2.5 g N-methyl-2-pyr
rolidone (NMP). The dope was mixed on a rolling mixer under a heat 
lamp at a temperature of approximately 333 K overnight. A clean glass 
plate was heated to 323 K. The dope was cast on the heated plate and 
allowed to dry overnight. The film was solvent exchanged with meth
anol for three days, replacing with fresh methanol each day. The film 
was then dried at 373 K under vacuum overnight. Fig. S3 shows repre
sentative SEM images of the MMMs. 

2.3. Powder X-ray diffraction measurements 

Powder X-ray diffraction measurements were performed with PAN
alytical X’Pert PRO Alpha-1 at 40 kV and 40 mA with Cu-Kα radiation of 
1.54184 Å over a 2θ range of 2◦–30◦. Samples were mounted onto a 
silicon zero background holder. The step size was 0.008356 and the scan 
time was 40.005 s/step. Spectra are presented in Fig. S4, along with a 
predicted spectrum from the Cambridge Crystallographic Data Centre, 
Database Identifier GITVIP, and generated with the crystallographic 
software Mercury. Peak placement in batch B matches closely with the 
predicted spectrum. The spectrum of batch A presents a slight shift to the 
right from the predicted spectrum. This shift, however, is very minor, 
and the spectrum appears to be in otherwise good agreement with the 
predicted one. Hence, we conclude that both batches A and B correspond 
to ZIF-71. 

2.4. NMR samples preparation 

NMR samples with MMMs were prepared by placing tightly packed 
strips of ZIF-71/Torlon MMM into 5 mm thin wall NMR tubes (Wilmad 
Labglass, Inc.) to reach a height in the tubes of about 30 ± 5 mm. In these 
samples, the membrane external surface was perpendicular to the radial 
direction of the tubes. Similarly, NMR samples with ZIF-71 crystal beds 
were prepared by placing ZIF-71 crystals into the same type of NMR 
tubes to obtain loosely packed beds of ZIF-71 crystals with a height of 
about 20 ± 5 mm. Using a custom-made vacuum system, samples were 
activated at 373 K for 10 h under high vacuum to become sorbate free. 
Following activation, the samples were left under high vacuum without 
heating until they cool down to an ambient temperature of around 298 
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K. Once the ambient temperature was reached, the samples were loaded 
with a one component liquid sorbate. The sorbates selected for this work 
were 13C-labeled methanol (Sigma-Aldrich), 13C2-labeled ethanol 
(Sigma-Aldrich), 13C2-labeled p-xylene (Sigma-Aldrich) and 13C2- 
labeled o-xylene (Sigma-Aldrich). All the liquid sorbates consisted of a 
99% isotopic purity. In all cases, a sufficient amount of sorbate was 
cryogenically transferred from the vapor phase of the calibrated volume 
of the vacuum system to achieve sorption equilibrium of the MMMs or 
ZIF-71 beds with the sorbate at the saturation vapor pressure at ambient 
temperature (~298 K). After sorbate loading, the sample tubes con
taining porous materials and liquid sorbates were flame sealed. The 
desired sorption equilibrium conditions were ensured by transferring 
enough liquid into each sample tube so that a small amount of liquid 
sorbate was still present in the tube even after several days of equili
bration at 298 K, as well as after equilibration at other temperatures 
used in our NMR measurements. It is important to note that as a result of 
the loading and equilibration procedure discussed above, the intra-ZIF 
sorbate concentrations in the MMM and the corresponding ZIF-71 bed 
samples should be the same for each particular sorbate and temperature 
used because this concentration corresponds to the sorption equilibrium 
conditions at saturation vapor pressure in the surrounding gas phase. 

An area under a 13C NMR spectrum of sorbate molecules (i.e. NMR 
signal intensity), which is proportional to the number of sorbate mole
cules in a sample, was used to estimate the sorbate amount in this 
sample. The proportionality factor between the amount of sorbate and 
the corresponding NMR signal intensity was obtained from measure
ments of a reference sample containing only a known amount of the 
respective bulk liquid sorbate where no porous material was present. 
This approach was also used in our previous work [17,18,45]. To esti
mate the intra-ZIF concentration for each studied sorbate under our 
experimental conditions, we used an expected difference between the 
13C T2 NMR relaxation time of sorbate molecules located inside ZIF-71 
crystals and that for the liquid sorbate outside the crystals in the 
ZIF-71 bed samples. Our 13C T2 NMR relaxation measurements allowed 
obtaining these T2 NMR relaxation times and the related sorbate frac
tions, as discussed below and in supplementary materials section. 
Multiplying the fraction of the intra-ZIF component with the total sor
bate amount in a bed sample we estimated the intra-ZIF sorbate con
centration in the sample. These concentration estimates at 296 K are 
given in Table 1 for all studied sorbates. Based on our NMR data and 
sample preparation procedure, the corresponding intra-ZIF concentra
tion in the studied MMMs should be the same as those in the beds, within 
uncertainty. 

2.5. NMR measurements 

13C NMR measurements were carried out using a 51 mm/14 T 
Avance III spectrometer (Bruker Biospin) and an 89 mm/17.6 T Avance 
III HD spectrometer (Bruker Biospin) operating at 13C resonance fre
quencies of 149.8 MHz and 188.6 MHz, respectively. Most of the 
diffusion data were obtained at 14 T, and only selected measurements 
were performed under the same or similar experimental conditions at 
17.6 T to verify the data measured at 14 T. The observed coincidence of 
the data measured with the same samples at 14 T and 17.6 T confirmed 

the absence of any measurement artifacts, including possible effects of 
magnetic susceptibility, as discussed below. 13C PFG NMR was used for 
diffusion measurements to take advantage of larger T2 NMR relaxation 
times of 13C nuclei than 1H nuclei of guest molecules confined in 
microporous solids. For methanol, p-xylene, and o-xylene, the 13C NMR 
spectrum consists of a single line with the chemical shifts of around 50, 
21, and 20 ppm, respectively. For ethanol, the 13C NMR spectrum ex
hibits two lines with chemical shifts of around 58 and 19 ppm. An NMR 
reference standard of 40% 1,4-dioxane in benzene-d6 (Sigma-Aldrich) 
was used as a reference for the 13C NMR chemical shift determination. 

Sine-shaped magnetic field gradient pulses with strengths up to 18 T/ 
m and 23 T/m were generated, respectively, using diff30 diffusion probe 
(Bruker Biospin) at 14 T and diff50 diffusion probe (Bruker Biospin) at 
17.6 T. Magnetic field gradient durations were between 0.5 ms and 2 ms. 
A total time needed to measure a single intra-ZIF self-diffusivity by 13C 
PFG NMR varied between 1 and 7 h with the total number of scans 
ranging from 64 to 256. The repetition delays were chosen to be between 
3 and 16 s. They were at least 1.5 times greater than the corresponding 
T1 relaxation times. Before any measurements, samples were kept inside 
the magnet for at least 1 h at a chosen measurement temperature to 
ensure sorption equilibrium. During the measurements, selected PFG 
NMR experiments were repeated after waiting times of at least several 
hours at the same temperature to ensure that the measurement results 
remain the same, thus indicating no changes in the samples, including 
no changes in the intra-ZIF sorbate concentration. 

Diffusion experiments were carried out using the 13-interval and, in 
a few cases, stimulated echo PFG NMR pulse sequences with sine-shaped 
magnetic field gradients and a longitudinal eddy current delay [46,47]. 
The magnetic field gradient induced attenuation of the PFG NMR signal 
(Ψ), which is determined by the normalized PFG NMR signal intensity 
(S) measured as a function of the gradient amplitude (g), was used to 
obtain self-diffusion coefficients (D). PFG NMR signal attenuation for 
one molecular ensemble diffusing with a single self-diffusivity D can be 
presented as [46,48–52]. 

Ψ =
S(g)

S(g ≈ 0)
= exp

(

−
< r2(t) > q2

6

)

= exp
(
− Dtq2) (1)  

where < r2 > is the MSD, q = γgδ, γ is the gyromagnetic ratio, δ is the 
normalized magnetic field gradient durations, and t is the diffusion time 
defined in refs. [46,52,53]. For three-dimensional diffusion, MSD can be 
written using Einstein relation as [48]. 

< r2 (t) >= 6Dt. (2) 

In the case of two molecular ensembles diffusing with different self- 
diffusivities, the relation for the PFG NMR signal attenuation, Eq. (1), 
can be re-written as [48–50]. 

Ψ =
S(g)

S(g ≈ 0)
=

∑2

i=1
piexp

(
− Diq2t

)
(3)  

where pi is a population fraction (i.e. fraction of the PFG NMR signal) 
and Di is the corresponding self-diffusivity of ensemble i. The experi
mental error in self-diffusivities was determined by consideration of the 
following factors: reproducibility of the diffusion data measured at 
magnetic fields of 14 T and 17.6 T under identical measurement con
ditions with the same NMR samples, and reproducibility of the diffusion 
data measured with different NMR samples prepared in the identical 
way. 

Longitudinal (T1) and transverse (T2) NMR relaxation times of the 
sorbates in the studied samples were estimated using standard inversion 
recovery and standard Carr-Purcell-Meiboom-Gill (CPMG) pulse se
quences, respectively. In CPMG pulse sequence, tau was chosen to be 
100 μs. Inversion recovery measurements yielded relaxation data, which 
indicate an existence of a single T1 NMR relaxation time for all sorbate 
molecules in each studied sample. Tables S1 and S2 show results of the 

Table 1 
Intra-ZIF sorbate loadings of methanol, ethanol, p-xylene and o- 
xylene in ZIF-71 crystal bed samples obtained by NMR signal 
analysis at 296 K.  

Sorbate Sorbate loading (mmol/g)a 

Methanol 10.8 
Ethanol 6.7 
P-xylene 1.2 
O-xylene 1.1  

a 20–30% experimental uncertainty. 
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T1 NMR relaxation time measurements. CPMG data were found to be 
consistent with the existence of two ensembles of sorbate molecules with 
different T2 NMR relaxation times in each studied sample. A bi- 
exponential fit of the CPMG data allowed obtaining molecular frac
tions for each ensemble, in addition to the relaxation times. Two en
sembles observed for each sample were attributed to sorbate molecules 
outside of ZIF-71 crystals and/or MMM samples (ensemble 1) and those 
inside ZIF-71 crystals (ensemble 2). For the MMM samples, no additional 
T2 ensemble corresponding to sorbate molecules in the polymer phase of 
MMMs was observed. The lack of observation of such an ensemble is 
consistent with the previous measurements of gas molecules in Torlon- 
based MMMs [17,18,42], and can be explained by very small fraction 
and T2 NMR relaxation time of such ensemble in comparison with those 
of the other two ensembles (see supplementary materials section for 
more details). Results of the T2 NMR relaxation time measurements are 

shown in Tables S1 and S2. 

3. Results and discussion 

3.1. Measured PFG NMR attenuation curves 

Figs. 1 and 2 present examples of 13C PFG NMR attenuation curves 
for sorbate diffusion in ZIF-71 crystal beds and ZIF-71/Torlon MMMs, 
respectively. These data were measured at 14 T for methanol and 
ethanol diffusion at 253 K and for p-xylene and o-xylene diffusion at 273 
K. Additional examples of measured 13C PFG NMR attenuation curves 
for methanol, ethanol, p-xylene and o-xylene diffusion in ZIF-71 crystal 
beds and ZIF-71/Torlon MMMs at different temperatures are presented 
in supplementary materials (Figs. S5–S9). In addition to the MMMs 
formed with 3 μm ZIF-71 crystals (batch A), the corresponding MMMs 

Fig. 1. 13C PFG NMR attenuation curves measured with the samples of beds of ZIF-71 crystals (batch A) loaded with methanol (A), ethanol (B), p-xylene (C), and o- 
xylene (D,E). The measurements were performed using the 13-interval PFG NMR pulse sequence at 14 T for different diffusion times and at different temperatures 
shown in the figure. The solid lines show the results of least-square fitting using Eq. (3). Data shown in E correspond to more o-xylene in the sample tube than that 
shown in D. Here and later the size of points in the PFG NMR attenuation plots indicates the experimental uncertainty. 
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prepared with 1 μm ZIF-71 crystals (batch B) were also used in our 
diffusion studies (Fig. S10). Although 13C PFG NMR measurements of 
the MMM samples with batch B were possible, such measurements with 
crystal beds of batch B were prevented by low signal-to-noise ratios of 
the 13C PFG NMR signal. The low signal-to-noise ratios are the conse
quence of small T2 NMR relaxation times of sorbate molecules in the 
batch B bed samples (Table S1). These small T2 NMR relaxation times 
are attributed to an enhanced influence of the magnetic susceptibility 
effects, which are expected to be larger for smaller crystals. In contrast to 
the crystal beds, in MMMs ZIF-71 crystals are surrounded by a polymer 
phase with the magnetic susceptibility not very different from that of the 
ZIF material. 

Although most of the diffusion measurements were performed at 14 
T, some complementary 13C PFG NMR measurements were carried out at 
a larger field of 17.6 T to rule out any measurement artifacts and to 
confirm the estimated experimental uncertainty of the reported diffu
sion data. The observed agreement, within uncertainty, between the 
data at 17.6 T and 14 T in Figs. S5, S8, S9 that were measured under the 
same or similar experimental conditions using the same samples con
firms the validity and reliability of the reported diffusion measurements. 

It is seen in Figs. 1, 2, S5-S10 that the majority of the 13C PFG NMR 
attenuation curves measured for methanol, ethanol, p-xylene and o- 
xylene diffusion in ZIF-71 crystal beds and ZIF-71/Torlon MMMs deviate 
from the monoexponential behavior corresponding to a single self- 
diffusivity for all sorbate molecules in a sample (Eq. (1)). The attenua
tion curves show a rapid decay at small q2t values continued by a slower 
decay at larger q2t values. This is a signature of the presence of at least 
two molecular ensembles of the same sorbate diffusing with different 
diffusivities in the studied samples. Indeed, it was observed that the 
measured non-monoexponential PFG NMR attenuation curves can be 

described by Eq. (3) assuming the existence of two molecular ensembles. 
The best fit curves using this equation are shown in the figures with the 
attenuation data, and the best fit parameters are presented in 
Tables S3–S6. The faster diffusing ensemble, i.e. ensemble 1, is attrib
uted to the sorbate diffusion mostly outside of ZIF-71 crystals (for the 
crystals bed samples) or outside of the MMMs (for the MMM samples). 
The slower diffusing ensemble is assigned to the diffusion inside ZIF-71 
crystals. This ensemble will be referred to as intra-ZIF ensemble or 
ensemble 2. It is important to note that no PFG NMR signal was observed 
from sorbate diffusion in the polymer phase of the MMMs. The lack of 
this signal is explained by small fractions of the intra-polymer ensemble 
of sorbate molecules in combination with the expectation of small 13C T2 
NMR relaxation times of this ensemble. It was verified that no 13C PFG 
NMR signal of the studied sorbate molecules can be observed for the 
intra-polymer phase in the samples prepared with pure Torlon films (no 
ZIF crystals added) under the identical or similar experimental condi
tions as those used for the MMM measurements. This result is fully ex
pected in view of our previously reported data showing that no intra- 
polymer 13C PFG NMR signal can be observed even for small gas mol
ecules in the same polymer type [17,18,42]. 

In contrast to the samples with ZIF-71 beds and MMMs, 13C PFG 
NMR attenuation curves measured at 14 T for reference samples of the 
bulk liquid sorbates (methanol, ethanol, p-xylene and o-xylene) without 
any porous material or polymer present show the monoexponential 
behavior (Eq. (1)) yielding a single, diffusion time independent diffu
sivity for each liquid (Fig. S11 and Table S7). These diffusivities are 
assigned to bulk liquid self-diffusivities. 

Fig. 2. 13C PFG NMR attenuation curves measured in ZIF-71/Torlon MMM samples for the self-diffusion of methanol (A), ethanol (B), p-xylene (C), and o-xylene (D) 
for different diffusion times and at different temperatures shown in the figure. The measurements were performed using the 13-interval PFG NMR pulse sequence at 
14 T (filled symbols). Also shown for comparison are the results of additional 13C PFG NMR measurements for ethanol (B) that were performed using the stimulated 
echo PFG NMR pulse sequence at 14 T (empty symbols). The solid lines show the results of least-square fitting using Eq. (3). The data correspond to ZIF-71/Torlon 
MMMs containing ZIF-71 crystals with the average crystal size of 3 μm (batch A). 
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3.2. Influence of ZIF crystal boundaries on the diffusion data 

For ZIF-71 crystal beds it was observed that the fraction of intra-ZIF 
ensemble decreases as the diffusion time increases (Tables S3 and S4). 
Such fraction decrease can be explained by sorbate molecules leaving 
ZIF-71 crystals when these molecules reach the crystal boundaries, a 
behavior well-known from PFG NMR studies of zeolite beds [48,54] and 
more recent studies of ZIF and MOF beds [15,16,36,39]. Consequently, 
the fraction of ensemble 1 in the bed samples increases with diffusion 
time. This happens because with increasing time more and more sorbate 
molecules get a chance to escape ZIF-71 crystals and diffuse in the spaces 
between the crystals with a much higher diffusivity than that inside the 
crystals. 

It was observed that the values of root MSDs calculated for intra-ZIF 
ensembles using Eq. (2) are similar to the average size of ZIF-71 crystals 
(Tables S3 and S4). This observation is consistent with the discussed 
above molecular exchange between the crystals and their surroundings 
in the bed samples under our experimental conditions. At sufficiently 
large diffusion times, when a significant fraction of molecules diffusing 
inside ZIF-71 crystals can reach the external crystal surface, the self- 
diffusivity of the intra-ZIF ensemble is expected to decrease with 
increasing root MSD and diffusion time [15–18,34,35,48]. This can 
happen due to reflections of diffusing molecules back into the crystals at 
the external crystal surface. It can also happen because “faster” mole
cules with larger displacements leave the crystals through the external 
crystal surface as they reach this surface. As a result, the remaining 
molecules would exhibit smaller diffusivity because the “faster” mole
cules that left the crystals could no longer contribute to the intra-ZIF 
ensemble. Such decrease in the self-diffusivity of the intra-ZIF 
ensemble with increasing root MSD and diffusion time was indeed 
observed for the bed samples (Figs. 3 and 4 and Tables S3 and S4) and it 

will be discussed in more detail later. 
For ZIF-71/Torlon MMMs the observed change in the fractions of 

ensemble 1 with increasing diffusion time was much slower than that in 
the bed samples, or even non-existent, within uncertainty (Tables S5 and 
S6). This is attributed to the following two reasons. Firstly, at any 
particular time the fraction of sorbate molecules outside of MMMs in the 
MMM samples was significantly bigger than that outside of ZIF-71 
crystals in the bed samples. Secondly, sorbate molecules that diffuse 
away from ZIF-71 crystals located in MMMs do not start contributing 
appreciably to ensemble 1 because they are expected to become 
“invisible” for PFG NMR as they cross over to the polymer phase. This is 
expected because of short 13C T2 NMR relaxation inside the polymer. For 
the same reasons as discussed above for ZIF-71 bed samples, the intra- 
ZIF self-diffusivity in the MMM samples is expected to decrease with 
increasing root MSD and diffusion time as more and more sorbate 
molecules reach the external crystal surface. Such decrease was indeed 
observed (Figs. 3 and 4 and Tables S5 and S6). It can be seen in Fig. 3 
that the dependencies of the intra-ZIF self-diffusivity on root MSD for the 
MMMs with smaller batch B crystals is much stronger than those for the 
MMMs with large batch A crystals. Such difference is expected because 
for the same root MSD a larger fraction of sorbate molecules diffusing 
inside ZIF-71 crystals is expected to encounter the external crystal sur
face in the MMMs with smaller than with larger crystal sizes. 

For ZIF-71/Torlon MMMs, a larger amount of liquid sorbate per unit 
mass of ZIF-71 crystals was added compared to ZIF-71 crystal beds to 
compensate for a possible long-time sorbate adsorption by Torlon. This 
resulted in larger fractions of ensemble 1 in ZIF-71/Torlon MMMs 
compared to ZIF-71 crystal beds (Figs. 1, 2, S7, S8, S9). Clearly, the 
condition of the sorption equilibration with a saturation vapor pressure 
of a sorbate is expected to be fulfilled for any non-zero amount of the 
sorbate in the liquid bulk phase of a sealed NMR sample. Nevertheless, 

Fig. 3. Self-diffusivities of methanol (A), ethanol (B), p-xylene (C,D) and o-xylene (C,D) plotted as a function of root MSD for ZIF-71 crystal beds (hollow symbols) 
and ZIF-71/Torlon MMMs (filled symbols) at different temperatures shown in the figure. The data were measured for the samples containing ZIF-71 crystals with the 
average crystal size of 3 μm (batch A) by the 13-interval PFG NMR sequence at 14 T, unless indicated otherwise in the figure. In some cases, two identically prepared 
(but different) PFG NMR samples of ZIF-71 crystal beds were measured under the same experimental conditions. 
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we verified that a significant increase in the fraction of ensemble 1 does 
not change the intra-ZIF diffusion data in the studied bed samples. In 
particular, an additional sample of ZIF-71 crystal bed was prepared with 
a significantly larger amount of o-xylene in a sealed NMR sample in 
comparison to the originally prepared sample. This additional sample 
was measured under the same experimental conditions as the ZIF-71 
crystal bed prepared with the originally used lower total amount of o- 
xylene. As expected, within uncertainty, no difference was observed 
between the intra-ZIF self-diffusivities measured for any particular 
diffusion time in the two samples with different total amounts of o- 
xylene (Figs. 1D, 1E, S8B, S8C, and Table S4). 

The measured dependencies of the intra-ZIF self-diffusion co
efficients on diffusion time in the ZIF-71 bed and MMM samples can be 
used to obtain the intra-ZIF self-diffusivities (D0), which are not per
turbed by the discussed above effects at the external crystal surface. This 
can be done by using the equation proposed by Mitra et al. for self- 
diffusion inside porous spherical particles or crystals with radius (R) 
[55,56]. 

D(t)
D0

≈ 1 −
f

3R

(
D0t
π

)0.5

. (4) 

This equation is valid for both types of the influence of the external 
crystal surface discussed above, i.e. for the cases of (i) adsorbing 
boundaries when molecules leave the crystals upon encountering the 
external crystal surface (f = 2), and (ii) reflecting boundaries when 
molecules are reflected back into the crystals from the external crystal 
surface (f = 4). Eq. (4) was used to fit the measured dependencies of the 
intra-ZIF self-diffusivities on diffusion time (D(t)) to obtain the values of 
D0 for each studied sample, as discussed below. However, owing to the 
broad distributions over crystal sizes in both studied batches of ZIF-71 

crystals (Fig. S1), and the related uncertainty in the values of f, it was 
not possible to analyze the type of influence of the external surface on 
the intra-ZIF self-diffusion using Eq. (4). 

Figs. 4–5 and S12 present the intra-ZIF self-diffusivities plotted as a 
function of square root of the diffusion time for the samples of ZIF-71 
crystal beds and ZIF-71/Torlon MMMs. The straight and dotted lines 
in the figures show the least square fits using Eq. (4) for the MMM and 
bed samples, respectively. The intercepts of the lines with the vertical 
axes yield the values of D0, viz. intra-ZIF self-diffusivities not influenced 
by any effects at the crystal boundaries. Table 2 summarizes the values 
of D0, while Table 3 shows the ratios of these values obtained for each 
sorbate pair (methanol/ethanol or p-xylene/o-xylene) under the same 
conditions in the ZIF-71 crystal beds and in the corresponding ZIF-71/ 
Torlon MMMs. 

3.3. Comparison of intra- ZIF self-diffusivities in MMMs and crystal beds 

It can be seen in Table 2 and Figs. 4 and S12 that for the same sorbate 
and under the same measurement conditions there is an agreement, 
within uncertainty, between the values of D0 for the bed and MMM 
samples prepared with large (batch A) ZIF-71 crystals. The data in 
Table 2 and Fig. 5 indicate that although the D0 values in the MMMs with 
large (batch A) ZIF-71 crystals show a tendency to be slightly larger than 
the corresponding diffusivities in the MMMs with small (batch B) ZIF-71 
crystals, the observed difference is within the experimental uncertainty 
in all cases. Hence, we can conclude that the confinement of ZIF-71 
crystals in Torlon to form ZIF-71/Torlon MMMs did not lead to any 
appreciable differences in the values of D0. It is important to note that 
the confinement of ZIF-11 crystals in the same polymer type was shown 
to lead to a reduction in the intra-ZIF self-diffusivity of gas molecules, 

Fig. 4. Self-diffusivities of methanol (A), ethanol (B), p-xylene (C), and o-xylene (D) plotted as a function of t0.5 for ZIF-71 crystal beds (empty symbols) and ZIF-71/ 
Torlon MMM (filled symbols) samples for different temperatures of diffusion measurements shown in the figure. The dotted and solid lines show the results of least- 
square fitting using Eq. (4) for the bed and MMM data, respectively. The data were measured for the samples containing ZIF-71 crystals with the average crystal size 
of 3 μm (batch A) by the 13-interval PFG NMR sequence at 14 T, unless indicated otherwise. In some cases, two identically prepared (but different) PFG NMR samples 
of ZIF-71 crystal beds were measured under the same experimental conditions. 
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but only at the gas loadings inside ZIF-11 crystals significantly lower 
than the maximum loadings [17,18]. In the limit of large gas loadings 
there was no such self-diffusivity reduction. The diffusivity decrease 
observed at the low gas loadings was attributed to a reduction in the 
framework flexibility of ZIF-11 crystals due to the crystal confinement in 
Torlon. It is important to note that there is a significant evidence in the 
literature on the possibility of ZIF and MOF framework flexibility 
reduction caused by polymer confinement [7,15–18,42,43,57]. The 
previously reported absence of the influence of the confinement in 
Torlon on intra-ZIF gas self-diffusivity at large gas loadings was 
explained by possible polymer plasticization and/or crowding of sorbate 
molecules in ZIF crystals that reduces the ZIF framework flexibility even 
without any confinement in the polymer [17,18,42]. Owing to the fact 
that the current study was performed in the limit of large sorbate 
loadings corresponding to the sorption equilibrium with the sorbates at 

the saturation vapor pressure, it is not surprising that no noticeable 
difference between the rates of intra-ZIF self-diffusion in unconfined and 
polymer-confined ZIF crystals was observed. To explore the confinement 
effect further, our future studies with liquid sorbates will focus on 
MMMs with crosslinked polymers, which are less likely to exhibit plas
ticization effects, and/or with sorbates at lower loadings. 

It is important to note that the reported intra-ZIF diffusion data show 
diffusion selectivity for the studied methanol/ethanol and p-xylene/o- 
xylene sorbate pairs. It can be seen in Tables 2 and 3 that for both the ZIF 
bed and MMM samples the D0 values for methanol (~ 3.6 Å [58]) are 
larger by a factor of about 4–5 than those for ethanol (~ 4.5 Å [58]) 
under the same or similar experimental conditions. Similarly, these 
Tables show that the D0 values for p-xylene (5.8 Å [58]) are larger than 
those for o-xylene (6.8 Å [58]) by a factor of about 2–4, depending on 
the temperature and measurement conditions. The diffusion selectivity 
(viz. ratio of the intra-ZIF self-diffusivities for different sorbates) is 
mostly based on molecular sieving due to passages through ZIF-71 ap
ertures with a nominal size of 4.2 Å [19]. This size is smaller than that of 
some of the sorbate molecules used in this study. Clearly, framework 
flexibility of ZIF-71 leads to larger effective aperture sizes that play a 
significant role in the molecular sieving process. We expect the diffusion 
selectivities to become larger if ZIF-71 framework flexibility is reduced 
by the polymer confinement, as discussed above. 

4. Conclusion 

13C PFG NMR at 14 T was utilized to measure self-diffusivities of 
methanol, ethanol, p-xylene and o-xylene inside ZIF-71 crystals that 
were either confined in Torlon polymer and served as a filler in ZIF-71/ 
Torlon MMMs or were loosely packed to form crystal beds without any 
confinement. Selected 13C PFG NMR measurements were also performed 
at a larger field of 17.6 T. The observed coincidence of the data 
measured with the same samples at different magnetic field strengths 
and otherwise the same conditions was used to rule out any possible 
measurement artifacts. The intra-ZIF self-diffusivities in ZIF-71/Torlon 
MMMs and in the corresponding ZIF-71 beds were found to decrease 
with increasing diffusion time and the corresponding root MSD. The 
observed diffusivity dependencies were attributed to an influence of the 
external crystal surface on trajectories of the diffusing molecules, which 
reach this surface. The quantitative analysis of the diffusion time 
dependent self-diffusivities resulted in the intra-ZIF self-diffusivities 
(D0) that were not perturbed by the influence of the external crystal 
surface. For each studied sorbate, no difference, within the experimental 
error, was observed between the values of D0 measured under the same 
or similar conditions in ZIF-71/Torlon MMMs and in the corresponding 
ZIF-71 beds. This result shows that there is no influence of confinement 
of ZIF-71 crystals in Torlon polymer on the intra-ZIF self-diffusion for 
the studied liquids. The absence of such influence was discussed in the 
context of the previously published data showing the effect of the ZIF 
confinement in Torlon on intra-ZIF self-diffusivities of gas molecules at 
gas loadings well below the saturation loadings in ZIF crystals. For the 
studied liquids, the lack of an effect of confinement of ZIF-71 crystals in 
Torlon polymer on D0 was attributed to molecular crowding and/or 
Torlon plasticization, which are possible at high loadings of liquid 
sorbates. 

To our knowledge, this work represents the first study demonstrating 
direct measurement of self-diffusion and self-diffusion selectivity of 
liquid sorbates inside MOF crystals located in polymer-based MMMs. 
Direct access to diffusion data for liquids inside MOF crystals in MMMs is 
required for knowledge-based design of such MMMs for liquid separa
tions, which can be influenced by diffusion changes due to crystal 
boundary effects and/or reduction in the framework flexibility of MOF 
crystals. 

Table 2 
Intra-ZIF self-diffusivities in the limit of small diffusion times (D0) at 253 K, 273 
K and 296 K obtained by fitting the PFG NMR data with Eq. (4) for ZIF-71 crystal 
beds and ZIF-71/Torlon MMMs.  

Sample T 
(K) 

Average crystal size of 
ZIF-71 (μm) 

D0 (10–10 

m2/s) 

ZIF-71 loaded with methanol 253 3 0.30 ± 0.08 
ZIF-71 loaded with ethanol 253 3 0.056 ±

0.014 
ZIF-71 loaded with p-xylene 273 3 0.079 ±

0.020 
ZIF-71 loaded with o-xylene 273 3 0.031 ±

0.007 
ZIF-71 loaded with p-xylene 296 3 0.25 ± 0.06 
ZIF-71 loaded with o-xylene 296 3 0.064 ±

0.016 
ZIF-71/Torlon MMM loaded 

with methanol 
253 3 0.22 ± 0.06 

ZIF-71/Torlon MMM loaded 
with methanol 

253 1 0.18 ± 0.05 

ZIF-71/Torlon MMM loaded 
with ethanol 

253 3 0.046 ±
0.013 

ZIF-71/Torlon MMM loaded 
with ethanol 

253 1 0.035 ±
0.009 

ZIF-71/Torlon MMM loaded 
with p-xylene 

273 3 0.070 ±
0.018 

ZIF-71/Torlon MMM loaded 
with p-xylene 

273 1 0.055 ±
0.014 

ZIF-71/Torlon MMM loaded 
with o-xylene 

273 3 0.033 ±
0.008 

ZIF-71/Torlon MMM loaded 
with p-xylene 

296 3 0.19 ± 0.05 

ZIF-71/Torlon MMM loaded 
with o-xylene 

296 3 0.067 ±
0.018  

Table 3 
Diffusion selectivities, i.e. the ratios of the intra-ZIF self-diffusivities in the limit 
of small diffusion times (D0) for ZIF-71 crystal beds and ZIF-71/Torlon MMMs. 
The data correspond to ZIF-71 crystals with average crystal size of 3 μm (batch 
A), unless indicated otherwise.  

sorbate 1/ 
sorbate 2 

T 
(K) 

Ratios of D0 values for 
ZIF-71 bedsb (D0, sorbate 1/ 
D0, sorbate 2) 

Ratios of D0 values for ZIF- 
71/Torlon MMMsb (D0, sorbate 

1/D0, sorbate 2) 

Methanol/ 
ethanol 

253 5.4 4.8 

Methanol/ 
ethanol 

253 – 4.3a 

p-xylene/o- 
xylene 

273 2.6 2.1 

p-xylene/o- 
xylene 

296 3.9 2.8  

a ZIF-71/Torlon MMM containing ZIF-71 crystals with the average crystal size 
of 1 μm (batch B). 

b 35% experimental uncertainty. 
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