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An effective separation of propylene/propane mixtures is one of the most important processes in the petrochemical industry. Incidentally
this separation is challenging due to the extensive similarities between both gases in terms of physicochemical properties such as, but
not only limited to, boiling point, kinetic diameter and molecular weight. A drive to switch to energy efficient processes, like adsorption
or membrane separation, has highlighted several microporous metal organic frameworks as promising materials. In this work, we present
a combined numerical and experimental investigation on propane and propylene adsorption in Zr-fumarate-MOF (also known as MOF-801),
a small pore isoreticular analogue of UiO-66. Here, we demonstrate how the presence of structural defects can completely change the
sorptive properties and separation performance of the Zr-fumarate-MOF, with the loss of sieving effects and a reversal of selectivity towards
propane, as well as enhanced capacity and diffusion rates for C3-sized hydrocarbons. Extensive GCMC simulations performed on mixed
defective supercells show that a ratio of missing cluster defects of around 1/8" can best account for the experimental results. Furthermore,
analysis of low-frequency phonon spectra is used to explain gaseous diffusion in the original pristine material. Finally, the thermodynamic
preference for propane over propylene is confirmed through column breakthrough experiments, suggesting the potential applicability of the

Zr-fumarate-MOF in this challenging separation.
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1. Introduction

One of the most challenging large-scale separations is that of
propane/propylene mixtures, a common by-product in con-
ventional olefin or fluid catalytic cracking plants, or as the
main output of targeted propylene synthesis, such as propane
dehydrogenation. With the abundance of natural propane
from shale gas in recent years, and the increasing global de-
mand for propylene the latter is becoming more industrially
attractive'!. The current standard practice for this separa-
tion is cryogenic distillation, an energetically intensive process,
requiring compression of the gas mixture and low tempera-
tures?. Furthermore, owing to the similar physical properties
of propane and propylene (boiling points, vapour pressure,
etc.), commonly employed distillation columns require a large
number of stages and reflux ratios, increasing the overall energy
cost. Consequently, the development of alternative separation
avenues is crucial for reducing the production cost of this
industry relevant olefin.

A promising alternative can be found in the use of porous
materials to perform the separation through adsorptive means,
either based on the thermodynamics or kinetics of physisorp-
tion, or otherwise through molecular sieving®. The shift to
such methods is particularly attractive due to the relatively
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low energy cost of adsorbed phase recovery when compared
to current practices4. Performance of said processes greatly
depends on the properties of the adsorbent materials, as well
as the capability for proper and controlled structuring of these
sorbents into beads, columns or membranes. To date, consider-
able studies have been reported on the matter, with particular
focus on the use of polymers®’, carbonaceous materials® 0,
or zeolites>!171¢ as the porous media.

Thermodynamic separation is achieved through equilib-
rium concentration differences in the adsorbed phase, caused
by a difference in the strength of attractive interactions be-
tween components in the mixture and the adsorbent surface.
Propylene selectivity in such a process is usually due to in-
teractions involving the 7 electrons of the double bond '7'8.
Instead, when specific guest-host interactions are absent, a
slight propane selectivity can be observed®'?, attributed to
larger intermolecular interactions of the saturated molecule !°.
Kinetic separations rely on differences in gaseous diffusion
rates in a pore network, and are necessarily transient or flow-
based processes, used in columns or membranes. Diffusion can
be dominated either by size-controlled diffusion, where the
smaller component is generally selected for retention, or sur-
face diffusion after adsorption, in which the stronger adsorbed
component is preferably retained?’. The kinetic diameter
difference between propylene (0.40 nm) and propane (0.43
nm) 2! is minimal, requiring a material with a well-defined
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pore entrance and very narrow pore size distribution if kinetic
separation is desired. Such a process can be encountered in
small window DDR, zeolites?? ?* where faster propylene dif-
fusion leads to its preferential adsorption. Finally, molecular
sieving occurs when the pore apertures in the adsorbent mate-
rial are simply too small for one mixture component to enter
the pore.

Metal-organic frameworks (MOFs) have been an intensely
studied area in materials science, owing to their potential
as highly tunable materials. Indeed, with judicious design,
the skilled chemist can manipulate pore shape, window size,
surface interactions and even introduce stimuli-responsive ma-
terial changes through decoration of a particular topological
net. These materials offer promise in areas of gas adsorption
such as storage and separation, where conventional adsor-
bents fail to achieve the desired performance, and where their
unique characteristics (tunability, defects, compliance, etc.)
can be leveraged for highly specific applications. In the area
of propane/propylene separations, MOFs have been the focus
of several avenues of study. Frameworks with open metal sites,
such as copper paddlewheels?>2%, iron trimers?” or the closely-
related family of hexacyanometallates® have been shown to
preferentially adsorb propylene due to specific interactions
with these sites. Alternatively, the isoreticular chemistry ap-
proach can be employed to obtain pore window sizes in the
exact range required for kinetic separation?®’, or molecular
sieving3°. Furthermore, MOF zeolite analogues such as ZIF-
831:32 and ZIF-7%33*  have shown promise for parrafin/olefin
separations, due to the disparity in diffusivities introduced by
the small cage entrances and gate opening effects®?.

Zr-fumarate-MOF 3¢ later renamed to MOF-801°%7, is a
fumaric acid analogue of the topical UiO-66(Zr) framework.
It shares the same face-centered cubic (fec) topology, with
inorganic clusters interconnected by a smaller, non-linear dicar-
boxylate linker, leading to a lowering of symmetry and slight
tilting of the [Zre(u3-0)a(us-OH)4]**T clusters, as depicted in
Fig. 1. Synthesis can only take place under modulation/coor-
dination conditions, using considerable amounts of competing
monotopic acids as the modulator, resulting in higher crys-
tallinity and yield of the material. Indeed, when not using
this approach, the resulting material is nearly amorphous>®.
Zr-fumarate-MOF has recently been the subject of scientific
interest due to its high water stability3°, as well as its poten-
tial for green synthesis*® and facile shaping through direct
monolith formation by a gel approach*'. The material has a
remarkably steep water adsorption isotherm at low relative
pressure>”, which led to its possible application as a water
scavenger membrane %2, or in a water harvesting device which
would capture water from air in low relative humidity envi-
ronments*®. This low pressure condensation step for water
has highlighted the contribution of defects in shifting the
adsorption isotherm, an effect arising from cooperative interac-
tions and initial clustering of water molecules at defect sites**.
The window diameter of the Zr-fumarate-MOF is in the same
length scale as C3 hydrocarbons, an aperture size which has
been shown in studies on similar fcu MOFs3° to be suitable
for kinetic or exclusion-driven separations. For these reasons,
this MOF was previously highlighted as prime candidate for
propane/propylene separations 45 However, the presence of
structural defects may have a large impact on the adsorption
of these gases.
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Fig. 1. Structure of Zr-fum-MOF: front (left) and side (right) views (generated by
iRASPA software *6)

In the following we present a combined computational and
experimental approach describing the adsorption behaviour of
saturated and monounsaturated C3 hydrocarbons in a defect-
rich Zr-fum-MOF system. We evaluate the contribution of de-
fects in the synthesised material and demonstrate their crucial
impact on the diffusion of the gaseous phase in the crystalline
MOF. Grand Canonical Monte Carlo (GCMC) adsorption sim-
ulations are performed on several structural models containing
a range of defects, of varying nature and concentration/distri-
bution, to reproduce experimental isotherms. We also perform
calculations of phonon spectra, revealing the potential for pore
window deformations, which can explain previously observed
diffusion of gases in the pristine version of the material®®.
The enthalpies of adsorption of propane and propylene are
both calculated through the Widom insertion method and
measured n situ through microcalorimetry, with propane ad-
sorption shown to be more energetically favourable. This
can be correlated with a higher selectivity for propane over
propylene in mixture co-adsorption experiments, predicted
through Ideal Adsorbed Solution Theory (IAST) and in silico
simulations, and further investigated by column breakthrough
experiments. As opposed to a perfect material, defects are
shown to drastically increase the uptake of all probes and to
increase the mobility probability through the newly generated
voids (missing structural elements = more free space = less
physical/steric impediment). We then discuss the unexpected
thermodynamic selectivity in the defective material which runs
opposite to the sieving effect which has been observed in a
pristine structure*®.

2. Results and discussion

2.1. Sample synthesis and preliminary characterisation. The
Zr-fumarate-MOF sample was synthesised following the previ-
ously reported method?”, where a large excess of formic acid
(100 equivalents) is added together with the MOF precursors
in water as the reaction medium, to obtain a white precipi-
tate of Zr-fum-MOF crystals. For further characterization the
precipitate was Soxhlet-extracted with ethanol and afterwards
dried under reduced pressure. Phase purity of the resulting
powder was confirmed by comparing experimental powder
X-ray diffraction (PXRD) patterns to those simulated from
structural data (Fig. S2). Scanning electron microscopy (SEM)
of the MOF revealed well-defined octahedral crystals with an
average diameter of 100-200 nm (Fig. S1).

Nitrogen physisorption recorded at 77 K was used to deter-
mine a Brunauer-Emmet-Teller (BET) specific surface area
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of 963m?/g and a t-plot calculated micropore volume of
0.38 cmg/g. The pore size distribution calculated from this
isotherm shows two peaks, corresponding to the tetrahedral
and octahedral cages, respectively (Fig. S5). However, the
distribution also indicates that pores larger than the crystal
structure would suggest (in the 1-2 nm range) are present,
accounting for a substantial increase in volumetric uptake and
strongly supporting the existence of structural defects. The
thermogravimetric curve (Fig. S3) recorded in an air atmo-
sphere shows a pronounced mass loss below 400 K, as the large
amount of water and other guests in the structure are removed.
Two further steps are observed: one at 600 K, corresponding to
the degradation and subsequent oxidation of the organic linker,
with a further step around 830 K which has been previously
associated to the decomposition of zirconium-coordinated car-
bonate groups®®3°. We further confirm the similarity of the
synthesised material with existing literature by recording wa-
ter adsorption at 298 K. The resulting isotherm (Fig. S6)
shows a pronounced pore condensation step at = 0.1 p/p°
and near-complete reversibility in the desorption branch, in
accordance with previous results>744.

2.2. Adsorption microcalorimetry screening. To screen the Zr-
fumarate-MOF for potentially interesting adsorption proper-
ties, the isotherms of 9 probe gases (Ar, N2, Oz, CO, CHy,
CO2, C2Hg, CsHg, C3Hg) were recorded in a microcalorime-
ter, allowing for a measurement of the differential enthalpy
of adsorption (Aagsh) for each isotherm point. The entire
dataset is available in Fig. S8. The material shows relatively
flat, gently decreasing enthalpy curves for Ar, N3, Oz, CO
and CHy, corresponding to adsorption on homogenous sites.
In contrast, enthalpy curves for CO2, C2Hg, C3Hg and C3Hg
show a sharp decrease in A,qsh, to a lower plateau, suggesting
an initial preferential interaction followed by weaker interac-
tions with the pore surface. These four probes are the only
ones for which the isotherm plateau is reached in the pres-
sure range studied, corresponding to complete pore filling.
More interestingly, the enthalpy of adsorption of propane in
the low-loading region (<2mmolg™ ') is found to be higher
on average than that of propylene. If the enthalpy curve is
extrapolated to obtain the enthalpy of adsorption at zero load-
ing (Aadsho), values of ~38kJ mol™! and ~44kJmol™! are
obtained for propylene and propane, respectively, suggesting
a stronger guest-host interaction with the saturated molecule.
This result is unexpected, as propylene is commonly thermody-
namically preferentially adsorbed in most previously studied
adsorbent materials, owing to increased interactions between
the double bond and framework features such as open metal
sites. In order to put this difference into perspective Aaasho
has been calculated for the entire series of probes, together
with the initial Henry constant (Hg,0), another measure of
structure-adsorbate interactions, and plotted versus the spe-
cific polarizability of each probe molecule (Fig. 2). Probes
which interact with the framework through non-specific inter-
actions, such as noble gases and unsaturated hydrocarbons,
are expected to exhibit a linear evolution of Aaasho and Hg o
with respect to their polarizability. In such a case, the slope
of the resulting correlation line is representative of the field
gradient encountered in the pore where adsorption takes place.
We can observe that both values for propylene fall below the
predicted linear relationship. It could be argued that the
slow uptake kinetics of the gas at low loading may influence
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the recorded heat flow. However, when observing the time-
resolved uptake for the 0-0.05 bar pressure range (Fig. S9),
the adsorption kinetics for both gases do not differ significantly
on this material.
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Fig. 2. Zero-loading differential enthalpy of adsorption (top) and logarithm of ini-
tial henry constant (bottom) plotted against the polarizability of each specific gas
molecule. Dotted lines are least square fits to the y axis values for C1-C3 saturated
hydrocarbons.

2.3. C3 adsorption in pristine Zr-fumarate-MOF. To focus
on the unusual C3 hydrocarbon measurements, propane
and propylene single component adsorption isotherms were
recorded separately (Fig. 3). The isotherms show a larger
amount of propylene adsorbed at saturation, as expected due
to the higher packing efficiency of propylene and its conse-
quently higher fluid phase density. However, a cross-over is
observed around 0.1 bar, with propane capacities overtaking
its unsaturated analogue below this pressure. To understand
the microscopic mechanism of the single component adsorption
of propane and propylene, we turn to in silico methods. Using
Monte Carlo simulations within the grand canonical ensemble
(GCMC methods) we can simulate gas adsorption and model
isotherms in a MOF structure, real or hypothetical.

The adsorption isotherms obtained for the ideal (non-
defective) structure significantly differ from the experimental
results (overlaid in Fig. 3). The uptake calculated in the low-
pressure region exceeds the experimental values, which can be
attributed either to (i) inaccuracies in the force field definition,
especially of the € value, responsible for the strength of the
interactions between molecules, as well as host-guest interac-
tions (through Lorentz-Berthelot mixing rules) or to (ii) the
existence of stronger adsorption sites which do not exist in the
experimental sample. On the other hand, modelled results un-
derestimate uptake for higher pressures (>0.1 bar) where the
experimental uptake substantially exceeds the theoretical val-
ues by almost 75%. As before, the divergence can be attributed
to the definition of the size of the molecules in the force field (o
parameter) or further interpreted as the existence of pores of
different diameters in ideal and real structures. In this study
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Fig. 3. Experimentally measured isotherms on the Zr-fumarate-MOF sample (blue
and black) compared to simulated adsorption in the ideal structure of Zr-fumarate-
MOF (red and pink) of propane (round markers) and propylene. Isotherm confidence
ranges are below 2% and are not shown on the graph.

we made use of the force field developed by the group of Sofia
Calero® to accurately describe vapour-liquid curves for alka-
nes and alkenes. As it has been successively tested in GCMC
simulations of adsorption of hydrocarbons for wide range of
zeolites and MOFs%°7°2 we do not anticipate our choice of
force field to be the source of significant differences between
calculated and measured uptakes. We therefore attribute
such differences to the non-realistic, ideal structure of the
Zr-fumarate-MOF used in the first set of GCMC calculations.
However, the simulated isotherms qualitatively agree with the
measured ones (preference of propane in lower pressures and
propylene in higher). We can relate it to two properties of
the analysed molecules — (i) heat of adsorption of propane
(42.7kJ mol ™! with GCMC and 44 kJ mol~! in calorimetry) is
slightly higher than for propylene (39.7 kJmol™* with GCMC
and 38kJmol ! in calorimetry) which promotes the initial up-
take of alkane and (ii) aforementioned diameters of molecules
(0.43nm for propane and 0.4nm for propylene) — smaller
molecules are simply packed in the pore with higher density.

To examine the distribution of molecules in the material
pores we calculated density maps. Fig. 4a presents two cross-
sections of such maps, for propane and propylene. It can be
seen that there are areas with finite values of density sur-
rounded by the large areas (blue on Fig. 4a) where adsorbate
density is zero, or inaccessible regions for insertion. Several
regions exist where the pockets of density are thinly (or nearly)
connected, corresponding to the pore windows. These results
indicate that diffusion between the gates in the perfect struc-
ture is unlikely to occur, which is contradictory to what has
been measured experimentally “>. One possible explanation for
the hydrocarbon uptake can be the presence of a vibrationally-
induced gate opening effect, as has been observed in MOFs
such as ZIF-4, ZIF-7 and ZIF-8°%. To check how the flexi-
bility of the framework affects the sizes of the gates, phonon
calculations were performed (details of the methodology can
be found in the SI). For our analysis we selected modes of low
frequency (<130 cmfl) since, as previously suggested, they
may reflect potential adsorption-induced deformations of the
framework ®3%4. We distinguished two separate collections of
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modes: 0-83 cm ™! and 92-129 cm ™!, which correspond to
rotation and translation of the metallic cluster and vibrations
of the fumarate linkers, respectively. To ascertain whether
some of those modes can be related to enlargement of the gate
connecting two neighbouring cages we have generated struc-
tural snapshots of the material according to the deformation
indicated by a particular mode with an arbitrary amplitude
(positive and negative, CIF files available as SI). We then cal-
culated the pore limiting diameter (PLD) using Poreblazer ®®
and selected the modes which increase this value (see Fig. S13).
For ten modes which show the largest increase of the PLD we
calculated density maps, to check if the proposed deformations
can connect the cages within the material. Resulting isosur-
faces are presented in Fig. S14. In particular, the mode located
at 115.1cm ™!, which can be described by a trampoline-like
motion of the linkers (Fig. 4b), appears to be a good candidate
for a gate-enlargement process. Calculated density distribu-
tions (Fig. 4c) show that diffusion in the material deformed
according to this particular phonon is possible and can explain
the experimentally-observed results of Liu et al. 4°.

While vibrational modes can favour adsorbate diffusion in
the pristine material, they do not shed light on the differences
in adsorption kinetics, or the larger capacity than theoretically
predicted. We must therefore examine the possibility of struc-
tural defect contribution. Indeed, a density map calculated for
a unit cell with a missing cluster (Fig. 4d) shows unobstructed
communication between structural voids and may hold clues
as to why the material used in this study readily adsorbs both
probes. An in-depth look at the contribution of defects takes
place in the next section.

2.4. Evidence for defects. A peculiar characteristic of the Zr-
fumarate-MOF is that, as reported in the original synthesis
methodology, no crystalline material can be formed without
the addition of a modulator, with excess formic acid improving
the crystallinity of the obtained powder. This approach is
well known to promote defect generation in the UiO-66 frame-
work, with higher amounts of modulator leading to increased
defect concentration®®, and can be expected to extend to its
isoreticular analogues. It has been previously shown that
structural defects can drastically alter adsorption behaviour
and are commonly found in the high connectivity networks
of multi-coordinated zirconium cluster MOFs®" 5%, Indeed,
experiments investigating the Zr-fumarate-MOF for the sepa-
ration of butane isomers® have found that iso-butane uptake
becomes non-negligible when the MOF is synthesised with a
large modulator excess. As iso-butane molecules are too large
to pass through the cage windows, the presence of additional
porosity or cage widening can explain such results.

It is therefore reasonable to assume that the presence of
structural defects in the Zr-fumarate-MOF may account for
the observed discrepancy between experimental and modelled
isotherms. The decreasing enthalpy profiles equally suggest
some form of energetic heterogeneity. Choi and co-workers*?
have interpreted the low relative pressure at which water
condenses in the small pores as a guest collaborative effect
resulting from the presence of missing linker defects. With
this in mind, five model structures were designed in identical
configurations as reported by Choi et. al., herein referred to as
ml_1, ml 2 90, ml_2 180, ml_2 par and ml 4 (CIF files
available as SI). The prefix stands for missing linker, followed
by the number and, where applicable, the relative positions
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where linkers were removed (see Fig. 5a). For charge compen-
sation, missing linkers were substituted by two formic acid
capping molecules, as this is the modulator available during
synthesis and it is expected to remain coordinated to the metal
sites®®. Fig. 5 shows the simulated adsorption isotherms of
propane (b) and propylene (c) for the missing linker struc-
tures. Regardless of their distribution, the introduction of
missing-linker defects did not change the characteristics of the
simulated isotherms, leading only to a slight increase in uptake
for pressures approaching 10 bar. Due to the small size of the
fumarate linker compared to other isoreticular analogues, its
removal and subsequent formate capping does not generate a
significantly larger void space in the structure.

Alternative types of structural imperfections include
missing-cluster-type defects. It has been reported that this
type of structural deviation from the ideal structure leads
to decreased adsorption in the low-pressure region, followed
by an increase in the uptake at higher-pressures® and may
explain the experimental results. In order to test this hypoth-
esis, a new framework model was constructed, considering a
missing-cluster defect. Assembly of the new model consisted
in the removal of an entire inorganic cluster, together with
the connecting linkers and subsequent capping of open metal
sites in adjoining clusters with formate ions. We artificially
introduced several such configurations in a 2 X 2 x 2 super-
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cell, with no adjoining defects — with 1/4™ 3/16" 1/8"
and 1/16*" of the total number of clusters removed (as shown
in Fig. 5d) and further referred to as mc_1_4, mc_3_ 16,
mc_1 8 mc_1 16 (mc — missing cluster). The resulting
CIF files are available as Supplemental Information. Fig. 5e-f
shows the calculated isotherms for the aforementioned struc-
tures and confirms that the absence of metallic clusters in
the structure of the Zr-fumarate-MOF is responsible for the
observed shift of the pore-filling step and higher total capacity
in the experimental results. In addition, quantitative conclu-
sions can be drawn — we see that the isotherm predicted by
mc_1_8 (1/8"™ missing total clusters) is the best fit to the
measured isotherm — practically a full overlap for propane
and a slight underestimate for propylene at higher pressures.
It is worth highlighting that these isotherms are calculated in
a periodic supercell, introducing artificial long-range period-
icity of defects, possibly unrepresentative of the real sample.
The results are interpreted in a statistical manner such that
a structure with a particular concentration of defects can
be a possible candidate to describe experimentally observed
adsorption.

Physical evidence for structural defects may be obtained
from characterisation techniques such as TGA, 'H NMR and
high resolution XRD. The thermogravimetric curve can be
used to gauge the percentage of missing linker defects in the
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MOF with missing linker-type defects (b) and with missing cluster-type defects (e). Uptake of propylene in Zr-fumarate-MOF with missing linker-type defects (c) and with missing

cluster-type defects (f).

structure (as has been previously reported®®) by stoichio-
metrically calculating the weight ratio at 550 K (where it is
assumed that any adsorbed water, residual solvent and defect
site cappers have been removed) to the inorganic residue after
combustion in the oxygen-rich atmosphere at 937K (corre-
sponding to ZrO2). The resulting cluster-to-linker ratio for
the Zr-fumarate-MOF sample is found to be around 5. This
organic to inorganic balance, below the ideal value 6 for the
defect-free MOF, confirms the presence of structural defects in
the experimental sample. Unfortunately, the thermogravimet-
ric method cannot differentiate between missing linker- and
missing cluster-type defects. If assuming only missing cluster-
type defects are present, their concentration can be calculated
as 1/7, remarkably close to the simulated best-fitting ratio of
1/8.

To further shed light on the nature of the underlined struc-
tural defects, solution 'H NMR was performed on a NaOD
digested sample. The resulting spectrum (Fig. 6) reveals the
presence of 3 distinct and well resolved singlet peaks attributed
to water (4.79 ppm), fumarate (6.23 ppm), and formate (8.17
ppm). The observed water signal demonstrates its presence
in the structure and can be attributed to several sources: (i)
an adsorbed phase in the pores or (ii) defect sites which are
capped by water molecules or hydroxide groups instead of for-
mate groups. This structural H,O can be traced either to the
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initial synthesis, or through latter adsorption due to the high
Zr-fumarate-MOF affinity for atmospheric water. As water
capping is energetically favoured®® but cannot be deconvo-
luted from the adsorbed phase, we will only consider the ratio
of carboxylates, with the mention that more defect sites than
calculated are likely to exist in the sample. Based on the nor-
malized integrated areas of the fumarate and formate signals
and under the assumption that these are the only structural
elements of the framework, we determine that the components
are present in a proportion of 15:1 for fumarate and formate,
respectively. Given this ratio and further considering missing
cluster defects as the only type present, we estimate that for
every 3 perfect unit cells a fourth unit cell with a missing clus-
ter defect exists, or 1/16 missing clusters. This ratio, lower
than that determined through TGA or GCMC, points to the
existence of water capped defect sites alongside formate.

Neither TGA nor 'H NMR can differentiate between miss-
ing linker and missing cluster defects, so no prediction of
selective preponderance in the structure can be made. How-
ever, if the predicted missing cluster defects are present in
a correlated fashion, clues may arise in the PXRD pattern.
The reo phase has been demonstrated to cluster defects in
correlated nanodomains during synthesis for the sibling UiO-
66 when prepared in formic acid rich conditions, giving rise
to symmetry forbidden signals in the low 26 range %2546,
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Fig. 6. 'H NMR of Zr-fumarate-MOF with highlighted 9-6 region and integrated peaks
for formate and fumarate in green and blue, respectively. The peak corresponding to
water is displayed in red.

The presence of these reflections can therefore be employed
as a benchmark for the occurrence of the secondary phase
with lower cluster content. Indeed, a second high-resolution
capillary XRD characterization of the activated framework
reveals the characteristic profile of Zr-fumarate-MOF (blue in
Fig. 7) accompanied by low intensity signals, supporting the
existence of missing cluster defects in conformity with previous
reports on isoreticular Zr MOFs. The experimental pattern
did not display the typical reo phase (100) and (110) plane
reflections but a broad diffuse scattering signal in the low angle
region (2.3°-7.6°) leading us to hypothesize the presence of
low amount of highly dispersed missing clusters arranged in
non-correlated fashion. Careful examination of the sample’s
diffractogram reveals the presence of well-defined, low intensity
reflections indexed exclusively to the missing cluster structure
(black arrows in Fig. 7) for 20 angles greater than 16 degrees,
suggesting the presence of missing cluster defects with short
range ordering or correlation. We can therefore conclude, with
a high degree of certainty, that the sample in question does in
fact carry missing cluster defects responsible for the formation
of a distinct defective reo phase. However, it is present in
minor abundance compared to the regular fcu phase.

A parallel can be made with the smallest currently known
analogue of the UiO-66 isoreticular series, zirconium squarate
(ZrSQU) synthesised by Bueken et al.%7. In ZrSQU, the
crystal structure predicts no possible adsorption of even smaller
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Fig. 7. Capilary XRD of Zr-fumarate-MOF sample (blue) with simulated patterns of
the fcu (black) and reo (red) phases.

molecules, such as nitrogen. The presence of what the authors
suggest to be missing linker defects leads to an accessible
porosity in No physisorption (although no computational study
of the diffusion of nitrogen into the proposed defective structure
was made). It is however likely that, in a system which
is even more confined than the Zr-fumarate-MOF, a larger
preponderance of missing cluster defects can be present, as
suggested by the broad reflections at low angles of the PXRD
pattern in the original publication indicative of a mixed phase
framework with coexistence of fcu and reo forms.

2.5. Separation of propane-propylene mixtures. To evaluate
the material for thermodynamic propane-propylene separation,
simulations of equimolar mixture adsorption were performed in
previously-mentioned structures. The simulated selectivity («)
of the ideal structure, ml_1, ml_4, mc_1_8 and mc_1_4 is
shown in Fig. 8a, while the rest can be found in the Supplemen-
tal Information (Fig. S15). It should be noted that the values
in Fig. 8a are obtained with the assumption of equilibrium
and complete adsorbate access to the entire porous network.
It is to be expected that in the pristine structure, apparent
selectivity would be dependent on diffusion and size exclusion.
Selectivity can be seen to be above unity for propane, and
decrease with higher total mixture pressure, even with the
presence of defects. Starting from pure component isotherms,
ideal adsorbed solution theory (IAST) can also forecast multi-
component adsorption selectivity at different pressures. The
calculated selectivity curve, shown in Fig. S10, predicts a
slightly lower selectivity than what is obtained through co-
adsorption simulations with a « of around 1.3 for propane at
0.2 bar total pressure, also decreasing with higher pressures.
As previously mentioned, both simulated co-adsorption and
TAST predictions assume thermodynamic equilibrium between
the gaseous and adsorbed phases. No difference in equilibrium
time was observed in pure component adsorption (Fig. S9). To
further evaluate the impact of possible kinetic or size exclusion
effects, breakthrough adsorption experiments were carried out
with a CsHe:C3He:Ar = 5:5:90 gas mixture at 295 K and
1bar/5 bar total pressure. Argon was chosen as the carrier gas
due to its inert nature and negligible uptake when compared
to the hydrocarbons. The breakthrough curves recorded at
1bar (Fig. 8b) show the material indeed adsorbs propane over
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propene, and that the selectivity (as calculated through Eq. S2)
is 1.28, remarkably consistent with the TAST prediction. At
breakthrough, the capacities for propane and propene are
1.63 and 1.268 mmol g~*, respectively. Breakthrough curves
recorded at 5 bar total pressure (Fig. S12) show an expected
decrease in selectivity for propane.

The column breakthrough experiment rules out any sig-
nificant molecular sieving or kinetic separation in this Zr-
fumarate-MOF sample. However, Zr-fumarate-MOF was re-
cently used to create a mixed-matrix membrane which was
shown to have an improved selectivity for propylene (approx-
imately 10), above the theoretical upper bound of a pure
polymer membrane®®. The authors attribute the result to a
conformation-controlled sieving effect which allows for faster
diffusion of propylene through the crystal. The marked dif-
ference between the adsorption behaviour of the two samples
can be explained by the additional porosity introduced by the
presence of missing cluster defects. This would increase the
diffusion rates of both probes inside the crystal and allow for
communication between different pores through the resulting
channels. This pore network can explain the relatively fast
kinetics of adsorption observed with both propane and propy-
lene in our sample, in contrast to what is likely to be a more
“perfect” material.

When comparing the performance of defective Zr-fumarate-
MOF with other adsorbents, propane selectivity is rarely
observed. Several studies also highlight a slight thermody-
namic preference for paraffins over olefins in adsorbents such
as AIMePO-a'® TRMOF-8% and MIL-53(Al1)-FA % In these
cases, as with Zr-fumarate-MOF the preference for propane
is attributed to stronger non-specific interactions with the
structure. However, Zr-fumarate-MOF is, to the best of our
knowledge, the first adsorbent which can be switched between
kinetic selectivity for propylene and thermodynamic selectivity
for propane through defect engineering.

3. Conclusions

In this study, the adsorption of saturated and monounsatu-
rated C3 hydrocarbons on a sample of Zr-fumarate-MOF syn-
thesised with a large excess of formic acid modulator was stud-
ied through a combined experimental and simulation methodol-
ogy. Anomalous results highlighted through microcalorimetry
screening and experimental isotherms were explained on the
basis of material defects. Two types of defect — missing
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linker and missing cluster — in various concentrations and
conformations in the material structure have been simulated.
It was found that missing linker defects have little effect on
the equilibrium adsorption behaviour of C3 hydrocarbons and
that the experimental isotherms can best be described by a
model where 1/8" of the total zirconium clusters are missing.

We have also shown that the phonon vibrational modes
can favour adsorbate diffusion in the pristine material. Logi-
cally, they must also have an influence on adsorption in the
defective structure, especially, when the pore apertures is com-
parable with the kinetic diameter of the adsorbate. In such
case, dynamic deformations of low frequency phonons will
substantially facilitate adsorption.

Surprisingly, mixture co-adsorption GCMC simulations
and TAST predictions on the material suggest a preference
for propane over propylene adsorption, contrary to what
can be expected on a pristine structure*®. Column break-
through experiments corroborate this effect, with resulting
breakthrough curves suggesting relatively fast kinetics for both
probes. Therefore, it is logical to postulate that the presence
of structural defects can drastically affect the separation of
the C3 mixture, and may ultimately be employed as an avenue
for tuning separation performance.

Overall, this work furthers the understanding of the role
of defects in Zr-fumarate-MOF (or MOF-801). In this case,
the introduction of defects led to an unexpected change in
selectivity from propylene to propane. Although the separation
factor is too low for practical applications, this behaviour
opens the door to the possibility of materials which allow for
the recovery of propylene in the raffinate stream, a property
highly desirable in a PSA /TSA separation processes. Our work
shows that the selectivity of MOFs in separation processes
can in principle be controlled using their defect chemistry,
posing the challenge to further develop the methods of defect
engineering.

4. Materials and methods

Details pertaining to the synthesis of the Zr-fumarate-MOF,
its characterisation and the computational modelling can be
found in the Supporting Information.
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