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Disordered metal—organic frameworks are emerging as an attractive class of functional materials, however
their applications in gas storage and separation have yet to be fully explored. Here, we investigate gas
adsorption in the topologically disordered Fe-BTC framework and its crystalline counterpart, MIL-100.
Despite their similar chemistry and local structure, they exhibit very different sorption behaviour towards
a range gases. Virial analysis reveals that Fe-BTC has enhanced interaction strength with guest molecules

compared to MIL-100. Most notably, we observe striking discrimination between the adsorption of CsHeg
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Thermodynamic selectivity towards a range of industrially relevant binary mixtures is probed using ideal

DOI: 10.1039/d1ta08449f adsorbed solution theory. Together, this suggests the disordered material may possess powerful
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Introduction

Metal-organic frameworks (MOFs) are hybrid materials known
for their chemical and structural diversity." With surface areas
reported in excess of 7000 m> g~ ', they are emerging as prom-
ising candidates for gas storage.>® Furthermore, their pore
architectures, tuneable between 3 and 100 A in diameter, are
well suited for various separation processes, such as industrial
gases and hydrocarbons.**°

MOFs are capable of gas separation through thermody-
namic, kinetic, molecular sieving, and even quantum effects.'*
Separation depends on many properties of the framework;
surface area, pore size, surface chemistry, the presence of
functional groups, unsaturated metal sites, extra-framework
ions and water molecules.® The kinetic diameter, polariz-
ability and permanent polarity of the guest also play an
important role, complicating the prediction of porous mate-
rial's separation capabilities prior to measuring adsorption
isotherms.

The separation of industrial gases, specifically the capture of
CO, from CO,/N, or CO,/CH, mixtures, is increasing in
importance given the environmental impact of the rising global
greenhouse gas emissions.” Another key area is the
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separation capabilities that are rare even amongst crystalline frameworks.

petrochemical industry, which relies on the separation of
hydrocarbons for use as fuels and chemical feedstocks for the
production of polymers.” Separation of hydrocarbons of the
same chain length is not easily achieved given their similar
physical properties. For example, the boiling points of C,H, and
C,H; differ by 15 K, while for C3Hs and C3;Hg the difference is
only 5 K.** Coupled with a molecular size difference of less than
0.4 A, C3H¢/C3Hg separation is a very challenging and extremely
energy-intensive process.”

Very few crystalline MOFs have been found to successfully
discriminate between the two gases. Developing MOFs for these
applications requires consideration of not only the selectivity
itself but also the chemical stability, recyclability, handling
stability and capacity of the material, which are all important
for practical use within an industrial setting.'*** MOFs are
particularly attractive candidates due to the intricate ways in
which their pore architecture and surface chemistry can be
modified to tune the interactions with guest molecules.*

MIL-100 is a crystalline MOF, comprising Fe(ur) centres and
1,3,5-benzenetricarboxylate linkers, arranged into oxo-centred
trimer motifs that further assemble into hybrid tetrahedra
[Fig. 1a and b]."” Its hierarchical structure has a specific surface
area in excess of 2000 m* g " and contains two types of meso-
pore with internal diameters of 25 and 29 A, accessible through
5.5 and 8.6 A apertures, respectively [Fig. 1c]. The crystallo-
graphic unit cell has a cell volume in excess of 390 000 A®
[Fig. 1d].

Activation of MIL-100 at temperatures below 150 °C gener-
ates coordinatively unsaturated Fe(u) sites, while temperatures
above 150 °C induce partial reduction to form unsaturated Fe(u)
sites, which may lead to enhanced interactions with certain
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Fig. 1
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(a) Oxo-centred trimer unit. (b) Hybrid tetrahedral assembly of trimers. (c) Net of the mtn topology framework. (d) Crystallographic unit

cell of MIL-100 viewed along the c axis. (e) Representative model of the disordered Fe-BTC structure. Fe (orange), O (red), C (grey), H omitted for

clarity. Figures adapted from ref. 29 and 33.

adsorbates.”® These unsaturated metal sites are effective in
aiding the separation of light hydrocarbons, with interaction
strengths following the order C,H, > C,H, > C,Hgs > CH,." A
similar increase in interaction strength was observed between
MIL-100 and C3Hs compared to C3Hg upon generation of the
unsaturated Fe(u) sites, which can donate electron density to
the v* orbital of the alkene. This enhances the metal-adsorbate
interaction strength and suggests the potential for C;H¢/C3Hg
separation in MIL-100 when activated above 150 °C.** MIL-100
has also found applications in water harvesting and as a Frie-
del-Crafts reaction catalyst.**

Amorphous MOFs share the local structure of their crystal-
line counterparts but lack any long-range order.>»** Typically,
they are obtained via the collapse of a crystalline material
through the application of heat or pressure. Structural disorder
within MOFs has been demonstrated to improve conductivity,
mechanical response, and mass transfer capacity compared to
crystalline frameworks.”* Notable examples of amorphous
MOFs are found within the zeolitic imidazolate framework (ZIF)
family, such as the hybrid glass a,ZIF-62 [Zn(Im),(bIm),_,; Im -
imidazolate, bIm - benzimidazolate; a, denoting the glass
state], which is obtained through the melt-quenching of crys-
talline ZIF-62.>° Recently, mechanical amorphisation of ZIF-8
[Zn(mIm),; mIm - 2-methylimidazolate], to form a,,ZIF-8
(am denoting amorphisation by ball milling), was found to
enhance the adsorption selectivity of C3Hg over Cz;Hg.>**
Despite this, investigations into disordered MOFs for applica-
tions in gas storage and separation are of comparatively low
prevalence with respect to their crystalline counterparts,
particularly in the area of C;He/C3Hg separation.

Fe-BTC, known commercially as Basolite® F300, has the
same chemical composition as MIL-100 and is topologically
disordered, lacking long-range order [Fig. 1e].®*° X-ray
absorption near edge structure analysis of Fe-BTC revealed the
presence of octahedrally coordinated Fe(m) ions at ambient
temperature.’* Furthermore, analysis of the extended X-ray
absorption fine structure region revealed Fe-BTC possessed
the same trimer unit structure present in MIL-100. Synchrotron
X-ray pair distribution function analysis revealed the presence
of mixed hierarchical local structure within Fe-BTC, confirming
the trimer unit's existence and the presence of tetrahedral
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assemblies as observed in MIL-100.>° This characterisation was
used to produce the first atomic-scale model of Fe-BTC.

Upon activation at 120 °C, removal of water molecules
coordinated to the Fe(m) ions in the trimer unit leads to the
formation of coordinatively unsaturated metal sites.*® This
causes a lowering of the octahedral symmetry but does not
induce the structural rearrangement of the framework. Upon
activation at the slightly higher temperature of 150 °C, a small
proportion of unsaturated Fe(u) sites were detected using
NO-probed infrared spectroscopy in Fe-BTC and MIL-100.>" At
this temperature, the concentration of Lewis acid sites was
estimated to be 40 and 30% for MIL-100 and Fe-BTC, respec-
tively. At 250 °C the proportion of Fe(u) sites was greater in
MIL-100 than Fe-BTC; beyond this temperature, Fe-BTC began
to show signs of decomposition. Fe-BTC has been studied for its
catalytic ability and outperforms MIL-100 in Lewis acid catal-
ysis.*” This has been attributed to its unsaturated metal sites
and additional Brensted acid sites, which are likely to influence
its interactions with guest molecules.***?

The morphological and porous nature of Fe-BTC is highly
synthesis dependent. Often obtained via a sol-gel route, the
Fe-BTC gel can subsequently be dried (i) through exchange with
supercritical CO, (sCO,) to obtain hierarchically porous aero-
gels, (ii) at room temperature for several days to afford xerogels,
or (iii) at higher temperatures overnight to produce powdered
samples.”® The use of sCO, exchange avoids destructive capil-
lary forces, which cause the collapse of the hierarchically porous
architecture. Aerogel samples of Fe-BTC possessed a total pore
volume of 5.62 cm® g™ and a single point Brunauer-Emmett-
Teller (BET) surface area of 1618 m> g~'. Xerogel samples had
a BET surface area of around 800 m® g~ * that could be increased
to 1182 m? g ', with a total pore volume of 0.71 cm® g %,
through the ageing of the gel before drying. The powdered
sample of Fe-BTC was least porous but was easiest to prepare.
Quenched solid density functional theory analysis of the N,
adsorption isotherm revealed that the xerogel had a broad pore
size distribution in both the micro- and mesopore range up to
4.5 nm with maxima at 1.3 and 3.0 nm. The aerogel contained
an even broader distribution in the whole range of micro- and
mesopores with the same maximum at 1.3 nm.”®

More recent investigations, using the harsher drying condi-
tions employed in this study, gave rise to powdered Fe-BTC

This journal is © The Royal Society of Chemistry 2021
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samples that were essentially non-porous to nitrogen at 77 K, yet
still retained the same local structure as MIL-100.> Basolite®
F300, whose exact synthetic route remains undisclosed, has
a BET surface area in the range 1300 to 1600 m* g * as reported
by the manufacturers. Independent experimental measure-
ments have reported the BET surface area to be around 685 to
840 m> g~ ', with a total pore volume of 0.29 cm® g"* and pore
size of 2.2 nm.****

Computational modelling has suggested that the degree of
tetrahedral assembly in Fe-BTC materials influences the
porosity, with accessible surface area increasing with the
proportion of tetrahedral assemblies.> One atomic-scale model
of Fe-BTC, for example, contained appreciable internal porosity
while remaining non-porous to a nitrogen-sized probe. This
model demonstrated the successful percolation of a 3.19 A
diameter spherical probe through the structure and revealed
a maximum spherical cavity size of 9.15 A. This analysis was
performed from a purely geometric perspective and did not
consider dynamics within the real material. Nonetheless, this
suggests that Fe-BTC may have adsorption capacity for other
gases given the dynamic nature of the material under realistic
conditions.

Given the existing promise of MIL-100 in gas sorption and
separation, the absence of long-range order in Fe-BTC means it
is well placed to explore how topological disorder affects sorp-
tion and selectivity in MOFs. The area of C;H¢/C3Hg separation
is particularly interesting, given the limited number of crystal-
line MOFs reported with this behaviour. Ultimately, we aim to
demonstrate the importance of disorder as a tool to augment
and enhance properties of MOFs in the field of gas sorption and
separation.

Experimental methods
Materials

All chemicals were obtained from commercial suppliers and
used as received. Iron(m) nitrate nonahydrate (99.95%), 1,3,5-
benzenetricarboxylic acid (95%), methanol (99.8%), ethanol
(99.8%), ammonium fluoride (99.99%), sodium hydroxide
pellets (98%) and iron(u) chloride tetrahydrate (99.99%) were all
purchased from Sigma Aldrich. Ultrahigh purity gases were
used as received from BOC gases.

Synthesis

MIL-100. MIL-100, Fe;(OH)(H,0),0[(C¢H;)(CO,);], nH,O0,
was synthesised following the procedure in ref. 35. 1,3,5-Ben-
zenetricarboxylic acid (1.676 g), dissolved in 1 M aqueous
sodium hydroxide (23.72 g), was added dropwise to a solution of
iron(u) chloride tetrahydrate (2.260 g) dissolved separately in
water (97.2 mL). The green suspension was left to stir at room
temperature for 24 hours. The product was recovered by
centrifugation, washed thoroughly with ethanol (3 x 20 mL),
and dried overnight at 60 °C. The orange powder was purified
following ref. 36. Briefly, the powder was dispersed and heated
for 3 hours in each water (700 mL at 70 °C), ethanol (700 mL at
65 °C) and 38 mM aqueous ammonium fluoride solution

This journal is © The Royal Society of Chemistry 2021
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(700 mL at 70 °C). The powder was recovered between each stage
by centrifugation. The final product was dried overnight at
60 °C.

Fe-BTC. Fe-BTC was synthesised following the procedure
in ref. 29. Both iron(m) nitrate nonahydrate (2.599 g) and
1,3,5-benzenetricarboxylic acid (1.177 g) were dissolved in
methanol (20 mL each). The two solutions were combined at
room temperature and left to stir for 24 hours, forming a viscous
orange solution. This was washed with ethanol (3 x 20 mL)
before drying overnight at 60 °C. The powder was then purified
as described above and left to dry overnight at 60 °C.

Powder X-ray diffraction

Powder X-ray diffraction data were collected at room temperature
using a Bruker D8 diffractometer using Cu K,; (A = 1.5406 A)
radiation and a LynxEye position-sensitive detector with Bragg-
Brentano parafocusing geometry. Samples of finely ground
powder were dispersed onto low-background silicon substrates
and loaded onto the rotating stage of the diffractometer. Data
were collected over the angular range 2° < 26 < 50°. Pawley
refinements were carried out using TOPAS Academic (V6) soft-
ware.”” The unit cell parameters were refined against those
previously reported for MIL-100."” A modified Thompson-Cox-
Hasting pseudo-Voigt peak shape and simple axial divergence
correction were employed.

Gas sorption

Gas adsorption isotherms and kinetic profiles were measured
using a Quantachrome iQ2 instrument. Prior to measurement,
samples were degassed at 150 °C for 12 hours. Sample masses
were measured using degassed samples after the sample tube
was backfilled with N,. Sample temperatures were accurately
equilibrated at 273 K and 293 K using a temperature-controlled
water bath and at 77 K using a Dewar filled with liquid N.,.
Under these conditions, MIL-100 and Fe-BTC are expected to
contain coordinatively unsaturated Fe(im) sites with little to no
partial reduction to Fe(u) occurring.® See ESIT Methods for
details on the surface area, non-local density functional theory,
virial, and ideal adsorbed solution theory analyses.

Results and discussion
Structural characterisation and nitrogen adsorption

Samples of MIL-100 and Fe-BTC were prepared following
previously reported procedures (see Experimental methods for
details). Powder X-ray diffraction measurements confirmed the
crystalline nature and phase purity of MIL-100 [Fig. 2, S1, and
Table S17]. The diffraction pattern for Fe-BTC did not contain
sharp Bragg scattering. Instead, broad regions of weak scat-
tering were observed, consistent with its lack of long-range
order yet possession of trimer-based local structure similar to
that present in MIL-100.>> We have previously reported on the
morphologies of MIL-100 and Fe-BTC, as studied here, in ref.
29. MIL-100 contained 20 um aggregates of sub 1 pm particles
with some degree of faceting and Fe-BTC contained 20 pm
fragments studded with 200 nm particles. It was not possible to
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26 (°)

Fig. 2 Powder X-ray diffraction data for MIL-100 (red) and Fe-BTC
(black), symmetry-allowed reflections for MIL-100 are shown as grey
tick marks. Data reproduced from ref. 29.

determine the exact morphology of the particles in either
material.

The N, adsorption isotherm for MIL-100 at 77 K displayed
the expected intermediate Type I and IV behaviour indicative of
the presence of both micro- and mesopores with a secondary
uptake at approximately 0.12 P/P,, a signature of the dual-pore
architecture [Fig. 3]."” The BET surface area was 1465 m> g,
with a maximal uptake of 479.4 cm® g~' [Table S21]. Fe-BTC,
however, exhibited an almost negligible maximal uptake of
42.1 cm® g7 " and hence the BET surface area (68 m> g~ ') cannot
readily be regarded as reliable.

Non-local density functional theory can be used to extract the
pore size distribution from an adsorption isotherm [Fig. S2 and
S37]. This approach can be informative, despite the limitations
discussed in the ESI Methods.f The pore size distribution for
MIL-100 had maxima at 9.5 and 16.9 A, while Fe-BTC possessed
maxima at 9.1 and 17.3 A [Fig. $4 and S51]. The pores in Fe-BTC
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Fig. 3 Nitrogen adsorption (closed) and desorption (open) isotherms
for MIL-100 (red) and Fe-BTC (black) at 77 K.
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were present in a significantly lower amount than in MIL-100,
hence the lower porosity of Fe-BTC. Notably, the contribution
of the larger pore cavity was appreciably less in Fe-BTC than in
MIL-100, suggesting the porous interior of Fe-BTC is largely
comprised of the smaller pore structure. This pore cavity has
a smaller crystallographic window aperture of 5.5 A (¢f. 8.6 A
aperture in the larger pore). It is the ordered network structure
of MIL-100 that facilitates uptake and diffusion of guest mole-
cules through the pores and connected apertures. In contrast,
the topologically disordered nature of Fe-BTC disrupts the
accessibility of the pores and results in a decrease in accessible
surface area towards N, at this temperature. This has also been
observed in ZIFs and their melt-quenched glass counterparts.®®

These results suggest that the porous interior of Fe-BTC is
inaccessible to N, at 77 K. Measurement of the N, isotherms at
273 K revealed that Fe-BTC is not a dense, non-porous material
[Fig. S6]. At 77 K there is an 11-fold decrease in the maximal
uptake of N, in Fe-BTC compared to MIL-100. Whereas at 273 K
this is greatly reduced to a factor of only 1.4. This is symp-
tomatic of activated diffusion, where N, molecules cannot
successfully diffuse through Fe-BTC at 77 K but can overcome
this energetic barrier at higher temperatures.*® Motivated by
this, we further investigated the porous nature of these two
materials by measuring a series of gas sorption isotherms
(H,, CO,, Xe, Ar, CH,, C,H,, C,Hg, C3Hg and C3Hg) at 77, 273 or
293 K up to 100 kPa [see Table S3t for analyte properties].

Hydrogen and carbon dioxide

Pure isotherms of H, were measured at 77 K for MIL-100 and
Fe-BTC [Fig. 4]. The initial uptake was similar in both materials
up to 20 kPa, exhibiting rapid adsorption kinetics.** The H,
isotherms deviate at higher pressure where the larger surface
area of MIL-100 allows for greater uptake of H,. At the highest
pressure, the maximal uptake of MIL-100 was 110.7 cm® g™},
and 74.7 cm® g~ " for Fe-BTC, though neither isotherm reached
saturation at the pressures studied here [see Table 1 for
maximal uptakes]. Hence the extent of adsorption correlates

120 - —e— MIL-100/H, T
—e—Fe-BTC/H,
~ 1001 —=—MmiL-100/CO, ]
2 —=—Fe-BTC/CO,
£ 80 -
<3
o
8 60f _
5
n
°
© 40} 4
=
3
o
£ 20} 4
<
0r 4
1 1 1 1 1 1

0 20 40 60 80 100
Absolute pressure (kPa)

Fig. 4 Hydrogen at 77 K (circle) and carbon dioxide at 273 K (square)
adsorption (closed) and desorption (open) isotherms for MIL-100 (red)
and Fe-BTC (black).
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Tablel Maximal uptakes (P/Pg > 0.95) by MIL-100 and Fe-BTC for the
range of analytes

Temperature MIL-100 Fe-BTC
Analyte (K) (em® g™ (em® g™
N, 77 479.4 421
N, 273 5.0 3.4
H, 77 110.7 74.7
CO, 273 64.4 35.4
CO, 293 48.0 26.5
Xe 273 43.1 20.1
Ar 273 44 4.0
CH4 273 10.8 10.6
CH,4 293 8.5 8.4
C,H, 273 63.0 32.5
C,Hg 273 70.7 28.7
C3H,g 273 147.4 44.0
C3;Hg 293 121.3 33.1
C;3Hg 273 141.7 18.8

with the guest molecule binding strength to the framework
between 0 to 100 kPa.

Gas sorption of CO,, with its highly polar bonding, is
a simple way to probe a MOF's textural properties [Fig. 4].
MIL-100 displayed a maximal uptake of 64.4 cm® g~ " at 273 K,
while Fe-BTC adsorbed 35.4 cm® g™ ' in comparison. This
further demonstrates that Fe-BTC is indeed capable of adsorp-
tion and is not dense, nor does it possess a collapsed porous
interior. They both exhibited mild hysteresis upon desorption,
indicating the adsorption and desorption branches are not in
equilibrium.

The BET surface areas derived from these isotherms were
127 and 77 m* g~ for MIL-100 and Fe-BTC, respectively [Table
S41].#* These values represent the lower limit of accessible
surface area, however they are nonetheless useful, comparative
values given the limited utility of the N, isotherms at 77 K.
These results are further diagnostic of activated diffusion
occurring in Fe-BTC with the higher temperature of 273 K
enabling diffusion of CO, through the structure. Hence, the
ratio of maximal uptakes for CO, is more comparable to N, at
273 K than 77 K.

Additional isotherms of CO, were collected at 293 K for
MIL-100 and Fe-BTC [Fig. S7 and S8%]. In both materials, the
maximal uptake of CO, was reduced compared to that at 273 K.
Virial analysis was carried out to determine the isosteric heat of
adsorption, Qg, for CO, [Fig. S9-S11 and Table S51]. The Qg at
near-zero coverage was 23.8 k] mol~ ' for MIL-100, similar to
previous reports, and 29.1 k] mol ™" for Fe-BTC [Table 2].*® This
is consistent with stronger interactions occurring in Fe-BTC due

Table 2 Isosteric heats of adsorption at near-zero coverage for
MIL-100 and Fe-BTC

Analyte MIL-100 (k] mol %) Fe-BTC (kJ mol ")
CO, 23.8 29.1

CH, 11.7 15.7

C;H, 41.4 —

This journal is © The Royal Society of Chemistry 2021
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to confinement of the CO, molecules within the smaller pore
cavity compared to MIL-100. Q decreased at higher loadings of
CO, in both materials.

Noble gases

Pure isotherms for Xe and Ar were measured at 273 K for
MIL-100 and Fe-BTC [Fig. 5]. The Xe isotherm for MIL-100 was
almost linear in the pressure range studied, with a maximal
uptake of 43.1 cm® g~', comparable to previous reports.®
Fe-BTC had a maximal Xe uptake of 20.1 cm® g~ '. The Xe
isotherm for Fe-BTC began to plateau at higher pressures,
indicating it was approaching saturation. Such behaviour is
consistent with reduced pore space available in Fe-BTC
compared to MIL-100. Fe-BTC displayed large hysteresis upon
desorption, suggesting restricted diffusion of Xe through the
structure, compared to the more accessible pores of MIL-100.

Both materials exhibited similar sorption of Ar, with near-
linear adsorption and no hysteresis upon desorption. The
maximal adsorption to MIL-100 was 4.4 cm® g~ whilst Fe-BTC
adsorbed 4.0 cm® g~; these values are comparable to that of
ZIF-8 and HKUST-1.** MIL-100 and Fe-BTC's maximal Ar
uptakes are considerably lower than for Xe, which exhibits
a greater van der Waals adsorption strength due to its higher
boiling point and results in the hysteresis upon desorption for
Fe-BTC. The smaller size of Ar enables easier diffusion through
the structure leading to no hysteresis being observed.

Hydrocarbons

Gas sorption isotherms of five short-chain hydrocarbons (CH,,
C,H,, C,Hg, C3Hg and C3Hg) were collected at 273 K [Fig. 6 and 7].
In MIL-100, maximal uptakes at 100 kPa were primarily dictated
by the hydrocarbon chain length (increasing C1 < C2 < C3) due to
the higher boiling points of the longer chain molecules resulting
in stronger adsorbate-adsorbent interactions. Conversely,
Fe-BTC did not follow this trend, instead exhibiting some inter-
esting adsorption behaviour.

50 T T T T T T

—=— MIL-100 / Xe
—a— Fe-BTC / Xe
—e— MIL-100/ Ar
—e— Fe-BTC / Ar

EN
o
T

w
o
T

Amount adsorbed (cm® g™')
= 3
T T

0 20 40 60 80 100
Absolute pressure (kPa)

Fig. 5 Xenon (square) and argon (circle) adsorption (closed) and
desorption (open) isotherms for MIL-100 (red) and Fe-BTC (black) at
273 K.
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Fig. 6 Methane (blue), ethane (red) and ethene (black) adsorption
(closed) and desorption (open) isotherms at 273 K for (a) MIL-100 and
(b) Fe-BTC.

In both MIL-100 and Fe-BTC, CH, exhibited the lowest
maximal uptake, adsorbing 10.8 and 10.6 cm® g™ *, respectively
[Fig. 6a and b]. Neither material exhibited hysteresis and both
isotherms were near-linear, together indicating that the pores
were far from saturation. An additional isotherm of CH, was
collected at 293 K for MIL-100 and Fe-BTC [Fig. S12 and S137].
In both materials the maximal uptake of CH, was reduced at the
higher temperature. Virial analysis revealed Qg values at near-
zero coverage of 11.7 and 15.7 k] mol ' for MIL-100 and
Fe-BTC, respectively, again indicating weaker interactions
between the adsorbate and MIL-100 [Fig. S14-16 and Table S6+].
Qg values for CH, remained almost constant as the adsorbate
loading increased.

In MIL-100, C,H, exhibited steeper initial uptake than C,Hg
up to 50 kPa [Fig. 6a]. As pressures increased, the C,H,
and C,Hg isotherms intersect and at 100 kPa the maximal
uptake of C,Hg (70.7 em® g ') was marginally higher than C,H,
(63.0 ecm® g~ 1). Neither gas displayed hysteresis upon desorp-
tion in MIL-100. This inability to discriminate between C,H,
and C,Hs is very common due to the similar physical properties
of the two gases.” In Fe-BTC, C,H, also showed steeper initial
uptake than C,Hs at low pressure [Fig. 6b]. The maximal
uptakes of C,H, and C,Hs were 32.5 and 28.7 cm® g™, respec-
tively. Upon desorption, Fe-BTC exhibited hysteresis with C,Hg
but not C,H,. Under the activation conditions employed, there
will be negligible unsaturated Fe(u) metal sites and hence
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Fig. 7 Propene (navy) and propane (orange) adsorption (closed) and
desorption (open) isotherms at 273 K for (a) MIL-100 and (b) Fe-BTC.

m-back-bonding from the metal site to the w* orbital of the
alkene will not be possible.”® Instead, weaker interactions
between the Lewis acidic Fe(m) metal sites that are present and
the alkene will occur. These metal sites have a greater affinity
towards the unsaturated molecule at low pressure causing the
steeper initial adsorption of C,H, in both materials."”® C,Hj is
only slightly larger than C,H, (ca. 0.2 A), and both have similar
polarizability. Together this results in very similar maximal
uptakes of C,H, and C,Hs in both materials. However, the
slightly larger size of C,Hg results in diffusion limitations
through the disordered Fe-BTC structure. Hence, appreciable
hysteresis is observed upon desorption of C,Hg in Fe-BTC, but
not in the more accessible MIL-100 pore network.

The most interesting observations were made with the
adsorption of C3Hg and C3Hg. In MIL-100, C;Hg exhibited steeper
initial uptake than C;Hg at low pressure [Fig. 7a]. At the highest
pressure, the maximal uptakes of C;Hg (147.4 cm® g ') and C;Hg
(141.7 ecm® g ') were almost identical, and neither isotherm
demonstrated hysteresis upon desorption, similar to previous
reports.* Again, this inability to discriminate between C;H¢ and
C;Hg is very common amongst most MOFs.” Strikingly, Fe-BTC
demonstrated very different sorption behaviour with a clear
thermodynamic preference for C3;Hg adsorption. The initial
uptake was significantly steeper for C;Hg than C;Hg, suggesting
very different interactions upon initial adsorption. The maximal
uptakes of C;Hg and C;Hg were 44.0 and 18.8 cm® g™, respec-
tively, and both gases exhibited hysteresis upon desorption
[Fig. 7b]. Unambiguous discrimination exists between the two
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gases, with over twice the amount of C;Hg adsorbed than C;Hg in
Fe-BTC. This level of discrimination is uncommon in the crys-
talline MOF domain and remains even rarer amongst disordered
materials. Similar to C,H,, the steeper initial adsorption of C;Hg
in both materials is due to interaction of the alkene with the Lewis
acidic Fe(m) unsaturated metal sites and this effect appears more
pronounced in Fe-BTC than in MIL-100. The marginally larger
size and very similar polarizability of C;Hg compared to C;Hg has
little effect in MIL-100, with near-identical maximal uptakes of
the two gases. However, the disordered structure of Fe-BTC,
predominantly containing the smaller pore cavity with a window
aperture of only 5.5 A, results in a pronounced magnification of
the different physical properties of C;He and C;Hg. This enables
a significantly higher maximal uptake of C3He, which can more
freely occupy the pore space of Fe-BTC, at 100 kPa.

Motivated by these results, additional C;H¢ isotherms were
collected at 293 K [Fig. S17 and S187]. Virial analysis of the
adsorption branches of the isotherms revealed Qg values at
near-zero coverage of 41.4 k] mol ™" for MIL-100 [Fig. S19, & S20
and Table S71]. Unfortunately, due to the pronounced hyster-
esis observed for Fe-BTC, virial analysis could not be performed
with any degree of certainty.

We measured the kinetics of C3Hg and C3;Hg adsorption by
MIL-100 and Fe-BTC to investigate differences in the rates of gas
uptake [Fig. 8]. In MIL-100, we observed rapid adsorption
kinetics for both gases with C;Hg reaching saturation in less than
one minute and C;Hg is just over two minutes. This is due to the
large pores and apertures enabling unhindered diffusion
through MIL-100's structure. Fe-BTC exhibited significantly
slower uptake compared to MIL-100, C;Hg reaching saturation
after 26 minutes and C;Hg after 76 minutes. The slower diffusion
of both gases in Fe-BTC is consistent with our structural model of
this material, which contains tortuous diffusion pathways with
bottlenecks and apertures that are comparable to the kinetic
diameters of C3Hg and C;Hg. The more pronounced hysteresis in
the C3Hjg isotherm of Fe-BTC compared to C3H, appears not to
arise from a difference in diffusion rates between these two
gases. Instead, we speculate that propane induces a subtle
structural transformation of the framework upon adsorption.*

Thermodynamic gas selectivity

The topological disorder in Fe-BTC has a large impact on its
adsorption properties. Given the technical challenges associ-
ated with measuring adsorption isotherms of gaseous mixtures,
ideal adsorbed solution theory (IAST) was employed to quantify
the thermodynamic gas selectivities in MIL-100 and Fe-BTC.***
Specifically, the selectivities towards 50 : 50 binary mixtures of
CO,/N,, CH,/N, and CO,/CH, were investigated at 273 K. These
mixtures are industrially relevant for the processing of flue
gases, biogas purification, and natural gas purification.*
Initially, each pure-component adsorption isotherm was fitted
to one of four models before being used to calculate the ther-
modynamic selectivities of MIL-100 and Fe-BTC [see ESI
Methods & Fig. S21 & Table S81].

In MIL-100, the CO,/N, selectivity was 55.7 at 1 kPa, which
increased by a factor of 2.5 to 139.7 at 100 kPa, while Fe-BTC
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Fig. 8 Kinetic profiles for the uptake of propane (orange) and propene
(navy) by (a) MIL-100 and (b) Fe-BTC. The final propane pressures were
53.5 and 31.8 kPa for MIL-100 and Fe-BTC, respectively. The final
propene pressures were 51.6 and 21.7 kPa for MIL-100 and Fe-BTC,
respectively.

had an initial selectivity of 67.8 that increased by a factor of
almost 2.6 to 174.8 at 100 kPa [Fig. 9a]. This favourable
adsorption of CO, over N, relates to the activated diffusion
phenomenon discussed previously and the reduced impact of
the molecular sieving effect experienced by CO,. Our results for
MIL-100 are approximately four times higher than that previ-
ously reported; however, this is likely due to the lower experi-
mental temperatures used here.*®

The adsorption of CH, and N, is equally competitive, and the
resulting selectivity was an order of magnitude smaller than for
CO,/N, [Fig. 9b]. The CH,4/N, selectivity for MIL-100 was 3.3 at
1 kPa and 2.5 at 100 kPa, while Fe-BTC was 7.2 at 1 kPa and 5.0
at 100 kPa. Neither material exhibited pressure dependence.

The CO,/CH, selectivity for MIL-100 was 21.8 at 1 kPa and
17.4 at 100 kPa, consistent with previous reports [Fig. 9c].*®
Fe-BTC had a CO,/CH, selectivity of 12.8 at 1 kPa and 11.7 at
100 kPa. Again, neither material showed significant pressure
dependence. The slightly enhanced selectivity in MIL-100 is
consistent with the larger, relative Qg value derived for CO, with
respect to CH, for MIL-100 compared to Fe-BTC, which results
from the large quadrupole moment of CO,.

Due to the adsorption and desorption branches of Fe-BTC's
C3;H, isotherm not being at equilibrium, we were unable to
perform IAST analysis on these data to examine its thermody-
namic selectivity towards C;Hg/C3Hg mixtures.

J. Mater. Chem. A, 2021, 9, 27019-27027 | 27025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ta08449f

Open Access Article. Published on 19 November 2021. Downloaded on 6/18/2026 9:22:53 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

(a) T T T T T T
200 F —— MIL-100 1
" — Fe-BTC
= 150 | .
o' 100+ -
o
50 .
1 1 1 1 1 1
(b) 10} i
Z st 1
I‘f
o
0k .
( ) 1 1 1 1 1 1
C
30 - .
5 20t .
o} L -
g 10
O 1 1 1 | | 1
0 20 40 60 80 100

Pressure (kPa)
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Conclusions

As perhaps anticipated, the giant pore architecture and high
porosity of crystalline MIL-100 mean that it exhibits a higher
maximal uptake for many gases compared to its disordered
counterpart, Fe-BTC. However, the absence of long-range order
in the disordered material affects higher affinity towards certain
gases, such as CO, and CH,. It also leads to the emergence of
highly sought after C;Hs/C3Hg discrimination capabilities and
highlights the prospective utility of disordered MOFs in the
field of gas sorption and separation.

Critically, our study has established that while the ordered
nature of MIL-100 facilitates accessibility to the larger internal
pore network, the presence of substantial structural disorder, as
in Fe-BTC, may impart powerful separation abilities on the
framework. The balance between order and disorder in MOFs as
a route to augment their sorption properties is an appealing
avenue for future investigation. Two potential routes to tune the
interplay between selectivity and capacity in these materials
include (i) the progressive incorporation of defects into MIL-100
to introduce disorder or (ii) adjusting the synthesis of Fe-BTC to
retain a greater degree of porosity.

The number of disordered, functional MOF structures is
rapidly growing.** While we have used the MIL-100 and Fe-BTC
pairing here as an important demonstration that structural
disorder can enhance the gas sorption properties of MOFs, we
are certain that this behaviour extends to many more of these
disordered materials. The use of structural disorder within
MOFs as a tool to enhance gas storage and separation abilities
remains widely underappreciated, which we believe hinders the
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realisation of the full potential of this fascinating class of
materials.
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