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-808 parameters with mixed-
matrix membrane (MMM) CO2 permeation for
a more rational MMM development†

Raymond Thür,a Daan Van Havere,a Niels Van Velthoven, a Simon Smolders, a

Aran Lamaire, b Jelle Wieme, b Veronique Van Speybroeck, b Dirk De Vos a

and Ivo F. J. Vankelecom *a

Consistent structure–performance relationships for the design of MOF (metal–organic framework)-based

mixed-matrix membranes (MMMs) for gas separation are currently scarce in MMM literature. An important

step in establishing such relationships could be to correlate intrinsic MOF parameters, such as CO2 uptake

and the CO2 adsorption enthalpy (Qst), with the separation performance indicators of the MMM (i.e.

separation factor and permeability). Such a study presumes the availability of a platform MOF, which

allows systematic comparison of the relevant MOF parameters. MOF-808 can take up the role of such

a platform MOF, owing to its unique cluster coordination and subsequent ease of introducing additional

functional molecules. For this purpose, formic acid (FA) modulated MOF-808 (MOF–FA) was post-

synthetically functionalized with five different ligands (histidine (His), benzoic acid (BA), glycolic acid (GA),

lithium sulfate (Li2SO4) and trifluoroacetic acid (TFA)) to create a series of isostructural MOFs with varying

affinity/diffusivity properties but as constant as possible remaining properties (e.g. particles size

distribution). CO2 uptake and CO2 adsorption enthalpy of the MOFs were determined with CO2 sorption

experiments and Clausius–Clapeyron analysis. These MOF properties were subsequently linked to the

CO2/N2 separation factor and CO2 permeability of the corresponding MMM. Unlike what is often

assumed in literature, MOF-808 CO2 uptake proved to be a poor indicator for MMM performance. In

contrast, a strong correlation was observed between Qst at high CO2 loadings on one hand and CO2

permeability under varying feed conditions on the other hand. Furthermore, correlation coefficients of

Qst,15 and Qst,30 (Qst at 15 and 30 cm3 (STP) g�1) with the separation factor were significantly better than

those calculated for CO2 uptake. The surprising lack of correlation between membrane performance and

CO2 uptake and the strong correlation with Qst opens possibilities to rationally design MMMs and

stresses the need for more fundamental research focused on finding consistent relationships between

filler properties and the final membrane performance.
1 Introduction

Mixed-matrix membranes (MMMs) consist of a continuous
polymer matrix containing dispersed nanoparticles (so-called
llers).1,2 While polymeric membranes show good process-
ability but rather moderate gas separation performance,3,4

purely inorganic membranes can reach high selectivity/
permeance combinations due to their particular size sieving
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94

tion (ESI) available. See DOI:

782–12796
abilities or strong affinity for the target component.5 However,
inorganic membranes are oen uneconomical to produce as
they are brittle, making it challenging to prepare up-scaled
membranes with large specic surface.6 MMMs are believed
to prot from the best of both worlds, having improved sepa-
ration capacity due to nanoparticle addition while maintaining
the good lm-forming properties of the polymer. Much research
has been dedicated in the past 10 years to nd better combi-
nations of polymers and MOFs with enhanced performance
compared to the state-of-the-art.2,7–13 A lot of these literature
reports focus on the use and modication of conventional
MOFs, frequently employing a trial-and-error approach for
developing novel MMMs. Although the membrane performance
can indeed oen be boosted by incorporation of MOFs in terms
of higher permeability or gas pair selectivity, the theoretical
understanding behind the MMM concept remains rather poor
and consistent structure–performance relationships for the
This journal is © The Royal Society of Chemistry 2021
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design of MMMs are currently very scarce.14,15 A rst step
towards nding such structure–performance relationships
could be the linking of intrinsic MOF parameters to the gas
permeation behavior of the MMM (thus determining indicators
for the MMM separation performance based on MOF parame-
ters). For example, Seoane and co-workers proposed a method
to quantify polymer-MOF compatibility based on the Hansen
solubility parameters of MOF and polymer.1 With respect to the
membrane selectivity and permeability, MOF parameters such
as pore volume and CO2 uptake are oen identied as key
drivers in the ultimate MMM performance, where good MMM
separation performance goes hand in hand with high pore
volume and CO2 uptake.16–21 However, no study has been
devoted so far to the systematic correlation between MOF and
MMM parameters for a series of isostructural MOFs. This is
understandable since such a study presumes the availability of
a platform MOF, which allows systematic comparison of the
relevant MOF parameters. Furthermore, the overall gas perme-
ation through the MMM is the result of a subtle interplay
between polymer and MOF-related factors, which complicates
the identication of one-on-one correlations and causalities
between parameters.

MOF-808, consisting of the same Zr6O4(OH)4 cluster as UiO-
66 but linked through six 1,3,5-benzenetricarboxylate (BTC3�)
linkers, can take up the role of such a platformMOF since it can
be simply modied to change intrinsic MOF properties while
preserving the same MOF structure and topology.10 Next to the
six BTC3� linkers occupying the binding sites (at opposing
Fig. 1 Overview of MOF-808 functionalization strategy. FA ¼ formic ac
glycolic acid. For clarity, lithium ions are not shown.

This journal is © The Royal Society of Chemistry 2021
vertices of the cluster), the six equatorial binding sites can
theoretically be occupied by up to six modulator or ligand
molecules22 (Fig. 1), which can be easily attached via solvent-
assisted ligand exchange.23 As shown in previous work, it is
possible to create isostructural MOF-808 derivatives with subtly
altered BET surface area, pore volume, CO2 uptake and CO2

affinity.10 Moreover, other appealing features of MOF-808
include its excellent thermal, chemical and mechanical
stability, following from the strong interaction of the Zr6-cluster
and the carboxylate ligands, and the easy up-scaling of the
synthesis in non-toxic solvents such as water.24

In this work, post-synthetic functionalization of MOF-808
was applied to create a series of isostructural MOF-808 with
systematically varying characteristics, such as pore volume,
surface area, CO2 uptake and CO2 adsorption enthalpy (Qst). For
this purpose, a single batch of MOF–FA was produced to guar-
antee a uniform starting material for all functionalizations,
hence avoiding differences in MOF morphology or particle size
due to batch variations. Five different functional molecules
(histidine (His), benzoic acid (BA), glycolic acid (GA), lithium
sulfate (Li2SO4) and triuoroacetic acid (TFA)) were selected
based on their anticipated interaction with CO2. The polyimide
Matrimid 5218 (Matrimid) was used as polymer matrix as it is
regarded as a benchmark polymer for membrane gas separation
tests in academic research.1,25–27 The obtained MOF character-
istics were correlated with the MMM performance parameters
(CO2/N2 separation factor, pure gas permeability (PGP) and
mixed-gas permeability) in an attempt to identify the MOF
id, TFA ¼ trifluoroacetic acid, BA ¼ benzoic acid, His ¼ histidine, GA ¼

J. Mater. Chem. A, 2021, 9, 12782–12796 | 12783
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parameters that are best suited to use as predictors for the
MMM permeation behavior.
2 Experimental and methodology
section
2.1 Chemicals

Polyimide (Matrimid 5218) was kindly provided by Huntsman
(Switzerland). Sulfuric acid (99.9%), Li2SO4$H2O (>98.5%), BA
(>99.5%), GA (99%) and histidine (L, >99%) were purchased
from Sigma-Aldrich. TFA (99%) was acquired from Merck-
Schuchardt. FA (99%), tetrahydrofuran (THF, >99%), dime-
thylsulfoxide (DMSO, 99%) acetone (technical grade) and
ethanol (pure) were supplied by Acros. Zirconylchloride octa-
hydrate (ZrOCl2$8H2O) was acquired from Abcr GmbH and BTC
from J & K Chemicals. CO2 (>99.999%) and N2 (>99.999%) were
purchased from Air Liquide and used as delivered.
2.2 MOF synthesis

The different MOF-808 samples are denoted as MOF-x, with x
being the ligand type, e.g. MOF-808 functionalized with BA is
denoted as MOF–BA. A single batch of MOF–FA was prepared
(yield 12.6 g) to prevent differences between samples due to
batch variations. All functionalized MOFs were synthesized
using MOF–FA as starting material.

2.2.1 Synthesis of MOF–FA. The MOF synthesis recipe used
in previous work10 was adapted for using FA as modulator and
subsequently scaled up. 5.08 g (24.2 mmol) BTC and 23.4 g (72.8
mmol) ZrOCl2$8H2O were dissolved in 182 mL H2O in a 500 mL
round-bottom ask. Subsequently, 26.8 mL FA (712 mmol) was
added and the mixture was thoroughly stirred for 15 min. The
reaction mixture was then heated to 100 �C under reux for 5 h
in an oil bath. The formed MOF sludge was transferred into
Falcon tubes and washed with distilled water (30 mL). Aer 8 h,
the MOF samples were centrifuged (4000 rpm, 30 min) and the
supernatant was decanted. This was repeated 4 times with
distilled water and 3 times with ethanol. Aer the last washing
step, a clean, white powder (12.6 g) was obtained by drying in
a vacuum oven at 70 �C overnight.

2.2.2 Synthesis of MOF–BA. MOF–BA was functionalized
according to the method developed by Baek et al.28 250 mg of
MOF–FA was suspended in a 50 mL DMSO solution with 1.12 g
(9.251 mmol) BA in a 100 mL Schott bottle. The bottle was then
placed in an oil bath at 100 �C under constant stirring. Aer
24 h, the reaction was stopped and the reaction mixture poured
into Falcon tubes and washed with DMSO (3 times, 30 mL) and
acetone (3 times, 30 mL), similar to the washing procedure of
MOF–FA. Aer washing, the MOF was dried at 70 �C and stored
for further use.

2.2.3 Synthesis of MOF–His, MOF–TFA and MOF–GA.
MOF–FA (250 mg) was suspended in a 50 mL aqueous solution
of 0.005 mol ligand (0.78 g histidine, 0.57 g TFA, 0.38 g GA) in
a 100 mL Schott bottle. The bottle was placed on a stirring plate
for 24 h at room temperature. Aerwards, the functionalized
MOFs were washed 3 times with water and 3 times with acetone,
12784 | J. Mater. Chem. A, 2021, 9, 12782–12796
similar to the washing procedure of MOF–FA. Finally, the MOFs
were dried at 70 �C and stored for further use.

2.2.4 Synthesis of MOF–Li2SO4. An aqueous solution of
sulfuric acid (0.1 M, 50 mL) was prepared in a 100 mL Schott
bottle by mixing 0.268 mL sulfuric acid with 49.732 mL water, in
which 250 mg of MOF–FA was suspended to form MOF–SO4.
The mixture was stirred for 24 h at room temperature. Next,
MOF–SO4 was washed with water and acetone, dried and re-
suspended in a 50 mL aqueous solution containing 0.64 g
(0.005 mol) Li2SO4$H2O for 24 h under continuous stirring. The
resulting MOF was washed with water (3 times) and with
acetone (3 times), dried at 70 �C and stored for further use.
2.3 Membrane synthesis

The different Matrimid MMMs are denoted as MMM-x, with x
being the ligand type. For example, the Matrimid MMM con-
taining MOF–TFA is denoted as MMM–TFA.

2.3.1 Preparation of pristine Matrimid membranes.
Matrimid membranes were prepared by dissolving 0.42 g of
polymer in 5.58 g THF. Aer stirring overnight, the polymer
solution was poured into a Teon Petri dish (d ¼ 6 cm) in
a nitrogen bag. Evaporation of the solvent was slowed down by
placing a plastic funnel over the Petri dish. Once the membrane
had solidied due to solvent evaporation, the polymer lm was
removed from the Petri dish and annealed in a muffle oven by
heating from room temperature to 110 �C at 5 �C min�1. The
membrane remained at this temperature for 2 h. Next, the
membrane was heated at 5 �C min�1 to 180 �C for 6 h. Subse-
quently, the membranes were allowed to cool down naturally.

2.3.2 Mixed-matrix membrane synthesis. 10 wt% MMMs
were prepared by dispersing 0.047 g of driedMOF in 5.58 g THF.
The dispersion was then thoroughly sonicated for 15 min.
Following an adapted priming protocol,20 0.42 g polymer was
added to the dispersion in three steps (0.14 g per turn). All
samples were continuously stirred on a magnetic stirring plate.
Before and aer polymer addition, the samples were sonicated
for 15 min. Aer the nal polymer addition, the polymer/MOF
dispersion was stirred overnight and cast into a Petri dish (d
¼ 6 cm) in a nitrogen bag. Evaporation of the solvent was slowed
down by placing a plastic funnel over the Petri dish. Once the
membrane had solidied due to solvent evaporation, the poly-
mer lm was removed from the Petri dish and annealed in
a muffle oven by heating from room temperature to 110 �C at
5 �C min�1. The membrane remained at this temperature for
2 h. Next, the membrane was heated at 5 �C min�1 to 180 �C for
6 h. Themembranes were nally allowed to cool down naturally.
Filler loading was determined with the following equation:

Filler loading ðwt%Þ ¼ 100�
�

mfiller

mfiller þ mpolymer

�
(1)

with mller and mpolymer the weight of the ller and polymer,
respectively.
2.4 Characterization

2.4.1 X-ray diffraction. MOF crystallinity was analyzed with
X-ray diffraction (XRD). XRD diffractograms were measured by
This journal is © The Royal Society of Chemistry 2021
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a Malvern PANanlytical Empyrean diffractometer in trans-
mission mode over a 1.3–45� 2q range. A PIXcel3D solid-state
detector and Cu anode (Cu Ka1: 1.5406 Å; Cu Ka2: 1.5444 Å)
were used for detection and X-ray generation.

2.4.2 Nuclear magnetic resonance. Proton and uorine
nuclear magnetic resonance (1H and 19F NMR) measurements
were carried out to determine the average number of functio-
nalizer molecules per Zr6 cluster. First, 3 mg MOF-808 was
dispersed in 600 mL deuterated DMSO. Next, 25 mL of a 40 wt%
hydrouoric acid (HF) solution was added for MOF digestion.
For 19F NMR, 10 mL uorobenzene was added to the mixture as
an internal standard. NMR spectra were recorded on a Bruker
AMX-300 spectrometer at 300 MHz for 1H NMR and at 400 MHz
for 19F NMR (16 scans). A recycle delay time of 30 s was applied
for 19F NMR. The output was analyzed with SpinWorks 4.2
soware.

2.4.3 Scanning electron microscopy. Particle morphology
was examined with scanning electron microscopy (SEM, Philips
XL30 FEG). To avoid sample charging, all samples were coated
with a layer of gold/palladium. Particle size distribution was
analyzed with ImageJ and statistical analysis (one-way ANOVA)
to determine whether differences in size occurred between the
MOFs.

2.4.4 Attenuated total reectance-Fourier transform
infrared spectroscopy. Attenuated total reectance-Fourier
transform infrared spectroscopy (ATR-FTIR) measurements on
MOF and MMM samples were conducted to identify functional
groups. All samples were dried prior to the measurement. A
Varian 670 FTIR imaging spectrometer was used, containing
a diamond ATR crystal and a Single Point MCT detector. 32
scans were recorded at a resolution of 2 cm�1.

2.4.5 N2 and CO2 physisorption. N2 and CO2 physisorption
experiments were performed with a Micromeritics 3Flex surface
analyzer. Prior to the measurement, all MOFs were activated
under vacuum at 100 �C for 16 h. N2 physisorption was con-
ducted at �196 �C. Surface areas were calculated via the multi-
point BET method applied to the isotherm adsorption branch,
taking into account surface area criteria as given by Rouquerol29

and the consistency criteria described by Walton and Snurr.30

CO2 sorption was measured at three different temperatures (273
K, 293 K, 313 K) to allow determination of the CO2 Qst of the
different MOFs with the Clausius–Clapeyron equation (eqn
(2)):31

v lnðpÞ
v

�
1

T

� ¼ �Qst

R
(2)

with p the equilibrium pressure (mbar), T the temperature (K), R
the universal gas constant (J mol�1 K�1).

The sorption data were rst tted with the dual-site Lang-
muir model (eqn (3)):31

N ¼ Nm;A � bA � p

1þ bA � p
þNm;B � bB � p

1þ bB � p
(3)

with N the amount of adsorbed gas (cm3 (STP) g�1), Nm,A and
Nm,B the amount of adsorbed gas at saturation for sorption site
A and B respectively (cm3 (STP) g�1), bA and bB the adsorption
This journal is © The Royal Society of Chemistry 2021
equilibrium constants for respectively sorption site A and B and
p the pressure (mbar).

The Clausius–Clapeyron data points were then interpolated
based on the t values. Next, for a range of different CO2 load-
ings, Qst can be calculated from the slope of a ln(p) vs. 1/T plot,
according to eqn (2).

2.4.6 Membrane gas sorption. Sorption of N2 and CO2 was
measured at 30 �C up to pressures of 15 bar for all membranes.
A Rubotherm series IsoSORP© instrument was used to conduct
the measurements. First, helium pycnometry was carried out on
all membranes to determine the membrane weight and volume.
The additional weight resulting from gas sorption in the
membrane over time was determined with a magnetically sus-
pended balance. The buoyancy of the measurement gases was
taken into account to calculate the correct weight of the sample
(eqn (4)):

mcorrected ¼ mmeasured + rgas � Vsample (4)

with mcorrected the corrected weight (g), mmeasured the measured
weight (g), rgas the measuring gas density (g cm�3) and Vsample

the sample volume (cm3).
The N2 and CO2 solubility in the membranes can be calcu-

lated with eqn (5):

S ¼ C

p
(5)

with S the gas solubility (cm3 (STP) cm�3 cmHg), C the quantity
of adsorbed gas (cm3 (STP) cm�3) and p the pressure (cmHg).

2.4.7 Grand canonical Monte Carlo (GCMC) simulation of
CO2 adsorption behavior in MOF-808. The input structures for
the GCMC simulations were obtained by optimizing the prim-
itive unit cell of the different MOF-808 structures using CP2K.32

The optimizations were performed at the PBE-D3(BJ)33–35 level of
theory, combined with Gaussian TZVP-MOLOPT36 basis sets,
a plane wave basis set with a cut-off of 800 Ry and a relative cut-
off of 60 Ry, and Goedecker–Teter–Hutter (GTH) pseudopoten-
tials,37 allowing for a relaxation of both the atomic positions and
the unit cell. The GCMC simulations were performed with
RASPA,38 using a xed framework and rigid CO2 and N2 adsor-
bate molecules described by the TraPPE force eld.39 The
atomic framework charges were derived from cluster calcula-
tions using the Minimal Basis Iterative Stockholder (MBIS)
partitioning scheme40 (see ESI† for more details), while the
Lennard-Jones interaction parameters are taken from the
DREIDING model41 (except for zirconium, which was taken
from UFF).42,43 The temperature was set to 300 K. Each GCMC
simulation consists of 107 cycles, with equal probabilities for
translation, rotation, and (re)insertion moves. The rst 105

cycles are regarded as equilibration steps and are not taken into
account in any analysis.

The CO2 enthalpy of adsorption can be determined from the
GCMC simulations using eqn (6):

DHads ¼
hUNim � hUim hNim�

N2
�
m
� hNim2

� hUhosti �
�
Uguest

�� kBT (6)
J. Mater. Chem. A, 2021, 9, 12782–12796 | 12785
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with U the total energy of the host framework and the adsorbed
molecules, N the number of adsorbed molecules, hUhosti the
average energy of the adsorbent, hUguesti the average energy of
the adsorbate molecule in the gas phase, kB the Boltzmann
constant, and T the absolute temperature.

h.im denotes an average in the grand-canonical ensemble.
As the host framework and the adsorbed molecules are
described as rigid molecular systems, hUhosti ¼ hUguesti ¼ 0.

The mixed-gas CO2/N2 selectivities of MOF–FA and MOF–
TFA were determined from a separate set of GCMC simulations
in which both CO2 and N2 molecules can be inserted or deleted.
The mole fractions were set to 0.5, so that the selectivity can be
calculated from the ratio of the number of adsorbed CO2

molecules to the number of adsorbed N2 molecules.
2.4.8 Gas permeation. Our in-house developed high-

throughput gas separation set-up (HTGS) was used to examine
the gas permeation behavior of the synthesized membranes. A
detailed set-up description is given elsewhere.44–46 HTGS allows
simultaneous pure gas and mixed-gas testing of 16 membrane
coupons at varying membrane temperatures and feed pres-
sures. The active membrane area is 1.91 cm2. CO2 pure gas
permeability and the CO2/N2 mixed-gas permeability and
separation factor were measured for all membranes.

CO2/N2 mixed-gas separation factors (a*) were measured by
a GC analysis of the permeate composition. The ratio of the feed
and permeate mole fraction of CO2 and N2 then renders the
separation factor (eqn (7)):

a*
CO2=N2

¼ yCO2

�
yN2

xCO2

�
xN2

(7)

where yCO2
and yN2

are the mole fractions of CO2 and N2 in the
permeate, xCO2

and xN2
the mole fractions of gas CO2 and N2 in

the feed. The ratio yCO2
/yN2

is determined from chromatogram
peak areas of the permeate, while xCO2

/xN2
is determined by the

feed settings.
Determination of the pure gas and mixed-gas permeabilities

of CO2 and N2 was performed with a constant-volume–varying-
pressure method. A pressure sensor (MKS Baratron) measures
the change in pressure in a 75 cm3 measuring cylinder while
permeate gas is accumulated in the cylinder. The change in
pressure as a function of time (dp/dt) is then used to calculated
the permeability P (Barrer) with eqn (8). For pure gas
Fig. 2 ATR-FTIR spectrum (left) and N2 adsorption isotherms at 77 K (rig

12786 | J. Mater. Chem. A, 2021, 9, 12782–12796
measurements, the mole fraction of the gas in permeate and
feed is 1.

PCO2
¼ 1010 � yCO2

� V � Vm � L

xCO2
� pup � A� R� T

� dp

dt
(8)

with Pi the gas permeability (Barrer), yi the mole fraction of the
component in the permeate, xi the mole fraction of the
component in the feed, V the downstream volume (cm3), Vm the
molar volume (22.414 L mol�1), A the membrane permeation
area (1.91 cm2), L the membrane thickness (mm), T the oper-
ating temperature (K), pup the upstream pressure (bar), R the gas
constant (0.082 L atm mol�1 K�1) and dp/dt the pressure
increase (torr s�1).

3 Results and discussion
3.1 Characterization of MOFs and membranes

Functionalization of the starting material MOF–FA does not
change the crystal structure of the MOF since all its function-
alized derivatives show a high degree of crystallinity (Fig. S1†),
in good agreement with literature.10,23,28 The variation in relative
intensity between the large diffraction peak at 4.3� and the two
smaller peaks at 8.3� and 8.7� can be attributed to the varying
pore lling of the different MOFs.47–49 Furthermore, post-
synthetic functionalization does not affect the particle size
nor morphology as conrmed by SEM (Fig. S2†). All MOFs have
the same, lumped octahedral shape and a uniform, average
MOF size of around 350 nm, originating from the starting
material. A one-way analysis of variance (ANOVA) suggested no
statistical difference in particle size between the MOFs (Tables
S1 and S2†).

ATR-FTIR was used to further conrm the presence of the
different ligands in the MOFs (Fig. 2). In all spectra, peaks sit-
uated at 453 cm�1 (Zr-m3-OH stretch) and 660 cm�1 (Zr-m3-O
stretch) are associated with the Zr-oxide cluster.20 Likewise,
clearly distinguishable peaks are observed at 760 cm�1,
1385 cm�1, 1572 cm�1 and 1620 cm�1, corresponding to
vibrations of the BTC linker.50 No signal was found between
1715–1750 cm�1, which corresponds with the C]O stretch of
uncoordinated ligands or BTC, hence indicating that the MOF
pores do not contain physisorbed ligands.50 Specic peaks
belonging to the ligand were found for all samples. Additional
bands for MOF–His are visible at 822 cm�1 and 1067 cm�1,
ht) of all MOFs.

This journal is © The Royal Society of Chemistry 2021
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resulting from mixed –NH3
+ and –CH bending. Together with

the higher relative absorbance of the signal at 1574 cm�1

(–NH3
+ deformation), these absorptions suggests that histidine

is present in its (partially) protonated form.51–53 Specic
absorption bands for MOF–TFA were recorded at 1170 and
1208 cm�1, attributed to –CF symmetrical and anti-symmetrical
stretch, respectively.10 Signals for MOF–BA and MOF–GA were
less pronounced as their characteristic bands mostly coincide
with linker peaks. For MOF–BA, the signal at 718 cm�1 has
a higher absorbance (associated with an increased out-of-plane
–CH stretching of the benzene ring) while a new peak occurs at
1178 cm�1 (–CH bending ring).54 MOF–GA shows a weak signal
increase at 1000–1075 cm�1 (C–O stretch) but, most impor-
tantly, a broad signal at 3300 cm�1 due to –OH stretch (from GA,
ethanol or water).52 Finally, an enhanced absorbance intensity
in the 900–1200 cm�1 region has previously been associated
with effective SO4 functionalization of MOF-808.55

Further conrmation of successful post-synthetic function-
alization was performed with 1H NMR and 19F NMR (Fig. S4†). A
higher ligand loading on the cluster was detected in the
following order: MOF–TFA ¼ MOF–His (3.3) > MOF–BA (3.2) >
MOF–GA (2.3) > MOF–FA (2.2), as can be seen in Table 1. The
difference in loading seems to roughly increase with decreasing
pKa of the carboxylic acid functional group (in water): TFA (0.23)
> His (1.78) > GA (3.83) � FA (3.75).56,57 A lower pKa results in
a larger concentration of deprotonated ligand at equal pH and
thus a higher probability of incorporation in the MOF frame-
work. MOF–BA deviates from this trend as it has the highest pKa

(4.20) but, at the same time, a loading of 3.2 BA per Zr6 cluster.
Due to the limited solubility of BA in water, BA functionalization
took place in DMSO, whereas the other functionalizations were
water-based, making it difficult to draw conclusions with regard
to BA. None of the functional ligands had a cluster loading
equal to the theoretical maximum of six, indicating that the
remaining vacant sites were occupied by other charge
compensating moieties (i.e. -OH�, -Cl�).28

CO2 and N2 physisorption experiments were conducted to
determine characteristic MOF-808 parameters, such as pore
volume and diameter, BET value and CO2 uptake (Table 1). N2

adsorption isotherms are given in Fig. 2. Substantial differences
in BET surface area and pore volume exist between the func-
tionalized MOFs. For the starting material MOF–FA, BET and
pore volume correspond well with literature.10,24,58 The BET
Table 1 Average number of ligand molecules per Zr6 cluster, pore volu
(STP) g�1) at 273 K and 1000 mbar for all MOFs

Ligands per Zr6 cluster
a Pore volume (cm3) Por

MOF–FA 2.2 0.76 18.4
MOF–TFA 3.3 0.68 17.7
MOF–GA 2.3 0.55 15.6
MOF–BA 3.2 0.46 13.8
MOF–His 3.4 0.37 10.9
MOF–Li2SO4 — 0.28 15.6

a As determined by NMR. b At 273 K and 1000 mbar.

This journal is © The Royal Society of Chemistry 2021
surface area, pore volume and pore diameter (Fig. S5†) all
decrease with increasing size of the ligand (MOF–TFA > MOF–
GA > MOF–BA > MOF–His). Although Li2SO4 is considerably
smaller in size than histidine and BA, MOF–Li2SO4 denotes the
lowest BET and pore volume measured. As MOF–Li2SO4

retained its crystalline structure aer functionalization, the low
BET and pore volume suggest that the MOF pores might be
partially blocked by salt deposition.

Furthermore, functionalization strongly affects the CO2

uptake of the different MOFs as well (Fig. S6†). At 1000 mbar
and 273 K, the MOF–FA starting material displays the highest
uptake (65.9 cm3 (STP) g�1), indicating that functionalization
reduced the uptake capacity of the MOFs. The CO2 uptake
follows a decreasing trend from MOF–FA > MOF–His > MOF–
TFA > MOF–GA > MOF–BA > MOF–Li2SO4. However, only small
differences in uptake (ranging from 48.1–55.2 cm3 (STP) g�1) are
observed between the functionalized MOFs, except for MOF–
Li2SO4, which loses more than 40% of uptake capacity
compared to MOF–FA, further pointing towards the deposition
of Li2SO4, blocking adsorption sites.59 Besides the total CO2

uptake capacity of the MOF, the initial slope of the CO2

adsorption isotherm in the low-pressure region also reveals
qualitative information about the MOF CO2-philicity as it is
governed by the sorption equilibrium constant (b-value).60–63

Hence, adsorption in this pressure region is expected to corre-
late primarily with the MOF–CO2 binding strength rather than
with the specic surface area or pore volume. The slope in the
lower pressure region (0–100 mbar, Fig. S7†) increases in the
order MOF–BA < MOF–Li2SO4 < MOF–GA < MOF–FA z MOF–
His < MOF–TFA, which was further conrmed by the b-values
obtained from the dual-site Langmuir model (Table S3†). The
observed trends in CO2 uptake and initial slope (b-value) indi-
cate that MOF–TFA has the highest affinity for CO2, although
this is eventually not reected in the highest total CO2 uptake
since the MOF starting material (i.e. MOF–FA) can adsorb up to
28% more CO2. While this observation seems to contradict at
rst sight, it can be explained by the larger pore volume and
surface area of MOF–FA. Furthermore, an almost linear CO2

adsorption isotherm is observed for MOF–BA in the low-
pressure region, which has previously been associated with
a lack of high-affinity bindings sites in the MOF.63,64 At higher
pressures, the difference between the isotherms of the other
MOFs is less pronounced (Fig. S6†).
me (cm3), pore diameter (�A), BET value (m2 g�1) and CO2 uptake (cm3

e diameter (�A) BET value (m2 g�1) CO2 uptake
b (cm3 (STP) g�1)

2304 65.9
1946 51.2
1421 50.9
1119 48.1
901 55.2
727 37.2
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Fig. 3 Experimental CO2 adsorption enthalpies as a function of CO2

loading for all MOFs.
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To obtain a more accurate and quantitative measure of the
effect of functionalization on the MOF CO2 affinity, the loading-
dependent CO2 Qst was calculated for each MOF with the
Clausius–Clapeyron method based on a dual-site Langmuir
model (Fig. 3). Table S4† gives the MOF Qst values at different
loadings. At zero coverage, the diverse functionalizations result
in a difference of �15 kJ mol�1 between the highest Qst (MOF–
TFA, 39.2 kJ mol�1) and the lowest Qst (MOF–BA, 23.9 kJ mol�1).
The curve of the graphs of MOF–FA, MOF–TFA, MOF–GA, MOF–
Li2SO4 and (to a lesser extent) MOF–His all display a substantial
Qst reduction with increasing coverage. Comparable behavior
has been associated with the saturation of high-affinity gas
binding sites inside the MOF.65,66 The minima in Qst observed
for MOF–FA and MOF–Li2SO4 are believed to be an artefact of
the model's limited number of temperature data points. For the
higher coverages, the Qst appears to approach a pseudo-
constant value of roughly 21–22 kJ mol�1, with only small
differences in the adsorption enthalpy between the MOFs, cor-
responding with the occupation of the low-affinity adsorption
sites in the isostructural MOFs.66 The change in Qst of MOF–BA
Fig. 4 CO2 (left) and N2 (right) sorption in the Matrimid reference mem

12788 | J. Mater. Chem. A, 2021, 9, 12782–12796
remains rather limited, suggesting a larger binding site homo-
geneity (as was also concluded from the CO2 adsorption
isotherm). CO2 Qst values in this work are comparable to the Qst

values reported in literature for similar MOFs. Plonka et al.
found a Qst of 32 kJ mol�1 for FA modulated MOF-808, well in
line with our ndings.67 Very similar values were reported for
peruoroalkane functionalized NU-1000 (which contains the
same Zr6 cluster as MOF-808) with Qst,0 between 20 and
34 kJ mol�1 while the pristine NU-1000 gave a CO2 Qst,0 of
17 kJ mol�1.66,68 For UiO-66, CO2 adsorption enthalpies at zero
coverage vary between 26 and 38 kJ mol�1, depending on the
type of functionalization.69,70 The highest Qst in this work was
noted for MOF–TFA over the entire range of CO2 loading.

SEM cross-sections of the MMMs show that the different
MOFs are homogeneously incorporated in the polymer matrix,
without noticeable differences between the samples (Fig. S12
and S13†). TGA measurements revealed that thermal stability of
the membranes aer incorporation of the MOF remained at the
same level for all MOFs (Fig. S14†). In addition, all MMMs
contained between 8 and 10 wt% MOF. An enhanced Tg was
observed for all MMMs compared to the unlled Matrimid
membrane (Tg ¼ 312 �C), indicating polymer rigidication at
the polymer/particle interphase to a certain extent (Fig. S15†).
Only small variations in Tg can be observed between the MMMs,
suggesting a very similar degree of polymer rigidication for the
different MMMs. All MMMs have a Tg between 320 and 322 �C
with an exception of MMM–FA (Tg ¼ 324 �C). This is most
probably a result of the slightly higher weight percentage of
MOF–FA in the membrane as can be observed from TGA data.
Finally, N2 and CO2 sorption were measured for all membranes
(Fig. 4) and the corresponding solubility values were calculated
in Table S5.† With increasing pressure, CO2 sorption in the
membranes clearly increases from Matrimid < MMM–GA <
MMM–His < MMM–BA < MMM–FA < MMM–Li2SO4 < MMM–

TFA. On the other hand, the N2 sorption data are more difficult
to analyze as only small differences between the samples can be
brane and all MMMs.

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Density of the adsorbed CO2 molecules in MOF–FA at 300 K pro
conventional unit cell. The CO2 molecules are represented by the positi

Fig. 5 Two isosurfaces of the density of MOF–FA from GCMC simu-
lations at 2 bar. The high density isosurface of sites 1 and 2 is shown in
iceblue and a lower density isosurface is shown to encapsulate the
metal cluster.

Fig. 7 Density of the adsorbed CO2 molecules in MOF–TFA at 300 K pr
conventional unit cell. The CO2 molecules are represented by the positi

This journal is © The Royal Society of Chemistry 2021
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noticed. In general, a strong improvement in solubility selec-
tivity is observed for FA, BA, TFA and Li2SO4 functionalized
MOF-808 compared to the pristine Matrimid membrane while
MOF–GA and MOF–His only modestly affect the CO2/N2 solu-
bility selectivity. At 5 bar, the highest solubility selectivities are
measured for MOF–TFA (17.8) and MOF–Li2SO4 (18.4), which
represent an 54% and 59% increase compared to Matrimid,
respectively.

3.2 Computational MOF characterization

GCMC simulations were applied on MOF–FA and MOF–TFA to
acquire the MOF CO2 adsorption sites, adsorption enthalpy and
mixed-gas CO2/N2 adsorption selectivity. Additionally, the CO2

adsorption isotherms were simulated and are available in
Fig. S9.†

The adsorption densities of the CO2 molecules at different
pressure for MOF–FA are displayed in Fig. 6, in which the
primitive unit cell was expanded to the conventional cubic cell
for ease of interpretation (Fig. S10†). At low pressures, the CO2

molecules are primarily located within the cages formed by the
four benzene rings of the linker, yielding a square grid of
adsorption sites when viewing MOF-808 along the c-axis
(marked as site 1 in Fig. 5 and 6). A second type of adsorption
jected on a plane orthogonal to the c-axis and the (a + b)-axis of the
ons of the carbon atoms.

ojected on a plane orthogonal to the c-axis and the (a + b)-axis of the
ons of the carbon atoms.
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Fig. 8 Simulated CO2 adsorption enthalpies for MOF–FA, MOF–TFA and MOF–FA with 1 and 3 defects, respectively (left). Simulated mixed-gas
adsorption CO2/N2 selectivities for MOF–FA and MOF–TFA (right).
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sites that gain importance with increasing pressure are located
in between the zirconium clusters, covering the open sides of
the linkers (marked as site 2 in Fig. 5 and 6).67 At higher pres-
sures, the linkers eventually become fully encapsulated by CO2

with increasing pressure.
Although the adsorption sites for MOF–TFA are similar, the

lling pattern is different due to the presence of the TFA func-
tional groups, which results in a higher degree of localization of
the adsorbed CO2 molecules (Fig. 7). Aer lling the tetragonal
cages at the lowest pressures, the CO2 molecules further adsorb
onto the linkers. In contrast to MOF–FA, the adsorption sites
located above the benzene rings of the linkers are also signi-
cantly occupied for mid-range pressures, implying that the
surrounding TFA functionalizations enhance the adsorption
energy of these sites (more negative adsorption enthalpy).

This is also conrmed by the calculated enthalpies of CO2

adsorption for both MOFs (Fig. 8, also Table S6†). At the lowest
pressures, the enthalpy of adsorption is completely dominated
by the host–adsorbate interaction. Initially, the enthalpy values
for MOF–FA and MOF–TFA are hence very similar as CO2 rst
adsorbs in the tetragonal cages (site 1). Once adsorption sites on
the linker molecules (site 2) become relevant, MOF–TFA shows
signicantly lower adsorption enthalpies (stronger host–adsor-
bate interaction), in good agreement with the experimentally
Fig. 9 CO2 permeability (left) and CO2/N2 separation factor (right) for the
CO2 pure gas experiment of all membranes. Gas filtrations were perform

12790 | J. Mater. Chem. A, 2021, 9, 12782–12796
determined isosteric CO2 adsorption enthalpy. A more
moderate difference is observed at higher pressures as the
adsorbate–adsorbate interactions also start to contribute to the
adsorption enthalpy. Eventually, this is reected in higher
mixed-gas CO2/N2 selectivities for MOF–TFA, conrming the
experimental trends. Finally, the inuence of open metal site
defects (i.e. as a result of missing modulators) on the enthalpy
of adsorption was also investigated for MOF–FA, by creation of
a MOF–FA structure with 1 defect (MOF–FA-def1) and 3 defects
(MOF–FA-def3), respectively (Fig. S11 and Table S6†). As can be
seen in Fig. 8, no difference in CO2 adsorption enthalpy is
observed between MOF–FA and MOF–FA-def1 while the CO2

adsorption enthalpy of MOF–FA-def3 is slightly lower than that
of MOF–FA but still signicantly higher than the adsorption
enthalpy of MOF–TFA, indicating that the sole effect of defects
on the CO2 adsorption is rather limited in MOF–FA.
3.3 Gas permeation

CO2 permeability of themixed-gas experiments with 15%/85% v/v
and 50%/50% v/v CO2/N2 feed compositions and of the CO2 pure
gas experiment is given in Fig. 9. All MMMs show a signicantly
higher CO2 permeability for all feed compositions compared to
the pristine Matrimid membrane, owing to the incorporation of
15%/85% v/v and 50%/50% v/v mixed-gas CO2/N2 experiment and the
ed at 30 �C and 5 bar feed pressure. All MMMs contain 10 wt% MOF.

This journal is © The Royal Society of Chemistry 2021

https://doi.org/10.1039/d0ta10207e


Table 2 Correlation coefficients between MOF-808 parameters (CO2 uptake at 50 and 1000 mbar and Qst at a coverage of 0, 15, 30 cm3 (STP)
g�1) and the corresponding MMM parameters (a* at 15%/85% v/v and 50%/50% v/v CO2/N2 feed, and CO2 permeabilities for 15%/85% v/v and
50%/50% v/v CO2/N2 feed and the pure CO2 feed (P100/0)). Strong correlations are indicated in bold and weak correlations in italics. Intermediate
correlations have no special markings

CO2 uptake (50 mbar) CO2 uptake (1000 mbar) BET surface area Pore volume Qst,0 Qst,15 Qst,30

a*
15=85

0.079 0.053 0.123 0.173 0.056 0.414 0.291

a*
50=50

0.010 0.106 0.126 0.230 0.222 0.368 0.423

P15/85 0.431 0.658 0.722 0.800 0.513 0.756 0.834
P50/50 0.532 0.558 0.681 0.733 0.473 0.844 0.793
P100/0 0.352 0.665 0.622 0.716 0.433 0.715 0.866
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the MOF.71,72 For the 15%/85% v/v CO2/N2, the 50%/50% v/v CO2/
N2 and the pure CO2 data, respectively, the smallest permeability
increase was observed for MMM–Li2SO4 (+23%, +20%, +15%)
while the most substantial increase was recorded for MMMs
containing MOF–TFA (+52%, +72%, +72%) as a result of
a substantially increased CO2 solubility upon incorporation of
the TFA functionalized MOF (+33%). The low MMM–Li2SO4

permeability can be linked to the above-mentioned pore blockage
by Li2SO4 deposition. Furthermore, a similar trend can be seen
for the various feed conditions with the CO2 permeability
increasing in the order Matrimid < MMM–Li2SO4 < MMM–Hisz
MMM–GA z MMM–BA z MMM–FA < MMM–TFA. Finally, the
CO2 permeability is reduced when the CO2 content in the feed is
increased from 15% to 50% and eventually to 100%. A similar
trend was observed for UiO-66-NH2 MMMs based on various
uorinated polyimides.11,19,73 These observations are in line with
the dual-mode sorption model, which predicts saturation of
polymer excess free volume elements at elevated CO2 pressure,
resulting in a lowered CO2 solubility.74,75

The CO2/N2 separation factors of Matrimid (Fig. 9) for the
15%/85% v/v (29.5) and the 50%/50% v/v feed (25.9) are similar
to literature.76,77 In general, incorporation of the functionalized
MOFs leads to a small enhancement in CO2/N2 separation factor
for both feed mixtures compared to the pristine Matrimid
membrane, but only small differences can be noticed between
the MMMs. DSC measurements conrmed a similar increase in
Tg for all MMMs. This indicates a certain (and similar) degree of
polymer rigidication at the polymer/particle interface, thus
(partially) explaining the elevated MMM separation factor. In
addition, since no differences in particle morphology or particle
size were observed with SEM (all MOFs were synthesized start-
ing from the same MOF–FA batch), it is reasonable to assume
that polymer rigidication is comparable for all MMMs. Similar
to the permeability measurements, MOF–TFA causes the largest
improvement of the separation factor of all MOFs, while MOF–
GA, MOF–Li2SO4 and MOF–FA do not signicantly affect the
15%/85% v/v and 50%/50% v/v separation factor. Functionali-
zation with TFA (+9%, +25%) results in the best performance
(compared to MMM–FA), which can be explained by the
improved CO2/N2 selectivity for MOF–TFA (as was conrmed by
the GCMC simulations) and the resulting increasing in solu-
bility selectivity for MMM–TFA. As mentioned earlier, it is
believed that the strongly polarized C–F bonds in MOF–TFA and
the consequent higher CO2 affinity are at the base of the good
This journal is © The Royal Society of Chemistry 2021
separation factor for MMM–TFA.10 This was conrmed by both
experimental and simulated CO2 adsorption enthalpies, which
were signicantly lower (stronger MOF–CO2 interaction) upon
functionalization with TFA and eventually resulted in an
enhanced CO2/N2 mixed-gas adsorption selectivity for MOF–
TFA compared to MOF–FA (Fig. 8). For the BA functionalized
MOF, MMM–BA probably prots from enhanced p–p interac-
tion between phenyl groups at the MOF surface and aromatic
moieties of the polymer chains, which has previously been re-
ported to improve polymer–MOF compatibility and, as a result,
the separation factor.78 It can be hypothesized that a higher CO2

Qst might lead to a higher selectivity for the MMM based on
MOF–TFA, but observations for MOF–BA (with the lowest Qst,0

but second highest a*) contradict this. Finally, a lowered CO2/
N2 selectivity for the 50%/50% v/v feed is expected based on the
dual-sorption model as the N2 partial pressure is reduced
(higher N2 permeability), while the CO2 partial pressure is
enhanced (lower CO2 permeability).75
3.4 Correlation of MOF parameters with membrane CO2

permeation

Overall, the effect of ligand type on the MMM CO2 permeability
and CO2/N2 separation factor strongly varies when compared to
the MOF–FA starting material. Only functionalization with TFA
and Li2SO4 causes the MMM permeability to change signi-
cantly while improved separation factors with respect to MOF–
FA are only observed for BA and TFA functionalization. To
quantify the relationship between the examined MOF proper-
ties and theMMMpermeation behavior, correlation coefficients
between these parameters have been calculated in Table 2.
Results were interpreted based on statistic guidelines dened
by Ross et al.79 Correlation coefficients lower than 0.30 are
considered as weak correlations, between 0.30 and 0.80 as
moderate and higher than 0.80 as strong.

The conventional MOF parameters (BET surface area and
pore volume) display a moderate linear correlation with the
obtained permeabilities. This seems reasonable, owing to the
positive relationship between gas diffusivity and MMM free
volume.75 In addition, a weak correlation is observed between
these parameters and the CO2/N2 separation factor. Unexpect-
edly, also CO2 uptake in both the low (at 50 mbar) and high (at
1000 mbar) pressure region correlates very poorly with both
separation factors, while only moderate correlations were noted
J. Mater. Chem. A, 2021, 9, 12782–12796 | 12791
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with permeability in 15%/85%, 50%/50% v/v and pure CO2 feed.
This strongly contrasts with literature, where a high CO2 uptake
is very frequently used to explain MMM permeation observa-
tions.27,80 The correlation of Qst on one hand with CO2 perme-
ability and CO2/N2 separation factor on the other hand is less
straightforward to interpret. The adsorption enthalpy at zero
coverage (Qst,0) shows moderate correlation with the CO2

permeabilities, comparable to the CO2 uptake values. Similarly,
only weak correlations are observed for Qst,0 and the different
separation factors. Interestingly, strong correlations are
observed between Qst,15 and Qst,30 on one hand and P15/85, P50/50
and P100/0 on the other hand while correlation coefficients of
Qst,15 and Qst,30 with the a*

15=85 and a*
50=50 are higher than for

CO2 uptake but are still considered only moderate. As such, Qst

can be considered as the most effective predictor for MMM CO2

permeability amongst all MOF parameters.
A possible explanation for the difference in correlation

strength of the Qst at low loading and the ones at high loading
might be found in the existence of mobile and immobile gas
species in the membrane.81 Qst,0 represents the adsorption
enthalpy of the high affinity sorption sites in the MOF and can
possibly be linked to the tetragonal cages, which are the primary
CO2 sorption sites (marked as site 1 in Fig. 6 and 7) at very low
CO2 pressure. These sites correspond with highly negative CO2

adsorption enthalpies (very strongMOF–CO2 interaction) and the
highest CO2/N2 mixed-gas adsorption selectivity values observed
(up to 60, Fig. 8). Moreover, they are present in bothMOF–FA and
MOF–TFA (and, by extension, in all functionalized MOF-808
samples), explaining the very similar enthalpy and selectivity
values for both MOFs at low CO2 pressures. At relatively higher
CO2 pressures (starting from 0.25 bar in Fig. 8), the GCMC
simulations show substantial differences in adsorption enthalpy
and CO2/N2 adsorption selectivities between MOF–FA and MOF–
TFA caused by the increased inuence of the second type of
adsorption sites (marked as site 2 in Fig. 6 and 7). It can thus be
hypothesized that these sites (partially) immobilize gas mole-
cules through (too) strong binding interaction26 and thus do not
(or to a lesser extent) contribute to gas permeation through the
membrane. Although this hypothesis should be proven by per-
forming time-lag experiments, it would explain the observed
difference in correlation coefficients for Qst,0 and Qst,30.

81

As the overall gas permeability through the MMM is a net
result of both MOF and polymer properties and their mutual
interactions, it is not unexpected that none of the MOF
parameters can predict the trends in MMM permeability one-
on-one. Nonetheless, the unanticipated lack of correlation for
CO2 permeability with CO2 uptake and its strong correlation
with Qst,15 and Qst,30 once more underline the difficulty to
formulate strong and general guidelines to steer MMM design
and, more importantly, the need for more research aiming at
nding consistent relationships between MOF and MMM
structures and ultimate membrane performance.

4 Conclusions

An attempt was made to fundamentally correlate MOF-808
parameters with the CO2/N2 separation performance
12792 | J. Mater. Chem. A, 2021, 9, 12782–12796
indicators of the corresponding MMMs. More specically, MOF
CO2 uptake, CO2 Qst at different CO2 loading, pore volume and
BET surface area were correlated with the MMM CO2/N2 sepa-
ration factor and CO2 permeability under varying feed condi-
tions. Post-synthetic functionalization of FA modulated MOF-
808 with different ligands (i.e. TFA, BA, GA, histidine and
Li2SO4) proved to be a successful tool to inuence this set of
MOF parameters, leading to a broad range of systematically
varying parameter values for BET surface area, pore volume,
CO2 uptake and CO2 Qst. For the different MOF-808 MMMs
tested in this work, MOF CO2 uptake was a poor predictor for
MMM performance, showing a very weak correlation with CO2/
N2 separation factor and only moderate correlation with CO2

permeability. This is in contrast to literature where CO2 uptake
is one of the dominant factors used to explain MMM separation
behavior. The loading-dependent CO2 Qst correlates substan-
tially better with the membrane performance indicators than
the CO2 uptake. Correlation coefficients of Qst,15 and Qst,30 with
the separation factor were higher than for CO2 uptake, but were
still considered only moderate. A strong correlation was
however found between Qst,15 and Qst,30 on one hand and P15/85,
P50/50 and P0/100 on the other hand, indicating that Qst can be
considered as the most effective predictor for MMM CO2

permeability amongst the MOF parameters. Interestingly, Qst at
zero coverage failed to show a strong correlation with the MMM
performance indicators. GCMC simulations on MOF–FA and
MOF–TFA revealed the existence of 2 types of adsorption sites in
MOF-808. The rst type of adsorption type is independent of
cluster functionalization (e.g. TFA instead of FA) and corre-
sponds with the tetragonal ‘linker’ cage, resulting in very strong
MOF–CO2 interaction (highly negative adsorption enthalpies)
even at low CO2 pressures while the second type of adsorption
site was shown to be susceptible to TFA functionalization.
Finally, the existence of different adsorption sites with varying
adsorption enthalpies was linked to the observed difference in
correlation coefficients for Qst,0 and Qst,30 with CO2

permeability.
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