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Abstract

Modulator mediated functionalization (MoFu) is introduced as a new and versatile platform tool
to improve the separation performance of MOF-based membranes, exemplified here by the
creation of mixed-matrix membranes (MMMs) with enhanced CO> separation efficiency. The
unique structure of MOF-808 allows incorporation of CO»-philic modulators in the MOF
framework during a one-pot synthesis procedure in water, thus creating a straightforward way to
functionalize both MOF and corresponding MMM. As a proof of concept, a series of fluorinated
carboxylic acids (trifluoroacetic acid (TFA), pentafluoropropionic acid (PFPA) and
heptafluorobutyric acid (HFBA)) and non-fluorinated alkyl carboxylic acids (acetic acid (AA),
propionic acid (PA) and butyric acid (BA)) were used as modulator during MOF-808 synthesis.
Two of the best MMMs prepared with 30 wt% MOF-TFA (100% increase in CO2/CH4 separation
factor, 350% increase in CO> permeability) and 10 wt% MOF-PFPA (140% increase in CO»/CHa4
separation factor, 100% increase in CO; permeability) scored very close to or even crossed the
2008 and 2018 upperbound limits for CO2/CHs. Due to its facile functionalization (and its

subsequent excellent performance), MOF-808 is proposed as an alternative for widely used UiO-



66, which is, from a functionalization point-of-view and despite its widespread use, a rather limited

MOF.

1 Introduction
As the effects of a global rise in temperature become clearer and more pronounced, efficient

strategies for carbon capture are highly desired and topical. Membrane-based CO; separation is
considered a green alternative for traditional carbon capture technologies (e.g. amine scrubbing,
adsorption, cryogenic distillation) thanks to its relatively low energy footprint and easy retrofitting

into existing plants.'

Combination of the advantages of organic polymers and inorganic fillers has been extensively
studied as a means to create more efficient membranes, resulting in the development of mixed-
matrix membranes (MMMs) for gas separation or liquid separations, such as reverse osmosis or
solvent-resistant nanofiltration (SRNF). For both gas and liquid separations, the main target is to
move the separation performance towards both high fluxes and high selectivities.? Especially for
the separation of CO> from natural or biogas, a lot of effort has been dedicated to finding new
polymer-filler combinations with enhanced separation performance.>® In this context, metal-
organic frameworks (MOFs) were proposed as a new filler material for MMM preparation about
a decade ago.”? !> MOFs are a class of crystalline fillers, consisting of metal nodes or clusters
connected with organic linkers.'! For example, UiO-66 (and its functionalized derivatives),
consisting of hexanuclear ZrsO4(OH)4 clusters connected by 12 1,4-benzenedicarboxylate (BDC*
) linkers, is one of the most reported fillers in MMM literature to increase membrane
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permeability as it has a good porosity and specific surface area and shows excellent thermal,

chemical and mechanical stability, owing to the high coordination number of the Zr-oxo cluster.'®



Although UiO-66 MMMs definitely have their respective advantages, one should expect from
novel MMM materials to not only increase the membrane’s permeability but also simultaneously
the selectivity. In this sense, UiO-66 faces some serious limitations. As the cluster coordination
sphere is theoretically fully occupied by BDC? linkers, few additional coordination sites are
available for introducing functional ligands, besides a limited number of missing-linker defects.?’
Especially with regard to creating functionality inside the MOF framework (to enhance CO»-
philicity), a lot of progress can be realized compared to traditional functionalization methods (e.g.
through linker functionalization or grafting) of UiO-66 and ZIF-8 (for example UiO-66-NH> or
bipyridine-based UiO-67), which often entail the use of expensive organic linkers, in addition to

potential negative consequences regarding porosity and surface area.!’-!

Bearing this in mind, MOF-808 is here proposed as an alternative to UiO-66 for future MMM
development. Almost a decade after the discovery of UiO-66, MOF-808 was first synthesized by
the Yaghi group?? and has been used in e.g. catalysis and gas detection.?*2° Compared to UiO-66,
MOF-808 exhibits a higher surface area and larger pore volume, but at the same time, equally
excellent thermal, chemical and mechanical stability.?” Both UiO-66 and MOF-808 are based on
the same ZrsO4(OH)s clusters, respectively linked by ditopic BDC* and tritopic 1,3,5-
benzenetricarboxylate (BTC?) linkers. Whereas the UiO-66 Zr-cluster is theoretically
coordinatively saturated with 12 BDC?" linkers, the coordination sites on the Zr-cluster in MOF-
808 are occupied by only 6 linker carboxylate groups (three at opposing vertices of the cluster),
leaving the 6 remaining equatorial sites available for coordination with modulators or other ligands

(Figure 1).20-%7
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Figure 1: Comparison between TFA modulated MOF-808 cluster and UiO-66 cluster.

This unique feature allows for introducing functionalized moieties in the MOF framework by
selecting a specific modulator (e.g. trifluoroacetic acid) without having to apply expensive and

difficult-to-synthesize functionalized organic linkers.

In this work, MOF-808 is introduced as a new platform MOF for membrane-based CO- capture
and as a versatile alternative for UiO-66. Advantages of MOF-808 entail (1) easy one-pot synthesis
in water?®, (2) low cost components and facile upscaling®®, (3) large pore volume and specific
surface area’’, and most importantly, (4) straightforward and cheap functionalization by
modulation. To systematically illustrate the principle of functionalization by modulation, three
alkyl carboxylic acids (acetic acid (AA), propionic acid (PA), butyric acid (BA)) and their
fluorinated counterparts (trifluoroacetic acid (TFA), pentafluoropropionic acid (PFPA),

heptafluorobutyric acid (HFBA)) were used as modulator during MOF synthesis. The resulting



MOFs were then incorporated in Matrimid membranes and tested for their use in membrane-based
CO»/CHg separation.

2 Experimental section

2.1 Chemicals
Polyimide (Matrimid 5218) was kindly provided by Huntsman (Switzerland). Tetrahydrofuran

(THF, >99%) and N,N-dimethylformamide (DMF, >99%) were purchased from Acros. Ethanol
(pure) was purchased from Fischer. CO> and CHs gases were purchased from Air Liquide
(Belgium). AA, PA, BA, PFPA, HFBA were supplied by Sigma-Aldrich. TFA was purchased from
Merck-Schuchardt while zirconylchloride octahydrate was supplied by Abcr GmbH. Benzene

tricarboxylic acid was purchased from J&K Chemicals.

2.2 MOF synthesis
MOF-AA, MOF-PA, MOF-BA, MOF-TFA, MOF-PFPA and MOF-HFBA were synthesized

following a recipe described in reference®® but with variation of the modulator type. First, 0.605
mmol (0.127 g) BTC and 1.815 mmol (0.585 g) ZrOCl,.8H>O were added to a 10 mL crimp cap
vial. Subsequently, 4.55 mL demi-H>O and 17.8 mmol modulator (being AA, PA, BA, TFA, PFPA
or HFBA) were added. The mixture was then heated to 100 °C in a heating block with stirring for
24 h. Afterwards, the MOF sludge was washed with water (3 times) and with THF (3 times). After
each washing step, the samples were centrifuged. The washed MOF was stored in THF until further
use. Different particle sizes for MOF-TFA were obtained by adding different amounts of solvent
during MOF synthesis: 4 mL H>O for MOF-TFA-1300, 2 mL H>O for MOF-TFA-550, 1 mL H>O

for MOF-TFA-150.

UiO-66 was prepared by adding 1.82 mmol (0.58g) ZrOCl.8H,0O, 1.82 mmol (0.30g) 1,4-
benzenedicarboxylic acid, 5 mL water and 5 mL acetic acid to a 10 mL crimp cap vial. The mixture

was then heated under stirring at 100 °C for 24 h. Afterwards, the MOF sludge was washed with



water (3 times) and with THF (3 times). After each washing step, the samples were centrifuged.

The washed MOF was stored in THF until further use.

2.3 Membrane synthesis
Polymer membrane synthesis

0.42 g of polymer (Matrimid) was dissolved in THF (5.58 g). The polymer solution was then stirred
overnight and poured by hand into a Teflon Petri dish (diameter 6 cm) under N> atmosphere at
room temperature. A plastic funnel was placed on top to slow down the solvent evaporation rate.
When the solid membrane film was formed, it was annealed in a muffle oven while following the
temperature profile: heating to 110 °C at 5 °C/min, 2 h at 110 °C, heating to 180 °C at 5°C/min

and 6 h at 180 °C.
Mixed-matrix membrane synthesis

Since a wet synthesis method was applied®, the MOF quantity was determined by using a
calibration curve. 1, 2 and 3 mL of the MOF in THF suspension were transferred with a pipette to
glass beakers and dried overnight at 100 °C. The used volume of MOF suspension was then
correlated with the actual MOF mass. Using the calibration curve, the desired amount of wet MOF
(in THF) was determined and further diluted with 5.58 g THF. After stirring and sonication, 0.42

12!, Before polymer addition,

g polymer was added in three portions according to a priming protoco
the polymer/MOF suspensions were sonicated for 30 min and continuously stirred. Prior to casting,
the suspensions were again sonicated. Casting and annealing of the MMM films occurred

according to the same procedure as for the unfilled membranes. Filler loading was determined with

the following equation:



filler loading (wt%)= 100* (&) (Equation 1)

Mfijjjer + Mpolymer

2.4  Characterization
Powder X-ray diffraction patterns (XRD) of MOFs and membranes were recorded on a Malvern

PANalytical Empyrean diffractometer in transmission mode over a 1.3-45° 2O range, using a

PIXcel3D solid state detector and Cu anode (Cu Kal: 1.5406 A; Cu Ko2: 1.5444 A).

Membrane cross-sections and MOF particle morphologies were studied with scanning electron
microscopy (SEM, Philips XL30 FEG). Membrane cross-sections were prepared by breaking the
membranes in liquid nitrogen and a gold/palladium coating was applied on all samples before

measurement.

Thermogravimetric analysis (TGA, TA instruments TGA Q500) was performed to study the
behavior of membranes and MOF when heated to high temperatures. Both membrane and MOF

samples were heated in presence of O; at a heating rate of 5 °C/min.

A Varian 670 FTIR imaging microscope with a Single Point MCT detector and a diamond ATR
crystal was used to perform attenuated total reflectance — Fourier transform infrared spectroscopy
(ATR-FTIR) and to study chemical changes and functional groups in membranes and MOFs.

Thirty-two scans were collected at a resolution of 4 cm™.

Differential scanning calorimetry (DSC, TA instruments DSC Q2000) experiments were
conducted on the polymer membranes and MMMs. Membranes were first heated to 375 °C to
erase the thermal history of the polymer. This was followed by the measurement cycle which
comprised of cooling down to 275 °C and reheating to 375 °C. TA Universal Analysis was used

for data analysis.



Density measurements were carried out on all membranes. The buoyancy method was applied to
determine the experimental density with help of a Sartorius YDK 01 Density Determination Kit.
Water was selected as the buoyancy liquid. The weight of the membrane sample was first measured

in air and then in water. The resulting values were used in Equation 2:

_ w(a) [p(fD)—-0.0012 g/cm?
~0.99983 w(a)-w(fl)

] +0.0012 g/cm? (Equation 2)

with W(a) and W(fl), the weight of the sample in air and water, respectively. Density of water,
p(fl), is taken to be 0.99821 g/cm?® at 20.1 °C while density of air is 0.0012 g/cm?®. 0.99983 is a

correction factor for buoyancy of the set-up wires.

A Micromeritics 3Flex surface analyzer was used for gas sorption experiments. Experiments were
conducted at -196 °C (liquid N2). Before measuring, all MOFs were activated under vacuum at
100 °C for 16 h. 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 Rouquerol®® and

the consistency criteria described by Walton and Snurr?’.

'H and "F liquid phase nuclear magnetic resonance (NMR) were performed on MOF samples. For
'H NMR, 600 puL deuterated dimethylsulfoxide was used to dissolve 3 mg MOF-808 by addition
of 40 uL of a 40 wt.% hydrofluoric acid solution. The samples for '’F NMR were prepared in a
similar way with the addition of 10 pL fluorobenzene as internal standard. A recycle delay time
(d1l) of 30 s was used. The spectra were recorded on a Bruker AMX-300 spectrometer at 300 MHz

(16 scans) and analyzed using SpinWorks 4.2 software.

Membrane performance characteristics (permeability and separation factor) were determined in

our in-house developed High-Throughput Gas Separation (HTGS) set-up.’*** Simultaneous



measurement of 16 membranes can be performed in HTGS at different temperatures and pressures.

Membrane coupons had a permeation area of 1.91 cm?.

A constant-volume varying-pressure method was used to measure gas permeability. The
membrane permeate was accumulated in an auxiliary cylinder of 75 cm®. A vacuum sensor was
used to measure the increase in pressure as a function of time (dp/dt). Gas permeability (P) of the

membrane was then calculated via:

Yona X VXL dp

10
Prys=10
CH4 XCHaX P, *AXRXT dt

(Equation 3)

Ycoa X VXL dp

10
Pcop=10
Co2 XcozXPupXAXRXT dt

(Equation 4)

with yi the mole fraction of the component in the permeate, x; the mole fraction of the component
in the feed, V the downstream volume (cm®), A the membrane permeation area (1.91 cm?), L the
membrane thickness (cm), T the operating temperature (K), Pup the upstream pressure (cmHg), R

the gas constant and dp/dt the pressure increase (cmHg/s).

Mixed-gas separation factors were determined as the ratio of the downstream (y) and upstream (x)

mole fraction of the two gases by the following equation:

Yeor /Y .
Ocop/cHs™ o (Equation 5)
XCO2/XCH4

with yco2 and ycns the mole fractions of CO2 and CHg in the permeate, Xcoz2 and xcus the mole
fractions of CO2 and CHy in the feed. During gas chromatography analysis, yco2/ycha4 is determined
from peak areas linked to mole fractions in the permeate, while xco2/Xch4 1s determined by the

feed settings.



3 Results and discussion

3.1 Modulator mediated functionalization: fluorinated MOF-808
Characterization of MOFs and membranes

As mentioned before, the unsaturated coordination sphere of the Zr-oxo cluster of MOF-808
allows for introduction of functionalized modulator molecules. In this way, modulation of MOF-
808 can be used as a versatile approach towards creating MOFs with a high CO» preference over
other gases such as N> and CHs4. With this concept of “modulator mediated functionalization”
(MoFu) in mind and knowing that CO> shows excellent quadrupole-dipole interaction with
polarized C-F bonds, TFA modulated MOF-808 samples with different particle sizes (ranging on
average from 150 nm to 1.3 pm) were synthesized and incorporated in Matrimid membranes. The
different MOF samples are denoted as MOF-TFA-x and the corresponding Matrimid MMMs as

Matrimid-TFA-x, with x being the average particle size in nm.

XRD data show that highly crystalline MOF-808 particles can be made by using TFA as modulator
and that there is a good agreement with the simulated XRD pattern of MOF-808 (Figure 2 and
Figure S1-4). Furthermore, ATR-FTIR confirmed the appearance of an intense doublet signal at
~1170 and ~1205 cm’, indicating the presence of symmetrical and anti-symmetrical C-F

stretching vibrations.**
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Figure 2: XRD pattern (left) and ATR-FTIR spectrum (right) of MOF-TFA-150. The IR spectrum for MOF-TFA-150 is compared
to that of A4 modulated MOF-808 (MOF-808-AA).
Octahedral MOF crystals were successfully synthesized with particle sizes ranging from 150 to
1300 nm (Figure 3). Visual analysis of the SEM images of the different sized MOFs with ImageJ
gave size distribution plots given in Figure S11-13. Relatively homogeneous size distributions
were obtained for MOF-TFA-150 and MOF-TFA-550 while synthesis of MOF-TFA-1300 was
found to result in particles with a higher polydispersity. For the 150 nm and 550 nm particles, low
solvent concentrations caused a highly concentrated synthesis mixture, which quickly formed a

homogeneous gel.*

This hinders the supply of fresh reactants to the MOF nuclei, slowing down
the crystal growth rate relative to the nucleation rate and resulting in small, homogeneous particles.
In more diluted reaction mixtures such as those used for MOF-TFA-1300, reactant diffusion was
not hampered and the crystal growth rate overcame the nucleation rate.’® Furthermore, N
physisorption showed a decreased Brunauer-Emmett-Teller (BET) surface area upon switching
the modulator from AA to TFA (Table 1 and Figure S16). Despite the significantly lower surface
area, the TFA modulated MOF exhibited an almost equal CO» uptake to that of MOF-AA (Figure
S17). When normalized for the BET surface area, the CO» uptake was found to be 50% higher than

that of MOF-AA. In addition, the sleeper initial slope of the CO, sorption isotherm confirms that

the use of fluorinated modulator enhances the CO; affinity of the MOF.

11



Figure 3: SEM images of (A) MOF-TFA-150, (B) MOF-TFA-550 and (C) MOF-TFA-1300.

After MOF synthesis, MMMs with different sized MOFs were prepared. Thermal stability of the
MMMs was studied with TGA (Table S1 and Figure S18) while DSC was used to determine the
glass transition temperature (Tg) of the pure polymer membrane and the MMMSs (Table S1). Table
S1 shows a high thermal stability for all membranes in the same range as that of the unfilled
membrane. A slight decrease in thermal stability can be observed for MMMs with increasing
particle size. DSC shows an increase in Tg for all MMMs compared to pristine Matrimid after
incorporation of 10 wt% MOF, which can be explained by reduced polymer chain mobility due to
presence of the MOF particles and thus a certain extent of polymer rigidification.’

Table 1: Comparison of MOF-AA and MOF-TFA-550 with regard to BET surface area, pore volume and CO: uptake.

BET surface  Pore volume CO; uptake

area (m%/g) (cm¥/g) (cm¥/g)
MOF-AA 1982 0.65 49.2
MOF-TFA 1239 0.49 46.0

Furthermore, SEM cross-sections (Figure 4 and Figure S6-8) suggest a good incorporation of the
particles without evidence for sieve-in-a-cage morphology or severe particle clustering. Matrimid-

TFA-1300 shows a less uniform incorporation of the fillers, probably due to size effects.
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Figure 4: SEM cross-sections of Matrimid-TFA-150. Magnification of 650x (A) and 10000x (B).

Gas permeation experiments

Gas permeation experiments (Figure 5) show that incorporation of MOF-TFA-150 increases the
membrane separation factor with 93% from 40 (Matrimid) to 77, while the CO» permeability is
almost doubled due to incorporation of extra MOF free volume and disruption of the polymer
chain packing by the MOFs.* Figure 5 clearly shows that the fluorinated MOF reaches higher
CO,/CH4 separation factors and similar CO permeabilities when compared to AA modulated
MOF-808 and UiO-66. Electrostatic dipole-quadrupole interactions between C-F and CO; lay at
the base of this excellent performance as the C-F bond is intensely polarized due to the large
difference in electronegativity between C and F.** This results in an increased CO, affinity of the
fluorinated MOF as confirmed by CO» physisorption data (Table 1). Fried et al. reported with help
of molecular orbital calculations a maximum quadrupole-dipole interaction energy of -11.5 kJ/mol
between CO, and CF3;CH>CH3, situating the quadrupole-dipole interaction strength between
London dispersion and hydrogen bonding.*! Furthermore, it is observed that with decreasing
particle size, the MMMs display a small increase in separation factor combined with a minor
increase in permeability. The lower separation factor of Matrimid-TFA-1300 can be explained by
a less successful incorporation of the large MOF particles in the polymer matrix (as shown by
SEM). In contrast with our findings, a constant or a decreasing separation factor with decreasing

13



ZIF-71 particle size was observed by Japip et al.*> while a worse performance was found for
smaller ZIF-8 particles by Sanchez-Lainez et al. The latter was attributed to a higher degree of
clustering when using particles below 150 nm.** In our case however, severe particle clustering is

largely avoided by using a MMM synthesis method that avoids drying (and thus clustering) of the

MOF particles.
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Figure 5: CO2/CHy separation factor and CO: permeability of Matrimid and MMMs with different sizes of MOF-TFA. Gas

filtrations were performed at 30 °C, 5 bar feed pressure and 50v%/50v% CO2/CHy feed. Lines are added to guide the eye.

When the MOF-TFA loading is increased, no statistical difference in CO2/CH4 separation factor
can be observed while a substantial increase in CO2 permeability is observed (Figure 6). Based on
the increase in separation factor for 10 wt% MMMs, one could expect a similar improvement for
20 and 30 wt% MMMs. However, gas separation data show that the separation factor only slightly
increases for 30 wt% and even slightly decreases for 20 wt%. Nevertheless, due to overlapping
standard deviations, the separation factor for all three loadings has to be considered statistically
constant, hence suggesting to a certain extent the presence of interfacial defects at higher MOF
loading, which would allow unselective gas flow past the MOFs. This could also explain the
extremely steep increase in CO; permeability for the MMMs with 30 wt% MOF. SEM cross-

sections of 20 and 30 wt% MMMs support this hypothesis as particle aggregation can be observed
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at higher loadings, resulting in a higher probability of interfacial defects (Figure S9 and 10).
Eventually, this results in 30 wt% MMMs with a CO2 permeability of 63 Barrer at a separation
factor of 81. Compared to the pristine Matrimid membrane (with a separation factor of 40 and CO»

permeability of 14), this means that separation factor is improved with +100% and permeability

with +350%.
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Figure 6: Effect of increasing the loading of MOF-TFA-150. Gas filtrations were performed at 30 °C, 5 bar feed pressure and

Sv%/50v% CO2/CHy feed. Lines are added to guide the eye.

Varying the feed pressure (Figure 7) predominantly impacts the CO:; permeability, whereas
CO,/CHjs separation factor remains largely unaffected for both the unfilled and the 10 wt% MOF-
TFA loaded membrane. By increasing the feed pressure, the permeability of the reference
membranes and the MMM steadily drops. This can be considered as typical solution-diffusion
behavior since the dual-sorption model predicts a decreased gas solubility in the membrane with
increasing pressure and thus, as a consequence, a lowered gas permeability.*** While the
separation factor of the MMM s is relatively stable over the entire pressure range (with exception
of the MMM separation factor at 10 bar, probably an experimental outlier), the Matrimid

membrane loses a substantial part of its separation factor at 15 bar. As the plasticization pressure
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of Matrimid is believed to be at around 7-8 bar CO» partial pressure’’, this loss in separation factor
probably originates from starting plasticization although not yet visible in the permeability result.
In addition, the pressure dependency tests show that the MMMs with fluorine functionalized MOF
retain their separation factor at elevated feed pressure (which is often not the case for nitrogen or
metal based functionalization®), thus excluding the possibility of a facilitated transport

mechanism.
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Figure 7: Pressure dependency tests for Matrimid membranes (black, circle) and MMMs with 10 wt% MOF-TFA (orange,

square). Gas filtrations were performed at 30 °C and 50v%/50v% CO2/CH4 feed. Lines are added to guide the eye.

3.2 Increasing the fluorine concentration inside MOF-808
Characterization of MOFs and membranes

As the incorporation of a fluorinated modulator (TFA) in the first part of this work strongly
improved the membrane performance, it was hypothesized that an additional increase in fluorine
content might even further enhance the CO; separation efficiency of the membrane. Therefore, a
series of fluorinated alkyl carboxylic acids were applied as MOF modulators for better CO»-
philicity of the resulting MMMSs. Their non-fluorinated analogues were also used as reference
materials. A MOF prepared with modulator x is simply denoted as MOF-x, while the

corresponding MMM is named Matrimid-x (Table 2).
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Table 2: Overview of the MOF and MMM nomenclature used in this section. All MMMs are prepared with 10 wt% MOF

loading.

Membrane composition MOF name Mixed-matrix membrane name
Matrimid + MOF-808-AA MOF-AA Matrimid-AA
Matrimid + MOF-808-PA MOF-PA Matrimid-PA
Matrimid + MOF-808-BA MOF-BA Matrimid-BA

Matrimid + MOF-808-TFA MOF-TFA Matrimid-TFA
Matrimid + MOF-808-PFPA MOF-PFPA Matrimid-PFPA
Matrimid + MOF-808-HFBA MOF-HFBA Matrimid-HFBA

Figure 8 displays the SEM images and XRD patterns of MOF-808 modulated with AA, PA and
BA. All MOFs are highly crystalline and correspond well with the simulated diffractogram of
MOF-808. Additionally, SEM images show that the average particle size of the synthesized MOFs
decreases with increasing length of the alkyl chain: 850 nm for AA, 650 nm for PA and <100 nm

for BA. A decrease in particle size with increasing size of the modulator was also observed by

Zhan et al. for their Zr-fumarate MOF.*’
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Figure 8: XRD patterns (top) and SEM images (bottom) of (1) MOF-AA, (B) MOF-PA, (C) MOF-BA.
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Likewise, XRD and SEM data of the perfluoro-compounds are presented in Figure 9. Whereas the
use of TFA and PFPA still results in highly crystalline particles, modulation with HFBA creates a
MOF with lower crystallinity. Although the XRD pattern still corresponds with that of MOF-808,
significant peak broadening is observed, which is a strong indication for the presence of extremely
small particles. Calculations based on the Debye-Scherrer equation indicate a crystallite size of
~15 nm. Therefore, it is hypothesized that the hydrophobic HFBA tails repulse the aqueous
synthesis medium during MOF nucleation and growth, preventing connection and further growth

of first-stage MOF clusters.

; 0

1] e, P!

2 ’ OH > FCMOH
: il i FF A

Figure 9: XRD patterns (top) and SEM images (bottom) of (A) MOF-TFA, (B) MOF-PFPA, (C) MOF-HFBA.

NMR shows that AA, PA and BA modulated MOF-808 contained respectively 3.8, 3.2 and 3.9
modulator molecules per Zr-cluster while 4.9 TFA, 4.2 PFPA and 3.9 HFBA molecules were on
average incorporated per cluster for the fluorinated MOFs (Table 3). To validate the obtained NMR
results, TGA data were taken for MOF-TFA, MOF-PFPA and MOF-HFBA (Figure S34).
Thermogravimetric analysis suggests approximatively 4.2, 4.1 and 3.2 molecules of TFA, PFPA

and HFBA, respectively, per Zr-cluster and thus confirms the trend obtained by NMR.*3
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IR analysis further confirmed the presence of fluorine groups inside the different MOFs. For TFA,
PFPA and HFBA modulated MOF, typical C-F stretching and bending vibrations are seen in
Figure S36. Peaks at 1170 cm™ and 1215 cm™! belong respectively to symmetric and asymmetric
stretching of -CF3 groups. -CF» stretching becomes visible at 1040 cm™ in the PFPA spectrum.
Furthermore, MOF-HFBA shows two extra peaks at 1090 and 1125 cm™!, which Crowder et al.

attributed to C-F vibrations of CF».*°

Finally, a decrease in specific surface area of both the non-fluorinated and the fluorinated series
with increasing alkyl chain length is observed: 1982 m?/g (MOF-AA), 1468 m*/g (MOF-PA) and
739 m?/g (MOF-BA) for the regular MOFs and 1239 m?/g (MOF-TFA), 1089 m*/g (MOF-PFPA)
and 622 m?*/g (MOF-HFBA) for the fluorinated MOFs (Figure S37+S38). A similar trend was
perceived by Deria et al. when functionalizing NU-1000 using perfluoroalkane ligands with
varying chain length.’® In addition, the MOF pore diameters could be estimated with N
physisorption (Figure S39 and S40) and are well in agreement with literature??. The small cage
with pore diameter of 5-6 A remains unchanged by varying the modulator while the average pore
diameter of the large, adamantine cage gradually decreases with increasing the modulator size for
both fluorinated and standard modulators (Table 3). Moreover, CO2 adsorption experiments prove
that MOF-TFA (Figure S17) and MOF-PFPA (Figure S41) have a higher CO; affinity than their
non-fluorinated counterpart (MOF-AA and MOF-PA, respectively), despite significantly lower

BET surface area.

Table 3: BET surface area, pore volume, average pore size, average number of modulator molecules per Zrs cluster (as
determined by NMR). Glass transition temperature (Tg) of the corresponding 10 wt% Matrimid MMM is given as well.
Adsorption isotherms for N2 and CO: are found in SI.

BET surface CO: Pore volume Pore size Modulators Tg of .
9 uptake 3 A per Zrg corresponding
area (m*/g) (cm®g) (cm*/g) (A) cluster MMM (°C)
MOF-AA 1982 49.8 0.65 18.4 3.8 326
MOF-PA 1468 35.7 0.53 16.7 3.2 325
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MOF-BA 739 - 0.27 15.6 3.9 325

MOF-TFA 1239 46.0 0.49 18.4 4.9 326
MOF-PFPA 1089 37.8 0.40 16.7 4.2 324
MOF-HFBA 622 - 0.21 13.8 3.9 324

DSC measurements were performed to determine the T, of all membranes. Table 3 displays an
overall increase in T of roughly 10 °C for all MMMs compared to pristine Matrimid, indicating a
reduced polymer chain mobility. Table S2 shows that the density of the pristine Matrimid
membrane was 1.23 g/cm?®, which is in good agreement with literature®’. Upon MOF incorporation,
density of the MMM s (with exception of Matrimid-HFBA) increased slightly compared to that of
pure Matrimid, suggesting a good affinity between MOF and polymer in general**-!>2, A notable
increase in specific volume was observed for Matrimid-HFBA (Figure S42) compared to the other
MMMs. SEM images indicate that TFA and PFPA modulated MOF are well embedded in the
polymer matrix (Figure S43) while the SEM cross-sections of Matrimid-HFBA show a non-ideal,

irregular MOF incorporation (Figure S44).
Gas permeation experiments

Figure 10 demonstrates that, for the series of MOF modulated with alkyl carboxylic acids,
CO»/CHy4 separation factor was found to be relatively constant with increasing modulator chain
length, ranging from 41 (for PA) till 51 (for AA). Both AA and BA MOFs caused a similar increase
in permeability of roughly 60%, while PA modulation led to only a minor increase. The use of
fluorinated MOFs boosts the MMM performance (both separation factor and CO2 permeability)
with an optimal separation factor of 97 observed for MOF-PFPA combined with a CO;
permeability of 29 Barrer. CO> physisorption data demonstrated that the fluorinated modulator
improved the CO» affinity of the MOF (Table 1 and Table 3). Furthermore, N> physisorption shows

that the pore size gradually decreases with increasing modulator chain length. For HFBA and BA
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modulated MOF, the pore size still remains 13.8 and 15.8 A respectively, which largely excludes
the possibility of size sieving by the MOF, considering the kinetic diameters of CO> (3.3 A) and
CH4 (3.8 A)*. Additionally, DSC reveals an increased T, for all MMMs and thus a certain degree
of polymer rigidification at the polymer-particle interface (Table 3). This may contribute to an
enhanced separation factor but a similar degree of polymer rigidification should be assumed for
incorporation of all MOFs as no notable differences in T, were observed between the individual
samples. A substantial decrease in separation factor is observed when MOF-HFBA is used,
possibly caused by interfacial defects (as suggested by SEM and density measurements) which
may arise from low compatibility between the highly fluorinated MOF and the non-fluorinated
polymer. The strongly increased permeability (higher than expected) for Matrimid-HFBA further
adds to this hypothesis of existing molecular voids between polymer and filler. This is also visible

in Figure S45, which shows the change in membrane morphology and structure upon incorporation

of HFBA modulated MOF.
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Figure 10: Left: CO2/CHy4 separation factor comparison between MMMs made with MOF modulated by alkyl carboxylic acids
(black, square) and by perfluoro carboxylic acids (orange, circles). Right: CO2 permeability of Matrimid and MMMs. Gas
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3.3 Comparison with literature
In Figure 11 and Table S3, the MMMs obtained in this study are compared to literature and the

upper bounds determined by Robeson in 20082 and by Wang in 20184, All MMM s containing
MOFs modulated by fluorinated carboxylic acids cross the mixed-gas upper bound, while MMMs
based on MOF-AA, MOF-PA and MOF-BA all fall under this limit. The 30 wt% Matrimid-TFA
and 10 wt% Matrimid-PFPA MMMs even cross the 2008 Robeson upper bound with their
performance. This is especially remarkable when considering that the starting material, Matrimid,
is only a moderately performing polymer with a separation factor-permeability combination far
below both upper bounds. When comparing to literature (Table S3), it can be concluded that
MMMs based on regular MOF-808 show similar or improved performance compared to UiO-66
based MMMs, while Matrimid MMMs with fluorinated MOF-808 clearly outperform these UiO-

66 MMMs and belong to the best performing Zr-based MOF MMMs reported so far.

2008 upperbound

10 wt% MOF-PFPA
30 wt% MOF-TFA

100.0 1
] 2018 mixed-gas upperbound

Y"
@ Matrimid

# 20 wt% MOF-TFA 10 wt% UiO-66

CO,/CH, selectivity

10.0 1
1  #30wt% MOF-TFA

A 10 wt%o Perfluoro carboyxlic acids
B 10 wt% Alkyl carboxylic acids

O Literature

1.0

1.0 10,0 100.0 1000.0
CO, permeability (Barrer)

Figure 11: Comparison of prepared MMMs with literature in a selectivity-permeability plot.

22



4 Conclusions
MOF-808 holds promise as a highly versatile MOF for CO; capture due to its low preparation cost,

excellent intrinsic features (stability, porosity, specific surface) and, most importantly, simple
functionalization. MOF-808 can be very easily tuned in terms of particle morphology and inner
and outer surface functionalities by playing with MOF synthesis parameters and (cheap) modulator
types. Furthermore, the MOF can be prepared in water, excluding the use of toxic organic solvents
(e.g. DMF) traditionally used in MOF synthesis. “Modulator Mediated Functionalization” (MoFu)
is a novel and straightforward tool to tune the separation potential of MOFs, exemplified here for
the CO»-philicity of MOF-808. The obtained CO» separation performance of the prepared MOF-
808 MMMs was outstanding. Two of the best MMMs prepared with 30 wt% MOF-TFA and 10
wt% MOF-PFPA improved the CO2/CH4 separation factor with 100% and 140%, respectively. At
the same time, both MOFs significantly enhanced the CO» permeability (+350% and +100%). As
a result, Matrimid-TFA-30 and Matrimid-PFPA crossed the 2008 and 2018 performance upper
bounds. When considering that Matrimid, a medium performance polymer, was used as starting
material, the prepared MMMs rank among the best in both absolute and relative performance
increase so far found in literature. Although here demonstrated for CO2/CH4 separation, the
presented MoFu-concept is in theory applicable to all separation domains (both gas and liquid)
that involve MOF-based membranes.
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