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Fluorine extraction from organofluorine molecules to make
fluorinated clusters in yttrium MOFs

Rare-earth metal-organic frameworks (MOFs) have been

investigated for biomedical, magnetic, and optical properties.

We recently discovered that fluorine can be extracted from
various organic molecules to form fluoro-bridged MOFs.

A new yttrium MOF is reported with fluorinated clusters.
Moreover, it is demonstrated that pollutants such as PFAS
can be destroyed during the MOF synthesis to make the
fluorinated clusters. The presence of fluorinated clusters in
the MOFs is expected to improve the fluorescence, magnetic
and separation properties.
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A new rare earth based two-dimensional coordination network and a three-dimensional metal-organic
framework (MOF) have been synthesized using bicinchoninic acid (BCA) and yttrium(i) ions. Yttrium
dimer nodes are formed in the absence of a modulator, resulting in a 2D layered coordination network
(Y-=BCA-2D). The presence of fluorinating agents, e.g., 2-fluorobenzoic acid (2-FBA), 2,6-difluorobenzoic
acid (2,6-DFBA), and perfluorohexanoic acid (PFHxA) result in ps-F bridged metal hexaclusters (YgFg) that
form a three-dimensional MOF (Y=BCA-3D). It was found that Y3* can break highly stable C—F bonds in
aromatic and aliphatic fluorinated compounds. Single-crystal X-ray diffraction (SC-XRD) shows the

Received 14th September 2022 presence of fluorine in the metal cluster which was confirmed by energy dispersive X-ray spectroscopy
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(EDS). High resolution X-ray photoelectron spectroscopy (XPS) and '°F Nuclear Magnetic Resonance

DOI: 10.1035/d2sc05143e (NMR) also verify the presence of metal-fluorine bonds in the cluster. The Y-BCA-3D MOF selectively
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Introduction

Metal-organic frameworks (MOFs) are crystalline hybrid
organic-inorganic compounds that have been used in a variety
of applications including conductive materials," catalysis,**®
drug delivery,” radio therapy,”* water harvesting,'***> gas
storage, and separations.'®" There is growing interest in rare-
earth (RE) MOFs, particularly due to their high coordination
number (CN: 6-12), magnetic properties, optical properties, and
therapeutic applications.”** The RE metal ions tend to form
dimers that often result in MOFs with low porosity.>¢* It has
been widely reported that the addition of a modulator can result
in RE-MOFs with larger metal clusters.”*** Modulators were
originally designed to bind to metal ions to control crystalliza-
tion rates, often leading to larger X-ray quality crystals.®*** A
popular modulator is 2-fluorobenzoic acid (2-FBA) (Fig. 1).>*
This molecule has been used to synthesize RE based MOFs
where the metal nodes have been reported to be hydroxo (j;-
OH ") bridged hexanuclear clusters.**** In contrast, it was found
that in the case of Ho>* and terephthalic acid (BDC), the addi-
tion of 2-FBA to the synthesis resulted in a fluoro-bridged
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hexanuclear cluster in a UiO-66 analog.”® Additionally, it was
found that Ho** could extract fluorine from 2-FBA and form
HoF;. The presence of fluorine in metal clusters can also
improve their thermodynamic stability compared to hydroxy
bridged clusters.*® Fluorinated metal clusters are hydrophobic
and can improve the water stability of the MOFs.*” The fluorine
in the clusters may improve the framework interaction with CO,
that can be exploited in separations. For example, the Y-MOF in
a recent mixed matrix membrane that showed enhanced CO,
separation is likely a fluorinated MOF.*>** Fluorinated RE
clusters exhibit enhanced photoluminescence which may also
be the case in fluorinated RE-MOFs.*

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are
highly stable compounds used in a variety of coating applica-
tions, such as heat-resistant non-stick utensils, hydrophobic
packaging, adhesives, and furniture surfacing.®*** These
compounds are remarkably stable under high temperatures,
extreme chemical conditions, and in both hydrophilic and
hydrophobic environments.®* The aliphatic C-F bonds are very
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Fig. 1 Structures of 2-fluorobenzoic acid (2-FBA), 2,6-difluor-
obenzoic acid (2,6-DFBA), and perfluorohexanoic acid (PFHxA).
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BCA

Fig. 2 Structures of organic linkers [2,2’-bipyridine]-4,4’-dicarboxylic
acid (BPDC), and bicinchoninic acid (BCA).

stable with a bond dissociation energy exceeding
500 kJ mol *.%%* According to the Centers for Disease Control
and Prevention (CDC) and the United States Environmental
Protection Agency (EPA), PFAS contamination in soil and
drinking water are becoming a serious environmental
threat.®®® In this study, it is found that Y** can break C-F bonds
in organo-fluorine molecules including perfluorohexanoic acid
(PFHxA) and form YF; or fluoro-bridged hexaclusters in a new
MOF, Y-BCA-3D.

A fluorine-bridged trinuclear cluster was formed with the
organic linker [2,2"-bipyridine]-4,4-dicarboxylic acid (BPDC)
(Fig. 2).* In the present work, the linker BCA (Fig. 2) was used to
make a new MOF using Y*". Similar to Ho*", the Y*" ion extracts
fluorine from 2-FBA, 2,6-DFBA, as well as PFHxA (Fig. 1). In the
absence of an organo-fluorine molecule, a new two-dimensional
MOF (Y-BCA-2D) was formed. The 2D and 3D MOFs were
characterized by thermogravimetric analysis (TGA), EDS, XPS,

XRD, "’F-NMR and gas sorption analysis (N,, CO,).

Results and discussion

In the absence of fluorinated modulators, the solvothermal
reaction of Y(NO3);-6(H,0) with the BCA ligand yielded a two-
dimensional MOF, [Y2(p4-BCA),(13-BCA),(DMF), ],
-nDMF - n(H,0) (Y-BCA-2D). Single-crystal XRD (SC-XRD) anal-
ysis reveals that Y-BCA-2D crystalizes into a triclinic space
group, P1. The Y*" has a coordination number of nine in the Y-
BCA-2D dimer node. In the structure of Y-BCA-2D, inversion
centers lie at the center of the Y-based binuclear clusters as
shown in Fig. 3(a). In these binuclear clusters, each Y center is
coordinated to two terminal DMF molecules by the carbonyl
oxygen atoms and eight carboxylate groups from the BCA
ligands. There are two types of chemically distinct BCA ligands
in the structure, namely type-1 and type-2 as shown in
Fig. S1(a).t Each type-1 BCA ligand has one n*-carboxylate group
chelating to a Y** ion and another p,, n’-carboxylate group
bridging the Y*" ions in the binuclear clusters. Type-2 BCA
ligands are geometrically perpendicular to the type-1 BCA
ligands. Each BCA linker is bound to four different Y** ions
from two different binuclear clusters by its two bridging
carboxylate groups. In the extended structure of Y-BCA-2D, two
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Fig. 3 Structure of Y-=BCA-2D (a) cluster structure with metal-dimer
node, (b) layered structure, and (c) topological representation showing
a single layer and stacking.

type-1 BCA ligands pair up and align in an antiparallel fashion,
connecting two adjacent binuclear clusters and forming an
infinite chain as shown in Fig. 3(b). Perpendicular to this chain,
type-2 BCA ligands forms another infinite chain while con-
necting the binuclear clusters in proximity. Topologically, the
two perpendicular chains generate a two-dimensional 4-c net
with the sql topology as shown in the Fig. 3(c). The 2D layers are
aligned in a staggered configuration with the clusters being on
top of the type-2 BCA ligands from an adjacent layer (Fig. S17).
The staggering alignment of these layers leads to elimination of
pore space with a minimal Platon void percentage of 3%.
Between each layer, there are DMF, and water molecules as
shown in Fig. S1.f The crystal packing of the 2-dimensional
layers is further highlighted in Fig. S2,T where alternate layers
are colored green and purple, and solvent molecules are
removed for clarity. The phase purity of the product was
confirmed by powder XRD (Fig. S67).

In the presence of fluorinated modulators (2-FBA, 2,6-DFBA,
PFHxA), the solvothermal reaction of Y(NO3);-6(H,0) with the
BCA ligand yielded a three-dimensional MOF (Y-BCA-3D) with
an empirical formula of C3;oH;5F;N3066,Y15. Y-BCA-3D crys-
talized in the tetragonal space group I4/m. The crystal structure
of Y-BCA-3D consists of yttrium hexanuclear clusters coordi-
nated by BCA linkers. Yttrium has the same coordination
number (ie., CN: 9) as in the dimer, but the p;-F bridges form
a hexanuclear cluster (Y¢Fg), as shown in Fig. 4(a and b). Each
hexanuclear cluster is connected to BCA linkers via n>-carbox-
ylate groups. Each Y** ion is coordinated with one water mole-
cule, four p;-F, and four oxygen atoms from carboxylate groups.
The extended network shows that Y-BCA-3D has the same fcu
topology as the UiO-66 Fig. 4(c and d).*® Details of the crystal-
lographic data collection and instrumentation are discussed in
the ESIT as well as the crystal parameters, and refinement
details are given in Table S1.T The powder XRD confirms the
crystallinity and bulk purity of the product when compared to
the simulated pattern from the single crystal structure

(Fig. S67).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Crystal structure of Y=BCA-3D (a) cluster structure with hexanuclear node, (b) c-axis view of hexacluster and isolated Y¢Fg cluster, (c)
extended 3D network view along the a-axis showing 6.3 A spherical cavities (purple), and (d) underlying net topology of the MOF viewed along

the a-axis.

The formation of these p;-F bridged hexaclusters depends on
the nature of the modulator and the ratio with the BCA linker. It
was found that 2-FBA gave a mixture of 2D/3D MOFs if used in
a modulator/BCA mole ratio less than 15. While the same ratios
of 2,6-DFBA and PFHxA only form the hexaclusters. This could
reflect the lower pK, of BCA (1.77), which competes with the
modulator for the Y** ions. The pK, values for the modulators
are 3.27, 2.34, and —0.15 for 2-FBA, 2,6-DFBA, and PFHXxA,
respectively. The ideal linker to modulator mole ratios were
found as 1:18,1:14, and 1: 7 for 2-FBA, 2,6-DFBA, and PFHXA,
respectively. It should be noted that an excess amount of
modulator in all cases resulted in a mixture of YF; and Y-BCA-
3D. Therefore, the donor strength of the modulator versus the
linker must be taken into careful consideration when designing
fluoro-bridged RE-MOFs. Attempts to use NaF and NH,F as the
fluorine source in the synthesis of Y-BCA-3D only resulted in
formation of yttrium fluorides. Moreover, attempts to convert
the 2D MOF to the 3D MOF by heating with organofluorine
modulators only resulted in formation of YF;.

The EDS elemental mapping confirms the presence of fluorine
in the Y-BCA-3D. The EDS of Y-BCA-3D synthesized with different
fluorinated modulators show that the amount of fluorine is
consistent with the theoretically calculated amount (Fig. S3-S57).

© 2022 The Author(s). Published by the Royal Society of Chemistry

Fluorine nuclear magnetic resonance (*°F-NMR) spectroscopy was
used to confirm the presence of fluorine in the MOFs. Three
different samples of Y-BCA-3D synthesized using different fluo-
rinated modulators i.e., 2-FBA, 2,6-DFBA, and PFHxA were diges-
ted in 10% deuterated sulfuric acid. A comparison of “’F-NMR
spectra for modulators and digested Y-BCA-3D MOFs is shown
in Fig. S7-S9.1 'F-NMR spectra of acid digested Y-BCA-3D
confirmed that there were no trapped modulators inside the MOF
pores, as the fluorine chemical shifts do not match the modula-
tors. The chemical shift peaks at —169 ppm correspond to
hydrofluoric acid (HF) formed by the release of bridging fluorine
from the digested MOF, as these peaks are in the same region as
the reported '’F-NMR peak for HF.*%

It should be noted that the only source of fluorine was the
organo-fluorine molecules (2-FBA, 2,6-DFBA, or PFHxA). It was
confirmed that the fluorine in the Y-BCA-3D is present in the
metal nodes, and not unreacted or trapped organo-fluorine
molecules. As a proof of fluorine extraction, a reaction of just
the modulator and Y** was carried out without the organic
linker. The Y*' can extract fluorine from 2-FBA, 2,6-DFBA and
PFHXA to make YF; (Fig. S10t). The formation of YF; was
confirmed by comparing the powder XRD with its simulated
pattern, and no impurities were found (Fig. S117).%

Chem. Sci., 2022, 13, 14285-14291 | 14287
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Fig. 5 The XPS spectra of (a) Y-=BCA-3D survey, (b) Y-BCA-3D high
resolution Y 3ds/, and 3ds,,, (c) Y-BCA-2D survey, and (d) Y-BCA-2D
high resolution Y 3ds,, and 3ds,».

The presence of elemental chemical states can be precisely
determined by the XPS. The survey spectra of the 2D and 3D
MOFs shown in Fig. 5(a and c¢) confirms the presence of yttrium,
fluorine, and BCA linker elements i.e., carbon, nitrogen, and
oxygen. The high-resolution spectrum of Y-BCA-3D gave spin-
orbit coupled peaks of Y 3ds, and 3d;, at 158.2 eV and
160.2 eV, respectively. The Y-BCA-2D shows a binding energy
(BE) of Y 3ds,, at 157.4 eV. As, Y-BCA-2D only has yttrium-
oxygen bonds, similar to Y,0;.” Whereas, the BE of Y 3ds/, in
YF; is 159 eV due to Y-F bonds. In the case of Y-BCA-3D, these
energies correspond to yttrium bound to oxygen and fluorine
(O-Y-F) in the hexacluster. Hence, the Y 3ds,, BE in the hex-
acluster is in between the Y,0O; and YF;.

View Article Online

Edge Article

The F 1s high resolution XPS spectra show the BE for C-F in 2-
FBA, 2,6-DFBA and PFHXA as 686.7, 687.5, and 689.2 eV,
respectively (Fig. 6(a-c)). Whereas the Y-BCA-3D shows a peak at
684.7 eV, which corresponds to fluorine bound to yttrium. This
can be compared to YF; at 685.1 eV for F 1s. The F 1s spectrum
for a physical mixture of Y-BCA-3D and 2,6-DFBA was recorded.
Fig. 6(f) shows that the mixture has two distinct chemical states
of fluorine with binding energies at 684.7 and 687.5 eV for Y-F
and C-F, respectively. Hence, it can be concluded that the fluo-
rine is bound to yttrium in the hexacluster, and no free organic
fluorine is present in the Y-BCA-3D.

Thermogravimetric analysis of the MOFs activated at 160 °C
under vacuum shows that the 2D-MOF decomposes around
460 °C in air and at 500 °C under a nitrogen atmosphere.
Whereas the pristine BCA linker decomposes at 300 °C under
air (Fig. S121). The Y-BCA-2D structure loses 5% mass around
100 °C and is assigned to the loss of adsorbed water. A further
5% mass loss at 300 °C is assigned to coordinated DMF. Simi-
larly, the 3D-MOF also has superior stability in comparison to
the BCA linker and stable up to 450 °C. It gave a 7% weight loss
at 100 °C for trapped water molecules, which show that it has
relatively more free volume in comparison to Y-BCA-2D.

The porosity of the MOFs was probed using ultra high purity
nitrogen and carbon dioxide. The nitrogen adsorption-desorption
analysis shows that the activated Y-BCA-2D is a densely packed
material with a very low BET surface area of 11.5 m* g~ . Whereas,
the CO, adsorption data shows a surface area of 33.1 m* g~ that
indicates the presence of some microporosity. Similarly, the
nitrogen adsorption isotherm for Y-BCA-3D MOF shows a surface
area of 5.7 m*> ¢~ and 94.5 m> g for the CO, adsorption
isotherm. The surface area for the similar linker Z.e., BPDC (Fig. 2)
in a Gd-trinuclear cluster-based MOF is 177.7 m*> g~ . This shows
that the Y-BCA-3D has less surface area, but it is selective for CO,
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Fig. 6 High resolution F 1s XPS spectra of (a) 2-FBA, (b) 2,6-DFBA, (c) PF
2,6-DFBA.

14288 | Chem. Sci., 2022, 13, 14285-14291

HxA, (d) Y-BCA-3D, (e) YFs, and (f) physical mixture of Y-BCA-3D and
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Fig. 7 Adsorption isotherms for (a) Y-BCA-3D and (b) Y-BCA-2D.
Representation of sinusoidal voids/channels (purple) in Y=BCA-3D (c)
viewed along a-axis, (d) viewed along b-axis and gas passage is
highlighted by arrows, and (e) viewed along c-axis show presence of
deep spherical cavities with a diameter of 6.3 A.

uptake due to its narrow pore openings. Even though Fig. 7(c)
show that Y-BCA-3D has 6.3 A spherical cavities, bigger than the
kinetic diameter of nitrogen (3.64 A), it does not allow N,
adsorption. The calculated void spaces show that the channels are
zigzag along a and b-axes (Fig. 7(c-€)). These channels have
narrow openings ~4 A along the a and b-axes and have deep
spherical cage type 6.3 A cavities along c-direction. These cavities
dead end along the c-axis but are accessible through the a and b-
axes. This was experimentally verified by the pore volume calcu-
lated by gas sorption data as shown in Fig. 7(a and b).

Conclusions

The extraction of fluorine from various organo-fluorine
compounds by rare earth metal ions has opened up a new
area for MOFs synthesis. A new yttrium MOF with the BCA
linker features a fluorine bridged hexacluster. The Y** ions can
extract fluorine from aromatic and aliphatic carbons. This work
is currently being extended to other rare earth metal ions, as
different RE metals exhibit various fluorine affinities. Under-
standing how the fluorine affinities play a role in the cluster
formation can provide insights into the design of these MOFs as
well as their potential application in fluorine sensing and
extraction. The fluorine bridges found in these clusters are ex-
pected to have an effect on the optical properties of the MOFs,
and those studies are in progress.

Data availability

CCDC numbers 2206798 (Y-BCA-2D), and 2207094 (Y-3D-MOF).
Additional experimental details and data are provided in the
ESL7 including NMR, EDS, TGA, PXRD, optical images, and
crystallographic data.
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