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Abstract: While metal-organic frameworks based on aromatic carboxylates are very numerous and well
investigated, the chemistry of their fully fluorinated analogues is at the very beginning. This minireview
aims at summarizing all metal complexes with octafluorobiphenyl-4,4’-dicarboxylate (0FBPDC?*) anion and
in particular, porous coordination polymers, their syntheses, crystal structures and functional properties
highlighting the importance of further investigation of such systems.
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Introduction

Metal-organic frameworks or porous coordination polymers (MOFs, PCPs) are compounds consisting of metal
ions or clusters linked with organic ligands to form a coordination framework. These compounds contain
cages or cavities, i.e. they are porous materials and could be utilized in different applications: gas sorption
and separation, heterogeneous catalysis as well as nanoreactors, sensing, electron and ionic conductivity,
energy, and environmental applications [1-5]. The most exciting features of MOFs compared to other porous
materials are broad possibilities of design and modification of the framework structure and topology, inter-
nal surface and porosity for a certain application or industrial challenges. The most famous MOFs, IRMOF
[6], MIL [7-10], UiO [11] series, are formed by anions of aromatic dicarboxylate ligands, e.g. terephthalate
1,4-BDC?*. The use of their perfluorinated analogues tFBDC* potentially leads to a material with new prop-
erties or enhanced characteristics. For instance, the intensity of near-infrared luminescence of Er(IIl) is 3
times higher for complex with perfluorinated ligand 1,4-tFBDC then with BDC* [12]. The ligand fluorination
improves both framework stability and sorption capacities towards H, and CO, which was shown on isostruc-
tural series of MOFs built up with Ni(II), 2,4,6-tri(4-pyridyl)-1,3,5-triazine, and substituted phthalate 1,2-BDC*
[13]. Perfluorinated In(III) framework YCM-101 is suggested for the removal of antibiotics from water solutions
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[14]. Other examples of fluorine-containing MOF structures and their properties are summarized in review
[15] and book chapter [16].

A further step toward a highly porous fluorinated framework is the use of longer bridging perfluorinated
ligand octafluorobiphenyl-4,4’-dicarboxylate oFBPDC?. However oFBPDC-containing coordination polymers
are extremely scarce, they do demonstrate intriguing functional properties, including gas sorption, hydro-
phobicity, etc. In this review, we summarize all the achievements concerning oFBPDC?* chemistry in terms
of the formation of metal complexes and especially those showing permanent porosity, and their properties.

The synthesis of H,oFBPDC

One of the key factors that hinder the development of oFBPDC?* coordination chemistry is the accessibility
of this ligand for chemists. Unlike tetrafluoroterephthalic acid and its isomers, perfluorinated biphenyl-4,4’-
dicarboxylic acid is not a commercially available chemical. There are some protocols allowing one to get
this substance in up to 10 g quantity in a few stages. The major transformation involves the C-C coupling
reaction between the derivatives of fluorinated benzoic acid: Cu-catalyzed cross-coupling reaction between
2,3,5,6-tetrafluorobenzonitrile and 2,3,5,6-tetrafluoro-4-iodobenzonitrile [17] (Scheme 1a) and a coupling
reaction of (4-ethoxy-carbonyl-2,3,5,6-tetrafluorophenyl)zinc in the presence of anhydrous CuCl, [18] (Scheme
1b). Further hydrolysis of dinitrile (Scheme 1a) or diester leads to octafluorobiphenyl-4,4’-dicarboxylic acid
(Scheme 1b). The synthetic routes with some slight modifications were also performed [19, 20].
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Scheme 1: Syntheses of H,oFBPDC.
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Metal complexes containing oFBPDC*-

All metal complexes containing oFBPDC?* are summarized in Table 1. The first MOFs based on oFBPDC*
are Cu-containing MOFF-1 and MOFF-2 which have been published in 2013 by the group of prof. Miljani¢
[17]. The idea of using a fully fluorinated linker is to combine advantages of MOF materials with exceptional
hydrophobicity of fluorinated organic polymers and its increased stability toward moisture. Both MOFF-1
and MOFF-2 are synthesized at 40-60 °C in the mixture of solvents in which methanol is a major compo-
nent. MOFF-1 is a layered coordination polymer built up with binuclear paddle wheel units {Cu,(RCO,) L.}
and bridging oFBPDC?*, with methanol as an apical ligand L. These square grid layers can be pillared with
bridging N-donor ligand dabco (dabco — 1,4-diazabicyclo[2.2.2]octane) to form doubly interpenetrated 3D
coordination polymer. Owing to the presence of F atoms within the organic ligand, desolvated MOFF-1 and
MOFF-2 do demonstrate hydrophobic and superhydrophobic behavior. Water contact angles of MOFF-1 and
MOFF-2 were 108 +2° and 151+ 1°.

The authors [17] highlighted that the synthesis of MOFs based on this perfluorinated ligand occurred at
much lower temperatures than the conventional solvothermal synthesis of non-fluorinated congeners. The
reason for this is the higher acidity of H,oFBPDC in comparison with H,BPDC. The difference in K_values in
water solutions of aromatic perfluorinated/non-fluorinated acids is 2-3 orders of magnitude [21, 22]. Higher
acidity of the reaction mixture may prevent the formation of the metal complexes with polycarboxylate
ligands since they are usually not stable under strongly acidic conditions. In this regard, Cheetham and cow-
orkers suggested that the formation of the polymeric structures with perfluorinated benzenedicarboxylates
easily took place in the presence of N-containing ligands which acted both as a co-ligand and a base [23].
On the other hand, higher acidity of H,oFBPDC allows one to use metal hydroxides as metal sources. In this
particular case, the reaction between starting materials represents not only a complexation reaction but also
a neutralization one. This approach appeared to be very productive in the case of some lanthanides and zinc
complexes. Thus, in 2015 Larionov et al. described the syntheses and photoluminescence properties of novel
Th(I1I) and Eu(III) complexes — Ln,(H,0),(0FBPDC), - 3H,0 and Ln (phen),(oFBPDC), - 2H,0. These complexes
have been obtained by the reaction of Ln(OH),, H,oFBPDC and phen (phen=1,10-phenantroline) in water
at room temperature with further precipitation with acetone/methanol solvent mixture [18]. Though these
complexes have not been structurally characterized, they are supposed to be polymeric. Photoluminescence
spectra of all four lanthanide complexes contain narrow bands which are assigned to transitions in Th** and
Eu* cations. In 2019, the same group has reported the synthesis and X-ray crystallography data for [Zn(H,0) |
[Zn(H,0),(oFBPDC),] - H,0 having the non-polymeric structure [24]. Interestingly, each oFBPDC™ is linked to
Zn(II) cation by means of only one carboxylate group coordinated in monodentate mode. There is a compli-
cated system of hydrogen bonding interactions between non-coordinated O atoms of fluorinated dicarboxy-
lates, lattice and coordinated water molecules (Fig. 1).

In our investigation of the Zn(II) + oFBPDC* system in terms of the formation of metal complexes
we managed to obtain 12 novel Zn complexes of non-polymeric ionic, 1D, 2D and 3D structures [20, 25].
Zn(NO3)2 -6H,0, Zn(CH3C00)2 +2H,0, and freshly prepared Zn(OH), have been used as metal source. The syn-
theses took place in water, alcohols and their derivatives, acetone, acetonitrile, tetrahydrofurane (THF),
N,N-dimethylformamide (DMF), N,N-dimethylacetamide (DMA), N,N-diethylformamide (DEF) and dimethyl-
sulfoxide (DMSO) in the range of temperatures from room temperature up to 100 °C. In some cases, N-donor
co-ligands (4,4"-bipyridile (bpy), dabco, urotropine (ur)) were added. Dabco and bpy with a linear arrange-
ment of nitrogen atoms are often used for the construction of porous MOFs. Due to the presence of four nitro-
gen atoms in ur and their angular arrangement this ligand can act as a four, three-, or two-connected linker
[26] as well as a terminal ligand [27].

Extensive perfluorination of the carboxylic acid not only changes the reactivity (e.g. acidity, thermal
stability [28]) but also electronic properties of the carboxylate. oFBPDC* is expected to be a weak ligand.
Indeed, the reaction of Zn(CHSCOO)Z - 2H,0, H,oFBPDC and dabco in DMF in a sealed tube at 60 °C afforded
single crystals which appeared to be [Zn,(CH,CO0),(OH)(dabco)] [29], which did not contain oFBPDC?.
Besides, we failed to get any metal complexes in DMF, DEF, DMSO, while the use of the solvents with lower
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Fig.1: Fragment of the crystal packing in [Zn(H,0) ](Zn(H,0),(oFBPDC),] - H,0. Hydrogen bonding interactions are shown with
dashed lines. Hydrogen atoms are omitted for clarity.

donor ability proved to be very productive. The reaction of Zn(OH), with H,oFBPDC in ethylene glycol (eg)
lead to non-polymeric complex [Zn(eg),](0FBPDC) [20] however the similar reaction of Sc(OH), with tetra-
fluoroterephthalic acid gave a chain-like polymer [30]. In this complex, oFBPDC?* acts as a counter-ion
and is not bounded to Zn(II) cation. This complex is expected to be a convenient source for the synthe-
sis of novel oFBPDC based MOFs. The investigation of its reactivity is underway. The reaction of Zn(OH),
and H,oFBPDC in the mixture of solvents 2-methoxyethanol/methanol at 40 °C produced 1D coordination
polymer [Zn(CH,0H),(CH,0CH,CH,0H)(oFBPDC)] [20]. The interaction of Zn(OH),, H,oFBPDC and ur in
1:1:1 molar ratio produced different chain-like coordination polymers depending on the solvent (Fig. 2). The
reaction in methanol gave [Zn(CH,0H),(ur)(oFBPDC)] (Fig. 2a) [25], while the reaction in ethanol produced
[Zn(H,0)(ur)(oFBPDC)] (Fig. 2b) [20]. In the former coordination polymer, a distorted octahedral coordina-
tion environment of Zn(II) is presented by two O atoms of carboxylates, one N atom of terminal ur, and
three O atoms of methanol molecules. In the crystal structure of the latter compound, each Zn(II) cation
has a distorted tetrahedral environment consisting of two O atoms of carboxylates, one N atom of terminal
ur, and one O atom of water.

Fig. 2: Fragments of the polymeric chains of [Zn(CH,0H),(ur)(oFBPDC)] (a) and [Zn(H,0)(un)(oFBPDC)] (b). Hydrogen atoms are
omitted for clarity.
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Among 2D coordination polymers is [Zn(CH,0H),(cFBPDC)] [25] which is obtained in the reac-
tion of Zn(OH), and H,oFBPDC in methanol in the range 40-60 °C. Interestingly, if a small amount of eg
(~3 vol.%) is added to the same reaction mixture, the product of the reaction after prolonged heating at
60 °C represents non-identified powder and large crystals of layered coordination polymer [{Zn,(u,-OCH,),}
(CH,OH),(oFBPDC),] -[{Zn,(u,-OCH,),}(H,0)(CH,0H),(oFBPDC),] - 13CH,OH [20]. Each layer of this polymer is
built up with unique cuboidal coordination fragment {Zn4(u3-OCH3) 4}. This unit is found in organometallic
compounds, obtained by the controlled oxidation of zinc alkyls [31-33], but not in Zn coordination polymers.
To the best of our knowledge, such a 2D coordination polymer is the first example of Zn coordination poly-
mers based on {Zn,(u,-OCH,),} units and carboxylate linkers. Complex [Zn (CH,CONH,),(oFBPDC),] - 3CH,CN
[25] having layered polymeric structure is the first coordination polymer we managed to obtain by the reac-
tion of Zn(NO,),- 6H,0 and H,o0FBPDC in CH,CN after ca. 5 days at 80 °C. The complex contains acetamide
as an apical ligand L within paddle wheel fragment {Zn,(RCO,),L,}. Acetamide presumably arises from the
acid-catalyzed hydrolysis of CH,CN. If a similar reaction takes place in the mixture of solvents CH,CN/benzene
(v:v=2:1) at 80 °C, another coordination polymer [Zn,(CH,CN),(oFBPDC),] - 2C H, - 2CH,CN [20] with similar
layered structure is formed within 2 days. Due to rapid crystallization, there is no acid-catalyzed hydrolysis,
and CH,CN is coordinated to Zn(II) cations in contrast to CH,CONH, in [Zn (CH,CONH,),(oFBPDC),] - 3CH,CN.
Guest molecules of benzene take part in n-w interactions with fluorine substituted phenyl rings. The same
square grid layers formed with Zn paddle wheels {Zn,(RCO,) L.} and oFBPDC* are found in the crystal struc-
ture of [Zn,(H,0),(oFBPDC),] - 4CH,COCH, [20]. This layered coordination polymer is obtained by the reaction
of Zn(OH), and H,oFBPDC in acetone with a small additive of water at 40 °C.

All previously mentioned Zn complexes have non-polymeric, 1D and 2D polymeric structure because of
low coordination number of Zn(II) cation (4 and 5) and/or a large amount of the coordinated solvent mole-
cules. The metal complex can have 3D polymeric structure when Zn(II) cation is coordinated with one or
two solvent molecules or bridging N-donor co-ligand. Indeed, [Zn,(H,0), ,(thf) (oFBPDC),] - 3.5H,0 - 2.5THF
[25], in which each Zn(II) cation is in a distorted octahedral environment, has a 3D polymeric structure with
lozenge-shaped channels occupied with guest molecules of water and THF. The tendency to form layered
coordination polymers based on Zn paddle wheel units has inspired us to implement a “pillaring strategy”
in order to obtain 3D structures. Heating the stoichiometric mixture of Zn(OH)Z, H,oFBPDC and dabco in
methanol at 80 °C for 2 days afford 3D doubly interpenetrated framework [Zn,(dabco)(oFBPDC),] - 4.5CH,0H
[25]. Paddle wheel secondary building units {Zn,(RCO,) L} form the same layers as in the layered complexes
[Zn,(CH,CONH,),(0FBPDC),] - 3CH,CN, [Zn,(CH,CN),(0FBPDC),] - 2C,H, - 2CH,CN, and [Zn,(H,0),(0FBPDC),] - 4C
H,COCH.. These layers are connected by dabco as pillars to form potentially porous framework. It is remark-
able that changing dabco by bpy ligand does not lead to the isoreticular structure. Heating the suspension
of Zn(OH),, H,oFBPDC and bpy in water at 80 °C gives the crystals of compound (H,bpy)[Zn (bpy)(oFBPDC),|
(Fig. 3) [25] with 3D five-fold interpenetrated, and therefore non-porous, structure. The framework is anionic,
its negative charge is balanced with H,bpy* cations.

An analysis of crystal structures of Zn complexes containing oFBPDC?* and BPDC?* reveals that there are
no isostructural complexes. There is no any information about BPDC?* complexes in which Zn(II) cation is
additionally coordinated with methanol, THF or acetonitrile because the syntheses of non-fluorinated PCPs
usually take place in DMF, DMA or DMSO as solvents. The diffusion of triethylamine into the solution of
Zn(NO,), - 6H,0, H,BPDC in DMSO results in layered coordination polymer [Zn (BPDC),(dmso),] - 4DMSO [34]
with the same topology of the layers as in [Zn (CH,CONH,),(o0FBPDC),] - 3CH,CN, [Zn,(CH,CN),(oFBPDC),] - 2C,
H, - 2CH.CN, and [Zn (H,0),(0FBPDC),] - 4CH,COCH.. This demonstrates that the syntheses of non-fluorinated
MOFs can take place in strongly coordinated solvents, while the formation of similar perfluorinated coordina-
tion polymers requires solvents with lower coordination ability.

Pillaring strategy works well in case of non-fluorinated and perfluorinated ligands and leads to 3D
polymers [Cu,(dabco)(BPDC),] [35] and [Cu,(dabco)(oFBPDC),] (MOFF-2) [17], [Zn,(dabco)(BPDC),] (DMOF-
1-bpdc) [36] and [Zn,(dabco)(oFBPDC),] [25]. Those frameworks have similar chemical composition and
topology, but both fluorinated coordination polymers are doubly interpenetrated, unlike their non-fluori-
nated congeners.
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Fig. 3: (a) Coordination environment of Zn(ll) cations in the structure of (H,bpy)[Zn,(bpy)(oFBPDC).]. Hydrogen atoms are
omitted for clarity. Hydrogen bonds are shown with dashed lines. (b) The structure of one framework within the structure of five-
fold interpenetrated (H,bpy)[Zn,(bpy)(oFBPDC),]. Hydrogen atoms and H,bpy?* cations are omitted for clarity. (c) Crystal packing
of the metal-organic frameworks, showing five-fold interpenetration. H,bpy** cations are omitted for clarity.

Non-fluorinated and perfluorinated aromatic carboxylic acids are different in reactivity and the coor-
dination ability of their anions. The syntheses of metal complexes require different conditions, e.g. tem-
perature, solvents, pH, etc. Isostructural non-fluorinated and perfluorinated MOFs mainly do not form.
These circumstances make it difficult to compare the properties of such pairs of MOF and reveal the
impact of fluorine atoms within an organic linker on the functionality of the resulted MOF. The only
example of isostructural BPDC frameworks is Zr-UiO-67 [11] and Zr,-oFBPDC described in 2018 by the
group of Lin et al. [19]. Zr MOFs are famous for their outstanding chemical stability and high porosity,
which make them promising material for catalysis, sorption and separation, drug delivery and sensing
[37]. The perfluorinated version of Ui0-67 is obtained by reacting ZrOCl, - 8H,0 with H,oFBPDC in THF
at 80 °C. EPR spectroscopy of MOF-bound O,~ and fluorescence spectroscopy of MOF-bound N-methyl-
acridone have shown that Zr -oFBPDC is more Lewis acidic than nitrated MOF Zr(,)-BPDC-(NOZ)2 and non-
modified UiO-67. The ligand perfluorination is a tool for enhancing Lewis acidity which is important for
catalysis and sorption [19].
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Crystal structures and sorption properties of oFBPDC-based MOFs

One of the most exciting features of MOFs is the presence of voids in their crystal structures after the removal of
solvent guest molecules. In the case of oFBPDC based MOFs, these voids are decorated with highly electronega-
tive fluorine atoms. Owing to the presence of fluorine atoms such MOFs are expected to have unique surface
properties. The summary of porous oFBPDC based MOFs and their characteristics are presented in Table 2.

Layered Cu containing MOFF-1 (Fig. 4a) [17], [Zn,(CH,CONH,),(oFBPDC),] - 3CH,CN (Fig. 4b) [25], [Zn,(CH,
CN),(oFBPDC),] - 2C H, - 2CH,CN (Fig. 4c) [20], and [Zn,(H,0),(cFBPDC),] - 4CH,COCH, (Fig. 4d) [20] have pretty
similar polymeric layers and their packing. A distorted square grid layers are formed with binuclear paddle
wheel units {M,(RCO,) L.} and oFBPDC*, with methanol, acetamide, acetonitrile or water acting as an apical
ligand L. Activated MOFF-1 adsorbs ca. 165 cm’/g of N, at 77 K, and its BET surface area is 580 m?/g. Nitrogen
uptakes at 77 K of activated Zn MOFs are significantly worse, however, they adsorb CO, at 195 K with BET
surface areas of 151-470 m?/g. Such differences can be explained by incomplete removal of coordinated aceta-
mide and water molecules upon activation and packing of the layers in guest-free materials.

These layers are pillared with dabco to form doubly interpenetrated MOFF-2 [17] and [Zn (dabco)
(oFBPDC),] (Fig. 5) [25]. Both guest-free MOFs adsorb significant amounts of N, at 77 K with very close BET
surface areas of 444 and 441 m?/g, respectively. These are much lower than BET surface area of Cu non-
fluorinated non-interpenetrated congener [Cu,(dabco)(BPDC),] (3625 m?/g) [34], while its Zn analogue shows
only 185 m?/g [35]. [Zn,(dabco)(oFBPDC),] has been extensively investigated in terms of low-pressure gas and
vapour sorption [25]. The uptake of CO, is larger than those for CH, and N, resulting in IAST selectivity factors
CO, vs. N, and CO, vs. CH, 11.3 and 4.9 at 273 K and 7.6 and 4.1 at 298 K, respectively, showing a moderate
degree of selectivity. The heat of CO, adsorption at zero coverage is 23.4 kJ/mol, which is the evidence of the
absence of strong binding sites within the MOF structure. The pore size of ca. 7 A allows the MOF to adsorb
and separate larger molecules such as C6 hydrocarbons. Indeed, benzene uptake at 293 K is more than 2 times
higher than that of cyclohexane resulting in IAST selectivity factor benzene/cyclohexane more than 6 in all
range of the compositions. A great advantage of [Zn,(dabco)(oFBPDC),] is the hydrophobicity of its internal
surface and the stability in water vapours which is confirmed by water vapour sorption measurements fol-
lowed by IR-spectroscopy and PXRD.

The sorption properties of Zr -oFBPDC [19] are of special interest because it is an isostructural analogue
of highly porous UiO-67 (Fig. 6). In their inorganic building block, Zr(IV) atoms are located in the vertices of
octahedron capped with ,-O and u,-OH groups. The coordination number of Zr(IV) is completed to 8 by four
oxygen atoms of the bridging carboxylic group. This results in a 12-connected node Zr (u,-0),(u,-OH),(RCO,),..
These Zr, units are connected with bridging biphenyl-4,4’-dicarboxylate BPDC* or its perfluorinated version

Table 2: The summary of porous oFBPDC-based MOFs and their characteristics.

MOF Dimensionality Gas, T Volume adsor- S(BET),
bed (STP), cm3/g m?/g
MOFF-1 2D N,, 77 K ca. 165 580
[Cu,(CH,OH),(oFBPDC),] - 2CH,OH
[Zn,(CH,CONH,),(0FBPDC),] - 3CH,CN 2D N,, 77 K 10.4 17.4
C0,, 195K 97.8 470
[Zn,(CH,CN),(0FBPDC),] - 2C,H, - 2CH,CN 2D N,, 77 K 15.7 43.4
0,, 195K 88.8 335
[Zn,(H,0),(0FBPDC),] - 4CH,COCH, 2D 0,, 195K 44.6 151
MOFF-2 3D N,, 77 K ca. 125 444
[Cu,(dabco)(oFBPDC),]
[an(dabco)(oFBPDC)z] . 4.5CH30H 3D N,, 77 K 138.4 441
Zr,-oFBPDC 3D N,, 77 K ca. 380 1148

2r,0,(OH),(oFBPDC), , [(OH)(OH,)], .
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Fig. 4: The fragments of the polymeric layers of [Cu,(CH,0H),(oFBPDC),] - 2CH,OH (MOFF-1) (a), [Zn,(CH,CONH,),(oFB
PDC),] - 3CH,CN (b), [Zn,(CH,CN),(oFBPDC),] - 2CH, - 2CH.CN (c), and [Zn,(H,0),(oFBPDC),] - 4CH,COCH, (d). Guest molecules of
methanol, acetonitrile, benzene and acetone are omitted for clarity.

Fig.5: (a) Fragment of the crystal structure of [Zn,(dabco)(oFBPDC),] showing the pillaring of the distorted square grid layers
with dabco. (b) Crystal packing of doubly interpenetrated [Zn,(dabco)(oFBPDC),].
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Fig. 6: Crystal structure of non-modified UiO-67. Hydrogen atoms are omitted for clarity.

forming a face-centred cubic lattice with tetrahedral and octahedral pores (Fig. 6). Depending on the method
of synthesis, activation procedure and the presence of defects UiO-67 samples show BET surface areas of
23002600 m?/g [38-42]. Zr -oFBPDC adsorbs less amount of N, at 77 K with BET surface area of 1148 m?/g.
The decrease in sorption capacity of perfluorinated frameworks is presumably due to larger framework
density and reduced void volume. There is no information on sorption properties toward other gases as well
as vapours. Our investigation of sorption properties of fluorinated and non-fluorinated UiO-67 toward differ-
ent gases and vapours is underway.

Conclusion and perspectives

Ligand modification of an organic bridging ligand can impart a wide range of certain functionalities to a MOF
material. Nevertheless, such modification in case of fully fluorinated aromatic carboxylic acids significantly
changes the reactivity of the acid and crystal structures of the resulting MOFs. For these reasons, isostruc-
tural non-fluorinated and perfluorinated MOFs are very rare. On the other hand, the use of perfluorinated
ligands allows one to obtain unique and unprecedented structures. Though the investigation of oFBPDC metal
complexes is presented only in 6 papers, the functional properties of these complexes do demonstrate the
importance of further investigation of such materials, including synthesis of new MOFs based on other metals
(aluminium, iron, chromium, scandium, lanthanides, titanium, cerium(IV)) and detailed investigation of their
functional properties such as selectivity of sorption and hydrophobicity, luminescence and catalytic activity.
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