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Abstract

Metal organic frameworks (MOFS) are attracting attention as potential proton conductors. There
are two main advantages of MOFs in this application: the possibility of rational design and
tuning of the properties, and clear conduction pathways given by their crystalline structure. We
hereby present two new MOF structures, ICR-10 and ICR-11, based on tetratopic phosphinate
ligands. The structures of both MOFs were determined by 3D electron diffraction. They both
crystallize in the P-3 space group and contain arrays of parallel linear pores lined with
hydrophilic non-coordinated phosphinate groups. This, together with the adsorbed water
molecules, facilitates proton transfer via the Grotthuss mechanism, leading to the proton
conductivity up to 4.26-10* S cm™ for ICR-11.

Introduction

In recent years, solid state proton conductors have been widely studied for various applications
including sensors, batteries, fuel cells and other areas [1]. Particularly, fuel cells are important
due to the worldwide growing energy demand and ongoing search for alternative energy
sources. Solid proton conductors in this case serve as a component of membranes that separate
the two half reactions but enable the transfer of protons to complete the overall reaction. Up to
date, commonly used membranes are usually based on Nafion (sulfonated fluoropolymer),
however, such materials suffer from several problems, including manufacturing price, limited
permeability for certain fuels and poor crystallinity making in-depth analysis of the proton
transfer mechanism impossible [2]. For those reasons, ongoing research is looking for more
suitable proton conducting materials.

A class of materials which attracts considerable attention are metal-organic frameworks
(MOFs). Their main advantages as proton conductors are their porous nature, tunability of the
structure and the possibility of rational design taking advantage of using different molecular
components [3]. Furthermore, the crystalline structure of MOFs enables the elucidation of
proton transfer mechanism at the molecular level. The proton conduction in MOFs can be
facilitated by coordinated molecules such as water [4], non-coordinated acidic groups in the
network [5] or guest molecules in the channels [6]. In particular, MOFs containing channels
lined with hydrophilic groups are of interest since they can form hydrogen-bonded network
with water molecules, which effectively facilitates the transport of protons [5,7].

Only a couple of years ago first MOFs composed of ligands bearing phosphinate coordination
groups were synthetized [8]. These phosphinate MOFs are of particular interest due to their
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stability and the possibility of isoreticular design [9]. While the closely related phosphonate
coordination polymers and MOFs have been extensively studied in terms of proton conductivity
[10,11,12], the development of novel phosphonate MOFs is laborious and the structures are
hard to predict [13,14].

Up to now, only a few examples of proton conductive phosphinates have been reported.
Bis(trifluoromethyl)phosphinic acid was used as a model compound for phosphinate analogue
of a Nafion-type polymer. The material revealed enhanced properties, especially under low
humidity conditions [15]. Crystalline proton conductive phosphinates are represented by the
MOF based on triphosphaazatriangulene ligand that exhibits a phase transition into a non-
porous columnar structure with proton conductivity up to 5.5-102 S-cm™ [16]. Another example
is the Co?* carboxyphosphinate coordination polymer, however its proton conductivity is low
due to the hydrophilic regions being separated by phenyl groups attached to the ligand [17]. In
this case, the conduction pathway was assigned to Grotthus mechanism.

In this study, we present the synthesis and characterisation of two MOFs based on tetratopic
phosphinate  ligands  methanetetrayltetrakis(phenyl-4-methylphosphinic  acid)  and
tricyclo[3.3.1.13"]decane-1,3,5,7-tetrayltetrakis(phenyl-4-methylphosphinic acid)
(HsTPMTP(Me) and HsTPATP(Me) respectively, see Figure 1), denoted ICR-10 and ICR-11
(ICR stands for Inorganic Chemistry Rez). Their structures have been solved using 3D electron
diffraction (3D-ED) and ICR-11 represents one of the largest structures solved by 3D-ED ab
initio up to date. The proton conductivity of ICR-11 was investigated at various conditions,
with relative humidity levels of 31%, 75% and 100% and temperature going up to 350 K.
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Figure 1: Phosphinate ligands used for the synthesis of ICR MOFs - HsTPMTP(Me) (top left)
and HsTPATP(Me) (top right); honeycomb patterns of the 1D pores of ICR-10 (middle left)
and ICR-11 (middle right) running along the c-axis; powder XRD patterns of ICR-10 (bottom
left) and ICR-11 (bottom right). In the crystal structure of ICR-11, only one orientation of the
disordered phosphinate groups is shown for clarity. In the powder XRD pattern of ICR-10, the
diffraction peaks belonging to the phase impurity are marked as *.

Experimental

Preparation of ICR-10

A Teflon-lined stainless-steel autoclave (Berghof DAB-2) was charged with 11.7 mg (0.020
mmol) of H,TPMTP(Me) and 5.4 mg (0.020 mmol) of FeCls-6H.0 along with 10.0 mL of H20
and heated to 250 °C under autogenous pressure for 24 h. After cooling down to room
temperature, the resulting white powder was centrifuged (Hettich Rottina 380R, 10000 rpm, 10
min) and washed with acetone three times.



Preparation of ICR-11

A Teflon-lined stainless-steel autoclave (Berghof DAB-2) was charged with 17.0 mg (0.024
mmol) of HsTPATP(Me) and 5.4 mg (0.020 mmol) of FeCls-6H.0 along with 5.0 mL of
concentrated acetic acid and heated to 250 °C under autogenous pressure for 24 h. After cooling
down to room temperature, the resulting brownish powder was centrifuged (Hettich Rottina
380R, 10000 rpm, 10 min) and washed with acetone three times.

Structural determination

The crystal structures of both MOFs were determined using 3D Electron diffraction (3D ED)
[18]. The experiments were performed on a FEI Tecnai G2 20 microscope (200 kV, A = 0.0251
A) with an LaBs cathode equipped with an Olympus SIS Veleta CCD camera (14 bit) equipped
with precession unit Digistar. Samples were measured at 100 K (sample holder tip temperature).
The powder was directly deposited on Cu holey-carbon TEM grid. The goniometer tilt step was
1.0 ° and the precession angle was 0.7 °. Data were analysed using the programs PETS 2.0 [19].
Because of the polar channel walls inside the crystal structure, and thus possible presence of
water or solvent in the pores, the crystals were transferred into the microscope using a cryo-
transfer. No differences were observed in the quality of the diffraction data. The crystals of both
MOFs are in the form of thin ribbons, which are very sensitive to the electron beam. For this
reason, the crystals were scanned [20] in order to spread the dose over a larger area.

Gas sorption measurement

Adsorption isotherms were recorded using a 3P micro 300 instrument (3P Instruments)
equipped with cryoTune units for measurement at different temperatures. Before the first
measurement, the sample was degassed at 100 °C for 24 h under dynamic vacuum and then
activated again at 100 °C for 1 h before each subsequent measurement. Adsorption of N2, Ar,
CO2 and CH4 was measured at their respective boiling points. Adsorption of H> was measured
at 77 K. The BET surface area was calculated from 0.005 — 0.1 p/po range and the pore size
distribution was calculated by HK/SF method, as provided by the 3P Instrument software.

Proton conductivity measurement

The sample for the conductivity measurements was prepared by pressing the powdered ICR-11
(15 mg) into a rectangular pellet with thickness L of 1 mm to which 0.08 cm? electrodes were
painted using a carbon paste.

Conductivity of the samples was measured with a Metrohm Autolab PGStat12 instrumentation
in a frequency range 0.05 Hz — 1 MHz with a signal amplitude of 300 mV. The impedance data
in a complex impedance plot were analysed by an equivalent circuit approach using ZSimpWin
software [21]. The chosen equivalent electrical circuit used for fitting consisted of a parallel
arrangement of the resistance R and a constant phase element (CPE), as defined by Barsoukov
and MacDonald [22]. The fit provides the value of resistance R from the relationship o= L/RA,
where A is the area of the electrodes and L is the distance between them, the conductivity o of
the samples was calculated.

The AC conductivity was measured in the temperature range from 300 to 350 K for three values
of relative humidity (RH) levels (31%, 75% and 100%). The relative humidity was set by
equilibrating the samples in the measuring cell over a saturated solution of NaCl or saturated
water vapor. The 31% RH was the relative humidity at ambient conditions.



Results and discussion

Synthesis and characterisation

The tetrahedrally shaped linkers based on tetrasubstituted methane HsTPMTP(Me) and
tetrasubstituted adamantane H4sTPATP(Me) were synthetized by palladium coupling reaction
of tetrabromo- derivatives with methyl methylphosphinate, for details see Supporting
information. MOFs ICR-10 and ICR-11 were prepared by solvothermal crystallization of the
respective linker with FeClz-6H20 in a PTFE-lined stainless-steel autoclave. ICR-10 was
formed in water whereas ICR-11 in acetic acid, both at 250 °C. In the case of ICR-10 the
material was always obtained with an uncertain content of a phase impurity, which is
demonstrated by observation of specific signals in the powder XRD pattern (Figure S2) not
related to the ICR-10 structure. The SEM images (Figure S6) of the ICR-10 sample confirms
the presence of two different phases, apart from the ribbon shape crystals of the desired phase
there are also spherical particles of the phase impurity. On the other hand, ICR-11 reveals
sufficient phase purity with only one type of particles, as documented by the powder XRD
pattern (Figure S3) and SEM images (Figure S7) showing thin ribbon crystals of 1 — 3 um
thickness and 15 — 50 um length. For this reason, further analyses as well as proton conductivity
measurements were performed only for ICR-11. The elemental composition of ICR-11
determined by EDX spectrum (Table S1) shows values close to the theoretical atomic weight
percentage. Higher content of O than expected is probably caused by the adsorbed water
molecules.

Structure determination

ICR-10

Combination of partial datasets from 16 crystals (324 frames) gave 99.9 % coverage with
resolution of 0.9 A Rin((0bs/all) was 12.0/13.5 %. Structure has P-3 symmetry (a = 24.4(1) A,
c = 9.49(5) A) and was solved ab initio using program Superflip [23] and refined using
dynamical diffraction theory [24,25] in program Jana2006/Dyngo [26].

The structure of ICR-10 (see Figure 1) contains hydrophilic channels running along the c-axis.
The FeOs octahedra are connected via the phosphinate groups into triply bridged 1D chains
along the same axis. According to the nomenclature for phosphonates described by Tholen et
al. [27], the rings formed by two Fe?* cations and two phosphinate groups are denoted o-Fe-
8mpr (octahedral Fe 8-membered phosphinate rings). This chained arrangement is common in
the case of phosphinate coordination polymers [28] and can be also recognized in the previously
described phosphinate MOF ICR-2 [8]. Unlike ICR-2 where all phosphinate groups are
coordinated to Fe, two phosphinate groups of the tetrahedral ligand in ICR-10 interconnect the
iron phosphinate chains and the other two groups point towards the channels and form their
hydrophilic walls.

The displacement parameters of the two ligand legs pointing inside the pores are approximately
doubled compared to the rest of the ligand. This is probably caused by some level of disorder
in the precise location of these ligand legs. The position of the two oxygen atoms and the methyl
group on the phosphorus were clearly observed in the difference potential map, but the
assignment of the atomic species was not possible because the displacement parameters were
again approximately doubled in comparison with the phosphorus atom. The error bars of the
bond lengths were too high to reliably distinguish between P—C and P—O bonds. However, for



both vertices, it was possible to determine that the atom which was pointing towards the
hydrophobic part of the structure is carbon. It is likely that some rotational disorder of the —
P(Me)O2H group occurs there. Although presence of adsorbed water molecules can be expected
due to the hydrophilic nature of the channels, the difference potential map did not reveal any
significant features inside the pore void. It was possible to locate 17 out of 22 hydrogen atoms
[24] in the difference potential map (Figure 2). All hydrogen atoms were refined using
geometrical constraints and their atomic displacement parameters were set as riding with the
extension equal to 2.0. All hydrogen atoms were refined using geometrical constraints and their
atomic displacement parameters were set as riding with the extension equal to 2.0.

(b)

Figure 2: Difference potential map at 2.5sigma level revealing 17 out of 22 hydrogen atoms,
(a) and (b) are ligand legs connecting to FeOs octahedra, (c) and (d) are legs pointing towards
the hydrophillic pores, where -P(Me)O2H groups are probably rotationally disordered.

ICR-11

The ICR-11 crystals are isostructural with ICR-10, crystallizing in the trigonal P-3 space group
(a=24.3(1) A, ¢ =9.50(5) A). Combination of two partial datasets (90 frames) gave 99.2 %
coverage with resolution of 0.9 AL, Rin((0bs/all) was 19.8/31.7 %. The structure was solved ab
initio using the program Superflip. The symmetry of the structure is close to P-3c, however, the
systematic absences due to c-glide plane were clearly not present in the diffraction data. In the
hkl reciprocal space sections, the diffraction data showed a mirror symmetry (Figure S10),
which is incompatible with the structure model. All measured diffraction data showed the same
twinning, which was used during the dynamical refinement [29]. Similarly to the ICR-10
structure, the atomic displacement parameters of the two ligand legs pointing towards the pores
were substantially higher than those of the rest of the structure. Since it was not possible to
clearly determine the positions of the carbon and oxygen atoms of the methylphosphinic groups,
the positions of these atoms were split into six symmetrical positions around the phosphorus
atoms shared by 1/3 of carbon and 2/3 of oxygen atom with appropriate P-C and P-O bond
lengths. The disorder can be either intrinsic to the structure or a result of the twinning.

Thermogravimetric analysis

While no significant features were observed inside the pores on the electron density map, it is
expected that the hydrophilic nature of the pore walls leads to adsorption of water. This was
verified by thermogravimetric analysis (Figure S8), where a broad endothermic peak occurs in
the range of 60 — 150 °C. The peak was accompanied by the loss in mass of approximately 5%,
which was identified as eliminated water molecules by mass spectroscopy. This mass loss
corresponds to 3.25 water molecules per iron atom.



Gas sorption measurements

The porosity of ICR-11 was probed by the adsorption of various gases. All adsorbents led to a
type | isotherm (Figure 3), indicative of microporous structure. The BET surface values
obtained for nitrogen (228 m? g 1) and argon (270 m? g1) are in a good agreement with the
theoretical value of 272 m? g calculated using the Poreblazer software [30]. The pore size
distribution (Figure S9) was calculated from Ar adsorption isotherm using HK/SF method. The
maximum indicated pore diameter was 9.7 A, which is in a good agreement with the theoretical
value of 9.3 A. The higher sorption of CO, compared to methane can be explained by the
hydrophilic nature of the pores as can be seen from the crystal structure (Figure b).
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Figure 3: Adsorption isotherms for ICR-11 using Ar (87 K), CO2 (195 K), N2 (77 K), CH4
(112 K) and H: (77 K) adsorbates.

Proton conductivity measurements

Since phosphonate MOFs with linear narrow pores had been described as suitable proton
conductors [31], we also decided to investigate the proton conductivity of ICR-11. The AC
conductivity at relative humidities of 31, 75 and 100 % and temperatures ranging from 300 K
to 350 K are given in Table 1.

Table 1: AC conductivity of the ICR-11 sample for several temperatures measured at the
relative humidity (RH) of 31%, 75% and 100%.

AC conductivity (S-em™)
T (K) RH 31 % RH 75 % RH 100 %
300 1.79 - 1012 9.30-10 9.22-10°
320 3.84 1012 2.84-107 1.80 - 10*
340 7.55- 1012 7.63-107 3.25-10*
350 1.03- 10! 1.20 - 10°® 4.26 - 10*
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Figure 4: Arrhenius plots for ICR-11 sample at various relative humidity (RH) levels.

The conduction mechanism can be deduced from the activation energy (Ea) shown in Figure 4.
The Ea values determined from the dependency slopes Ino vs. 1/T (Figure 4) are 0.32 eV (30.6
kJ mol™), 0.58 eV (55.7 kJ mol™) and 0.28 eV (26.7 kJ mol™) for RH values equal to 31, 75
and 100 %, respectively. The Ea values in the range of 0.1 — 0.4 eV suggest that the proton
transport follows predominantly Grotthuss transfer mechanism [32], whereas the higher
activation energy of 0.58 eV in the lower temperature range (up to 325 K) for RH =75 % points
out the contribution of ,,vehicle” conduction pathway [33]. It is related to the conduction at
grain boundaries, which is indicated by the two-semicircle shape of the Nyquist plot obtained
from the impedance data in this temperature range (Figure S11b). We assume that this
phenomenon results from the gradual hydration of the bulk part of the sample starting at the
grain boundaries. At temperatures above 325 K, where the process of volume hydration is
completed, the activation energy Ea = 0.28 eV again corresponds to the Grotthuss transport
mechanism, same as in the case of RH = 100 %. This is also indicated by the presence of a
single semicircle in Nyquist's plot (Figure S12).

The linear correlation in the conductivity vs. humidity plot (Figure 5) indicates that the proton
conductivity is dependent on the water content.

In comparison with another widely studied class of proton conductive materials with small
linear pores, phosphonate coordination polymers, ICR-11 reveals reasonably competitive
values of AC conductivity at 100% relative humidity. At ambient temperature, ICR-11 has got
AC conductivity of 9.22-:10° S cm™, which is higher than 3.5-:10° S cm™ for PCMOF-3 reported
by Shimizu et al. [34] or 2.17-10 S cm* for (Me2NH_)[Eu(L)] reported by Mak et al. [35]. At
elevated temperature, the AC conductivity of ICR-11 (4.26:10* S cm™) is comparable to the
majority of materials from the lanthanide(l11)-based PCMOF-5 family [36].
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Figure 5: AC conductivity for ICR-11 at temperature 300 K as function of relative humidity
(RH).

Conclusions

We have prepared two new MOFs based on tetratopic phosphinate ligands. The presented
MOFs, ICR-10 and ICR-11, are isostructural and crystallize in the P-3 space group with an
array of parallel hydrophilic pores along the c axis. Both crystal structures were determined ab
initio by 3D electron diffraction. The unit cell volume of 6074 A% and 52 non-hydrogen atoms
in the independent part makes ICR-11 one of the largest MOF structures solved ab initio by
electron diffraction to date.

ICR-11, which was prepared in sufficient phase purity, reveals BET surface area of 270 cm? g*
and pore diameter of 9.7 A (both determined from Ar adsorption), which is in good agreement
with theoretical values calculated from the structure (272 cm? gt and 9.3 A, respectively). Due
to the presence of non-coordinated phosphinate groups, the pores in ICR-11 are hydrophilic and
contain a network of hydrogen bonded water molecules, which was confirmed by
thermogravimetric analysis. This enables the material to serve as a proton conductor with the
conductivity of 4.26:10* S cm™ at 100 % relative humidity and temperature of 350 K. The
activation energy values in the range of 0.1 — 0.4 eV indicate the Grotthuss mechanism of
conductivity and the linear dependence of conductivity on relative humidity confirms that the
conductivity is facilitated by the water molecules inside the pores.
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