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Transition-Metal Dependent Cation Disorder in the Chiral Cubic AB(HCO,);
Metal-Organic Frameworks (A = Li or Na, B = Mn or Co)

James C. Aston,® and Paul J. Saines*[®

We dedicate this, the first work from our group at the University of Kent, to Professor Anthony Cheetham on the occasion of his 70™

birthday.

Abstract: This study examines the crystal structures of the AB((J£O with each polyhedra connected to three others. This creates

(where A = Li or Na and B = Mn or Co) metal-orgafremeworks, which

intersecting channels running along each crystallographic axis,

we find to adopt a chiral cubic B structure. This shows that the Li which are occupied by the formate ligands (see Figure 1a). Two

containing formates are isostructural with their Nd@m#es, extending the
phase stability of this chiral architecture. The kbmtaining compounds

compounds with this structure type having been reported thus far,
NaMn(HCO,)sP¥ and NaCo(HCO,)s®. In the case of the Mn

have a magnetic sublattice similatd/in, long of interest due to its highly framework, which adopts P2,3 symmetry, the A- and B-site
frustrated antiferromagnetic coupling. In contrast@oeformates appear to cations are reported to order, as might be expected from the

have partially disordered alkali and transition metglons, which prevents

significant difference in their ionic radii. Examining the magnetic

the formation of a cleafi-Mn-like magnetic sublattice. We have also re-sublattice of the framework each Mn is at the centre of a windmill
examined the magnetic properties of NaMn(Hz®@nding it to be a simple of equilateral triangles (see Figure 1b), with each triangle

paramagnet down to 2 K with only weak antiferromaignetupling.

Introduction

Dense metal-organic frameworks (MOFs), have recently attracted
great attention for their ability to exhibit functional magnetic and
electronic properties more commonly associated with metal
oxides.! The unusual architectures frameworks adopt to
accommodate the shape of even small non-spherical ligands,
however, can modify these properties in unusual ways. ¢ 19 1. 2]
This gives rise to unique routes to functional properties such as
relaxor ferroelectrics,® multiferroicsi*® 4 and guest-dependent
magnetisml?3, Amongst the most promising frameworks with such
functionalities are the AB(HCO;); frameworks, in which A is a
monovalent alkali metal, ammonium or a protonated alkylamine
and B is typically a first row transition metal.[*¢ 4 This family of
frameworks is known to exhibit five different structure types with
three dimensional covalent connectivity, all of which feature
octahedral B-site cations linked in a corner-sharing fashion
through the formate ligands, with the A-site typically sitting in
channels found in these structures.

While several of the AB(HCO;); structure types are
modifications of the well-known pervoskite structures two unique
chiral structures are formed only by this family.[¥ Of these the
chiral cubic structure forms when A = Na, the smallest A-site
cation incorporated into the formate frameworks thus far.®! This
structure is best described as featuring an edge-sharing network
of alkali and transition metal cations with octahedral coordination,
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perpendicular to one of the (111) -directions of the crystal
structure. This is highly reminiscent of B-Mn, an elemental
guantum spin liquid, whose magnetically active cations are
reported to be arranged on a similar sublattice.®! B-Mn has long
been of interest for its surprisingly complex and unexplained
magnetic phenomena, which includes large antiferromagnetic
spin fluctuations(®® 1 and non-Fermi liquid behaviour!. Its highly
unusual windmill magnetic topology, however, is very rare and
cases with magnetic cations on this sublattice are almost
exclusively limited to B-Mn and its various doped alloys.®! The
NaMn(HCO,)sP¥ framework is therefore interesting in that it
achieves the same magnetic topology in a coordination
framework, where naively, the structure formed might be
expected to be more likely to be robust to significant changes in
the B-site cation; this is typically found for the other architectures
adopted by AB(HCO2); frameworks. This could allow B-Mn
analogues to be formed with a wider range of paramagnetic
cations with strongly frustrated magnetic coupling.

In contrast to NaMn(HCO,); the previous report of
NaCo(HCO,)s*! has it adopting 12,3 symmetry, in which the Na
and Co cations are completely disordered. This is a surprising
result since that there is a larger size difference between Na and
Co cations than in the NaMn(HCO,); analogue (c.f. 1.02 for Na*
to 0.745 A for Co?* and 0.83 A for Mn2*)¥, and d” Co?*is likely to
desire a more regular geometry than Na* or d®> Mn?*. If the Co and
Na cations are truly disordered this would prevent the magnetic
cations in NaCo(HCO)s; from adopting the desired B-Mn-like
magnetic topology. Given the potential interest in the precise
arrangement of the magnetic cations in these frameworks we
have reinvestigated the crystal structure of these Na compounds.
We have also synthesised two new chiral cubic structures
containing Li, showing that this structure can be stabilised with
even smaller A-cations. We find that all four structures adopt a
primitive P2,3 cubic structure but that extensive disorder of the A-
and B-site cations appears to occur in the Co compounds,
preventing the formation of the clean, desired, $-Mn topology. In
LiCo(HCOy); the cations remain at least partially disordered,
although the apparent extent of this decreases despite their more
similar ionic radii. In contrast to the Co phases there is no



indication of disorder in NaMn(HCO;); or LiMn(HCOy)s,
confirming the formation of two frameworks with B-Mn-like
magnetic sublattices.

Figure 1: a) The structure of NaMn(HCO3)s with Na and Mn octahedra shown
in gold and pink, respectively, and C, O and H atoms shown in black, red and
pink. b) The Mn magnetic sublattice in NaMn(HCO3)s; one unit in the windmill
topology, which is reminiscent of 3-Mn, is highlighted in blue.

Results and Discussion

Crystal Structures

All four compounds reported in this study were found to adopt a
chiral cubic structure in P2,3 (see Table 1 for crystallographic
details), with a 3%5° topology, as previously reported for
NaMn(HCO,);.54 They have the same asymmetric unit featuring
a complete formate ligand and two cation sites (see Figure 2). The
cations are in distorted octahedral geometries, each bonding to
two crystallographically distinct oxygen anions. The extent to
which the alkali and transition metals ordered on these sites,
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however, varied very significantly between the four compounds.
For NaCo(HCO,); the presence of any cation order is in contrast
with the previous report of Zhao et al.,®™ who report this
framework as adopting 12:3 symmetry with complete disorder of
the Na and Co cations. Reconstructed hkl images, however,
reveal reflections of the type h+k+l = odd, which, although weak,
are clearly present indicating the structure cannot be I-centred
(see Figure 3 and Figure S1). Fascinatingly there are also
additional weak reflections that may suggest the presence of a
complex modulated structure with three different g-vectors, which
ultimately refined to (0.345,0,0), (0,0.343,0) and (0,0,0.342). This
is, to the best of our knowledge, the first report of a MOF featuring
a modulated crystal structure, although there has been a previous
report of a modulated magnetic structures in a Mn(succinate)
framework[°l,

Figure 2: The asymmetric unit of LiMn(HCO2)s with thermal ellipsoids shown at
50 % probability. Li is shown as dark blue and all other colours are as in Fig. 1.
All non-hydrogen atoms are identified, with additional atoms shown to complete
the coordination sphere of the Li and Mn atoms cations labelled alphabetically.

Table 1: Crystallographic data for the structures determined in this work by
single crystal X-ray diffraction.

Compound LiMN(HCO2)s NaMn(HCO2)3 LiCo(HCO2)s NaCo(HCO32)s
Formula LiMNnCsH3Os NaMnC3H3Os  LiCoC3H3Os  NaCoCsH3Oe
Formula Weight 196.93 212.98 200.92 216.97
T (K) 150(1) 150(1) 150(1) 120(1)
A (A) 1.54184 0.71073 0.71073 0.71073
Crystal System Cubic Cubic Cubic Cubic
Space Group P2:3 P2:3 P2:3 P213
a(h) 8.75973(19)  9.14555(18) 8.5997(3) 8.96946(16)
V (A3 672.16(4) 764.94(3) 635.99(6) 721.60(4)
z 4 4 4 4
peal (g cm) 1.946 1.849 2.098 1.997
u(cm') 15.890 1.755 2.669 2.415
Refl. 643/365 2778/648 669/441 12199/673
meas./unique
Rint 0.0314 0.0342 0.0347 0.0377
Parameters 34 34 35 35
refined
R1, WR2? (all)  0.0308, 0.0777 0.0231, 0.0452 0.0434, 0.1041 0.0365, 0.0702
R1, wR2? (obs)  0.0303, 0.0767 0.0208, 0.0443 0.0421, 0.1027 0.0325, 0.0688
Goodness of Fit 1.165 1.077 1.130 1.173
Flack parameter 0.016(12) -0.039(15) -0.03(5) 0.004(19)

a w=1/[c?(F2) + (aP)? + bP] and P = (max(FZ0)+2F? )/3; Rl=
Z|IF,|-IFcl| / ZIF,| and wR2 = \/[(FZ — F?)?/ X w(F2)?]

Attempts to solve the structure of NaCo(HCO,)3 in an approximate
commensurate superstructure with a = 27 A, unfortunately, were
unsuccessful, likely because the modulated reflections are very



weak. We therefore refined the basic crystal structure as adopting
P2:3 symmetry, to establish the extent of cation ordering in this
compound. This led to excellent fits to the data, which were
optimised when partial order of the Co and Na cations is allowed
for (c.f. R1, wR2 and goodness of fit values of 3.65 %, 7.02 % and
1.17 for a partially ordered model to 4.36 %, 7.36 % and 1.24 for
a completely disordered model, which would be equivalent to 12,3
symmetry). The B-site occupancy refined as 56.6(3) % Co with
the remainder constrained to be occupied by Na and the A-site
constrained to have opposite occupancies. The occupancy from
a second crystal, which was collected at 150 K, was very similar,
refining as 58.6(3) % and retained clear indications of the
reflections indicative of a modulated crystal structure. Since the
displacement parameters refined to sensible values it is most
likely that the modulation in this structure is related to a more
complex variation in the cation occupancy. There is also some
evidence of diffuse scattering in the (110)-directions of Figure 3,
consistent with the presence of some disorder of the cations in
this structure. Determining the precise cause of these weak,
complex modulations is, however, beyond the scope of this work,
whose focus was to establish whether this family of frameworks
could be used to achieve clean B-Mn-like magnetic sublattices
containing different cations.

Figure 3: A Okl reciprocal lattice image reconstructed from a full sphere of single
crystal X-ray diffraction data with the origin of the image marked with an O.
Inspection reveals weak reflections of the type h+k+l = odd, which breaks the I-
centring conditions confirming the adoption of a primitive cell. Weak satellites
peaks are evident near the most intense reflections, suggestive of a modulated
structure.

The crystal structure determined for LiCo(HCO,); showed that
cation order in these materials are not complete, with 86.5(6) %
of the A- and B-sites occupied by Li and Co, respectively;
significant improvements were noted when using this model
compared to that in which complete order is assumed (c.f. R1,
wR2 and goodness of fit values of 4.21 %, 10.41 % and 1.13 to
7.57 %, 19.6 % and 1.19). Unlike NaCo(HCO,); there was,
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however, no indication of any satellite or other reflections that
could not be accounted for in the P2,3 structure. It is surprising
that the cation order in LiCo(HCO,)s is apparently more complete
than in NaCo(HCOy)s, given the smaller difference in ionic radii
between Li and Co in the former (c.f. 0.76 A for Li* and 1.02 A for
Na* to 0.745 A for Co?*), although this may be partially a result of
our study neglecting the structural modulations of NaCo(HCO,)s.
Examination of the Mn frameworks, in contrast indicated that the
order of the alkali and Mn cations in NaMn(HCO,); and
LIMn(HCO)s is complete with no significant improvement in the
fit achieved by allowing this to disorder. It is also important to note
that, although the sample of NaMn(HCO,); examined in this work
was made under ambient conditions, the previous report of
Paredes-Garcia et al.,’® in which the same material was made
under similar solvothermal conditions to those used for the other
compounds in this work, did not indicate the presence of any
cation disorder.

The confirmation of occupational disorder of the A- and B-site
cations in the Co frameworks examined in this study is the first
example of such disorder in the AB(HCO2)3 frameworks.“ This is
likely made possible by the much smaller size of the alkali metals
on the A-sites in these materials. The bond requirements of the
alkali and transition metals, however, still remain significantly
different, which can be probed by examining the bond valencies
and distortions to coordination environments of these cations. The
transition metal cations in LiMn(HCO);, NaMn(HCO,); and
LiCo(HCO,); have bond valencies of 2.08, 2.03 and 2.10, while
the alkali cations in these materials have values of 1.00, 1.35 and
1.10, respectively (see Table 2 for bond distances and Table S1
for bond angles).'l Extensively disordered NaCo(HCO,)s,
however, has a much lower bond valency of 1.56 for Co on the B-
site, which is a reflection that the environment calculated here is
an average of close to a 50:50 mixture of Na and Co on the B-site
in this structure. This is also reflected by the unphysically high
bond valency of 2.09 for Na in this compound. Correspondingly
the bond valencies of the A-site in this framework are calculated
as 1.43 and 1.92 for Co and Na, respectively. This emphasises
that despite the apparent disorder in NaCo(HCO,); the local
environment of these cations are likely to significantly deviate
from those suggested by the local structure, which may also
contribute to the structural modulation. The relative degree of
distortions of the octahedra in these four frameworks can also be

guantified as:
_1N[dn— (@]’
Ad = ;Zn: [ @

where d, is the bond distance for each M-O pair and (d) is the
average M-O bond.* For the ordered Mn containing frameworks
the Ad for the Mn cations is much lower than for the alkali cations
(c.f. 6.36 x 10® for Mn to 6.29 x 107 for Li in LiMn(HCO,)z and
2.41 x 10° for Mn to 3.99 x 10° for Na in NaMn(HCO,)s). For
LiCo(HCO)s the Ad of the Co cations, 9.11 x 107, is significantly
lower than for LiMn(HCO,)s;, as would be expected to maximise
the ligand field stabilisation energy of the Co d” cations. In
contrast the Ad of the Co cations for the extensively disordered
NaCo(HCO,)z is 1.36 x 10, much higher than for any of the other
transition metal sites. This is unlikely to reflect the local
environment around each Co cation, which would be expected to



be much more regular octahedra. The Ad of the alkali cations in
LiCo(HCOy)z and NaCo(HCO,);z are 1.79 x 10 and 8.09 x 10°°,
Table 2: Selected bond distances (A) in the AB(HCO)s frameworks. A- and B-

sites refers to those with majority alkali and transition metal cation occupancies,
respectively. There are three symmetry equivalent bonds for each table entry.

Bond LiIMN(HCO2)s NaMn(HCOz); LiCo(HCOz)s NaCo(HCO2)s
A-O1 2.186(7) 2.3664(16) 2.067(6) 2.243(3)
A-O2 2.079(6) 2.3367(15) 2.123(5) 2.203(3)
B-O1 2.176(3) 2.1875(15) 2.094(4) 2.165(3)
B-02 2.187(3) 2.1943(15) 2.098(4) 2.216(3)

This work shows that the P2,3 chiral cubic structure can be
stabilised for the smaller Li A-site cations as well as for the Na
containing frameworks. The relative cation size over which this
architecture can be stabilised can be quantified using the
tolerance factor for hybrid frameworks, recently derived by
Kieslich et al.t®, o = (407 + Twerr)/V2(1s + 0.5hy o5 ), Where r
refers to the effective molecular or ionic radius of the A-site, B-site
and X(anionic)-site while hxer refers to the height of the anions in
the direction between B-site cations. Calculating these values for
the four frameworks examined in this study give tolerance factors
of 0.56, 0.57, 0.59 and 0.60 for LiMn(HCO)s, LiCo(HCO,)s,
NaMn(HCO;); and NaCo(HCO,)s, respectively!; 0.56 is the
smallest tolerance factor for a AB(HCO;); framework reported to
date. Comparison with the behaviour of the remainder of the
AB(HCO,); frameworks,! suggests that this cubic phase is likely
adopted by any other AB(HCO;); frameworks that form with a
tolerance factor in this range. Frameworks with tolerance factors
significantly higher than 0.60 most likely give rise to the polar
Pna2; structure adopted by NH,Cd(HCO,)3"4 which has a
tolerance factor of 0.63; this has been referred to as the so-called
Perovskite Il structure, because of its resemblance to a
perovskite phase with every second channel in the structure
doubly occupied by the A-site cations. It is distinguished from the
Perovskite Il structure, that is formed over the 0.64-0.69 range, by
its ligands binding in a completely syn-anti fashion,* as is found
for the chiral cubic structure, suggesting this ligand binding motif
is preferred for those structures with tolerance factors below 0.63.

Magnetic Properties of NaMn(HCO )3

As a bulk sample of NaMn(HCO;); was made in close to pure form
during this study we have re-examined the magnetic properties of
this material. Previous studies by Paredes-Garcia et al.®¥ have
indicated significant divergence of field-cooled (FC) and zero-field
cooled (ZFC) magnetic susceptibilities in fields below 1 kOe near
40 K, with maxima observed in susceptibilities at 22 and 34 K. On
this basis they suggested NaMn(HCO)s is likely a canted
antiferromagnet, which would imply it had impressive magnetic
ordering temperatures compared to related Mn formate
frameworks, which typically order near 10 K. 5¢ 161 |n contrast the
work of Eikeland et al.’ suggests that NaMn(HCO,); obeys
Curie-Weiss law down to 2 K, indicating it remains paramagnetic
even at very low temperatures, consistent with their Curie-Weiss
constant of -0.91(6) K, which suggests that only very weak
antiferromagnetic coupling is present. They, however, reported

1 Note that for consistency with previously reported tolerance factor calculations
for this family of compounds we have used the ionic radii of the high spin state
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that NaMn(HCO;); has an unusually low effective magnetic
moment of 5.44 pg.
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Figure 4: Plot of variable temperature magnetic susceptibility of NaMn(HCO3)s
for 100 Oe FC (filled symbols) and ZFC (hollow symbols) measurements. The
insert shows a Curie-Weiss fit to the inverse ZFC susceptibility.

Our re-examination of the magnetic properties of NaMn(HCO,)3
via 100 Oe field cooled (FC) and zero-field cooled (ZFC)
susceptibility measurements suggest that this compound is
indeed paramagnetic down to 2 K (the lowest temperature
examined), with no divergence noted between FC and ZFC
measurements and Curie-Weiss paramagnetic behaviour
maintained to 2 K (see Figure 4). The Curie-Weiss temperature
obtained from fits to our data is -2.1 K, broadly consistent with that
suggested by Eikeland et al.’d, but we find that the effective
magnetic moment derived from this fit is 5.78 g, quite close to
the spin only value of 5.92 pg for Mn?*, which is typically observed
for Mn?*. We also note that T shows only a gradual decrease
from 4.14 emu K mol* Oe at 300 K to around 3.97 emu K mol*
Oe! at 50 K (see Figure 5). ymT then decreases rapidly, but
smoothly below that consistent with increasingly significant
antiferromagnetic coupling at low temperatures but with no
indication of any phase transitions. This is in contrast to the
behaviour reported by Paredes-Garcia et al.®¥, which shows
clear indications of abrupt changes and divergence in yuT below
50 K. On this basis we would suggest that the indications of
canted antiferromagnetic behaviour in this material measured by
Paredes-Garcia et al.’ are likely caused by a ferromagnetic
impurity. The unusually low effective magnetic moment measured
by Eikeland et al.>® may similarly arise from the presence of a
small amount of an impurity or be caused by an increase in the
Mn oxidation of their sample from Mn?* to Mn?%*, The later would

six-coordinate transition metals and eight coordinate ionic radii for the alkali
metals.



be highly unusual as mixed valence frameworks are particularly
rare.
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Figure 5: Plot of T versus temperature for of NaMn(HCOz)s from 100 Oe FC
and ZFC measurements. The format is the same as Figure 4.
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Unfortunately the potential for forming well ordered magnetic p-
Mn-like sublattices in the AB(HCO;); chiral cubic frameworks,
which initially appeared the most interesting aspect of this
structure, are restricted to only Mn. That the Co analogues exhibit
extensive cation disorder and Ni frameworks of this type do not
form, at least during our study, indicates this family of Li and Na
compounds are unlikely to be successful routes to forming g-Mn
magnetic sublattices with cations other than Mn. Why well ordered
sublattices of this type only form when Mn cations occupy the B-
site is unclear since it is unlikely that the magnetic interactions
that play a critical role in stabilising B-Mn itself are significant
enough to play an equivalent role in the framework analogues.*"]
Furthermore this study also confirms that while the magnetic
coupling in NaMn(HCO.)s is antiferromagnetic it is relatively weak.
This would require it to be cooled to below 0.2 K to confirm if it is
magnetically frustrated, which is experimentally challenging to
achieve.

Conclusions

We have examined the structures of the AB(HCO;); (A = Li or Na
and B = Mn or Co) frameworks, shining new light on the structures
of the Na compounds and determining the crystal structures of the
Li analogues for the first time. We find that all four structures adopt
P2,3 chiral cubic structures with a 3%58 topology, expanding this
architecture to frameworks with lower tolerance factors. The Mn
compounds both feature a fully ordered B-Mn-like magnetic
sublattice but extensive disorder of the alkali and transition metal
cations in the Co-containing samples prevent these materials
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from being a route to expanding these highly frustrating topologies
to other cations. This disorder may be responsible for the
observed incommensurate modulations in the crystal structure of
NaCo(HCO,)s;, which is extremely rare in metal-organic
frameworks. Our re-examination of the magnetic properties of
NaMn(HCO,); indicates it features only weak antiferromagnetic
coupling.

Experimental Section

All reagents used in this work were obtained commercially and used
without further purification except methanol, which was dried over
evacuated 3A molecular sieves. NaMn(HCO2)s was synthesised by a
method similar to Eikeland et al.5% In a typical synthesis 10 mL of 0.6 M
NaOH (Fisher Scientific, Laboratory Grade) and 1.4 M H2CO2 (Acros
Organics, 98 % purity) methanol solution were placed at the bottom of a
tall glass vial with 10 mL of 0.2 M MnClz-4H0 (Acros Organics, 99 %)
methanol (Fisher Scientific, Analytical Grade) solution placed on top. This
leads to the formation of colourless block crystals within a week, which
were recovered by filtration and washed with methanol. This method was
also attempted for Co and Ni containing phases but lead to the formation
of the known Az(HCO2)4(H20)4 phases, instead.[!8]

The other three samples synthesised during this study were made under
mild solvothermal conditions via a modification of the method of Zhao et
al.svl In this approach 1 mmol Mn(NOz)2-4H20 (Sigma Aldrich, 97 %) or
Co(NO3)2:6H20, (Acros Organics, 99 %), 1 mmol NaOH or LiOH (Alfa
Aesar, 98 %) and 1 mmol H2CO. were added to a 25 mL autoclavable
glass jar containing 10 mL N,N-dimethylformamide (DMF, Fisher Scientific,
Laboratory Grade) and heated to 140 °C at a rate of 10 9 minute. After
heating at this temperature for 72 hours the jars were then cooled back to
room temperature slowly over a period of 12 hours to encourage
crystallisation, which yielded single crystals suitable for analysis by single
crystal diffraction. It should be mentioned that for NaCo(HCOz2)s the
crystals used were obtained from a reaction in which the quantity of
reagents and solvent used was tripled and carried out in a 100 mL
autoclavable jar. Extensive attempts to synthesise Ni containing
analogues of these phases using Ni(NOs)2-6H20 (Alfa Aesar, 98 %) as a
starting material were also unsuccessful.

Single crystal structure determinations were carried out using a dual
source Rigaku Oxford Diffraction Supernova equipped with Mo Ko and Cu
Ka micro-focus sources (0.8 kV, 50 mA), with multi-layered focusing optics
and an Atlas S2 CCD detector. Samples were cooled using an Oxford
Cryosystems cryostream with the samples held on MiTeGen micro loops.
Data were integrated and absorption corrections performed using
CrysAlisPro software suite version 171.38.411%°! using direct methods in
SHELXS[?% or SHELXT[?Y and least-squares refinements carried out using
SHELXL-2014"22 via the Olex2 graphical user interfacel?? (deposited in the
CCDC as entries 1505569-1505572). The displacement parameters of
non-hydrogen atoms were refined anisotropically and hydrogen atom
positions located geometrically using the AFIX commands in SHELX-2014,
with their displacement parameters constrained to 1.2 times that of the
carbon on which they rode. Where cation disorder was found to occur
cations sharing the same site were constrained to occupy the same
position and equal displacement parameters, via the EXYZ and EADP
commands in SHELX-2014. These disordered site were constrained to be
fully occupied with equal amounts of both metals present, as required for
charge balance in the absence of significant levels of defects.



Powder diffraction patterns to assess sample purity were collected using a
Rigaku Miniflex utilising Cu Ka radiation (40 kV, 15 mA) and a D/teX Ultra
detector. Rietveld fits, carried out using the programme Rietical?¥,
confirmed that NaMn(HCO2)s was made with only a small amount of
Mn2(HCO2)4(H20)4, with phase fractions of 96.4(5) % and 3.65(16) %,
respectively (see Figure S2). Mnz(HCO2)4(H20)4 only orders weakly
antiferromagnetically below 3.7 K and we see no clear indication of this in
our susceptibility data.[?® Unfortunately, and in contrast to the results
reported by Zhao et al.l5®! for NaCo(HCOz2)s, hydrothermal synthesis lead
to samples with significant unidentifiable impurities for all three frameworks.
Magnetic property measurements of NaMn(HCO3)z were carried out using
a MPMS-7 Quantum Design magnetometer. The sample was held in a
gelatin capsule mounted inside a pierced straw with a uniform diamagnetic
background.

Keywords: Cation Ordering * Magnetic Properties * Metal-
organic framework ¢ X-ray diffraction
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