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Recrystallization of manganese(1) formate dihydrate from
formic acid under solvothermal conditions results in single
crystals of anhydrous manganese(i) formate Mn(O,CH),,
and the structure of this phase has been determined by X-
ray diffraction. The same product can be obtained by solid-
state dehydration of single crystals of manganese formate di-
hydrate, giving crystals that, although of poor quality, still
allow for a single crystal structure determination. The struc-
tural relationship between the hydrated and anhydrous

phases and the nature of the transformation have been deter-
mined. Given the nature of the rearrangement involved in
the solid-state reaction, it is remarkable that a crystalline
product is obtained. Magnetic measurements of the anhyd-
rous manganese(i) formate show it to be a three-dimen-
sional antiferromagnet.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

Carboxylate-bridged polynuclear manganese complexes
have been investigated for many years, particularly with
regard to their magnetic properties. Examples include
the oxo-centred trinuclear complexes!'! as well as
[Mn;,0,,(0,CCH3),4(OH,)4]-4(H,0)-2(CH;CO,H)  and
its related clusters synthesized with other carboxylic acids!!
which show the behaviour characteristic of “single molecule
magnets”. In addition to the interest in polynuclear clusters,
much research on framework structures produced hydro-
thermally with carboxylates and related donors has been
performed.[ In this context and relevant to the work pre-
sented here the structures of anhydrous manganese acetate
and manganese nitrate have only been determined relatively
recentlyl>% whereas, for example, the structure of manga-
nese carbonate!’! was determined in the early days of X-ray
crystallography. In the course of our work on substitution
of acetate ligands with formate, we have developed a new
synthetic route to the preparation of crystalline anhydrous
metal(11) formates.

With the exception of the strontium salt,®! all the dihy-
drated metal(1r) formates so far reported form an isomorph-
ous series,l”) and isostructural mixed-metal formate dihy-
drates have also been described.l'’! However, anhydrous di-
formates are only known for copper and cadmium for-
mate.['!-12] These are synthesized at temperatures around
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60—80 °C by slow evaporation of the solvent consisting of
a mixture of water and formic acid. Other anhydrous for-
mates are not available using this synthetic route.

Although scientific interest in metal() formate dihy-
drates has increased since they have been used as precursors
for dehydrogenation catalysts,!'3! very little is known about
the structures of the anhydrous salts. With the knowledge
of the synthesis and structures of the anhydrous formates,
new types of metal oxide catalysts made from these for-
mates are possible. With their increased density these anhy-
drous salts are more closely related to oxides than the dihy-
drates. The open framework structures of the precursors
which are observed for other anhydrous formates (Mg, Fe,
Co, Ni, Zn) are likely to influence the catalytic activity.

Even though metal formate dihydrates are model com-
pounds for hydration/dehydration experiments and their de-
composition properties have been well documented,!!'¥! their
dehydration products have only been characterized by X-
ray powder diffraction (Mg,'>) Mn,['8] Fe,l171 Zn[18)) " and
their structures are not known. The dehydration of nickel
and cobalt formate dihydrate only results in amorphous
products.['>2%1 However, the rehydration of the dehydrated
product of manganese formate dihydrate has been reported
and is reversible.[142]

Using solvothermal conditions we have been able to syn-
thesize a range of previously unreported anhydrous for-
mates (Mg, Fe, Co, Ni, Mn, Zn) as crystalline products.
We describe here the structure of anhydrous manganese(ir)
formate, as well as its formation by a remarkable solid-state
dehydration reaction of the dihydrate.

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2283
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Results and Discussion

Recrystallisation of manganese(11) formate dihydrate
(MnFD) from formic acid under solvothermal conditions
yields pale pink needle-shaped crystals of anhydrous
manganese(11) formate (MnFA), suitable for X-ray diffrac-
tion (Scheme 1). The structure was determined at 200 K,
and crystallographic details are summarised in Table 3. Un-
der ambient conditions the same product in polycrystalline
form can be obtained from concentrated formic acid.?!

Mn(0,CH),2 H,0

| |

Mn(0,CH),
251°C,
1 atm

Mn304

120°C,
1 atm

140°C,
p>1atm

Scheme 1

Anhydrous manganese formate crystallizes in the ortho-
rhombic space group Pnca (no. 60) with lattice parameters
a = 5.8127(8), b = 7.509(2) and ¢ = 9.492(1) A and Z = 4
(see Table 3). Although MnFA crystallises with an ortho-
rhombic unit cell, while MnFD is monoclinic, inspection of
the unit cell parameters shows that two of the three cell
lengths are rather close to » and ¢ for MnFD (Table 3).
Since it was soon apparent that the two structures are in-
deed related (vide infra), and that MnFA can also be ob-
tained via a solid-state dehydration of MnFD, the structure
of MnFA was determined in the non-standard setting Pnca
of the space group Pbcn (no. 60) in order to permit consist-
ent labelling of the unit cell axes between the two structures.
As the reported structure of MnFD was determined at am-
bient temperature,*? we redetermined the structure of
MnFD at 200 K, in order to make meaningful comparisons
between the two structures.

The asymmetric unit of MnFA contains one independent
manganese cation on the special position 4¢ on the twofold
axis and one formate group HCOO™ on the general posi-
tion 8d. The coordinating oxygen atoms of the formate li-
gand differ with respect to their linkage. While O(1) forms
Hr-oxygen-bridges between neighbouring manganese
centres, O(2) is monocoordinate. The Mn is coordinated by
four O(1) atoms, with the remaining two cis-positions occu-
pied by O(2) atoms. This results in the formation of infinite
chains of Mn centres linked by pairs of p,-oxygen-bridges
along a, as shown in Figure 1. The coordination spheres
around the Mn cations can be described in terms of chains
of edge-sharing octahedra. These chains are organized in a
manner similar to ZrCl,,?% in particular with regard to lo-
cal symmetry elements, with the metal atoms on twofold

2284 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. Projection of the structure of MnFA along » showing
the edge-connected zig-zag chains of octahedrally coordinated Mn
atoms; some of the symmetry elements of the space group Pnca
(no. 60) are given as a help

axes and with inversion centres at the midpoint of the
shared edges between octahedra. Similar chains are found
in TcCl,.P4 If the structure is viewed along the a axis, a
rhomboidal network of Mn centres linked via anti,anti-
bridging formate ligands is the characteristic motif (Fig-
ure 2). The Mn—O(1) distances in the p,-bridges are
2.231(2) and 2.210(2) A, while the monocoordinate
Mn—O(2") distance is 2.138(2) A, shorter than in the
bridges as might be expected. Bond lengths and angles are
listed in Table 1.

//‘\
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Figure 2. The network of formate groups connecting the manga-
nese atoms of anhydrous MnFA. To aid the comparison with Fig-
ure 3 the drawing is slightly rotated with respect to ¢. Due to this
rotation, all formate links at heights close to x = 1/4 and x = 5/4
appear doubled around the octahedrally coordinated manganese
chain in the middle of the cell. With reference to Figure 3 the
manganese atoms are shifted by 1/4 along a owing to the conven-

tion that a centre of inversion defines the origin. As a consequence
Mn' is related to Mn by 1 — x, —y, —z.

www.eurjic.org Eur. J. Inorg. Chem. 2003, 2283—2289
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Table 1. Bond lengths and angles of MnFA

Symmetry codes: (i) 1| — x, —y, —z; (i) x, 1/2 — p, —1/2 + z; (iii)
12 = x, 124y, 12+ 2z @1v) 112 —x, =172 + y, =172 + z; (V)
=12+ x,9 —z M) 12 —x, —yz

Bond lengths [A] Bond angles [°]

Mn—0(1) 2231(1)  O@2Y)—Mn—0(2¥) 93.86(10)
Mn—O(1') 22102)  OQ2¥)—Mn-0(1") 90.80(7)
Mn—0(2) 2.1382)  O(Q2Y)—Mn—0(1}) 104.27(7)
o(1)-C 1.269(3)  O(1)—Mn—0O(1Y) 158.01(9)
0(2)-C 1.236(3)  O(2")-Mn—0(1) 176.95(6)
C-H 1.00(3) 0(2i¥)~Mn—O(1")) 88.86(7)
Mn-Mn(}) 3.539(1)  O(1)-Mn—0O(1Y) 74.29(7)
Mn-+Mn(¥) 6.052(1)  O(1)-Mn—0(1Y) 89.85(5)
Mn()Mn(¥)  5475(1)  O(1)-Mn—O(1") 88.45(9)

Differential thermal analysis (DTA) and thermogravime-
try (TG) studies on MnFD in a nitrogen atmosphere show
that the dehydration process takes place in the temperature
range from 95 to 135 °C. A continuously decreasing sample
mass is observed over this temperature range, with a mass
loss of 19.3% (calculated value 19.9% for loss of two
waters), and the appearance of an endothermic peak in the
DTA curve. The decomposition of MnFA to Mn;0O, can be
observed between 215 and 260 °C. During the mass loss of
37.4% (calcd. 38.0%) an exothermic peak can be seen in the
DTA-curve (Scheme 1).

On dehydration of single crystals of MnFD at 120 °C,
their plate-like habit is maintained, but they become off-
white and opaque and are frequently cracked. This dehy-
dration event clearly gives rise to a poorer quality sample
with much larger spots on the image plate than for the sol-
vothermal crystals. Thus, although the sample still appears
to be a single crystal, it in fact consists of a collection of
smaller crystallites which are, however, sufficiently aligned
to allow for satisfactory structure determination and refine-
ment. This showed that the dehydrated crystals had the
identical structure to solvothermally-prepared MnFA, al-
though as expected the final R-factors (Table 3) were higher
than for the solvothermally prepared crystals.

A series of X-ray powder diffraction patterns measured
during the course of dehydration shows the coexistence of
both phases (MnFD and MnFA) (Figure 4). A similar heat-
ing experiment during which a sequence of orienting pre-
cession photographs was taken of a single crystal at 115 °C,
also demonstrates the simultaneous presence of both phases
within the same crystal specimen. The sharp diffraction
spots of MnFD decrease in intensity while the more diffuse
spots assigned to MnFA quickly become stronger. At 120
°C the slightly broadened (0k/) reflections of MnFA show
clearly the systematic extinctions of the diagonal glide
plane. Moreover, these observations give evidence that a
fixed spatial relationship exists between the lattice of disap-
pearing MnFD and freshly growing MnFA, indicating a to-
potactic transformation. Axes b and c¢ retain their length
approximately (see Table 3) and also their orientation
within =0.5°, whereas axis a undergoes changes both with
regard to the angle of inclination (i.e. B of the monoclinic
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Figure 3. The structure of the dihydrate MnFD for comparison
with Figure 2. Apart from the very similar formate-bridged net-
work around atoms of type Mn(1) shown for layer heights close to
x = 0 and additionally at x = 1 in most places, there are Mn(2)-
centred loops linking the sheets at x = 0 and x = 1. Atom Mn(2)
at x = 1/2 binds to four molecules of crystal water. Arrows indicate
the relative moves necessary to reach the structure of MnFA. All
equivalents of Mn(2) are shown with the water stripped off. Sym-
metry codes: (vii): 1 — x, —1/2 + y, 1/2 — z, (viii): 1 + X, y, z.

lattice decreases by over 7° to 90° in the orthorhombic
phase) but also more drastically with regard to the shrink-
age of the structure.

In contrast to MnFA, MnFD prepared under normal
ambient conditions does not form needles, but plates with
(100) as the dominant face. In accordance with the habit of
the crystals the structure of MnFD consists of layers ori-
ented parallel to the bc-plane. Figure 3, the corresponding
section suitable for comparison with anhydrous MnFA (cf.
Figure 2), shows that in MnFD nets of formate-bridged
manganese atoms also exist in a variant similar to that of
MnFA (see for instance O(1)—C(1)—0O(2) coordinating
Mn(1) plus all equivalent units at the same height of x =
0). Halfway along the x direction and exactly over the holes
of the aforementioned network the other manganese species
Mn(2) is surrounded by four water molecules in a planar
arrangement. This coordination of Mn(2) is completed by
two formate groups lying trans to each other (see the equiv-
alent O(3)—C(2)—0(4) in Figure 3) forming crosslinks be-
tween the layers in x = 0 and x = 1. Thus the atom Mn(2)
is part of a link extending from the upper left to the lower
right of Figure 3.

Although the space group type of MnFD (P12,/cl) is a
subgroup of that of MnFA (P2,/n2,/c2/a), it is not possible
that a simple displacive transition is taking place. Instead
the mechanism has to be discontinuous due to the loss of
the crystal water, causing a dramatic shrinkage of the unit
cell along [100]. Whereas in the lower symmetry phase of
the dihydrate Mn(1) and Mn(2) both lie on inversion
centres, in Pnca they are grouped around the centres of in-
version necessitating a rearrangement of the structure. The

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2285
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Figure 4. Heating powder diagrams with Cu-K,,, radiation show the coexistence of MnFA and MnFD at an intermediate stage of the
dehydration; for comparison the calculated patterns for MnFD and MnFA are given

shorter arrows of Figure 3 merely result from the con-
vention that one of the centres of inversion in MnFA must
be chosen to coincide with the origin of the unit cell. As
indicated by the longer arrows of Figure 3 the topology of
the anhydrous phase in Figure 2 is reproduced by virtue of
a transverse move of Mn(2"%) which brings it closer to
Mn(1) and Mn(1"#) in the upper and lower layer. The re-
quired relative shift in the c-direction amounts to ca.
2.77 A. While in MnFD the distance between Mn(1) and
Mn(2¥) is 6.054(2) A, and between Mn(1"i)) and Mn(2Vi))
6.917(2) A, the distance between Mn and Mn' in MnFA, is
only 3.539(1) A (see Table 1). These observations suggest an
insertion mechanism on a local scale, which has the advan-
tage that none of the existing bonds to formate groups need
to be broken. With loss of the water ligands, the coordin-
atively-deficient Mn centres —OCHO—-Mn(2)—OCHO—
reorient themselves to gain additional coordination from
formate oxygens O(1) and O(4), which as a consequence are
now ,-bridging between Mn(1) and former Mn(2) centres,
resulting in the zig-zag chains of crystallographically-equiv-
alent Mn centres running along a in the structure of MnFA.
This process requires a considerable contraction of the
MnFD lattice in the a-direction amounting to ca. 2.98 A.
It is remarkable that these large shifts are possible in a
topotactical reaction without causing complete destruction
of the crystal. As the broad reflections show the anhydrous
phase consists of small domains. Their growth seems to
start from numerous nucleation sites under the orienting
influence of the parent phase MnFD. Similar observations

2286 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

have been reported for the dehydrations of brucite to peri-
clase and of goethite to haematite and magnetite.[>’]

Quite naturally nothing can be said by X-ray diffraction
about the sequence of steps during the dehydration process.
Here the topologies of MnFD and MnFA are simply com-
pared leading to the conclusion that the reaction proceeds
topotactically, such that the orientational relationship be-
tween both phases is preserved. Although the solid-state
process is necessarily reconstructive, it seems to take place
surprisingly smoothly.

The IR spectrum of MnFA is simpler than that of MnFD
(Table 2); this is consistent with the two structures. Whereas
in MnFD there are two inequivalent formate anions in the
lattice, and several of the formate vibrational modes give
rise to a pair of absorptions, there is only one independent
anion in MnFA, and single bands are observed.

Full factor-group analyses for the two IR spectra predict
three IR-active modes per formate “molecular’” mode in the
spectrum of MnFA, and four in the spectrum of MnFD.
However, the numbers of observed bands is consistent with
the simple molecular analysis.

In addition, there are no absorption bands from water in
the MnFA spectrum. The IR spectrum for MnFA corre-
sponds to the spectrum reported by Baraldil*®! for B-MnFA.
Baraldi reported this B-MnFA as a metastable phase on the
path towards a-MnFA which he identified only by IR spec-
troscopy. Since we do not observe this a-phase, we cannot
say definitively which one is the thermodynamically more
stable.

www.eurjic.org Eur. J. Inorg. Chem. 2003, 2283—2289
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which corresponds to the g-factor of 1.97. Every manganese
atom has two nearest manganese neighbours along the p,-
oxygen-bridged chain [3.539(1) A] and eight further manga-
nese neighbours linked by four syn-anti formate bridges

Table 2. Wavenumbers (cm™!) of the IR absorptions for solid
MnFD and MnFA (s: strong, w: weak, sh: shoulder, vw: very weak,
br.: broad, m: medium)

hrationl27) [26] R : A
vibration MnFD MnFA  [5.475(1) A] and four anti-anti formate bridges [6.052(1) A].
V Oftag 3360 s With its ten direct neighbours the antiferromagnetic coup-

3290 s ling of —3.12 cm™! per manganese atom corresponds to an

3220 sh average coupling of —0.31cm™' @ = 1/3 S(S + 1) X J with
2v4 2995 vw 3002w ¢ = 5/2 and T J is the sum over all interaction constants
Vo + vy 2940 vw 2935 sh f ach Mn)
vy, CH stretch 2896 m 2906 m  1OF cach V).

2890 vw
2 vs 2760 w 2783 w
8‘dq 1666 w 0,18 80
vy, OCO stretch, asym 1585 s 1602 s i
vs, OCO deformation, asym 1397 s 1398 s 0,167 - 601

1391 s E

- E -t

1370 w < oM 2 0]
V5, OCO stretch, sym 1370 w 1342 s S 0,121 Q e

1362 s € : ]
v, out-of-plane deformation 1074 vw 1058 vw g 019 207
v3, OCO-deformation, sym 830 w 793 s D 408

758 s g o, 0o " 10" 200 300
Yaq 695 w, br. 0,06 TIK

72 m 0,04+ B 1kOe

O 10kOe
0,02- S000atenng
The magnetic behaviour of MnFD has been thoroughly 0,00+ T : T T T .

studied.®! The magnetic susceptibility measurements on 0 0. 100 150 200 250 300

MnFA show all the characteristics of a three-dimensional TK

antiferromagnet (Figure 5). The %! vs. T plot for tempera-
tures higher than 10 K leads to a Curie temperature ® of
—13.2K and a Curie constant C of 4.24 emu mol~! K™!

Figure 5. Plot of the magnetic susceptibility, Ymo, Of MnFA as a
function of temperature in the range of 1.9 to 300 K; the inset
shows a plot of %0~ ' versus T

Table 3. Crystal data and details of structure refinement

MnFD MnFA MnFAR
Formula C2H6Mn06 CszMnO4 CszMnO4
Molecular weight 181.00 144.97 144.97
Crystal system monoclinic orthorhombic orthorhombic
Space group P2,/c (no. 14) Pnca (no. 60)®! Pnca (no. 60)®
Temperature [K] 200*1 200£1 200£1
a[A] 8.7882(18) 5.8127(8) 5.826(5)
b [A] 7.2164(17) 7.5093(16) 7.549(7)
¢ [A] 9.578(2) 9.4923(14) 9.565(10)
B[] i 97.64(3) 90!l 90!l
Volume [A3] 602.1(2) 414.33(12) 420.7(7)
zZ 4 4 4
D, [gcm ™3] 1.997 2.324 2.289
p [Mo-K,] [mm~!] 2.154 3.064 3.018
Crystal size [mm] 0.10%x0.20x0.20 0.25x0.20%0.20 0.10x0.20%0.20
Crystal shape pale pink hexagonal pale pink block cut off-white,

plate with (100) dominant from needle along [100] opaque plate
20 range [°] 7.3-52.2 8.6—52.3 6.9-54.1
Reflection measured 2251 3897 632
Independent reflections 1038 402 382
Rint 0.0289 0.0506 0.0491
observed reflections [/ > 26(/)] 856 341 262
wR, (all data) 0.0793 0.0833 0.1857
Goodness of fit 1.056 1.059 1.062
Ry [I > 20(D)] 0.0273 0.0292 0.0568
parameters 109 37 28

max. diff. peak/hole [e-A 3]

+0.349/-0.303

+0.381/—0.373

+0.812/—0.723

[l MnFA obtained by dehydration of a single crystal. [’ Non-standard setting of Phcn (no. 60) (see text). [ For symmetry reasons.
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With reference to J-values, which are reported for
Mn—-OR)-Mn (J = -1 to —5cm "Y' and
Mn—O—-C(R)—O—Mn interactions (/ = —0.2 to —0.3
cm DB we can predict that the interactions between
manganese atoms within the p,-oxygen-bridged chain
should be stronger than between adjacent chains. Although
the interchain interactions are probably an order of magni-
tude weaker than the intrachain ones there are four times
as many such interactions between the chains as along
them, and these may therefore be significant with regard to
the three-dimensional antiferromagnetic behaviour. These
would require three J values and fitting the data in this way
would have led to overparametrisation. Antiferromagnetic
ordering starts at 8 K, and the spinflop field is 1.2(1) Ts.

Conclusion

We have shown that the crystal structure of anhydrous
manganese(11) formate is topotactically related to the struc-
ture of manganese(11) formate dihydrate. It can be obtained
either by solvothermal reaction or, surprisingly, by the to-
potactical dehydration of MnFD. Although the p,-oxygen-
bridges in MnFA lead to one-dimensional chains of oxygen-
bridged manganese atoms the additional interchain interac-
tions via formate bridges result in a three-dimensional anti-
ferromagnetic behaviour.

Experimental Section

MnFD was synthesized as reported previously.[1°]

Synthesis of Mn(O,CH), (1): Mn(O,CH), was obtained by solvo-
thermal reaction in a steel autoclave with a Teflon-insert of internal
volume 10 mL. In a typical experiment Mn(O,CH),-2H,O (0.2 g,
1.1 mmol) was heated in 3 mL of formic acid to 140 °C. During
the experiment (88 h) the CO, produced as a result of the decompo-
sition of formic acid raises the pressure to such an extent, that in
the initial experiment the lid of the Teflon-insert is punctured re-
sulting in the evaporation of the remaining solvent. Subsequently
these conditions were reproduced by slightly loosening the auto-
clave lids to act as a vent in order to avoid damage of the insert.
A quantitative yield of needle-like pink crystals of MnFA was ob-
tained. X-ray powder diffraction and TG experiments showed that
the product was pure and contained no dihydrate.

X-ray Crystallography: Single-crystal data were measured on a Stoe
IPDS image plate area detector diffractometer using graphite-
monochromatised Mo-K, radiation (A = 0.71073 A). Structures
were solved by direct methods and refined by full-matrix least-
squares against F? (all data) using the SHELXTL software pack-
age.’!l Non-hydrogen atoms were assigned anisotropic thermal
parameters; hydrogen atoms were fully refined with isotropic tem-
perature factors. CCDC-200199 and -200200 contain the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge at www.ccdc.cam.ac.uk/conts/retriev-
ing.html [or from the Cambridge Crystallographic Data Centre, 12,
Union Road, Cambridge CB2 1EZ, UK; Fax: (internat.)
+44—1223/336—033; E-mail: deposit@ccdc.cam.ac.uk].

Single-crystal photographs were taken on a Buerger precession
camera from Huber (Mo radiation). The specimen was heated

2288 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

using a modified Enraf—Nonius FR 559 crystal heater,3? with
which the temperature of the crystal is maintained and controlled
by a hot gas stream.

X-ray Powder Diffraction: The X-ray powder patterns were meas-
ured on a Stoe STADI P diffractometer using Cu-K,; radiation
(Ge monochromator) and Debye—Scherrer geometry. The sample
was placed in an open glass capillary and heated using a Stoe high-
temperature attachment.

Thermal Analysis: The differential thermal analysis (DTA) and the
thermogravimetry (TG) experiments were carried out using a
Netzsch STA 409C system. Samples were heated in Al,O5 crucibles
with a heating rate of 1 K min™! up to 600 °C under a nitrogen
atmosphere with flow rate 30 L h™1.

Susceptibility Measurement: Magnetic measurements were carried
out with a Quantum-Design MPMS SQUID magnetometer. The
powder sample was placed in a quartz tube and the susceptibility
measured in the temperature range from 300 to 1.9 K.

IR Spectroscopy: FTIR spectra were measured using KBr pellets
of the sample in the range from 4000 to 400 cm™! with a
Perkin—Elmer Spectrum One spectrometer. For each spectrum four
scans were measured at a resolution of 4 cm™!.
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