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ABSTRACT: A series of layered divalent metal formate
compounds, [M(HCOO)2(HCONH2)2] (M = Mn (1Mn),
Ni (2Ni), Cu(3Cu), Zn(4Zn), Mg(5Mg)), have been prepared
by solvothermal synthesis and their room temperature (RT)
and low-temperature (LT) crystal structures, and thermal and
magnetic properties determined. All the compounds contain
octahedral metal ions connected by four anti-anti formato
ligands to form (4,4) nets with the composition of
M(HCOO)2. The oxygen atoms from two coordinating
formamide ligands above and below the layer complete the
MO6 distorted octahedral coordination. Order−disorder phase
transformations involving the formamide ligands were
observed in the 1Mn, 2Ni, and 4Zn compounds. Like
transitions in related formate structures with perovskite like topology, the transitions correspond to the ordering of the
amine groups of the terminating formamide ligands which are disordered at ambient temperature. The magnetic properties of the
three magnetic members of the series 1Mn, 2Ni, and 3Cu were investigated using microcrystalline samples, over the temperature
range of 2 K−300 K under different applied fields. All compounds belong to antiferromagnetic square lattices with S = 5/2, 1,
and 1/2. Exchange constants for a nearest neighbor model are presented here. Specific heat measurements indicate magnetic
long-range order at lower temperatures, S = 5/2 (antiferromagnetic) and S = 1 (ferrimagnetic).

■ INTRODUCTION

Metal−organic frameworks (MOFs) or more generally
coordination polymers1 are inorganic−organic hybrid materials
which are made up of metal cations assembled into extended
structures by coordinating with organic bridging ligands.
Research in this field has grown over the past two decades,
in part because of the high porosity and high surface area
shown by many MOFs2 which leads to potential applications in
selective adsorption and separation of gas molecules3 and in
catalysis.4 Moreover, the large number of ligands and metals
that can be used in assembling MOFs enables the introduction
of other physical properties such as conductivity,5 optical
behavior,6 and magnetism,7 leading to possible applications in
other areas.8

Magnetic MOFs have attracted some attention and show
some interesting and unusual magnetic phenomena.7,8a The
structural and chemical flexibility of the diamagnetic ligands
used to connect magnetic d or f metal ions into extended
networks enables the design and assembly of magnetic MOFs
with low-dimensional features, such as chains,9 or layers,10 as
well as three-dimensional frameworks.11 The 3d transition
metals provide variations of magnetic anisotropy and spin
quantum numbers,7a and many studies have been reported in
the recent literature. It remains of interest to synthesize and
study iso-structural or iso-topological series of transition MOFs

containing different 3d metals to investigate structure−property
correlations.
The magnetic properties of a MOF depend on the magnetic

coupling between the paramagnetic metal centers. The
magnetic exchange between transition metal centers usually
takes place via a cation-ligand-cation superexchange pathway,12

which strongly depends on the relative orientation of the
orbitals and the distance between the interacting metal centers.
The diamagnetic organic linkers provide an efficient magnetic
exchange pathway by establishing an overlap between metal
and ligand orbitals that lowers the total energy. With this in
mind, many different types of short bridging ligands including
halide (X−), bifluoride (HF2

−), cyanide (CN−), azide (N3
−),

cyanate (OCN−), thiocyanate (SCN−), dicyanamide (N-
(CN)2

−), and formate (HCOO−) have been used to build
magnetic MOFs.13

Formate, the smallest carboxylic ligand, was studied several
decades ago because of the unusual physical properties
observed in hydrated transition metal formate compounds.14,15

A renewed interest in formate based frameworks has occurred
recently.16 The formate ligand adopts different bridging modes
depending on the coordination environment.16a In an environ-
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ment with no bulky ligands, formate favors the μ-HCO2
−-anti-

anti bridging mode for metal coordination.17 This coordination
mode promotes an effective superexchange coupling between
metal ions. The origin of the coupling can be described as a
consequence of delocalization of the electrons in the formate
anion represented by the resonance hybrid structures (O
C(H)O and O−C(H)O).18 Thus it behaves like a
diamagnetic single atom but, in an excited state, can transfer π-
electrons to one of the connected metal ions. As a
consequence, the formate anion acquires a magnetic moment
induced by the spin of the metal ion enabling the adjacent
metal ions to interact. Thus, the neighboring metal centers are
effectively coupled via the formate bridging ligand leading to
interesting magnetic behavior. The structure−property relation-
ship of hydrated transition metal formates M(HCOO)2·xH2O
(M = transition metals) and their deuterated forms,14,15,19

anhydrous metal formates [M(HCOO)2],
20 metal formates

with monodentate ligands [M(HCOO)2·2L] (L = urea),21

metal formates with bidentate ligands [M(HCOO)2L] (L =
4,4′-bipyridine, pyrazine),22 and metal formates with solvents
[M(HCOO)2·n(solvent)]

23 have been studied. In many of
these compounds the behavior of the magnetic susceptibility
below the Neél temperatures suggested weak ferrimagnetism.
Cheetham and co-workers recently demonstrated that both

magnetic and antiferroelectric order occurred in a series of
formate based transition metal compounds [(CH3)2NH2]-
[M(HCOO)3].

24 Multiferroic behavior is a relative rare
phenomenon given that electric and magnetic behavior tend
to be mutually exclusive.25 Subsequently, multiferroic behavior
was found in the series [NH4][M(HCOO)3],

26 and [C-
(NH2)3][Cu(HCOO)3] was suggested as a possible multi-
ferroic material.27 Several other formate based divalent metal
compounds were reported recently as magnetic or ferroic
materials.17,28,29

In the multiferroic formates with structures related to the
ABX3 perovskite, the organic cation and the formate anion
correspond to A and X, respectively. In the room temperature
(RT) structures the alkyl ammonium cation at the A site is
disordered. At lower temperatures, an order−disorder phase
transition occurs giving a dielectric anomaly at the transition
temperature. The ordering of ammonium cation is associated
with a hydrogen bond ordering which triggers the antiferro-
electric ordering in the LT phase. The mechanism for ordering
of electric dipoles via hydrogen bond ordering is well
documented in literature.30

The same effect was observed in layered copper formate
tetrahydrate where an antiferroelectric phase transition and an
antiferromagnetic transition were observed at LTs.15 Similar to
the perovskite-like formates, the origin of the dielectric anomaly
of this compound is also related to an order−disorder
transition. The RT structure of Cu(HCOO)2·4H2O consists
of alternating layers of Cu(HCOO)2 and disordered H2O
molecule layers. At the phase transition, the disordered H2O
molecules become ordered triggering a dielectric anomaly. To
our knowledge, this type of structural order−disorder trans-
formation has not been observed in any other layered transition
metal formate.
In the present work, we report a series of layered divalent

metal formates, [M(HCOO)2(HCONH2)2] (M = Mn (1Mn),
Ni (2Ni), Cu(3Cu), Zn(4Zn), Mg(5Mg)), their RT and low-
temperature (LT) crystal structures, and their thermal and
magnetic properties. All the compounds contain octahedral
metal ions connected by four anti-anti formato ligands to form

(4,4) nets with the composition of M(HCOO)2. The oxygen
atoms from two coordinating formamide ligands above and
below the layer complete the MO6 distorted octahedral
coordination. Order−disorder phase transformations involving
the formamide ligands were observed in the 1Mn, 2Ni, and
4Zn compounds. Like the transitions in the perovskite related
formate structures, the transitions are associated with the
ordering of the amine groups of the terminating formamide
ligands which are disordered at ambient temperature. Only very
few formate compounds with formamide as a coligand are
known.31 Among them, Co(HCOO)2(HCONH2)2 reported by
Rettig et.al.31a is also disordered, but no reference to an order−
disorder transformation is given. The magnetic properties of
the three magnetic members of the series 1Mn, 2Ni, and 3Cu
were investigated using microcrystalline samples, over the
temperature range of 2 K−300 K under different applied fields.
The overall behavior of the compounds corresponds to an
effective antiferromagnetic (AF) exchange of adjacent magnetic
centers on the square lattice. At LTs, 1Mn and 2Ni exhibit
long-range order (LRO) of the antiferro- and ferrimagnetic
type, respectively. For the 3Cu no LRO could be detected by
specific heat measurements down to 2 K.

■ EXPERIMENTAL SECTION
Materials. All starting materials were reagent grade, commercially

available (Sigma-Aldrich; U.S.), and were used without further
purification.

Synthesis of 1Mn. Mn(HCOO)2·(HCONH2)2 was obtained by
reacting MnCl2·4H2O (0.198 g, 1 mmol) with 10 mL of formamide in
a 22 mL sealed vial, heated to 90 °C under autogenous pressure for 96
h. Square pyramidal-shaped colorless crystals were obtained with a
yield of 65% based on Mn. The product was vacuum-dried. Anal.
Calcd. for MnH8C4N2O6 (%); C, 20.44; N, 11.92; H, 3.43. Found; C,
20.59; N, 11.82; H, 3.71.

Synthesis of 2Ni. Ni(HCOO)2·(HCONH2)2 was obtained by
reacting NiCl2·6H2O (0.238 g, 1 mmol) with 10 mL of formamide in a
22 mL sealed vial, heated to 70 °C under autogenous pressure for 48
h. Square pyramidal shaped green crystals were obtained in a yield of
80% based on Ni. The product was vacuum-dried. Anal. Calcd. for
NiH8C4N2O6 (%); C, 20.12; N, 11.73; H, 3.38. Found; C, 20.31; N,
11.76; H, 3.67.

Synthesis of 3Cu. Cu(HCOO)2·(HCONH2)2 was obtained by
reacting CuCl2·2H2O (0.170 g, 1 mmol) with 10 mL of formamide in
a 22 mL sealed vial, heated to 70 °C under autogenous pressure for 72
h. The resulted clear blue solution was cooled to RT at ambient
atmosphere and kept undisturbed in the sealed vial. Square
bipyramidal shaped blue crystals were obtained in a yield of 60%
based on Cu after 3 weeks. The product was vacuum-dried. Anal.
Calcd. for CuH8C4N2O6 (%); C, 19.72; N, 11.5; H, 3.31. Found; C,
19.96; N, 11.46; H, 3.59.

Synthesis of 4Zn. Zn(HCOO)2·(HCONH2)2 was obtained by
reacting Zn(NO3)2·6H2O (0.297 g, 1 mmol) with 10 mL of
formamide in a 22 mL sealed vial, heated to 90 °C under autogenous
pressure for 96 h. The resulted clear colorless solution was cooled to
RT at ambient atmosphere and kept undisturbed in the sealed vial.
Square pyramidal shaped colorless crystals were harvested in a yield of
40% based on Zn after about 2 months. The product was vacuum-
dried. Anal. Calcd. for ZnH8C4N2O6 (%); C, 19.70; N, 11.48; H, 3.28.
Found; C, 19.68; N, 10.98; H, 3.32.

Synthesis of 5Mg. Mg(HCOO)2·(HCONH2)2 was obtained by
reacting MgCl2 (0.095 g, 1 mmol, 1.5% H2O) with 10 mL of
formamide. The reaction mixture was stirred for 1 h in air and
transferred to a 22 mL vial. The sealed vial was heated to 100 °C under
autogenous pressure for 96 h. The resulted clear colorless solution was
cooled to RT at ambient atmosphere and kept undisturbed in the
sealed vial. Square pyramidal shaped colorless crystals were harvested
in a yield of 65% based on Mg after 3 weeks. The product was dried
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under vacuum. Anal. Calcd. for MgH8C4N2O6 (%); C, 23.48; N, 13.70;
H, 3.94. Found; C, 22.96; N, 13.36; H, 3.99.
Crystal Structure Determination. Single crystal data were

collected using a Siemens SMART platform diffractometer equipped
with an APEX2 area detector and using monochromatic Mo Kα
radiation (λ = 0.71073 Å). A single crystal of suitable size was selected,
coated with paraffin oil to prevent deterioration in humid air, and
mounted on a glass fiber using silicone glue for each phase. Crystals
used for LT data collections were protected by epoxy instant glue to
limit the effects of crystal cracking at phase transitions. This turned out
to be a simple but necessary precaution as the hardened glue
prevented the movements of cracked crystal domains. Data sets were
collected at 298 K for 1Mn, 2Ni, 3Cu, 4Zn, and 5Mg, at 213 K for
1bMn, at 153 K for 1cMn, at 233 K for 2bNi, and at 163 K for 4bZn.
A N2 cold stream was used to maintain the LTs. Data collection, cell
refinement, data integration and reduction were performed by using
the APEX2 system.32 The structures were solved by direct methods
using the SHELXS9733 program and refined by using the
SHELXL9734 program, both integrated in the WinGX35 package.
The crystals of the Ni and Zn compounds were twinned at LTs, and
the data were deconvoluted using CELL_NOW.36 Two domains were
found for both Ni and Zn crystals with twinning ratios of 0.82 and 0.80
respectively. No twinning was observed for samples of 1bMn and
1cMn. Weak superstructure reflections of 1cMn were observed, and
the structure was refined with the superstructure unit cell 8-fold larger
than that of 1aMn. The hydrogen atoms of the formate ions were
found in the Fourier maps and refined isotropically. The hydrogen
atoms of the formamide were added at the best geometric positions,
and refined with geometrical constraints. The hydrogen atoms of the
NH2 groups of Mn, Ni, and Zn compounds could not be found in
Fourier maps and were not added because of the high degree of
disorder of the formamide ligands. Crystal data are summarized in
Table 1. A summary of the four distinct polymorphs is provided in
Table 2

The purities of the phases were confirmed by powder X-ray
diffraction at RT with a PANalytical X’pert PRO diffractometer. Data
were collected using Cu Kα radiation (λ = 1.54187 Å), over the range
of 5° < 2θ < 90° and compared with theoretical patterns simulated
from the respective single crystal data (Supporting Information, Figure
S1).
Characterization. Infrared spectra of the samples were measured

with a Galaxy series FTIR 5000 spectrometer using KBr pellets in the
range 400 to 4000 cm−1 at ambient conditions. Elemental analyses
were performed by Galbraith Laboratories (Knoxville, TN).
Physical Property Measurements. The magnetic properties of

the compounds were measured using a Quantum Design Physical
Property measurement System (QD-PPMS) equipped with a
vibrating-sample magnetometer. Microcrystalline powders were used
in the analyses. Measurements were made in both zero-field cooled
(ZFC) and field cooled (FC) conditions at fields from 500 Oe to 5 T.
Diamagnetic corrections were estimated using Pascal constants37

(−115 × 10−6 emu/mol for 1Mn, −113 × 10−6 emu/mol for 2Ni, and
−112 × 10−6 emu/mol for 3Cu).

Heat capacity measurements were performed at fields up to 5 T on
the same QD-PPMS system with microcrystalline powders pressed
into pellets.

DSC measurements were performed on a Mettler Toledo gas
controller DSC system. Microcrystalline samples were placed in an
aluminum crucible and heated up to 323 K and then cooled down to
123 K at a rate of 20 K min−1 under nitrogen and cycled twice.
Isothermal equilibrations for 5 min were used between cooling and
heating.

Thermogravimetric analyses were performed using Hi-Res TGA
2950 thermogravimetric system. Samples were heated in air to 323 K
and isothermally equilibrated at that temperature for 30 min followed
by heating to 623 K for 1Mn−4Zn and to 773 K for 5Mg with a
heating rate at 1 °C min−1.

■ RESULTS AND DISCUSSION

Synthesis. All the compounds were prepared by the
reaction of divalent metal cations with formamide under mild
solvothermal conditions at 70−100 °C. The reaction temper-
ature and time were systematically varied to obtain the
optimum conditions for each reaction. Pure crystalline phases
of each compound were obtained. The phase purity was
confirmed by comparison of the powder X-ray patterns with
patterns simulated from the single crystal X-ray data
(Supporting Information, Figure S1).
Formamide plays an important role in this synthesis. It

behaves both as the source of formate and formamide and
serves as the solvent for the crystallization. At an elevated
temperature and pressure formamide is hydrolyzed to form
formate.38a The reaction kinetics and the mechanism of this
hydrolysis have been widely investigated both experimentally
and theoretically, and several mechanisms have been
proposed.38 In our experiments, the lattice water in the starting
metal salts provides the source of water for the formation of the
formate anion.

Crystal Structures. Single-crystal X-ray structure data of
1Mn−5Mg at RT (298 K) revealed that 1Mn, 1bMn, 2Ni, 4Zn
are isostructural (structure type I) and crystallize in the
monoclinic space group C2/c with small differences in lattice
parameters. These compounds have the same structure as
Co(HCOO)2·(HCONH2)2 reported by Rettig et al.31a The
compounds 3Cu, 2bNi at (233 K) and 4bZn (163K) are
isostructural in the monoclinic space group P21/c (structure
type II). The 5Mg compound (type III) crystallizes in the
monoclinic space group P21/c and has two inequivalent Mg
atoms. The cell dimensions are similar to (I) if a and c axes are
interchanged. The 1cMn structure (type IV) has the same space
group as (I), but has a 8-fold larger unit cell with doubled a and
quadrupled b cell dimensions compared to (I). The LT 1cMn
structure (type (IV)) is an isomorphic subgroup of structure
type (I) with a subgroup index 8. The 3Mg structure (type
(III)) may be considered as a k2 (“klassengleich” with index 2)
subgroup of (I). Structure type (II) is not a subgroup of (I),
because the loss of C-centering translation symmetry is
replaced by translation symmetry of halving cell volume. The
phase transition between (I) and (II) probably involves
intermediate subgroups common to both structures. The
different structure types are summarized in Table 2. Selected
bond distances and bond angles are listed in Supporting
Information, Table S1.

Room Temperature Structures. Structures of 1Mn, 2Ni,
and 4Zn. The structures of compounds 1Mn, 2Ni, and 4Zn

Table 2. Summary of the Observed Structure Types for the
[M(HCOO)2(HCONH2)2] Series of Compounds

compound polymorph
space
group disorder

1Mn I C2/c 3 inequivalent N positions
1bMn I C2/c 2 inequivalent N positions
2Ni I C2/c 2 inequivalent N positions
4Zn I C2/c 5 inequivalent N positions
3Cu II P21/c ordered
2bNi II P21/c ordered
4bZn II P21/c ordered
5Mg III P21/c ordered, 2 inequivalent Mg
1cMn IV C2/c disordered and ordered formamides, 4

inequivalent Mn
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contain one crystallographically independent divalent metal ion
(Figure 1a). The metal ion in each structure is located on the 2-

fold axis. All the metal ions are six coordinated by oxygen atoms
in a nearly regular octahedral coordination environment. The
equatorial positions of the octahedron are occupied by four
oxygen atoms from four different bridging formates in an anti-
anti arrangement. The axial sites are occupied by two oxygen
atoms from two nonbridging formamide molecules. Each
octahedron is linked to four neighboring metal ions through
four bridging formate ligands to form a two-dimensional
infinite layer with the composition M(HCOO)2 (Figure 1b).
The areas of the squares defined by four nearest neighbor metal
atoms are 36.392(5) Å2 for 1Mn, 33.769(5) Å2 for 2Ni, and
34.368(5) Å2 for 4Zn.
The O−C−O angle of the formate ligand gives rise to a

characteristic tilting of the MO6 octahedra. Neighboring
octahedra are tilted relative to one another with dihedral
angles of 27.21(6)° for 1Mn, 27.80(6)° for 2Ni, and 27.3(1)°
for 4Zn. All the MO6 octahedra are distorted with four short
equatorial bonds 2.163(1), 2.164(2) Å for 1Mn, 2.048(1),
2.054(1) Å for 2Ni, and 2.077(2) Å, 2.087(2) Å for 4Zn) and

two long apical bonds (2.198(1) Å for 1Mn, 2.079(2) Å for
2Ni, and 2.136(2) Å for 4Zn). These distances are comparable
to those previously reported for other series of metal
formates.19−24

Analysis of the single crystal X-ray data from 1Mn, 2Ni, and
4Zn indicates that the nitrogen atom of the terminal formamide
group is disordered. In 1Mn, the disorder of nitrogen atom was
modeled by including three nonequivalent positions with
occupancies of 0.603(4), 0.265(9), and 0.132(9) in the
refinement. In 2Ni the disordering of nitrogen atom was
modeled with two positions with occupancies of 0.840(8) and
0.160(8). In 4Zn five nonequivalent nitrogen positions were
refined with the relative occupancies of 0.27(1), 0.265(4),
0.23(1), 0.145(7), and 0.08(1).
The (4,4) infinite layers lie parallel to the crystallographic bc

plane in 1Mn, 2Ni, and 4Zn. The layers are stacked along the a
axis and separated by a/2 with a shift of b/2 along the b axis
relative to the adjacent layer (Figure 2a). The formamide
groups attached to the axial sites of the metals are arranged as
spacers between the stacked layers. Only one type of
formamide orientation is observed for 1Mn, 2Ni, and 4Zn.

Figure 1. (a) Local coordination environment of Mn with atom
labeled. (b) View of 2D (4,4) network of 1Mn in bc plane.

Figure 2. Layer stacking of (a) 2Ni, (b) 3Cu. Hydrogen and the
disordered nitrogen atoms are omitted for clarity.
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The NH2 groups between adjacent layers form weak N−H···O
hydrogen-bonds with bridging formate groups (average N···O
distance of 2.96 Å for 1Mn, 2.99 Å for 2Ni, and 2.94 Å for
4Zn). Even though all these hydrogen bonds are weak, they
play an important role in connecting the adjacent metal−
formate layers together.
Structure of 3Cu. The 3Cu compound has a similar metal

ion coordination environment to the other members of the
family. Unlike in 1Mn, 2Ni, and 3Zn, the terminating
formamide ligand is ordered in 3Cu crystallizing in the space
group P21/c. The Cu compound was first observed by
Chulkevich et al.39as a minor product but has not been fully
characterized.
In 3Cu, one crystallographically independent Cu2+ ion is

observed to display a Jahn−Teller distortion with four short
equatorial bond lengths of 1.963(2), 1.977(2) Å and two long
apical ones of 2.370(2) Å. The Cu−O distances are comparable
to those observed in other metal-formate frameworks. The
bond angles of 3Cu are in the same range as of the other
members of the family. The tilt angle of 19.35(9)° between the
neighboring CuO6 octahedra, however, is slightly smaller than
found for the other members.
The Cu(HCOO)2 layers in 3Cu, as observed also in 1Mn,

2Ni, and 4Zn, lie parallel to the bc plane and are stacked along
a axis (Figure 2b). The layer separation is larger because of the
long axial Cu−O bonds of the distorted CuO6 octahedra. The
layer separation is approximately 7.78 Å. The layers are not
shifted relative to each other along either b or c axes. This
geometry facilitates H-bond formation between adjacent
formamide groups. They form two nearly linear, weak N−
H···O hydrogen bonds of 3.03 Å. Thus one formamide group
has two interformamide hydrogen bonds and one formamide−
formate hydrogen bond of 2.97 Å. As a result the terminating
NH2 groups of formamides are well ordered.
Structure of 5Mg. The Mg member, 5Mg, has a different

structure to the other members of the family with two
crystallographically independent Mg2+ ions in space group P21/
c (Figure 3a). The coordination environment of the Mg ions
and the bonding modes of the formate and formamide ligands
are similar to the other members of the family. The difference
between the two Mg ions arises from two different orientations
of the attached formamide groups which are oriented cis and
trans relative to the formate plane. The trans oriented
formamide is connected to Mg(1) with a Mg(1)−O−C−N
dihedral angle of 176.2(1)° and cis oriented formamide is
connected to Mg(2) with a Mg(2)−O−C−N dihedral angle of
14.4(2)°. The MgO6 octahedra are slightly distorted with bond
lengths for Mg(1)−O equal to 2.0447(7), 2.0821(8), and
2.0882(8) Å and for Mg(2) equal to 2.0403(8), 2.08541(7),
and 2.0976(8) Å. Two different tilt angles of the MgO6
octahedra are observed between the neighboring Mg2+ ions.
The MgO6 polyhedra are tilted toward the ab plane along the
diagonal of the Mg(HCOO)2 squares. The Mg(1)O6 and the
Mg(2)O6 polyhedra tilt toward to the ab plane with tilt angles
of 16.20(3) and 16.11(2). The tilt angle between the two Mg
polyhedron is 30.69(3)°.
The structure of 5Mg is related to the structures of the other

members of the family. The Mg(HCOO)2 layers of 5Mg lie
parallel to the ab plane. The layers are stacked along c axis and
separated by c/2 (Figure 3b). Similar to the 3Cu compound,
the Mg member possesses a well ordered structure. No disorder
was observed in the positions of the terminal NH2 groups.
Compared to other members of the family, 5Mg forms the

strongest N−H···O hydrogen-bonds between the terminating
formamide and bridging formates with a N···O distance of 2.92
Å.

Low Temperature Structures. The disorder observed at
RT suggested the possibility of order−disorder phase
transitions at LT. Despite the fact that several M(HCOO)2
layer type compounds have been reported previously, structural
order−disorder phase transformations have been rarely
observed in this class of compounds.
The presence of order−disorder transitions in the disordered

phases 1Mn, 2Ni, and 4Zn was investigated by differential
scanning calorimetry (DSC) (see below) and by LT single
crystal X-ray diffraction experiments. The temperatures chosen
for the X-ray measurements were based on the DSC results.

Low Temperature Structures of 1Mn. Two phases were
observed for the 1Mn compound at 213 K and at 153 K. Both
LT structures have the space group C2/c.
The 1bMn phase at 213 K differs slightly from the RT phase.

As a consequence of lowering the temperature, all the cell edges
are contracted slightly (Table 1) compared to 1Mn, the angle β
increases, and the volume decreases by 3%. The main difference
from the 1Mn structure was the increase in the degree of order
of the formamide NH2 group. The 3-fold disordered N atom in
1Mn becomes 2-fold disordered in 1bMn with almost equal

Figure 3. (a) Local coordination environment of Mg with atom
labeled and (b) Layer stacking.
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occupancies (0.493(7), 0.507(7)). The layer stacking and the
extended structure are unaffected by this structural change.
A second phase transition is observed on further lowering the

temperature. The structure of this new phase 1cMn was
successfully determined at 153K. The structure of 1cMn has a
larger unit cell compared to the structure of 1Mn. The cell is
expanded by 2 × a axis and 4 × b axis but no change is
observed along the c axis; β increases to 96.231(1)°. In contrast
to 1Mn and 1bMn, the structure of 1cMn has four
crystallographically independent Mn atoms which correspond
to different orientations and different degrees of order of the
terminating formamide groups. An increase in degree of order
of the formamide is observed in the second phase trans-
formation. The two formamide groups coordinated to Mn(1)
and Mn(4) (Figure 4a) go from 2-fold disordered to ordered

while the formamide groups coordinated to Mn(2) and Mn (3)
remain 2-fold disordered. The arrangement of the four
inequivalent Mn ions within each layer is shown in Figure 4b.
Low Temperature Structures of 2Ni and 4Zn. Structures

were determined at LT for 2Ni (2bNi at 233 K) and 4Zn,
(4bZn at 163 K). Both compounds (2bNi and 4bZn) are
isostructural with the RT 3Cu structure, space group P21/c with
small differences in cell parameters (Table 1). A contraction of
the apical M−O bond lengths of the MO6 octahedra relative to
the RT values is observed in both compounds. Two equatorial
MO bonds are expanded, and the other two were contracted
in both. The formamide ligands which are disordered in the RT
structures are well ordered at LT.
The extended structures of 2bNi and 4bZn have a different

(4,4) layer stacking arrangement compared to the RT
structures. At LT, the (4,4) sheets lie in the (a−c)b plane.

Layers are stacked along the [101] direction. In contrast to the
RT structures, no layer shift is observed in these LT structures.
Weak interformamide hydrogen bonds similar to those
observed in 3Cu are present at LTs (Figure 5).

The NH2 groups extend into the interlayer space and are
only weakly hydrogen bonded to formate oxygen atoms in the
adjacent layers. At higher temperatures, the thermal energy is
large compared with the strength of the weak formamide-
formate hydrogen bonds and disorder results. Lowering the
temperature decreases the thermal energy, and a transition
eventually occurs where the formamide ligands become
ordered.

Differential Scanning Calorimetry (DSC). The thermal
behaviors of the compounds at LTs (Figure 6) were
determined by DSC measurements. 1Mn, 2Ni, and 4Zn were
chosen for DSC measurements because their structures are
disordered at RT. Structural phase transitions were observed in
the DSC data for each compound. The structural phase
transformations are reversible and first order. Upon cooling,

Figure 4. (a) Increase in degree of order and (b) the arrangement of
the four in-equivalent Mn ions with in each layer in LT 1cMn.

Figure 5. Structure of LT 2bNi with weak N−H···O bonds.

Figure 6. DSC data for compounds 1Mn, 2Ni, and 5Zn.
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two exothermal peaks were observed for 1Mn at 237 K with a
relatively small enthalpy of 0.12 kJ mol−1, and at 193 K with a
higher enthalpy of 0.54 kJ mol−1, respectively. On heating, both
transitions were observed as endothermal peaks at 267 and 202
K respectively.
The highest enthalpy change among all transitions with an

enthalpy of 2.51 kJ mol−1 was observed in 2Ni. One sharp
exothermal peak centered at 252 K was observed upon cooling
and as a sharp endothermal one at 288 K upon heating. The
transition of 4Zn was observed as an exothermal peak with an
enthalpy of 1.76 kJ mol−1 at 191 K upon cooling and as a sharp
endothermal one on heating at 228 K.
Magnetic Properties. The magnetic properties of the three

magnetic members Mn (S = 5/2), Ni (S = 1), and Cu (S = 1/
2) were investigated using the microcrystalline samples, over
the temperature range of 2 K−300 K under different applied
fields, H, in units of Tesla. The temperature dependent molar
magnetic susceptibility, χm(T), is shown in Figures 7−10 for

each compound. The specific heat, Cp(T, H), data for each
compound studied here are shown in Figures 8, 9, and 10 and
the field dependent magnetization, M(H), is included in the
Supporting Information, Figures S4−S9.
Three compounds (abbreviated Mn, Ni, Cu here without

reference to the polymorphs) are representatives of anti-
ferromagnetic Heisenberg square lattices with very similar
structural features but different spins. To emphasize the
similarities of their physical properties and gain more insight
into the underlying model we present the scaled susceptibilities
(Figure 7). The high-temperature region is well described by a
high-temperature series expansion for the square lattice
model.40,41 χm(T) deviates from a typical Curie−Weiss type
of behavior related to the antiferromagnetic exchange,
represented by the coupling parameter J between nearest
neighbors on the square lattice. We note that all three
compounds exhibit a broad maximum Tmax. = 6.7 K for Mn, 28
K for Ni, and 58 K for Cu associated with the half of the spin
entropy released because of short-range order on a square
lattice around 2 in units of kT/(JS(S+1)). At lower temper-
atures a sharp upturn in χ(T) occurs around 1.4 for Mn and Ni
and at 1 for the quantum spin system Cu (in units of kT/(JS(S
+1))). This increase has been frequently associated with the

onset of a staggered magnetization at T*, see for example
theoretical and experimental work for the respective spin
systems.41,42

The development of phenomena such as staggered magnet-
ization in applied fields at nonzero temperatures can be
attributed to various origins, such as the staggered orientation
of the anisotropy of the g-tensors or spin-canting.43 The former
is associated with the single-ion behavior. Canting may be
linked to the equatorial ligands that connect adjacent magnetic
centers (dx2−y2 magnetic orbital) via asymmetric, not coplanar
HCOO-bridges. A corrugated square lattice results with
adjacent magnetic ions tilted and rotated differently with
respect to the crystallographic axis perpendicular to the square
lattice (see inset in Figure 7). Additionally, the stacking of these
layers is not orthogonal which means that the staggered
magnetization of adjacent layers is tilted with respect to the
crystallographic axis along the stacking direction.
Furthermore, we note that the development of a staggered

magnetization in low-dimensional systems eventually leads to
LRO, and a Neél-type of order (TN) has been discussed for
similar systems. However, it is important to stress that
experiments carried out for M(HCOO)2·2H2O and
M(HCOO)2·2urea which are composed of the same type of
square lattice, namely, M(HCOO)2 (4,4) nets and anti-anti
bridging formate ligands, reveal no significant dependence of
TN upon the interlayer distance.19,21,44 In detail the following
Neél temperatures are reported for M(HCOO)2·2H2O and
M(HCOO)2·2urea, respectively: 3.7 and 3.8 K for M = Mn,
15.5 and 15.0 K for M = Ni, 16.8 and 15.5 K for M = Cu.44

Consequently, it has been concluded that dipolar interactions

Figure 7. Scaled susceptibilities of theMn, Ni, and Cu compounds are
shown. J refers to the antiferromagnetic coupling constant for the
square lattice Heisenberg model = 2J∑Si·Si+1. High-temperature
series expansion (HTSE) data according to ref 40 are given for S = 1/2
and J = 30 K for comparison. The black dotted lines are a guide to the
eye, see text. The inset shows the connectivity within the plane (square
lattice of magnetic ions); for clarity the axial ligands are omitted.

Figure 8. (top panel) Susceptibility measured at 0.1T (fc) and a fit to
the Curie−Weiss law for [Mn(HCOO)2(HCONH2)2]. The bottom
main panel includes the LT range of the specific heat at various fields
showing the λ-anomaly related to TN. The upper inset presents the
total specific heat up to 300 K with a structural phase transition around
200 K and a magnetic phase transition at 4.2 K. The inset (right,
bottom) shows the field dependence of the λ-anomaly which indicates
antiferromagnetic three-dimensional LRO.
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between adjacent layers may be neglected, and the interlayer
coupling (Jinter) would be rather small with Jinter/J ≈ 10−3−10−5.
For the series of compounds studied here the occurrence of

LRO with TN = 4.2 K for Mn, 19.0 K for Ni, and 17.5 K for Cu
(Figures 7−10 and Table 3) is observed and in very good
agreement with the reference materials listed above. These
phase transitions can be clearly seen in the specific heat data for
Mn and Ni as a λ-type anomaly that appears to be field

dependent (Figures 8, 9). Note, that upon increasing applied
fields, TN for the Mn compound shifts to lower temperatures in
line with antiferromagnetic order, whereas TN for Ni initially
increases with the field indicative of ferrimagnetic order. For
theMn compound,we estimate the contribution of the anomaly
to the total entropy approximately 12% of Rln6 and for Ni
approximately 7% of Rln3. However, the measured specific heat
of the Cu compound (inset Figure 10) does not reveal any
evidence attributed to such a LRO, since its magnetic
contribution to the total specific heat is expected to be rather
small, for example, less than 0.01% of the total entropy Rln2,
and may be easily overlooked; see also references 45,46.
The dominating antiferromagnetic character of the magnetic

properties is corroborated by the respective field-dependent
magnetization measurements (see Supporting Information). In
the case of Cu one observes at higher temperatures (30 K <
Tmax.) a linear increase with applied fields and a rather low
magnetization of less than 2.7% at 8 T, which is in line with a
significant JCu parameter of 30 K. Similar coupling constants
have been reported for the dihydrate and diurea analogues.44

Below the onset temperature of the staggered magnetization
one observes a steeper increase of M(H)/MS for applied fields
below 1.5 T, which even becomes more pronounced and
temperature independent at T < TN. At higher applied fields
M(H)/MS follows a linear response with the same slope for T
≤ 30 K with the offset of the interpolated intercept M(0)/MS
increasing to 1.5% at 2 K as the temperature is lowered. For the
Mn compound we observe a slight curvature for M(H)/MS
below 1 T at 2 K and linear field dependence toward higher
applied fields. Both magnetization measurements below and
above TN are almost identical which can be understood in
terms of the dominant intralayer antiferromagnetic coupling,
JMn of ≈0.25 K, present, well in line with the total value of
M(5T)/Ms of only 45%. The Ni compound shows similar to
the previous ones,a linear field dependence in the region
between Tmax and the onset of a staggered magnetization (T*):
M(H)/MS = 10% at 8 T and 25 K, which is in line with JNi = 3.9
K. Below TN = 15 K, here we show the measurements for T = 2
K, the weak ferrimagnetic character becomes visible, see
Supporting Information. A small hysteresis effect can be seen
with a coercivity field Hc ≈ 0.1 T and remnant magnetization
MR of less than 0.1%. The weak ferrimagnetic behavior is
similar in origin to that reported for Ni(HCOO)2·2H2O and
furthermore analyzed in detail by theory.47

For all compounds the susceptibility, χ(T), is field dependent
below the onset of the staggered magnetization and decreases
with increasing field (Figures 8-10). For Ni almost complete
suppression becomes visible at H = 5 T. The Cu compound
exhibits a sharp transition at TN for the lowest field measured.
Upon increasing the applied field this feature smears out and
shifts to lower temperatures. Both Mn and Cu display only a
slight difference of zero-field cooled versus field cooled
susceptibility data, whereas the Ni compound reveals a rather
pronounced difference in this respect below TN.

Figure 9. (top panel) Susceptibility measured at various fields and a fit
to the Curie−Weiss law for [Ni(HCOO)2(HCONH2)2]. The inset
gives an enlargement of the LT range showing the significant field
dependence below TN (fc, zfc). The bottom main panel includes the
LT range of the specific heat at various fields showing the λ-anomaly
related to TN. The insets depict the total specific heat at zero field up
to 300 K (bottom right) and the field dependence of TN (top middle).

Figure 10. Temperature dependent magnetic susceptibility for
Cu(HCOO)2(HCONH2)2 measured in different fields in comparison
with the HTSE result for the square lattice (S = 1/2), see for example
reference 40. Marked by arrows: Neél temperature (TN), T* onset of
the staggered magnetization, and Tmax. rounded maximum correspond-
ing to the S = 1/2 Heisenberg square lattice. The inset gives the total
specific heat at zero field and an applied field of 5 T.

Table 3. Magnetic Data in K for the
[M(HCOO)2(HCONH2)2] Series of Compounds

M Tmax. TN Θ JM

Mn 6.7 4.2 −8.7 0.25
Ni 28 19.0 −57 3.9
Cu 58 17.5 −148 30
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Further evaluation of the high temperature range (T > 150
K) by fitting the inverse susceptibility to a Curie−Weiss law
results in Θ-values of −8.7 K (Mn), −57 K (Ni), and −148 K
(Cu), respectively (Table 3, see also Supporting Information).
The reciprocal susceptibility for the Cu compound is well
represented by a HTSE above Tmax. including a g-value of 2.25
and a small temperature independent van-Vleck type
contribution (2.5 × 10−4 emu/mol). The antiferromagnetic
intraplanar coupling parameter, JCu = 30 K, is in excellent
agreement with the ones reported for the dihydrate and diurea
compounds (JCu ≈ 33 K). Thus, it can be concluded that
significant interplanar interactions are absent here as well.
For the Ni compound an intraplanar coupling constant JNi =

3.9 K is obtained from scaling the susceptibility and from a
molecular field based approach (for details see eqs 10 and 11 in
reference 47). The slope of inverse susceptibly (see Supporting
Information, Figure S7) is in good agreement with the
dominant antiferromagnetic properties of the square lattice in
terms of JNi and TN. But the overall Θ-value obtained from a
Curie−Weiss fit of −57 K is by far too large. From a molecular
field approach (see reference 47) one would expect Θtheo ≈
−20 K (Curie constant, C = 1.3 emu mol−1 K−1) which is very
close to −TN, see for comparison the reported values of ≈ −15
K for the dihydrate as well. The difference of ΔΘ = Θ*≈ −35
K in our case is intriguing, and it should be noted that also for
the diurea compound a significant larger Θ = −45 K has been
observed.44a This suggests additional interplanar coupling here
and calls for further investigation by neutron and local
spectroscopy methods. Above we have reported the LT
structure of the Ni compound that involves ordering of the
axial ligands through simultaneous hydrogen bonding between
layers. Likewise one could argue that the hydrogen bonding is
similarly effective in the diurea analogue. This scenario would
imply that furthermore a crossover into a three-dimensional
case occurs and may be related to the additional shift ΔΘ = Θ*
with respect to the inherent properties of the square lattice, see
for example references 19 and 44d.
Despite the fact that JMn = 0.25 K derived from scaling the

susceptibility of the Mn compound is very small, we find good
agreement with the derived Θtheo. value of −4.3 K ≈ −TN which
is also in excellent agreement with the ones reported for the
dihydrate, but again not with our Curie−Weiss fit which
indicates Θ = −8.7 K. For the diurea analogue a similar Θ of
−8.5 K has been reported. Thus following the same idea as for
the Ni case we add Θ* = −4.4K to the molecular field based fit,
which gives a reasonable agreement with our data, see
Supporting Information, Figure S4.
In summary, we have presented the thermodynamic

properties of a series of square lattices with S = 1/2, 1, and
5/2. In comparison with dihydrate and diurea analogues and
theory, we can conclude that the dominant antiferromagnetic
interaction between adjacent magnetic centers is well described
by a Heisenberg square lattice model. The conjecture that
interplanar interactions can be neglected might be reconsidered
because of the peculiarities of significant differences in Θ
occurring for those compounds that are considered to undergo
a structural order/disorder transition related to hydrogen
bonding. However, several aspects are still not well understood
or investigated by other methods that likely to shed more light
into the intriguing properties of square lattices. In particular,
the S = 1/2 case has triggered considerable interest in quantum
dynamics worldwide, for example, with recent experimental

evidence for phenomena such as entanglement of spins on a
square lattice.48

IR Spectra. Similar IR spectra but with slight differences
were observed for all the five compounds. This is expected
given that all the structures have similar bonding environments.
Characteristic IR bands of HCONH2 and HCOO− were
observed, and the positions of these bands agree with previous
reports for similar compounds (Supporting Information, Table
S2, Figure S2).17,26c,27b,49 The N−H stretching region (3100−
3500 cm−1) consist of several IR bands for all the compounds.
This could be attributed to the different strengths of the
hydrogen bonds formed by the terminating formamide
groups.50 Further, the peak broadening in the same region of
1Mn, 2Ni, and 4Zn indicates that the NH2 groups are in a
disordered environment.51

Thermogravimetric Analyses (TGA). Thermogravimetric
analyses were performed in air to assess the thermal stabilities
of the metal-formato-formamide compounds (Figure 11). All

the compounds were isothermally equilibrated at 323 K
followed by a heating to 623 K for 1Mn−4Zn and to 773 K
for 5Mg. No weight loss was observed initially for any of the
compounds. This confirmed the absence of guest molecules in
the void spaces of the crystal structures. However, the
irregularity in the second step of 3Cu is not well resolved.
Similar thermal behavior has been reported for many of the
perovskite-like metal formate frameworks with the composition
[amineH] [M(HCOO)3].

17,24−27 The two decomposition steps
of these formates were assigned as loss of an amine and a
formic acid per formula unit followed by a decomposition of
metal diformates.
In 1Mn, the first weight loss occurred at 411 K. The

experimental weight loss for the first process is 37.8%. This
weight loss corresponds to either a loss of two formamides or
two formic acids per formula unit, calculated as 38.3%.
Considering the crystal structures of this series and thermal
behavior of previously reported formate frameworks, we assume
that the terminating formamide ligands are lost in the first step.
The resulting phase is presumed to have the stoichiometry of
Mn3(HCOO)6, and it decomposes at 511 K. The experimental
residue after complete heating was 33.1% which is in agreement

Figure 11. Thermogravimetric analysis data for compounds 1Mn−
5Mg.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic402200v | Inorg. Chem. 2014, 53, 244−256253



with the calculated value of 32.5% based on Mn3O4. The nature
of the final residue was confirmed by powder X-ray diffraction.
In 2Ni, 3Cu, 4Zn, and 5Mg the first weight losses occurred at
489 K, 400 K, 408 K, and 464 K, respectively. Similar to the
1Mn compound, these weight losses correspond to loss of
terminating formamides in the structures. The experimental
and (calculated) percentage weight losses are 37.7 (37.6), 36.2
(36.9), 37.7 (36.7), and 43.9 (44.0), respectively. Further it was
observed that the temperatures at which the formamide
molecules are lost, parallel the M−O bond strengths of
formamide and metal ions and are in the order 2Ni > 5Mg >
1Mn ∼ 4Zn > 3Cu.
The resulting phases are presumed to have the stoichiometry

of M(HCOO)2. Framework decomposition of 2Ni−5Mg
occurred at 524 K, 470 K, 538 K, and 673 K. The final
experimental residues were 31.35% for 2Ni, 33.70% for 4Zn,
and 20.76% for 5Mg. Calculated values for these residues were
31.28%, 33.15%, and 19.71% based on the final residues of the
compounds which were confirmed as NiO, ZnO, and MgO.
The experimental residue after the completion of the pyrolysis
of 3Cu, 30.92%, was greater than the value corresponding to
the formation of Cu2O (29.34%) and less than the value
corresponding to the formation of Cu4O3 (30.99%). This is
attributed to the formation of a mixture of Cu2O and Cu4O3 at
the end of pyrolysis which was confirmed by the powder XRD
pattern of the residue at 493 K (Supporting Information, Figure
S3). The slow mass gain of 1.85% after the decomposition of
3Cu was attributed to the slow oxidation of the residual
product to CuO, which was confirmed by the powder XRD of
final residue at 623 K. Corresponding weight losses are within
the 2% of the calculated values, and the temperatures closely
agreed with the thermal decompositions of the reported
formate frameworks.
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(c) Coronado, E.; Galań-Mascaroś, J. R.; Martí-Gastaldo, C. J. Am.
Chem. Soc. 2008, 130, 14987.
(10) (a) Clemente-Leoń, M.; Coronado, E.; Gimeńez-Loṕez, M. C.;
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