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A new three-dimensional MnII complex, [Mn3(HCO2)2(L)2(OCH3)2], 1 (L = nicotinate N-oxide), was synthesized by
solvothermal reaction and magnetically characterized. Complex 1 exhibits an unprecedented 3,6-connected 5-nodal
net topology with Schl

::
afli notation {42;6}4{43}2{46;66;83;10}2{48;66;8} and was assigned as a homospin ferrimagnet.

Interestingly, when 1 was placed in air for ca. one month, the methoxy anions in 1 were gradually exchanged by
hydroxyl anions and 1 underwent a single-crystal-to-single-crystal structural transition to a new but similar complex,
[Mn3(HCO2)2(L)2(OH)2] 3 4H2O, 2. The anion exchange and water molecules filling the channels of 2 affect the
magnetic behavior at low temperature compared to that of 1.

Introduction

In recent years, considerable attention has been focused on
the design and synthesis of molecular magnetic materials, for
understanding fundamental magnetic interactions and mag-
netostructural correlations as well as the development of new
molecule-basedmaterials.1 In particular, molecularmagnetic
materials with big and permanent spontaneous magnetiza-
tion are continuously pursued for their potential application
as molecular magnets.2 However, it is still a big challenge to
design and prepare such ferromagnets due to the weakness of
the ferromagnetic interaction compared to the antiferromag-
netic interaction.3 The “ferrimagnetic” strategy has been
drawing more attention to realize the permanent magnetiza-
tion due to the noncancellation of the antiferromagnetic
coupled spins.4 The homospin ferrimagnetic systems contain-
ing only one type of spin carrier aremore uncommonbecause

they need the particular spatial arrangement of the spins.5 It
should also be pointed out that among the reported homo-
spin ferrimagnetic systems, complexes with open framework
structure are still rare.6 The construction of such magnetic
materials has drawnmuchattention since themagnetismmay
be accommodated by altering the guest molecules, ligands, or
metal ions in the open frameworks.7 Several single-crystal-to-
single-crystal (SCSC) transformations were found in the
ferrimagnetic systems.6,8 However, the most SCSC transfor-
mations were realized by dehydration/hydration. The SCSC
transformations accompanied with anion exchange were
scarce, especially in the 3D ferrimagnetic systems.
Carboxylate, as a bridging ligand, displaying multiple

bridgingmodes, andbeing able tomediatemagnetic coupling
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effectively between metal ions, has been well used in prepar-
ing molecular magnetic materials.9 Numerous magnetic
materials exhibiting diverse bulk magnetic behaviors such
as antiferromagnetism, ferromagnetism, spin crossover, spin
canting, and ferrimagnetism10 were constructed based on
different carboxylates including formate.6a,7b,11 With respect
to complexes containing carboxylate ligands with auxiliary
ligands, quite a few magnetic systems including two types of
carboxylates, especially the smallest carboxylate, the formate
anion, have been characterized.12 New complexes with di-
verse structures and particular propertiesmay be obtained by
using another carboxylate to partially substitute the formate
anions in the metal formates. However, arbitrarily replacing
the formate anions by other carboxylates in the metal
formates is still a challenge. The powerful solvothermal
technique in growing new crystals may be effective in this
system.
Herein, we report a formate-bridged complex, [Mn3-

(HCO2)2(L)2(OCH3)2] (1), with the auxiliary ligand L (L =
nicotinate N-oxide) and another short bridging methoxy
ligand. The 3D structure of 1 is formed by formate/carbox-
ylate/methoxy mixed-bridged MnII chains linked by the L
ligands. Long-range ordering was found to be present in 1,
which was assigned as a homospin ferrimagnet. Interestingly,
by placing 1 in air for ca. one month, a single-crystal-to-
single-crystal structural transition from 1 to a new but similar
complex, [Mn3(HCO2)2(L)2(OH)2] 3 4H2O (2), was observed.
A magnetic study indicated that the anion exchange and
water molecules filling the channels of 2 increased the phase
transition temperature of the magnetic order compared to
that of 1.

Experimental Section

Materials and Physical Measurements.All the chemicals used
for synthesis are of analytical grade and commercially available.
Nicotinate N-oxide acid, formate acid, manganese carbonate,
and methanol were purchased from commercial sources and
used as received. Mn(HCO2)2 3 4H2O was synthesized by dissol-
ving manganese carbonate in formic acid and concentrating.
The solid product was separated by filtration.

Elemental analyses (C, H, N) were performed on a Perkin-
Elmer 240C elemental analyzer. IR spectra were measured on a
Tensor 27 OPUS (Bruker) FT-IR spectrometer with KBr pel-
lets. The X-ray powder diffraction (XRPD) was recorded on a
Rigaku D/Max-2500 diffractometer at 50 kV, 40 mA for a Cu-

target tube, and a graphite monochromator. Simulation of the
XRPD spectra was carried out by the single-crystal data and
diffraction-crystal module of the Mercury (Hg) program avail-
able free of charge via the Internet at http://www.iucr.org.

Magnetic data were collected using crushed crystals of the
sample on aQuantumDesignMPMS-XLSQUIDmagnetometer
equipped with a 5 T magnet. The data were corrected using
Pascal’s constants to calculate the diamagnetic susceptibility,
and an experimental correction for the sample holder was applied.

Synthesis. A mixture of Mn(HCO2)2 3 4H2O and HL (L =
nicotinateN-oxide) at a ratio of 1:0.75 in 15mLofmethanol was
sealed in aTeflon-lined stainless steel vessel, heated at 140 �C for
2 days under autogenous pressure, and then cooled to room
temperature. Yellow crystals of 1 were harvested in ca. 20%
yield based on Mn(HCO2)2 3 4H2O. For the IR spectra of 1, see
Figure S1. Anal. Calcd for C16H16Mn3N2O12: C, 32.40; H, 2.72;
N, 4.72. Found: C, 31.97; H, 3.10; N, 4.30. By placing 1 in air
with suitable humidity for ca. one month a single-crystal-to-
single-crystal structural transition from 1 to 2 occurred. The
water molecules in the air may diffuse into the channels gradu-
ally and replace the coordinating methoxy anions in 1 to form
coordinating hydroxyl anions and methanols that diffused into
the air. Finally, all the methoxy anions in 1 were replaced by
hydroxyl anions, and the channels were filled with water mole-
cules completely, forming a similar but new complex, 2, which
was confirmed byX-ray structure analysis. For the IR spectra of
2, see Figure S1. Anal. Calcd for C14H20Mn3N2O16: C, 26.39; H,
3.16; N, 4.40. Found: C, 26.74; H, 2.80; N, 4.75.

Complex 1 could remain considerably stable in a dry envir-
onment (the complex remained unchanged over one month
when placed in a desiccator with a dryer, which was confirmed
byX-ray structural analysis), and the transformation from 1 to 2
took place onlywhen 1was left in air with suitable humidity. The
transformation process took about one month in air with ca.
50% relative humidity. However, complex 1 decomposed when
it was placed in saturated steam in about two days. Our attempts
to synthesize complex 2 by a hydrothermal method directly were
not successful.

X-ray Data Collection and Structure Determinations. X-ray
single-crystal diffraction data for complexes 1 and 2 were
collected on a Rigaku SCX-mini diffractometer at 293(2) K
with Mo KR radiation (λ=0.71073 Å) by ω scan mode. The
program SAINT13 was used for integration of the diffraction
profiles. All the structures were solved by direct methods using
the SHELXSprogramof the SHELXTLpackage and refined by
full-matrix least-squares methods with SHELXL (semiempiri-
cal absorption corrections were applied using the SADABS
program).14 Metal atoms in each complex were located from
the E-maps, and other non-hydrogen atoms were located in
successive difference Fourier syntheses and refined with aniso-
tropic thermal parameters on F2. The hydrogen atoms of the
ligands were generated theoretically onto the specific atoms and
refined isotropicallywith fixed thermal factors. Detailed crystal-
lographic data are summarized in Table 1.

Results and Discussion

Description of Crystal Structure. Single-crystal X-ray
diffraction analysis of the light yellow crystals of 1 reveals
a 3D coordination network crystallizing in the space
group C2/c. The asymmetric unit contains one and a half
MnII ions, one formate anion, one L ligand, and one
deprotoned methanol. Mn1 is coordinated by six oxygen
atoms from two methoxy anions, two formate anions,
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and two carboxylates of L ligands (Figure 1). Mn2 is
coordinated by two methoxy oxygen atoms, one carbox-
ylate oxygen atom, two formate oxygen atoms, and one
oxygen atom from the N-oxide group of L ligand. The
methoxy ligand takes a μ3 coordination mode bridging
threeMnII ions with the bond anglesMn1-O5-Mn2A=
98.93�, Mn1-O5-Mn2 = 118.32�, and Mn2-O5-
Mn2A = 95.89�. The distances of the MnII ions bridged
by the methoxy are Mn1 3 3 3Mn2 = 3.785 Å, Mn1 3 3 3
Mn2A = 3.342 Å, and Mn2 3 3 3Mn2 = 3.242 Å. The L
ligand bridges three MnII ions using the oxygen atoms of
N-oxide and the syn,syn carboxylate group. The formate
taking the frequent syn,syn,anti mode links three MnII

ions with a Mn1-O6-Mn2I bond angle of 96.9�. Thus a
formate/carboxylate/methoxy mixed-bridgedMnII chain
is formed (Figure 2a). The structural and magnetic
topology of the chain is very similar to that reported
by Dietzel.15 The 3D structure of 1 can be described
as formate/carboxylate/methoxy mixed-bridged MnII

chains linked by L ligands (Figure 2b). It is interesting

that a 1D channel is formed along the c direction (Figure
S2) in 1. In the structure of 1, each anion linking three
metal ions can be considered as 3-connecting nodes and
the metal ions as 6-connected nodes. The 3D net can be
viewed as a 3,6-connected 5-nodal net with Schl

::
afli nota-

tion {42;6}4{43}2{46;66;83;10}2{48;66;8} (Figure 3). To
the best of our knowledge, such a net is unprecedented.16

The structures of 2 and 1 are nearly the same except for
the hydroxyl anions replacing the methoxy anions and a
small amount of waters filling the channels. The key bond
lengths and angles of 2 have small differences from that of
1 (see Table 2). The two types of water molecules of the
asymmetric unit in 2 are stabilized by the hydrogen bonds
between water and the oxygen atoms of the ligands
forming a (H2O)4 structure (Figure 4) in the 1D channels
of 2. On the basis of PLATON analysis,17 approximately
17.3% of the crystal volume (2201 Å3) is occupied by
lattice water molecules with a volume of 380 Å3 in each
unit cell of 2. That is larger than the guest free channel in
1, with a volume of 149 Å3, because the hydroxyl anions
are much smaller than the methoxy group (Figure S2).

Table 1.CrystalData and Structure Refinement Parameters for Complexes 1 and 2

1 2

chemical formula C16H16Mn3N2O12 C14H20Mn3N2O16

fw 593.13 637.14
space group C2/c C2/c
a/Å 17.993(4) 17.334(3)
b/Å 10.644(2) 11.183(2)
c/Å 11.531(2) 11.418(2)
β/deg 91.23(3) 95.96(3)
V/Å3 2208.0(8) 2201.4(7)
Z 4 4
D/g cm-3 1.722 1.922
μ/mm-1 1.816 1.779
T/K 293(2) 293(2)
Ra/wRb 0.0273/0.0616 0.0360/0.0677

a R=
P

||Fo|- |Fc||/
P

|Fo|.
b Rw = [

P
[w(Fo

2 - Fc
2)2]/

P
w(Fo

2)2]1/2.

Figure 1. Coordination and linkage modes of the ligands and MnII

ions in 1.

Figure 2. (a) Formate/carboxylate/methoxy mixed bidged MnII 1D
chain in 1. (b) Polyhedron view of the 3D structure of 1.

(15) Dietzel, P. D. C.; Morita, Y.; Blom, R.; Fjellv
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The structural consistency and phase purity of 1 and 2
were confirmed by comparing the measured patterns
calculated from single-crystal data with the experimental
X-ray powder diffraction (XRPD) analysis at room
temperature (Figure 5). That also indicated the transfor-
mation from 1 to 2 is completed.

Magnetic Studies. Magnetic measurements have been
carried out on crystalline samples of complexes 1 and 2.
The obtained data indicate dominant antiferromagnetic
coupling between the MnII ions in 1 and 2. However, in
the low-temperature region they show different magnetic
behaviors, as discussed below. The magnetic susceptibil-
ities of 1 and 2weremeasured in the 2-300K temperature
range under 1 kOe and were shown as χmT versus T plots
in Figure 6a. Fitting the data at 50-300 K with
the Curie-Weiss law gives C=14.1 cm3 K mol-1, θ=

Figure 3. (a) Layer views of the network topology in 1. (b) Views of the
network topology of 1.

Figure 4. (a) 1D channels of 2 along c filled by water. (b) Hydrogen
bonds formed by the included (H2O)4 and oxygen atoms of the ligand.

Table 2. Selected Bond Lengths [Å] and Angles for Complexes 1 and 2 [deg]a

1 2

Mn(1)-O(3)#2 2.148(4) Mn(1)-O(3)#2 2.191(2)
Mn(1)-O(3)#3 2.148(4) Mn(1)-O(3)#3 2.191(2)
Mn(1)-O(5)#4 2.220(4) Mn(1)-O(5)#4 2.180(2)
Mn(1)-O(6)#4 2.193(4) Mn(1)-O(6)#4 2.246(2)
Mn(1)-O(6) 2.193(4) Mn(1)-O(6) 2.246(2)
Mn(1)-O(5) 2.220(4) Mn(1)-O(5) 2.180(2)
Mn(2)-O(6)#7 2.193(4) Mn(2)-O(6)#7 2.248(2)
Mn(2)-O(5)#1 2.178(4) Mn(2)-O(5)#1 2.187(2)
Mn(2)-O(4) 2.146(5) Mn(2)-O(4) 2.190(2)
Mn(2)-O(1) 2.173(5) Mn(2)-O(1) 2.168(2)
Mn(2)-O(2)#6 2.220(4) Mn(2)-O(2)#6 2.185(2)
Mn(2)-O(5) 2.178(4) Mn(2)-O(5) 2.172(2)
Mn(2)#1-O(5)-Mn(2) 95.89(17) Mn(2)#1-O(5)-Mn(2) 96.17(9)
Mn(2)#1-O(5)-Mn(1) 98.93(17) Mn(2)#1-O(5)-Mn(1) 100.46(10)
Mn(2)-O(5)-Mn(1) 118.32(19) Mn(2)-O(5)-Mn(1) 122.06(11)
Mn(1)-O(6)-Mn(2)#8 98.46(18) Mn(1)-O(6)-Mn(2)#8 96.67(8)

a#1-x,-yþ1,-zþ2; #2-xþ1/2, yþ1/2,-zþ3/2; #3 x-1/2, yþ1/2,
z; #4 -x, y, -zþ3/2; #6 -xþ1/2, -yþ1/2, -zþ2; #7x, -yþ1, zþ1/2;
#8 x, -yþ1, z-1/2.

Figure 5. Simulated and experimental XRPD patterns for complexes 1
and 2.
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-62.21 K for 1 andC=13.59 cm3 Kmol-1, θ=-52.93 K
for 2 (Figure 6a). TheC values are consistent with the value
13.1 cm3 K mol-1 of three noninteracting MnII ions with
g=2.0. The negative value of θ and the initial decrease of
χmT should be due to the overall antiferromagnetic cou-
pling between the MnII ions. Upon further decrease of
temperature, however, at 4 K the χmT rises rapidly to
maximum values of 48.68 cm3 K mol-1 for 1 and 52.51
cm3 K mol-1 for 2 and finally drops rapidly due to
saturation effect. The steep rises in χmT at low temperature
indicate long-range order in the two complexes. The shape
of the χmT versus T plot, with its minimum, is typical of
ferrimagnetic behavior or spin canting.18

The isothermal field-dependent magnetizations M(H)
at 2Kat fields up to 50 kOe (Figure 6b)weremeasured for
both 1 and 2. The field dependence of the magnetization
does not follow a Brillouin curve. As shown in Figure 6b,
the curves rise sharply to saturation values of 4.8 Nβ for 1
and 5.0 Nβ for 2, in agreement with an uncompensated S
= 5/2 per one unit. It is consistent with a less common
form of ferrimagnetism, namely, homometallic ferrimag-
netism, where equal spins are antiparallel but do not
cancel overall. The possibility of magnetic transitions
suggested by the sharp peaks in the χmT curves was
further investigated by measuring the zero-field-cooled
(ZFC) and field-cooled (FC) magnetizations in the 1.8-
8 K temperature range (Figure 6b, inset). The ZFC/FC
measurementswere carried out at a very low field of 10Oe
for 1 and 2. The two curves are superposed at higher
temperatures for both compounds (Figure 6b, inset).
They increase abruptly below 5 K and then diverge at
around 3.2 and 4.0 K for 1 and 2, respectively. To further
probe the long-range ordering in 1 and 2, the ac magnetic
susceptibility measurements were performed with differ-
ent ac frequencies (Figure 7). The ac susceptibility mea-
surements of 1 in an oscillating field 3 Oe at 10, 100, and

997Hz also indicate amagnetic phase transition occurred
below 3 K because both in-phase χm0 and out-of-phase
χm00 were observed around this temperature. A peak at
3.3 K of the in-phase χm0 was observed, but no peak of the
χm00 curve was present, indicating the phase transition
temperature is lower than 2K (Figure 7a). Different from
1, the ac magnetic susceptibility measurements of 2 were
performed with ac frequencies between 50 and 1000Hz in

Figure 6. (a) Thermal variation of χmT of 1 (-b-) and 2 (-2-) at 1 kOe and Curie plot of 1 (b) and 2 (2). The solid line (-) is the best fit to the Curie-
Weiss law. (b) Magnetization vs field plot at 2.0 K of 1 and 2. Inset: ZFC and FC curves of 1 and 2. (c) Proposed schematic representation of the spin
alignment in the chain of 1 and 2. The pink lines indicate the ferromagnetic coupling and the light blue antiferromagnetic coupling.

Figure 7. The acmagnetic susceptibility plot at different frequencies: (a)
for 1 and (b) for 2.

(18) Kahn, O. Molecular Magnetism; VCH: New York, 1993.
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an oscillating field 2.5 Oe (Figure 7b). The in-phase χm0
and out-of-phase χm00 curves all show peaks that indicate
a magnetic phase transition occurred below this tempera-
ture. The peaks in ac susceptibilities are sharper for 2 than
for 1, which might be due to a disorder effect. Both the in-
phase χm0 and out-of-phase χm00 have a small frequency
dependence, but the positions of the peaks χm0 corre-
sponding to the temperature are constant in the ac
measurements, indicating that the single-chain magnetic
behavior is not significant in 1 and 2.19 Similar examples
have also been found in recently reported heterometallic
ferrimagnetic systems.20 No significant hysteresis was
found in 2 at 2 K (Figure S3). It is like that in the complex
the moments within the chain order first and then the 3D
ordering take place. However the 3D ordering take place
below 2 K, beyond the capability of the squid machine to
see any hysteresis.
Complexes 1 and 2 are unusual examples of homospin

ferrimagnets. The main superexchange pathway present
in 1 (or 2) is the formate/carboxylate/methoxy (or hydro-
xyl for 2) bridges in the chains, and the interchain
coupling conducted by the L ligands are weak. The
coupling that is mediated by double bridges in the syn,
syn formate, and the oxygen of the methoxy (or hydroxyl
for 2) between the Mn1 and Mn2 ions is expected to be
antiferromagnetic, as that provides a small metal-metal
distance and results in a good overlap of the magnetic
orbitals.21 The other superexchange pathway between the
Mn1 and Mn2 are tripartite bridges, which is the syn,syn
carboxylate and the double oxygen atoms of the formate
and methoxy (or hydroxyl for 2) groups. The cooperative
effect of the ternary bridges results in antiferromagnetic
coupling. The coupling between two neighboring Mn2
ions bridged by the double oxygen atoms of two methoxy
(or hydroxyl for 2) groups is ferromagnetic. The ferro-
magnetic coupled Mn2 dimer is antiferromagnetic
coupled with neighboring Mn1 ions, leading to the non-
compensation in spin moments of MnII ions (Figure 2a
andFigure 6c). However, that is only a proposedmodel in
Figure 6c, and the real magnetic structure needs further
confirmation by neutron diffraction. This corresponds

with the ferrimagnetic character of 1 and 2; otherwise
frustration or ferromagnetism would be expected. The
magnitude of the coupling constants in the 3D networks
of 1 and 2 cannot be calculated by conventional meth-
ods.22 Even if only the 1D formate/carboxylate/methoxy
(or hydroxyl) MnII chain was taken into account, there is
no appropriatemode for such an arrangement of the spins
(Figure 6c).5d The magnetic exchange situations between
MnII ions in 1 and 2 are similar; only one oxygen atom is
the methoxy anion in 1 and hydroxyl anion in 2, which
results in the small difference of the magnetic phase
transition temperature.

Conclusion

A 3D complex 1 with 3,6-connected 5-nodal net topology
was obtained through solvothermal reaction of the manga-
nese formate with nicotinate N-oxide in methanol solvent.
Complex 1 is formed by formate/carboxylate/methoxy
mixed coordinated MnII chains linked by the L ligands. By
placing 1 in air for ca. one month, a single-crystal-to-single-
crystal structural transition occurred, and the methoxy
anions in 1 were replaced by hydroxyl anions and the
channels were filled with water molecules, forming another
complex, 2, with similar structure. Magnetic studies reveal
that 1 and 2 are both unusual examples of homospin ferri-
magnets. The structural differences between complexes 1
and 2 result in the difference of the magnetic phase transition
temperature.
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