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A structural and magnetic characterization of a trinuclear chiral Mn(ll) formate three-dimensional framework exhibiting
a triangular arrangement is presented. Compound Nas[Mn3(HCOO)] was obtained by solvothermal synthesis and
crystallizes in the chiral cubic space group P243 and is well described by a A conformation. The structure displays
triangular Mn3 building blocks, in which the metal centers are bonded by formate ligands in a syn-anti mode (Mn—Mn
5.697(1) A). The coordination sphere of manganese(ll) is completed by six oxygen atoms from six formate ligands,
resulting in an octahedral geometry. Magnetic susceptibility measurements showed antiferromagnetic interactions at
high temperature and a strongly field dependent magnetic behavior below 40 K. At fields higher than 1.0 kOe only the
antiferromagnetic interactions can be observed. At applied fields lower than 1.0 kOe magnetic susceptibility becomes
irreversible with maxima observed at 22 and 34 K. These maxima suggest a weak ferromagnetic behavior because of
spin canting, allowed by the presence of the noncentrosymmetric syn-anti HCOO bridges linking the Mn sites. This
non-collinear antiferromagnetism and irreversible behavior can be due to the existence of a high degree of frustration in

this unique lattice composed of linked triangular arrangements of interacting magnetic centers.

Introduction

There is currently much interest in creating new materials
combining magnetism with other properties such as conduc-
tivity, optical properties, or porosity.. The rational design of
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these new magnetic materials requires taking into account
two important aspects: the nature of both the spin carriers
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and the bridges. Generally, 3d transition metal ions have been
considered as the spin carriers, and short conjugated ligands
as bridges. Three-atom bridges are particularly interesting in
several aspects: (i) they can transfer magnetic interactions, (ii)
they have a variety of coordination and bridging modes to
transition metal centers, which makes them useful to tailor
various interesting structures, and (iii) they may preclude the
existence of an inversion center between the two bridged
metal ions and therefore allow the antisymmetric interaction
(Dzyaloshinsky—Moriya interaction, DM) between the me-
tal centers.

The use of carboxylate ligands and their derivatives as
three-atom bridges has played an important role in the field
of materials chemistry, allowing the generation of polynuc-
lear complexes ranging from discrete entities to three-dimen-
sional (3D) systems.® The formate anion HCOO™ is the
smallest and simplest carboxylate and has been extensively
employed in creating materials with interesting magnetic
properties. Depending on the conformation of the formate
bridge (anti-anti, syn-anti, syn-syn among others) this can
mediate ferromagnetic or antiferromagnetic coupling.*~®

Divalent 3D metal-formate frameworks such as M
(HCOO),-2H,0 (M = Mn, Fe, Co, Ni and Cu)’~'? exhibit
predominantly long-range antiferromagnetic ordering. M
(HCOO),L,, where L is a coligand such as urea or forma-
mide, shows spontaneous magnetization at the Néel transi-
tion because of canting of the moments of the sublattices.*® !

[NH,J[Mn(HCOO);]'* crystallizes in the hexagonal chiral
space group P6;22, where the chirality arises from the
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handedness imposed by the formate ligands around the metal
ions and the presence of units with only one handedness.
Chiral magnets (bifunctional materials) are very attractive
because of their potential technological applications.'” Since
the chirality of the compounds must be controlled in the
molecular structure, as well as in the entire crystal structure,
only a few examples of this type of magnets exist.

On the other hand, spin frustration in paramagnetic
species is of current interest because of its influence on
physical properties.'® In this type of compounds, the topol-
ogy of the complex or lattice causes the antiferromagnetic
interactions not to be satisfied completely leading to geome-
trically frustrated magnets (GFMs).!” The oxo-centered
carboxylate complexes [M30(0O,CR),L,,]'® are the best ex-
amples of this magnetic behavior. Therefore, it is of interest
to find new synthetic approaches that allow new materials to
be obtained with topologies leading to novel multifunctional
properties.

In this paper we present the structural and magnetic
characterization of a new chiral 3D network based on the
trinuclear Mn(II) formate unit Nas;[Mn3(HCOO)g], exhibit-
ing a triangular arrangement, as an example of a new material
with a crystalline topology in which it is possible to find
chirality, spin canting, and spin frustration phenomena.

Experimental Section

All starting materials were commercially available reagents
of analytical grade, and were used without further purifica-
tion. Na3[Mn3(HCOO)y] was obtained in 30% yield by
solvothermal synthesis in dimethylformamide (DMF) in a
23 mL Teflon-lined stainless steel autoclave at 170 °C for 24 h
under self-generated pressure. After slow cooling (0.05 °C/
min) to room temperature the solid product was filtered and
dried at 40 °C. The reagents were used in a Mn(CH;COO),-
4H,0: L-serine/Na3;PO4/DMF molar ratio of 2:1:3:160. X-
ray diffraction quality, pale yellow single crystals were di-
rectly separated from the bulk material.

Single-Crystal X-ray Diffraction. The crystal structure of
Naz[Mn3(HCOO)o] (1) was determined by X-ray diffraction on
a 0.14 x 0.12 x 0.12 mm?® single crystal. Data collection was
performed on a Bruker-Kappa-CCD diffractometer, with_gra-
phite-monochromatized Mo Ka radiation (A = 0.71073 A) at
room temperature. Final unit cell parameters were based on the
fitting of all reflection positions (DIRAX9).'? Data integration
and scaling of the reflections were performed with the
EVALCCD suite.”® Empirical multiscan absorption corrections
using equivalent reflections were performed with the program
SADABS.?! The structure was solved and refined against F* by
full-matrix least-squares techniques using the SHELXTL soft-
ware package.”> Hydrogen atoms were placed in calculated
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positions and were refined as riding atoms. All nonhydrogen
atoms were refined with anisotropic thermal displacement
parameters. Additional data collection and refinement details
are given in Table 1. When the structure was solved and fully
refined, the possibility of position interchange between manga-
nese and sodium sites was explored, since the interexchange has
been shown to be significant in some structures.?>~ %’ This was
done by refining each position as composed of Na and Mn, with
partial occupations as parameters adding up to 1. The results
showed that interexchange in the studied compound is not
significant, and therefore all the discussion is based on the
non-exchanged refinement.

Magnetic Susceptibility. The ZFC and FC magnetic sus-
ceptibility measurements at variable temperature, in the 2.2—
298 K range, were performed on an assembly of small crystals
firmly wrapped with Teflon tape in a gel capsule using a
Cryogenics SX600 SQUID magnetometer at 0.02, 0.1, 1.0,
and 50 kOe. The magnetization curves were recorded at 1.8
and 5 K, at fields ranging from 0 to 60 kOe. Diamagnetic
corrections (estimated from Pascal constants) and sample
holder contributions were taken into account. AC susceptibility,
at various frequencies, was obtained as a function of tempera-
ture on a Quantum Design PPMS system with an AC excitation
field of 10 Oe.

Results and Discussion

Synthesis. The solvothermal synthesis of the title com-
pound was performed using Mn(CH3;COO),-4H,O and
L-serine in a 2: 1 molar ratio. It is important to note that if
the reaction is carried out in the absence of serine
Na;[Mn3(HCOO),] is not obtained. Since no source of
formate was included in the initial reaction mixture, the
presence of this anion in the final product may be ascri-
bed to the decomposition of serine. Furthermore, the
isolation of the A conformer as the only product could
be due to the initial coordination of the manganese(II) ion
with the chiral L-serine ligand, thus inducing the prefer-
ential spatial arrangement of the final formate species.
Therefore, the decomposition reaction of the coordinated
amino acid generates the formate species presenting the
syn-anti coordination mode leading to the isolation of
Na;[Mn3;(HCOO)o].

Yokoyama et al.?® reported that if amino acids are
heated in organic solvents such as DMF or DMSO under
alkaline conditions, racemization or decomposition
occurs. The decomposition in polar organic solvents
is especially relevant to amino acids with reactive
side chains, such as serine. On the other hand the rate
of hydrolysis of DMF to formate and dimethyla-
mine increases especially at basic conditions and high
temperature.”’ Furthermore, Wang et al. have published
that M(II) ions behave as catalysts for the hydrolysis
of DMF, having isolated and structurally characterized
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Table 1. Crystal Data and Structure Refinement for 1

empirical formula C3;H3MnNaOgq

FW/uma 212.98

crystal system cubic

space group P23

temperature (K) 293 (2)

wavelenght (A) 0.71073

a (A) 9.2762(11)

V(A3 798.2(2)

zZ 4

o (gr.em™) 1.772

u(mm™) 1.687

F(000) 420

6 range (deg) 0.978 to 27.47

hkl range —4=<h=11
—12=<k=10
—12=<1=<9

Niot» Nunig 2714, 581

(Rim)a Nobs (00138)7 568

refinement parameters

GOF on F* 1.141

R1, wR2 (obs) 0.0248, 0.0741

R1, wR2 (all) 0.0265, 0.0719

max. and min Ap 0.479, —0.261

[Mn(HCOO)(NH5(CH;),)].° Since the isolated com-
pound reported in this work is a pure phase
of Naz;[Mn;(HCOO)y] we conclude that the coordina-
tion of serine to Mn(II) ions precludes the hydrolysis of
DMF.

Structural Description. The compound crystallizes in
the chiral cubic space group P2,3. The chirality arises
from the fact that only one M(HCOO), enantiomer is
present.’! According to the rules to identify optical iso-
mers of octahedral complexes, the manganese environ-
ment is well described as having a A conformation. Other
formate salts crystallizing in a chiral space group have
been previously reported for (NH4)[M(OOCH);], with
M = Ni, Co, and Mn."

The structure displays triangular Mn; building blocks,
in which the metal centers are bonded through formate
ligands in a syn-anti mode (Mn—Mn 5.697(1) A).
The structure also presents sodium ions as charge com-
pensating cations. These two different metallic sites, one
occupied by manganese(II) cations and the other by
sodium ions are in an octahedral environment, as shown
in Figure 1. The manganese(Il) ion occupies an a site
over the crystallographic 3" axis, and the same is true
for the sodium ion, placed in a b site. The octahedral
environment of manganese(Il) is formed by six oxygen
atoms, where two types of formate ligands are present
(three of them bonded through O1 oxygen atoms and the
other three through O2 oxygen atoms). All O—Mn—0O
angles are close to 90° or 180°. Each manganese(II) center
has three sodium ions as neighbors, at a distance of
3.4350(6) A. Selected bond distances and angles are listed
in Table 2. Three manganese sites surround a sodium
ion, defining an equilateral triangle. As imposed by the
3" axis, each manganese(I]) ion is the common vertex of
three of these triangles, as shown in Figure 2; although
sharing one vertex, they are not coplanar. The lattice
resulting from this arrangement has also six regular
pentagons (see Supporting Information, Figure 1S)

(30) Wang, X. Y.; Zhang, S. W.; Gao, S. Inorg. Chem. 2004, 43, 4615.
(31) Zhang, B.; Wang, Z.; Kurmoo, M.; Gao, S.; Inoue, K.; Kobayashi,
H. Adv. Funct. Mater. 2007, 17, 577.
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Figure 1. Molecular structure diagram for 1, showing the asymmetric
unit of the compound, and the symmetry equivalents that complete the
octahedral environment for manganese(Il) and sodium ions. The ¢,-O,0’
and u,-O formate bridges connecting both metal centers are shown.
Displacement ellipsoids are at the 50% level of probability. Labels are
asfollows:a: 1/2 + x, 32—y, 1 —z;b: 12 + 2,32 —x,1 —y;c: 32—y,
l—z—12+x;d: 32—z, 1—x, 12+ y;ey,z,x; fz,x, ;8 1 — 2,12
+ 32—y, 32—y, 1 —z, 12 +x.

Table 2. Sclected Bond Distances (A) and Angles (deg) for 1¢

Mn—O1 2.207(2) O1 Mn Olb 94.02(8)
Mn—02a 2.207(2) 02a Mn 02d 96.34(9)
Na—Olb 2.394(2) 02a Mn Olc 175.09(8)
Na—02a 2.381(2) 02a Mn Ol 81.48(8)
Mn- . -Na 3.4350(6) 02c Mn Olb 88.29(9)
Mn. - -Mna 5.697(1) Mn O1 Na 96.52(8)

“arl2+ x,32=y,1=zb:12+232—-x,1—y;¢:32—y,1—z,
=12+ x;d: 32—z 1—x,—1/2 + y.

corresponding to a 3°-5° topology.** Differing from
(NH4)[M(OOCH)3], the lattice shows no channels where
the charge balancing ions are free to move, since the
sodium ions are well confined in the structure. The cavity
where the sodium ion is placed can be well described as a
sphere with a diameter of 4.8 A (two times the Na—O
distance approximately), smaller than the 6.2 A channel
diameter described in (NH4)[M(OOCH);].'"* The way
both metal ions, manganese(Il) and sodium, are con-
nected in Na3[Mn3(HCOO),] is different from what was
observed for catena-(dodecakis(us-formato-0,0,0’)-
hexa-manganese solvates,>® or in the bimetallic sodium
triformato-cadmium,** where one of the formate ligands
connects the nearest metal centers in a u,-O,0’ fashion,
while the other does so in a 4,-O mode. Moreover, this
mixed bridging mode seems to be the main kind of
bonding for bimetallic formates.

Magnetic Properties. ZFC and FC molar magnetic
susceptibilities of Naz;[Mn;(HCOO)y] (1) were measured
at different temperatures at 0.02, 0.1, 1.0, and 50 kOe
(Figure 3 and Supporting Information, Figure 2S).
Figure 3 shows the y\ 7T versus T dependence obtained at
50 and 0.02 kOe. Magnetization irreversibility is observed
below 40 K when the magnetic field is smaller than

(32) Batten, S. R.; Robson, R. Angew. Chem., Int. Ed. 1998, 37, 1461.

(33) Wang, Z.; Zhang, B.; Kurmoo, M.; Green, M. A.; Fujiwara, H.;
Otsuka, T.; Kobayashi, H. Inorg. Chem. 2005, 44, 1230.

(34) (a) Feliksinski, T.; Grochulski, P.; Kolasinski, W.; Wawrzak, Z.
Mater. Res. Bull. 1982, 17, 627. (b) Antsyshkina, A. S.; Porai-Koshits, M. A.;
Ostrikova, V. N. Koord. Khim. 1983, 9, 418.
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Figure 2. Lattice around Mn(Il) ions. Sodium ions were omitted
for clarity.
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Figure 3. yuT vs T'plots at (a) 50 kOe and (b) 0.02 kOe. Inset shows the
temperature dependence of the AC susceptibilities of 1, out-of-phase at
frequencies of 0.3 and 10 kHz, with an AC excitation field of 10 Oe.

1.0 kOe. Above 1.0 kOe, the ZFC and FC measurements
are identical, showing a typical curve for a system with
antiferromagnetic interactions between the Mn(II)
centers. The value of y7 at 292 K is 12 cm® mol ' K,
which is slightly less than the value expected for three
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uncoupled Mn(II) centers (13.1 cm® mol ' K) considering
g = 2.0. The ymT value decreases smoothly from 292 to
40 K (11 cm® mol ™" K); below this temperature the yy T
values decrease faster to reach a value of 4.7 cm® mol ' K
for 1.0 kOe at 2.2 K. It is important to point out that
ymT at this temperature is different from the expected
value for a system with S = 5/2 (4.37 cm® mol ! K,
with ¢ = 2.0), corresponding to one uncompensated
Mn(II) ion. The magnetic susceptibility data obtained
at 0.1 kOe (Supporting Information, Figure 2S) and
0.02 kOe (Figure 3) between 298 and 40 K show similar
behavior to that described at higher fields. However,
at low temperature the behavior observed is completely
different, the ynp7 data rise giving maxima at 34 and
22 K, with 37 ranging from 12 (at 0.1 kOe) to 13 cm’
mol ! K, (at 0.02 kOe) for the FC measurements, and
a lower value for the ZFC measurements. Below 22 K the
value of y\ T decreases rapidly to reach a value near 4.7
em® mol ' K at 2.3 K. The significant irreversibility
between ZFC and FC measurements observed at low
field is still barely observed at 1.0 kOe. The sharp increase
at low fields is typical of the appearance of a weak
ferromagnetic moment because of spin canting away
from a non-collinear antiferromagnetic alignment of
neighboring spins.”

The in-phase AC susceptibility data y’ show only one
small and frequency independent maximum at 37 K
(Supporting Information, Figure 3S). The out-of-phase
susceptibility data " display two peaks at 37 and 21.5 K,
corresponding to those observed in ZFC/FC DC suscept-
ibility at low applied fields (inset Figure 3). The out-of-
phase susceptibility is very small and close to the resolu-
tion limit of the susceptometer and does not show clear
frequency dependence. Magnetization measurements at
1.8 and 5 K, as a function of field up to 60 kOe, show no
hysteresis (Supporting Information, Figure 4S). It can be
seen that at 1.8 K the value obtained for the magnetiza-
tion at 60 kOe is close to 13 up, which is still far
from the expected saturation for three Mn(II) uncoupled
ions (15 ug). The 3°-5° topology present in the
Na;[Mn;(HCOO)o] lattice contains two different kinds
of polygons: triangles and pentagons formed by Mn(II)
ions. Both polygons have odd numbers of vertices,
and any antiferromagnetic spin coupling between
the Mn(II) ions is expected to lead to spin frustration.
The triangles can be considered as the building units of a
3D polymer with a complicated network, as shown in
Supporting Information, Figure 5S. Five triangles shar-
ing corners are connected to form pentagons, which are
non-planar. Each Mn(Il) is surrounded by six other
Mn(II) ions, which are part of three triangles and six
pentagons. As far as we know, there is no example in the
literature of magnetic models of interacting spins in a
similar lattice, with frustration and spin canting, which
should be a theoretical challenge. We thus limit our
interpretation using the simplest model for the studied
system.

Using the isotropic Heisenberg—Dirac—Van Vleck Ha-
miltonian for an equilateral triangle, with nearest-neighbor
exchange coupling J, H = —J[S1S> + S$»5; + S35],

(35) Carlin, R. L. Magnetochemistry; Springer-Verlag: Berlin, 1986; p
275.
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where $; = S, = 5‘3 = 5/2; ym 1s given by eq 1,>° where
x = exp(J/kT).

_NBS
M =g

340 + 455x15 4 429x% + 3303 +210x* 4 105x% 4 20x%0 4 x63
4+ 7x15 4 9x28 + 10x3 + 10x* 4 93 + 460 4 63

(1)

The best fit parameters obtained from eq 1 for the
experimental data obtained in the range 40—300 K at
1.0 kOe, are g =1.91, J = —0.23 cm ' (Supporting
Information, Figure 6S). The very small J value ob-
tained is in agreement with the expected interaction
for metal centers bridged by carboxylate ligands in
a syn-anti coordination mode.>® Besides, the obser-
ved magnetic behavior may be influenced by competing
antiferromagnetic correlations between manganese
triangles.

It is also possible to estimate the J value from the
measured data using the mean field theory of antiferro-
magnetism, using J/kg = 30/[zS(S+1)], where 6 is the
Curie—Weiss temperature, kg is the Boltzmann constant,
and z is the magnetic coordination number of the lattice
site. The plot of yy ' versus T'for low field measurements
obeys the Curie—Weiss law in the 40—300 K range with a
Curie constant of 12.0 cm® K mol ™', and a negative Weiss
constant 6 of —5.7 K. The estimated value of the coupling
constant J, with S = 5/2and z = 6,1s —0.22 cm” !, which
is similar to that the estimated from eq 1.

Finally, the experimental magnetic behavior of 1 can
be summarized by the following observations: (i)
antiferromagnetic interactions between the Mn(II) cen-
ters are evident, (ii) hysteresis for ZFC and FC mea-
surements is observed for low applied field, (iii) two
maxima are observed at 22 and 34 K for low applied
fields, and (iv) no saturation in the magnetization is
found at the lowest temperature and 60 kOe. These
experimental facts may be indicative of canted anti-
ferromagnetism.

Because of the existence of noncentrosymmetric syn-
anti HCOO bridges linking the metal sites satisfying the
requirement for the antisymmetric interaction, as in other
metal formate frameworks,*’~® the spins can adopt non-
collinear spin configurations, a canted antiferromagnetic
structure which is hindered by the existence of the fru-
strated triangular structures in the lattice. The increase of
the susceptibility at low fields and at 34 K can be
associated with weak ferromagnetism. In fact, we found
in this region small hysteresis magnetization behavior (see
Supporting Information, Figure 7S) typical of weak
ferromagnetic behavior appearing at 34 K and disappear-
ing below 22 K. Therefore, we can only speculate that
below 22 K longer range correlations between the spins
end up averaging out the weak ferromagnetic moment,
showing the general antiferromagnetic behavior. Further

(36) (a) Dey, S. K.; Bag, B.; Abdul Malik, K. M.; Salah El Fallah, M.;
Ribas, J.; Mitra, S. Inorg. Chem. 2003, 42, 4029. (b) Zhao, W.; Song, Y.;
Okamura, T.; Fan, J.; Sun, W.; Ueyama, N. Inorg. Chem. 2005, 44, 3330.

(37) Wang, Z.; Zhang, X.; Batten, S. R.; Kurmoo, M.; Gao, S. Inorg.
Chem. 2007, 46, 8439.

(38) Sharma, C. V. K.; Chusuei, C. C.; Clérac, R.; Méller, T.; Dunbar, K.
R.; Clearfield, A. Inorg. Chem. 2003, 42, 8300.
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studies on single crystals should be done and other
techniques such as neutron diffraction should be used to
unravel this unusual behavior.

Conclusions

Na;[Mn3(HCOO)o] is a new chiral 3D trinuclear Mn(II)
formate exhibiting a triangular arrangement, which was
obtained by solvothermal synthesis. This compound is one
of the rare examples where it is possible to find the phenom-
ena of chirality and spin frustration.

Through magnetic susceptibility measurements it was
found that Nas;[Mn3;(HCOO)y] presents a general antifer-
romagnetic behavior with a field dependent moment,
presumably because of canting. At applied fields higher
than 1.0 kOe the antiferromagnetic behavior appears as
the main interaction, with a J value of the order of —0.2
em” !, as expected for metal centers bridged by carboxylate
ligands in a syn-anti coordination mode. At applied fields
lower than 1.0 kOe magnetic maxima at 34 and 22 K are
observed. These phenomena can be attributed to the
appearance and disappearance of a weak magnetic
moment. The interesting but complicated network of

Paredes-Garecia et al.

magnetic interactions with spin frustration, chirality, and
antisymmetric exchange interaction requires further ex-
perimental and theoretical studies to explain the observed
magnetic behavior.
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Supporting Information Available: A scheme showing
the pentagons formed with the triangular building blocks (Fig-
ure 1S); ym7T vs T plots at 1.0 and 0.1 kOe (Figure 2S);
temperature dependence of AC susceptibilities in-phase
at frequencies of 0.3 and 10 kHz with an AC excitation field
of 10 Oe (Figure 3S); field dependence of magnetization at
1.8 and SK (Figure 4S); the equilateral triangle as a building
block of the 3D Na;[Mn3(HCOO)o] network. Blue spheres:
considered as the origin; yellow spheres: first neighbors;
red spheres: second neighbors and green spheres: third neigh-
bors (Figure 5S); fit of the experimental data at 1 kOe
(Figure 6S); field dependence of magnetization at 2.5, 23, 33,
and 40 K (Figure 7S); the CIF file of Na3;[Mn3(HCOQ)y]. This
material is available free of charge via the Internet at
http://pubs.acs.org.



