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ABSTRACT: A study of the magnetic structure of the
[NH,(CH;),],[Fe™™M"(HCOO);], niccolite-like compounds,
with M™ = Co™ (2) and Mn" (3) ions, has been carried out
using neutron diffraction and compared with the previously
reported Fe'-containing compound (1). The inclusion of
two different metallic atoms into the niccolite-like structure
framework leads to the formation of isostructural compounds
with very different magnetic behaviors due to the compensa-
tion or not of the different spins involved in each lattice.
Below Ty, the magnetic order in these compounds varies from
ferrimagnetic behavior for 1 and 2 to an antiferromagnetic

behavior with a weak spin canting for 3. Structure refinements of 2 and 3 at low temperature (45 K) have been carried out
combining synchrotron X-ray and high-resolution neutron diffraction in a multipattern approach. The magnetic structures have
been determined from the difference patterns between the neutron data in the paramagnetic and the magnetically ordered
regions. These difference patterns have been analyzed using a simulated annealing protocol and symmetry analysis techniques.
The obtained magnetic structures have been further rationalized by means of ab initio DFT calculations. The direction of the
magnetic moment of each compound has been determined. The easy axis of the M" for compound 1 (Fe") is along the ¢ axis; for
compound 2 (Co"), the moments are mainly within the ab plane; finally, for compound 3 (Mn"), the calculations show that the
moments have components both in the ab plane and along the ¢ axis.

B INTRODUCTION

The investigation of magneto—structural correlations of metal—
organic networks has become the focus of intense research
since their hybrid characteristics, stemming from metal cations
and organic ligands, open countless possibilities for the creation
of new smart materials." Carboxylate ligands are ubiquitous in
the design and synthesis of complexes with the desirable mag-
netic properties, since they are good candidates as mediators of
local interactions between paramagnetic metal centers. Within
this group of ligands, formate is the smallest carboxylate
bridging ligand and is extensively used to construct molecular
magnetic materials.” This ligand can be used to achieve not
only zero-dimensional clusters but also higher dimensional
structures, presenting multiple brldglng modes able to mediate
magnetic coupling efficiently.’ These coordination modes
generally determine the magnetic coupling between the con-
nected paramagnetic centers. A common formate 3D structure
is the niccolite-like metal organic framework, with a dense metal
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network where the formate groups act as bis-monodentate in
an anti—anti coordination mode which mediates ferro- or
antiferromagnetic coupling between neighboring spin carriers.”
Magnetic properties become more diverse in heterometallic
systems, since the combination of two or more magnetic cen-
ters in the same structure can lead to long-range magnetic order
with ferrimagnetic behavior or with canted-antiferromagnetism,
depending on the spins involved.

Among the possible magnetic metals, iron is a particularly
interesting candidate for the design of molecule magnets because
of its multivalence and different spin states.” Previous studies on
[NH,(CH,),],[FeFe'(HCOO),], (1) have shown magnetic
and electric ordering at low temperatures.”~ A structural phase
transition at 155 K seems to be related with the electric ordering,
while the magnetic order appears at 37 K. The magnetic order
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consists of a weakly noncollinear ferrimagnetic structure where
the Fe' and the Fe'" ions are coupled antiferromagnetically. On
the basis of this previous work we continued with the studies of
Fe""™M" formate heterometallic frameworks. We focused in the
combination of Co"l and Mn" ions with the Fe' centers, which
is attractive because of the flexibility of these ions in adopting
different coordination environments, together with the large
single-ion anisotropy of the Co™ atom in contrast with the
isotropy of the Mn" ion.°

The present work is dedicated to two formate-based hetero-
metallic compounds [NH,(CH;),],[Fe™M"(HCOO);],, with
M" = Co" (2) and M" = Mn" (3). The structures and magnetic
properties of these compounds have been determined pre-
viously using single-crystal X-ray diffraction and SQUID mag-
netometry, respectively.”” They are isomorphs to the previous
[NH,(CH,),],[Fe™Fe (HCOO);], compound; however, we
have seen that compounds 2 and 3 do not present structural
transitions that could be associated with a change in their
electrical properties. Both 2 and 3 crystallize in the P-31c¢ space
group and present a 3D niccolite topology (with perovskite
tolerance factor a = 0.81 and 0.80 for 2 and 3, respectively)’
built up from a single crystallographically independent formate
ligand which links Fe and M" ions (M" = Co"(2) and
Mn''(3)) in an anti—anti manner. The cavities of the structures
are filled with dimethylammonium cations [NH,(CH;),]",
achieving the electroneutrality of the network (see Figure 1).
The magnetic properties of 2 and 3 are also different from
those of 1: compound 2 shows ferrimagnetic behavior, while
compound 3 presents a small spin-canting signal.

Herein we used ab initio calculations together with X-ray
synchrotron single-crystal diffraction and neutron powder dif-
fraction techniques to elucidate the occurrence and evolution of
the different long-range magnetic orderings present in these
compounds.

Figure 1. Detail of the crystal structure of the [NH,(CH;),],[Fe™M"-
(HCOO);], niccolite-like compound [with M™ = Fe'(1), Co™ (2),
and Mn" (3) ions]. [NH,(CHj),]* counterion is disordered into three
different positions due to the 3-fold axis running through the carbon
atoms of the methyl groups. The three possible positions within the
[Fe™M"(HCOO);] framework have been represented simultaneously.
M", Fe™, oxygen, nitrogen, carbon, and hydrogen atoms are repre-

sented in pink, gold, red, light blue, brown, and gray, respectively.

B EXPERIMENTAL SECTION

Single-Crystal X-ray Structure Refinement. Data collection of
compounds 2 and 3 was carried out by using synchrotron radiation
with 4 = 0.66951 A at the CRISTAL beamline at SOLEIL synchrotron
(Saclay, France) at 30, 45, SS, 65, 75, 85, 95, and 105 K using a
He-cryostream (see Tables S1—S4). The wavelength was refined using
a standard ruby sample, while the instrument model was refined at
each temperature using the collected data. The data were indexed,
integrated, and scaled using the CrysAlis PRO software program.”
The structures of 2 and 3 were solved by direct methods using the
SHELXS program. All non-hydrogen atoms were refined anisotropi-
cally by full-matrix least-squares technique based on F* using
SHELXL.” The hydrogen atom of the formate ligand was positioned
geometrically and refined using the difference electron density map.
The final geometrical calculations and the graphical manipulations
were carried out with PARST9,'° PLATON," and VESTA'
programs.

Neutron Diffraction Measurements. Neutron powder diffrac-
tion experiments were performed on the high-intensity diffractometer
D1B and on the high-resolution diffractometer D2B, both equipped
with variable-temperature environment, at the Institut Laue Langevin
(Grenoble, France). The samples were contained in a 6 mm cylindrical
vanadium can and placed inside an Orange Cryostat. In order to
obtain an accurate crystal structure of both compounds, diffraction
patterns were acquired at 45 K at D2B (4 = 1.595 A). The mea-
surements at DIB were recorded using a 4 = 2.521 A wavelength,
above and below the magnetic order temperature, at 45 and 2 K,
respectively, with the aim of obtaining the magnetic structure of 2 and
3. Moreover, thermodiffractograms between 2 and 45 K, at a heating
rate of 0.1 K/min, were measured. Data reduction was carried out
using LAMP software,”> while the data refinement and calculations
were carried out using the FullProf program suite."* A joint refinement
(multipattern fit) of the synchrotron single-crystal and neutron powder
diffraction data was carried out to determine the contribution of the
light atoms and discard any structural phase transition related with the
order of the hydrogen atoms (see Figure 2 and Figure S1). Magnetic
structure models were deduced from the output of the BasIreps
program included in the FullProf Suite."

Density Functional Theory Calculations. All DFT calcula-
tions'® were performed using the generalized gradient approximation
to exchange-correlation functional according to Perdew—Becke—Erzenhof
(PBE)."” The electronic structure is computed using the projector
augmented wave method (PAW),"® as implemented in the Vienna
ab initio simulation package (VASP)."” The energy cutoff was set to
400 eV and a sampling grid of 4 X 4 X 2 Monkhorst—Pack grid of k
points. The GGA + U™ calculations within Dudarev’s approach®" were
performed with 3 and § eV U values for Fe'™, Mn", and Co"™. For the
calculation we considered the high-temperature structure for the
three compounds. Since the counterion molecule is disordered over
three possible local configurations, we selected an ordered arrange-
ment of molecular dimethylammonium counterions compatible with
an antiferroelectric arrangement. This will not change our discussions
as far as the magnetic properties are concerned.

B RESULTS AND DISCUSSION

Nuclear Structures. Although the crystal structures of 2
and 3 have been reported before, a brief structural description
has been included hereafter in order to facilitate the under-
standing of their magnetic properties. Their structures consist
of three-dimensional networks where each Fe'! ion is con-
nected to six M" ions [Co™ (2) and Mn" (3)] by means of for-
mate ligands in anti—anti conformation, forming an octahedral
arrangement. In the same way, each M" ion is surrounded by
six Fe' ions, and then each formate ligand always connects ions
with different valence (see Figure 3).

The anionic framework is filled with dimethylammonium
cations. The dimethylammonium cations are occupying an empty
space of ca. 235.9 A® for 2 and 239.9 A® for 3, corresponding to
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Figure 2. (Left) Experimental (open red circles) neutron powder diffraction data and calculated Rietveld refinement (black solid line) pattern for
[NH,(CHj;),],[Fe™Co" (HCOO),4], compound (data collected at 45 K using the D2B instrument with A= 1.59465 A). The difference between
observed and calculated patterns has been represented in blue. Vertical green marks represent the position of the Bragg reflections. (Right) Plot of
the observed vs calculated square structure factors collected, corresponding to the data collected at 45 K at the CRISTAL beamline. Experimental
data are represented as open blue circles, and the ideal case (F,* = F,,) is represented as a solid red line. Refinement has been done in the space
group P-31c with the associated cell parameters a = b = 8.22225(6) A, ¢ = 13.68859(16) A, @ = # = 90°, and y = 120°. Multipattern data refinement

gives the following agreement factors y* = 2.03 and Ry= 7.09% for neutron and R = 5.75% for X-ray data.

Figure 3. Detailed view of the niccolite structural network topology together with detail of the Fe'" (left) and M" environment (right). The topology

in the Schlifly notation corresponds with a bimodal network (4'*63)-(4°-6°), where the Fe

" ions lay on the (4'*6%) node and the M" site is placed

on the (4°-6°) node. M", Fe'!, oxygen, carbon, and hydrogen atoms are represented in pink, gold, red, brown, and gray, respectively.

29.5% and 29.1% of the unit cell volume. The remaining empty
space considering the dimethylammonium counterions is ca.
14.5 A3 for 2 and 14.1 A3 for 3, corresponding to 1.8% and
1.7% of the unit cell volume, values which are in agreement
with those of 1 in the high-temperature phase (ca. 1.8%). This
molecule lies on a 3-fold axis and a 2-fold axis simultaneously.
The 2-fold axis goes through the nitrogen atom, perpendicular
to the molecule, generating the second carbon atom, while the
3-fold axis goes through the carbon atoms of the molecule along
the ¢ crystallographic direction, giving rise to three different
positions for the nitrogen atom, indicating that the dimethy-
lammonium is disordered in three different positions. The
isomorphous compound [NH,(CHj;),],[Fe"Fe"(HCOO);],
presents an structural phase transition at 155 K that produces,
besides slight variations in the three-dimensional arrangement,
the blocking of the dimethylammonium molecule in three
different positions, tripling the unit cell. The X-ray crystallo-
graphic studies at different temperatures between 30 and 105 K
have revealed that the structures of compounds 2 and 3 are
the same as those previously reported at RT, and therefore,
no structural phase transition is observed for either of these
complexes.

The determination of the position of the hydrogen atoms
was carried out combining X-ray synchrotron and powder
neutron diffraction data, both collected at the same temperature
(45 K) slightly above the magnetic phase transition (ca. 37 K).
A summary of the most important features obtained from the
multipattern refinement can be found in Table 1. From these
refinements we can discard a nuclear phase transition involving
the ordering of the hydrogen atoms. However, the size and
direction of the thermal ellipsoids of the [NH,(CH;),],
counterions suggest that this molecule is weakly anchored
within the cavities. A comparison of the hydrogen bond dis-
tances for compounds 2 and 3 and for those previously studied
for compound 1 is highlighted in Table 1. The shortening of
the hydrogen bond distances upon cooling should be the
responsible for the structural phase transition previously
described™ and for the dielectric relaxation behavior observed
for compound 1.”> However, for compounds 2 and 3, it seems
that the reorientation motion of the [NH,(CHj,),], counter-
ions in the cavities is enough to preclude the occurrence of a
structural phase transition.

A recent work on other heterometallic formate structures with
formulas [NH,(CH,),],[Fe™"(HCOO)],, with M" = zn",
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Table 1. Comparison of Selected Geometric Parameters at
175 K Using Single-Crystal Neutron Diffraction Data for 1*
and Multipattern Refinement at 45 K for 2 and 3 (see main
text)”

1 2 3
Fe': Fe(1)-0(2) 2.0046(11) 2.0143(11) 2.009(2)
M M(2)-0(1) 2.1196(13) 2.0765(17) 2.156(3)
C(1)-0(1) 1.2326(17) 1.2395(19) 1.245(3)
C(1)-0(2) 1.2606(16) 1.261(2) 1.266(4)
N(1)-C(2) 1.499(10) 1.486(11) 1.60(19)
N(1)---0(1) 3.046(2) 3.029(5) 3.039(7)
H--0(1) 2.13(3) 2.17(6) 2.09(7)
N(1)-H 0.99(1) 0.86(6) 1.05(5)
N(1)-H--0(1) 152(1) 168(4) 149(5)

“Distances in Angstroms; angles in degrees.

Nil, and Cu*® has shown that M" and Fe' ions are dis-
tributed over the metal sites with equal probability. The syn-
thetic routes of these compounds are very similar to those of
compounds 2 and 3, with only the number of hours kept at
high temperature (140 °C) in the solvothermal protocol and
the slope of the cooling ramp being different. The results
obtained from the neutron diffraction refinement for 2 and 3
give rise to a model in which the M" site does not show a
significant metal disorder [neutron coherent scattering length
for Fe, Co, and Mn are 9.45, 2.49, and —3.73 fm, respec-
tively].

Magnetic Studies. For the determination of the magnetic
structure of 2 and 3 (without applied magnetic field) below
the ordering temperature (Ty ~ 32 and 35 K for 2 and 3,
respectively), a series of neutron diffraction measurements at
different temperatures above and below Ty was carried out by
using the high-flux and medium-resolution D1B powder dif-
fractometer. The high-flux neutron diffraction pattern collected
in the paramagnetic phase (ca. 45 K) was used to refine the
low-temperature instrumental parameters. The Rietveld refine-
ment was carried out using the crystal structure model (with
fixed coordinates and rescaled displacement parameters)
derived from the multipattern refinement.

The increase of intensity on some Bragg reflections in the
neutron diffraction pattern at 2 K suggests the occurrence of a
long-range magnetic ordering (see Figure 4), which is in agree-
ment with the previous magnetometry measurements.”” The
observed magnetic contribution, on top of nuclear reflections,
suggests that the magnetic reflections can be indexed with the
propagation vector k = (0, 0, 0). The indexing of the observed
magnetic reflections was done using the k-Search program
included in the FullProf suite, confirming the occurrence of a
propagation vector k = (0, 0, 0).**

The weak magnetic contribution observed on these materials,
together with the high overlapping between nuclear and mag-
netic reflections, and the background produced by the high
number of hydrogen atoms in these compounds, with a ratio of
0.61 hydrogen atoms per non-hydrogen atom, precludes an
accurate magnetic structure refinement directly from these
patterns. These difficulties can partially be circumvented by
working with difference patterns. For that we must subtract the
normalized nuclear intensity of the paramagnetic phase col-
lected at 45 K from the ordered phase pattern (ca. 2 K). This
difference pattern isolates the magnetic contribution, and
therefore, a more accurate indexing of the magnetic reflections
and magnetic structure determination can be undertaken (see
Figure 5).

The representational analysis technique described by Bertaut
has been used to determine the possible magnetic structures
compatible with the P-31c space group and propagation vector
k = (0, 0, 0) for 2 and 3 compounds.'>* Six irreducible repre-
sentations of the group G, (I'; —I') and the corresponding set
of basis vectors for each irreducible representation were
determined using the program Baslreps.'*” The representa-
tional analysis provides the expression of the magnetic moment
Fourier components as linear combinations of basis vectors
of the irreducible representations (irreps) of the propagation
vector group Gy. The basis vectors describe the possible
arrangements of magnetic structures. From the six possible
irreps provided by Baslreps, I';)—I', are real and one dimen-
sional while I'y and I'¢ are complex and two dimensional. The
magnetic representation I'y; for each magnetic site [Wyckoff
position 2b for Fe(1) and for 2¢ for M"(1)] can be decomposed

T/K

19 20 21 22 23 24 25
2theta/deg

19 20 21 22 23 24 25
2theta/deg

Figure 4. Detail of the mesh plot of the thermodiffractograms corresponding to compounds 2 (left) and 3 (right) collected at DIB in the
temperature range of 2—45 K. It can be appreciated a clear increase of the reflections (1 0 0) (at a value of 26 of 20.4° for 2 and 20.2° for 3), (00 2)
(at 26 = 21.2° for 2 and 20.8° for 3), and (1 0 1) (at 26 = 23.0° for 2 and 22.7° for 3).
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Figure S. Neutron powder patterns of 2 (top) and 3 (bottom)
collected at 1.5 (blue) and 45 K (red) using the high-flux D1B
diffractometer. The difference diffraction pattern has been represented
in green. The intensity of the calculated difference pattern has been
shifted to an arbitrary value of ca. 58 000 units in order to achieve a
similar background to those observed in the original patterns.

as a direct sum of irreps by applying the great orthogonality
theorem. In the present case [where k = (0, 0, 0)], all Fourier
coeflicients must be real; therefore, the irreps from I';—T, are in
principle direct possible solutions. The complex 2D irreps
should be converted to real, giving rise to a new set of possible
magnetic structures. Since both metallic networks (M" and
Fe'") become magnetically ordered at the same temperature, it
is expected that the magnetic structure is described within the
same magnetic representation. I'; is the only 1D irrep that
appears in the magnetic representation I'y; for both Wyckoff
positions (2b and 2c). However, this solution, where all mag-
netic moments are strictly along the ¢ axis, is not able to
reproduce the experimental data; then we have to analyze the
2D irreps.

An analysis of the complex representations shows that they
can be transformed in two two-dimensional physically irre-
ducible representations (PIR). We used Baslreps in the mode
reading the PIR database provided in ref 15c. In the present
case the I'y and Iy irreps, which are complex and two dimen-
sional, can be transformed to real matrices (PIR: I’y and PT,
respectively) by application of a unitary transformation (see
Table 2).

The magnetic representation I'y; for 2b and 2¢ Wyckoff posi-
tions (Fe' and M", respectively) can be decomposed as a
direct sum of PIR

IﬁM(Zb) PFI @ PFz @ prs

I(2c) =T, ® T, @ 'I's @ I

Considering that both sublattices should be ordered within
the same magnetic representation, the possible PIR are those
that appear simultaneously in the decomposition of the magnetic
representation of 2b and 2c sites. Then the magnetic structure

(0, 0,0)°

Table 2. Physically Irreducible Representations of the Space Group P-31c for k

=)

(m,,100

=)

(m,,l00

=)

(mg,,100

(—=3%00,1000) (—3700,1000)

(~11000)

=)

(zx—xoloo

=)

(ZxeOI 00

=)

(3%0,1000) (3700,1000) (25,0100

(11000)

PF]
T iy
PF3

[ R iy

—a

—a

)

“The symmetry elements are written according to Seitz’s notation. a = 1/2 and b

10

, by Harold T. Stokes and Branton J. Campbell, 2013) is

The magnetic space groups of the 1D irreps (all of them maximal subgroups of P-31c1’) are unambiguously

determined as PI";: P-31¢, FT",: P-31¢; FT: P-3'1¢’; FI's: P-3'1c. For the 2D irreps the magnetic space groups are of lower symmetry and depend on the particular basis vectors used to describe the magnetic

structure.

T,
PT,
o[,

-1 0
1

0

b

a
b

—a

10
01

R data.txt

15b

\/ 3/2. Notice that the ordering of PIR (database: PI

different than those obtained directly from the irreps calculations done by BasIreps.
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Table 3. Basis Vectors of the Physically Irreducible Representations for the 2b and 2¢ Sites Which Give the Best Model for the

Magnetic Structure”

BV,
T,(GM,") 2b (0,0,0) Fell %9z (0,0,1)
X x—y —z+1/2 (0,0,1)
2c (1/3,2/3,1/4) Ml %9z (0,0,1)
—%, =y, —Z (0,0,1)
BV, BV, BV, BV,
T (GM;*) 2b (0,0,0) Felll %Yz (1,0,0) (0,1,0) (1, 2,0) (=2, —1,0)
xx—y —z+1/2 (~1,0,0) (1,1,0) (-1, =2, 0) (-1,1,0)
2¢ (1/3,2/3,1/4) e %Yz (1,2,0) (1,0,0)
—x, =y, —z (1,2,0) (1,0,0)

“We added the notation of the irreps provided in the Bilbao Crystallographic Server.”

5

can only be described by I, PI'; or a combination of both
PIR. In the case of the 2D irrep PI'; the associated magnetic
structures are constrained to be in the ab plane, while the 1D
irrep FI", gives a contribution strictly along the ¢ axis. The
model described by FI, is not able to fit the experimental data,
while the models associated with PI'; give reasonably good
agreement with experimental data. We explored the possible
solutions without taking into account the symmetry usin§ the
simulated annealing procedure implemented in FullProf,'* and
this gives always a small component along the ¢ axis. In order to
account for this component, a combination of both PIR is
necessary, Table 3.

We also used the program k-subgroupMag from the Bilbao
Crystallographic Server™ in order to determine the Shubnikov
groups associated with the mixture of the two irreps PI", and
PI";. The only possible magnetic groups are P-1 and C2'/c’. The
use of basis vectors BV,(Fe'l), 3BV,(Ee"), *BV,(MY),
BV, (Fe™), and *BV,(M") give rise to the P-1 magnetic space
group (see Figure S2). Using only five parameters we obtain a
configuration (similar to that provided by C2’/c’ but with the
moments rotated 30° around the ¢ axis) that gives good results;
however, the convergence of the refinement is not achieved
when all parameters of P-1 (six free parameters) are included.
The use of basis vectors 3BV,(Fe'), 3BV,(Fe'"), 3BV,(MY),
BV, (Fe'™), and *BV,(M") gives rise to a configuration of 5 free
parameters corresponding to one of the three equivalent var-
iants of the C2’/c’ Shubnikov group (subgroups of P-31cl’).
The occurrence of the three variants of C2’/c’ is due to the loss
of the ternary axis at the magnetic transition in the parent
group P-31cl’. The three possible orientations, with respect to
the unit cell of the parent group, of the magnetic structure
described by the C2'/c" are shown in Figure S3. These models
correspond to three different domains within a single crystal, so
that in neutron powder diffraction the three variants contribute
as different crystallites to the pattern.

The magnetic model described by the C2'/c’ Shubnikov
group gives rise to a magnetic structure where the magnetic
moments of both sites are mainly antiferromagnetically coupled
in the ab plane with a small component along the ¢ axis. As a
result of peak overlap in the trigonal crystal system, neutron
powder diffraction is not able to distinguish the absolute direc-
tion of the magnetic moments within the ab plane. On the basis
of the ab initio calculations for compound 2, the projection of
the easy axis for the cobalt ions within the ab plane gives a value
of 60° from the a direction (Variant 1). Moreover, according to
the symmetry relations, the two symmetry-related Fe ions are
not strictly antiferromagnetically coupled with the M" ions.

The Fe' ions are slightly tilted among them, with angles of ca.
20° and 13° between adjacent Fe' ions along the ¢ axis for
compounds 2 and 3, respectively. The Rietveld refinement of
the difference pattern using the mentioned combination of PIR
is shown in Figure 6.
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Figure 6. Fit of the difference pattern of compound 2 (top) and 3
(bottom) using the combination of both p-irreps (PT, @ PT') (see
main text). Rietveld data refinement gives the agreement factors y* =
3.87 and magnetic Ry = 12.9% for 2 and y* = 3.22 and Ry, = 7.26% for
3. Experimental data have been represented as open red circles,
calculated Rietveld patterns are shown as solid black lines, and dif-
ferences between observed and calculated patterns have been plotted
as solid blue lines. Vertical green marks represent the positions of the
Bragg reflections.

Keeping in mind the crystal structure of 2 and 3, let us
describe their magnetic structures and compare them with that
previously reported for 1. The Fe™(2b) and M"(2¢) atoms are
connected between them through anti—anti carboxylate
bridges. The Fe"—M" interaction through this bridge has an
antiferromagnetic nature, as observed in magnetometry mea-
surements. The antiferromagnetic coupling takes place mainly
in the ab plane (see Figure 7, left). Each carboxylate group
connects two ions with different valence along the [2/3, 1/3,
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Figure 7. (Left) View along the c axis of the unit cell of compound 2, together with the magnetic moment of the Co™ and Fe'™ ions represented as

pink and green arrows, respectively. (Right) Perspective view of a fragment of 2, where the ABAB stacking sequence of the Fe

1 jons along the ¢ axis

is noticed. A single unit cell has been represented together with the magnetic structure as reference for the reader. For the sake of clarity, the
[NH,(CH;),]* counterions have been omitted in this figure. The modulus of each arrow has been proportionally scaled to the magnetic moment of

each magnetic site.

Figure 8. View along the a axis of the unit cell of compound 3, together with the magnetic moments of the Mn" and Fe™" ions represented as yellow
and green arrows, respectively. Occurrence of a weak canting along the ¢ axis is clearly observed. For the sake of clarity, only the
[Fe™Mn"(HCOO)g4], framework has been represented, together with the magnetic structure obtained from Rietveld refinement. The modulus of
each arrow has been proportionally scaled to the magnetic moment of each magnetic site.

—1/4],[-1/3,-2/3, —1/4], [-1/3, 1/3, —=1/4], [-2/3, -1/3,
1/4], [1/3, 2/3, 1/4], and [1/3, —1/3, 1/4] directions, giving
rise to the final three-dimensional structure. It deserves to be
noted that according to the crystal structure, all carboxylate
groups are symmetry related and therefore equivalent. How-
ever, from a magnetic point of view the exchange coupling of
these carboxylate groups should be slightly different, giving rise
to the two different magnetic orientations of the Fe'" ions. This
ultimately means that the magnetic space group has lower
symmetry than the paramagnetic group. We cannot refine the
crystal structure in the monoclinic group because within our
precision we do not see significant variation of the nuclear
intensities.

The macroscopic magnetic measurements of 2 show the
occurrence of an antiferromagnetic coupling between the
neighboring metal ions. Nevertheless, below Ty the suscep-
tibility exhibits a sharp increase. This feature is compatible with
a ferrimagnetic behavior probably due to the noncompensation
of the magnetic moments of the different ions present in this
compound. From the neutron diffraction experiments, this
scenario is confirmed; the refined magnetic moments of the
Fe™(2b) and the Co"(2¢) atoms are 4.33(9) and 2.5(1) ps,
respectively. The modulus of the resultant magnetization calcu-
lated for a molecular unit M = {[m,;,(I) + my,(II) + m,(I) +
m, (I11)]/2} [with (1) = %, y, 2 (II) = —y, =%, —z + 1/2; (III) =
—x, —y, —z] is approximately 1.7 pg, which is slightly low for a

collinear ferrimagnet with opposite spins S= 5/2 and 3/2 (2 ug).
However, a small deviation of the value of 2 yy for completely
polarized magnetic spins and antiferromagnetic coupling is
possible when the magnetic moments are not strictly collinear
or when a spin delocalization effect occurs. Therefore, this
model produces a ferrimagnetic layered structure, where the
layers formed by the magnetic moments of the Co" ions follow
an AAA sequence, while the layers formed for the Fe' ions
follows an ABAB sequence, both packed along the ¢ axis (see
Figure 7, right). Along the ¢ axis, the magnetic contribution on
the Co(II) site is notably weaker than the component on the
Fe' site. Moreover, the refined structure gives rise to a model
where both sites are antiferromagnetically coupled along the ¢
axis.

The magnetic measurements of 3 are slightly different from
those of 1 or 2, since both metallic centers have the same spin
state, with S = 5/2. The electronic configurations of the high-
spin Mn" and Fe™" are also very similar, both being spin sextets
with A, as the orbital ground state in the case of O, symmetry
and with Landé factors close to 2.0. Therefore, we expect a
collinear antiferromagnetic coupling between both ions. The
magnetometry measurements show a global antiferromagnetic
behavior, which was corroborated by the negative value of the
Weiss constant after the Curie—Weiss fit of the experimental
data. However, at Ty the susceptibility curve as a function of
the temperature presents a jump, which should be due either to

DOI: 10.1021/acs.inorgchem.6b01866
Inorg. Chem. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.inorgchem.6b01866

Inorganic Chemistry

the noncompensation of the magnetic moments of both net-
works or to the occurrence of a weak spin canting. The refined
magnetic moments for each magnetic site give a similar value,
being slightly lower for Fe™ than for Mn" ion [4.3(1) and
4.4(1) pg, respectively]. This feature, together with the packing
sequence of the Fe™ ions, which follow the same order as in
compound 2, produces a noncompensation of the magnetic
moment within the ab plane. Moreover, the fit of the data gives
a component of the magnetic moments along the ¢ axis for the
Fe' sites, which produces a tilting of the magnetic moment
with respect to the ab plane of around 15(5)° (see Figure 8).
This tilting angle has the same sign for all Fe' sites. However,
the refined value of the magnetic contribution along the ¢ axis
of the Mn" ion is zero within the experimental error. Therefore,
this model is compatible with the occurrence of a spin canting.
The magnetic moments obtained after the Rietveld refinement
using the combination of FI", and I’y are listed in Table 4.

Table 4. Magnetic Moment Components Determined for
Each Atom Site through Rietveld Refinement Using the
Combination of PT’, and PI'; (Shubnikov group C2'/c’) and
Calculated Magnetic Moments Obtained from DFT Studies
for Compounds 2 and 3“

2 M, M, M, Migea Mpgr
Fe(1) 32(3) 4.6(2) 1.5(6) 4.33(8) 4.367
Co(1) -22(3) -22(3) —-1.0(7) 2.44(10) 2.801

3 Mu Mb ML‘ Mtotal MDFT
Fe(1) 3.5(3) 44(3) 1.5(5) 4.32(10) 4.364
Mn(1) —4.44(11) —4.44(11) —02(5)  444(10)  4.688

“Atomic positions: Fe' = (0, 0, 0) and M" = (1/3, 2/3, 1/4)

The modulus of the resultant magnetization calculated for
formula M = {[m,,(I) + m,, (1) + m, (1) + m, (1I1)]/2} [with
D =xy2 1) =—y —x —z+ 1/2; (II) = —x, —y, —z] is
approximately 1.4 pp. The projections in the ab plane of the
magnetic moments of Fe" and Mn" are ca. 3.97(30) p and
4.44(11) pp. The difference between them is 0.5 ug, a value
which is smaller than the component along the ¢ axis. Con-
sequently, it is reasonable to think that the signal observed in
the magnetometry measurements should be mainly produced
by the occurrence of a canting along the ¢ axis. The refined
magnetic structures for 2 and 3 are therefore compatible with
the macroscopic magnetic measurements; moreover, the refined
values of the magnetic moments are in good agreement with
other metal—organic compounds.27 However, the values of the
magnetic moments obtained for the Fe'" sites are slightly higher
than those previously observed for compound 1, suggesting
that the possible delocalization of the magnetic moment into
the bridging ligands is less important.

Before finishing this section, we would like to compare the
obtained magnetic structures for compounds 2 and 3 with
those previously reported for 1. All compounds present layered
antiferromagnetic structures stacked along the ¢ axis. The most
remarkable feature is the orientation of the magnetic moments
of 1 compared with those obtained for 2 and 3. In compounds
2 and 3, the magnetic moments are contained mainly within
the ab plane, with a small canting angle along the ¢ axis, in par-
ticular for compound 3. In contrast, in compound 1 the mag-
netic moments are mainly along the ¢ axis. The magnetic
moment of Fe'" is symmetry constrained to be along the c axis,
and the main contribution of the Fe"" ion is along the c axis with

a small component in the ab plane. This feature is compatible
with our DFT calculations, which prove that the anisotropic
easy axis of the Fe'' is along the ¢ axis and therefore induces an
antiferromagnetic coupling along the ¢ axis. Compound 1 pre-
sents a tripling of the ¢ axis due to the occurrence of a struc-
tural phase transition giving rise to a variation in the staking
sequence of the magnetic moments compared to those
obtained for 2 and 3. The in-plane component of the magnetic
moments in compound 2 is highly influenced by the occurrence
of an easy axis contained in the ab plane, the DFT calculations
having proved that the anisotropic easy axis for the Co' ion is
mainly contained in the ab plane and along the [1 1 0]
crystallographic direction. For compound 3, the DFT calcu-
lations show an almost isotropic system, which is reasonable
for Mn" ions. In that case, the in-plane conformation of the
magnetic moments should be related with the competition
between the single-ion anisotropy and the dipolar energy, both
of similar magnitude for Mn". A similar effect has been
reported on the Mn(COOH),-2H,0 compound, where the
magnetic moment does not follow the easy direction obtained
from the dipolar energy calculations.”®

Moreover, compound 1 is the only one presenting a nega-
tive magnetization under small external field. In the case of
compound 3, this effect is not expected due to both metal sites
(Mn" and Fe') having very similar electronic configura-
tion. However, in the case of compound 2, where the difference
in the electronic configuration is notable, a negative magneti-
zation effect could be expected. However, the absence of this
negative magnetization in the cobalt compound can be
explained taking into account that both metallic networks
become ordered at the same time, and therefore, there is no
“inductive effect” from one network over the other. A similar
negative magnetization has been previously reported for oxalate
bimetallic (Fe™ and the Fe" ions) compounds.”” The main
difference in these compounds compared with 1 is that the Fe
and the Fe'™ ions are contained in the same ab plane and
separated by an organic molecule. The separation between
[Fe'"Fe™(o0x);] (ox = oxalate) layers can be tuned by changing
the spacer organic molecule, and surprisingly, the order tem-
perature increases with the increase of the distance between
layers. From neutron diffraction experiments,30 a magnetic
model has been proposed, the magnetic moments of both
metallic centers lying along the ¢ axis with an antiferromagnetic
coupling between Fe"' and Fe within the layers. The overall
magnetic structure is similar to that observed for compound 1.
Similarly to our case, the substitution of Fe for another divalent
transition metal produces the vanishing of the negative magneti-
zation effect,’ as has been also observed in compounds 2 and 3.
In a recent work presented by Ciupa et al.”* the authors present
a compound of formula [NH,(CH,),],[Fe™Mg"(HCOO);],
which crystallizes in the same space group as compounds 2
and 3, even at low temperature, and presents a negative mag-
netization. Although the authors do not report magnetization
curves as a function of different crystal orientations, which
would be useful to propose a possible magnetic structure
model, the partial substitution of Mg" by Fe' suggests a
magnetic structure similar to 1. The influence in the magnetic
behavior of the counterion in the iron-based niccolite com-
pounds has also been recently investigated.’”” The inclusion
of ethylammonium or diethylammonium cations within the
niccolite framework gives rise to isostructural compounds with
similar magnetic behavior to that described for compound 1.
However, the resultant component of the magnetic moment is
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slightly lower than that expected for noncompensated networks
of Fe(11I) and Fe(II), suggesting that the magnetic moments in
these compounds are not strictly antiparallel. Further studies in
these compounds are needed in order to understand the
mechanism that promotes the occurrence of negative magneti-
zation.

In summary, the above results confirm the occurrence of a
long-range magnetic order formed by two different networks
corresponding to the Fe and M" metal ions. The noncom-
pensation of the magnetic moment of the different magnetic
ions present in the crystal is responsible for the ferrimagnetic
behavior in compounds 1 and 2, while in 3 the ferromagnetic
signal arises from a weak spin canting along the ¢ axis.

B CONCLUSIONS

In this work we have refined the crystal structure of
[NH,(CH,),],[Fe™™M"(HCOO),],, with M" = Co" (2) and
Mn" (3) ions, by combining high-resolution neutron diffrac-
tion together with synchrotron X-ray diffraction at 45 K
This multipattern refinement permits the localization of
the hydrogen atoms of the [NH,(CH;),]* counterions and
discards the occurrence of a structural phase transition. The
refined structural models have been used as the starting point
for the refinement of the magnetic structures. On the basis of
the symmetry analysis, we obtained two possible physically
irreducible representations (p-irreps) that have been combined
(magnetic space group C2'/c’) to explain the experimental
data. The magnetic structure of 2 consists in a noncompensated
antiferromagnetic arrangement where the magnetic moments
are contained in the ab plane. In contrast, for compound 3
the magnetic structure is almost antiferromagnetic within the
ab plane with a spin canting along the ¢ axis. The magnetic
structures have been correlated with DFT calculations, which
give us the direction of the easy axis and an estimation of the
magnetic moment residing on the magnetic sites.
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