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ABSTRACT: Neutron diffraction studies have been carried out to
shed light on the unprecedented order—disorder phase transition
(ca. 155 K) observed in the mixed-valence iron(II)—iron(III)
formate framework compound [NH,(CHj,),],[Fe"™Fe"(HCOO)g],. o
The crystal structure at 220 K was first determined from Laue
diffraction data, then a second refinement at 175 K and the crystal
structure determination in the low temperature phase at 45 K were wl
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done with data from the monochromatic high resolution single J TiK

crystal diffractometer D19. The 45 K nuclear structure reveals that

the phase transition is associated with the order—disorder of the dimethylammonium counterion that is weakly anchored in the
cavities of the [Fe"Fe''(HCOO);], framework. In the low-temperature phase, a change in space group from P31c to R3¢ occurs,
involving a tripling of the c-axis due to the ordering of the dimethylammonium counterion. The occurrence of this nuclear phase
transition is associated with an electric transition, from paraelectric to antiferroelectric. A combination of powder and single
crystal neutron diffraction measurements below the magnetic order transition (ca. 37 K) has been used to determine
unequivocally the magnetic structure of this Néel N-Type ferrimagnet, proving that the ferrimagnetic behavior is due to a
noncompensation of the different Fe'" and Fe" magnetic moments.

Bl INTRODUCTION

Considerable attention is currently focused on metal—organic
polymers combining two or more functionalities, for example,
conductivity and magnetism,' magnetic and optical properties,”
porosity and magnetism,” or even molecular motion and other
physical properties (magnetic and electric).* The design of
these new materials involves a wide knowledge of coordination
chemistry. A large variety of organic bridging ligands which are
able to efficiently transmit the magnetic exchange interactions
between paramagnetic metal centers (CN-, N°*-, C,0,7,
N(CN)*, RCOO", etc.) have been extensively investigated
during the last decades, and numerous compounds bridged by
these ligands have been reported. The formate anion, HCOOT,
is the smallest and simplest carboxylate that has been observed
to display multiple bridging modes. Thus, the formate ligand
can adopt different bridging modes such as syn—syn, anti—anti,
syn—anti or monatomic, and it is capable of mediating ferro- or
antiferromagnetic coupling between metal ions in different
situations.” Our interest in the formate ligand arises from its
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magnetic efficiency mediating between neighboring spin
carriers. Furthermore, if we can combine electrically polarizable
guest molecules and a porous host lattice exhibiting magnetic
order, we may, tentatively, obtain a new type of “multiferroic”
molecular material where electric and magnetic order coexist.®
Such multifunctional materials have recently aroused much
interest from the viewpoint of the development of new
materials with very large magnetoelectric effects.”

In this work, we focus on the previously regorted
[NH,(CHj;),],[FeFe'(HCOO)4], compound (1).*” The
structure of this compound was determined by single crystal
X-ray diffraction, obtaining the same crystal structure at room
temperature, at 173, and at 113 K.®? All of them were resolved
in the trigonal P31c space group with lattice parameters close to
a=b=826Aand ¢ = 13.93 A®® It can be described as a
niccolite-like structure built up from a unique formate anion
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that bridges two metal ions Fe" and Fe' in anti-anti mode
giving rise to a 3D anionic framework. Charge compensation is
reached through the dimethylammonium cations
[NH,(CH,),], that fill the cavities of the structure in a highly
disordered manner (Figure 1, top panel).
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Figure 1. (Top) View of the positional disorder of the [NH,(CH;),]
molecule within the [FeFe"(HCOO),], cavities of the high
temperature phase (1a). The Fe', Fe'™ oxygen, nitrogen, carbon,
and hydrogen atoms are represented in orange, yellow, blue, gray, and
green, respectively. (Bottom) Temperature dependence of the
magnetization of a crystal of 1 (H Il easy axis and H = 100 G). The
inset shows the field-cooled magnetization at different fields (H Il easy
axis).

This compound was characterized as a Néel N-Type
ferrimagnet, as reported by Hagen et al® Moreover, it presents
remarkable asymmetric magnetization reversal in the hysteresis
loop, which was observed by Zhao et al.” The Néel N-Type
ferrimagnet occurs when two different sublattices have different
saturation magnetizations and different ordering rates with
respect to temperature. The sublattice with smaller saturation
magnetization orders more rapidly when the temperature
decreases, and therefore, a compensation temperature (Tmmp)
should exist. The sign of the magnetization could also be
negative below this compensation temperature, when the
external applied field is not intense enough to rotate the
magnetic moments network to achieve the alignment of the
noncompensated moment along the external magnetic field
(see Figure 1, bottom panel).'’ The observation of the field-
cooled magnetization (FCM) with very large negative magnet-
ization is very rare in molecule-based magnets [e.g, two-

dimensional (2D) polyiron(ILIII) oxalates]."" However, this
situation is more common in the case of the ferrites (e.g,
NiFe,_,V,0,)."* In any case, 1 is the first example where the
negative magnetization effect is observed in a 3D molecule-
based magnet.g’9

Herein, we report the temperature dependence of the crystal
structure of the hybrid organic—inorganic niccolite-like formate
[NH,(CH;),],[FeFe'(HCOO)4],. An unprecedented
order—disorder phase transition compatible with an anomaly
observed in the dielectric measurements has been, for the first
time, observed and characterized. The neutron studies below
the magnetic ordering temperature (ca. 37K) show the
occurrence and evolution of long-range magnetic order.

B EXPERIMENTAL SECTION

Physical Properties Measurement. Measurements of the heat
capacity were performed using a Quantum Design Physical Properties
Measurement System (PPMS), on a single crystal sample, which was
mounted on the sample holder with a small amount of grease. The
signal produced by this amount of vacuum grease and the sample
holder was measured and subtracted.

Dielectric measurements were performed by measuring the complex
impedance of the single crystal using a commercial Agilent E4980
LCR-meter.

Neutron Diffraction Measurements. Single crystal neutron
diffraction experiments were carried out at the high flux reactor of the
Institut Laue-Langevin (ILL, Grenoble), using the Very-Intense
Vertical-Axis Laue Diffractometer (VIVALDI) as well as the D19
and D9 single-crystal monochromatic neutron diffractometers."

A preliminary study was performed using Laue neutron diffraction
at the VIVALDI instrument at 220 and 45 K. The comparison between
the two patterns shows the appearance of new Bragg reflections in the
low temperature diffraction pattern, which is a fingerprint of the
occurrence of a structural phase transition. This structural change was
also indicated by later specific heat measurements. The crystal
structure in the high temperature phase was first refined using the
Laue data (see Table 1) and later using monochromatic D19 data (see
Table 1S). Since only the ratios between unit cell dimensions can be
determined in the white-beam Laue technique, the low-temperature
data were used only to prove the existence of a phase transition (see
Figure S1, Supporting Information) which was not reported in the
previous temperature dependent X-ray diffraction experiment of Zhao
et al.’ probably due to the low intensity of the X-ray superstructure
reflections compared with neutron superstructure reflections.

To determine the crystal structure at 45 K, the low-temperature
structural studies were carried out at the D19 instrument where the
new cell parameters and the crystal structure were accurately
characterized. The main crystallographic data are summarized in
Table 1.

Once the crystal structure of the low-temperature phase was
properly determined, the magnetic structure characterization was
carried out using both neutron powder (D1B) and single crystal (D9)
diffractometers. The powder measurement was made with 250 mg of
ground product while the single crystal experiment was done on the
same crystal as that used for the VIVALDI and D19 structural studies.

The neutron coherent scattering amplitudes used in the refinements
were those tabulated by Rauch and Waschkowski.'*

Neutron Diffraction Details. A suitable “neutron-sized” crystal
with approximate dimensions of 1 X 1 X 3 mm® was mounted on a
vanadium pin. The crystal was cooled to 220 K| in a standard orange
cryostat on the VIVALDI instrument. Twenty-one Laue diffraction
patterns, each accumulated over 30 min, were collected every 8° in phi
in two ¢ regions (rotation of the crystal about the vertical axis
perpendicular to the incident beam), from —42 to —90° and from —19
to 88° in order to achieve good reciprocal space coverage as well as an
adequate redundancy of equivalent reflections. The spots were indexed
and processed using the program LAUEGEN,"® and integration was
performed using the program ARGONNE BOXES,'® which uses a
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Table 1. Experimental Parameters and Main Crystallographic Data for the Studied Compound

Formula [NH,(CH,),],[Fe"Fe"(HCOO);],

Empirical Formula CgH,,Fe,NOy,

M, (g:mol™) 427.89

Temperature (K) 220(2) 45(2)

2 (A) VIVALDIL" White-beam (0.80—5.20) D19, 1.1675
Crystal system Trigonal Rhombohedral
Space group (No.) P31c (163) R3¢ (167)
Crystal size (mm) 1xX1x3 1X1x3

a (&) 8.2550(12) 14.2600(17)

b (A) 8.2550(12) 14.2600(17)

¢ (A) 13.891(3) 41.443(8)

vV (A3) 819.8(2) 7298.3(19)

V4 2 18

pc (grem™) 1.733 1.752

Meas. Reflections/ (Rint) 15574 (0.2526) 10926 (0.0325)
Indep. ref. [I > 20(I)] 713 2396
Parameters/restraints 67/0 170/0
Hydrogen treatment Refall Refall
Goodness of fit 1.513 1.088

Final R indices [I > 26(I)]: R1/wR2 0.1800/0.2635 0.0343/0.0900
R indices (all data): R1/wR2 0.2406/0.2777 0.0351/0.0905

“The crystallographic details of the high temperature phase collected at the monochromatic neutron diffractometer D19 at 175 K have been

provided in the Supporting Information (see text and Table 1S).

two-dimensional version of the 3D o(I)/I algorithm.17 The wavelength
dependent intensities were then normalized to a constant incident
wavelength using the program LAUENORM.'® The normalization
process assumes that the wavelength distribution of the white neutron
beam can be modeled by a high order polynomial. This approach is
well adapted when the incident beam is not too perturbed between its
source and the sample. In the case of VIVALD], the presence of several
monochromators upstream in the neutron guide strongly disrupts the
wavelength distribution, with sharp intensity fluctuations. The
subsequent calculations for structure determination were carried out
using the SHELXL package.'’

The same single crystal was mounted on the D19 diffractometer,
with a neutron wavelength of 1.1675 A from a Cu (331)
monochromator at a takeoff angle of 90°.

A full data set was collected at 45 K (above the magnetic phase
transition ca. 37 K) using a Displex cryorefrigerator device, after
cooling at a rate of 3 K/min to avoid damage to the sample. During
this cooling process, a control reflection (—1 1 —2) was scanned, and
no anomaly was observed in the integrated intensities.

The cell indexing measurement protocol consisted of several 7° w-
scans with a step of 0.07°. The strong peaks were found with the ILL
program PFIND and indexed with the DIRAX program;* the
orientation matrix, the cell parameters and the chi, omega and detector
offsets were postrefined with the ILL program RAFD19. After that, a
sequence of approximately 80° w-scans at a number of positions of phi
and y were collected to obtain high data completeness (3.15° < 0 <
62.26° ca. 91%). The reflections were integrated using the ILL
program RETREAT.'® The crystal attenuation correction and
vanadium can correction where done with the D1I9FACE, D19ABS
and ABSCAN programs, after manually indexing the crystal faces and
checking them with PLATON.>' A similar protocol was used in the
later measurement at 175K, in the high temperature phase.

The D1B instrument was operated with a wavelength of 2.521 A,
produced by a pyrolitic graphite monochromator. Graphite filters
between the monochromator and the sample significantly reduce
higher-order wavelength contamination, the proportion of lambda
over two contamination being ca. 0.3%. The sample was contained in a
@ 3 mm cylindrical vanadium can inside an ILL orange cryostat
(vanadium-tailed). The high-flux neutron patterns were collected at
selected temperatures 2, 17, and 33 K, and a neutron thermodiffracto-
gram between 2 and 50 K, with a heating rate of 0.1 K/min, was also

measured. The DIB data reduction was done with the LAMP
software.*”

The D9 instrument, provided with a closed-cycle cryostat, was used
in the four-circle configuration with a wavelength of 0.837 A. The
program RACER'7 was used to integrate the w-scans and to correct
them for the Lorentz factor. The crystal attenuation corrections were
made with the DATAP program,*® using an estimated total neutron
absorption coefficient of 1.227 cm™, essentially due to the large
incoherent scattering of the hydrogen atoms.** The integrated
intensities were collected at the same temperatures as those of the
measurements at the D1B instrument.

The refinement of the magnetic structure was performed using the
program FullProf* that allows the combined refinement of powder
and single crystal data for crystal and magnetic structures using
multiple diffraction patterns (multipattern refinement). The models
for the magnetic structure were deduced from the output of the
program Baslreps included in the FullProf Suite.

B RESULTS AND DISCUSSION

Heat Capacity. The heat capacity shows three different
peaks, which are the signature of the three phase transitions
(see Figure 2). The change in heat capacity at 1S5 K
corresponds to the paraelectric to antiferroelectric phase
transition, the change at 37 K is associated with the
paramagnetic—ferrimagnetic transition into Fe'—Fe" sublatti-
ces as previously discussed,” while the 4.8 K signal corresponds
to the low-temperature maximum observed in the relative
permittivity (see next section).

The enthalpy and entropy increments, AH and AS,
calculated as the areas under the CP and CP/ T curves,
respectively, were estimated at the 155 K peak as ca. 1.6 kJ
mol™" and 10.4 J mol™ K™'. The Boltzmann equation, AS = R
In N, where R is the gas constant and N is the ratio of the
numbers of geometrically distinguishable orientations, gives N
= 3.4. This value is close to N = 3 denoting three discrete states
in the disordered phase, pointing to a phase transition with 3-
fold order—disorder character. The well-defined signal
compared with previously reported homovalence complexes®
indicates that the hydrogen bond network of dimethylammo-
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Figure 2. Heat capacity of [NH,(CH;),],[Fe™Fe(HCOO);], as a
function of temperature. The insets show the detail of the A-shaped
peaks due to the paramagnetic—ferrimagnetic transition at 37 K as well
as the signal observed at 4.8 K.

nium cations plays an important role in the anchorage of the
dimethylammonium cations in the order—disorder phase
transition.

The sharp peak associated with the paramagnetic to
ferrimagnetic transition (37 K) is indicative of long-range
magnetic order. The experimental magnetic entropy (ASy =
20.4), derived by integration of the C,/T versus T plot from 15
to 52 K, nicely agrees with the calculated entropy for 3D
magnetic ordering following the equation: ASy = R In[(2s —
Dgerr X (25 = 1)ger] with s = 2 and s = 5/2 for Fe and Fe'l|
respectively.

Dielectric Measurements. The dielectric constant was
measured on a single crystal with the electric field applied
perpendicular to the c-axis (containing the plane of the N—H,
group of the dimethylammonium cation). The dielectric
constant in the form of relative permittivity (¢,) is shown in
Figure 3. The relative permittivity shows basically a linear
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Figure 3. Relative permittivity as a function of temperature, in the
range 2—50 K. The measurement was done at 10 kHz, using an
amplitude of 1 V applied perpendicular to the c-axis.

decrease from 69.5 at 200 K to 68.5 at 152.8 K; then, a clear
anomaly is observed as an abrupt drop from 68.5 to 66.2. The
mentioned anomaly occurs in the same temperature range as
that observed in the specific heat measurement (ca. 155 K), and
therefore, it can be attributed to the order—disorder phase
transition.

Below this transition, the permittivity value decreases in a
linear way to reach a value of 62.4 at 110 K. Then, it is basically
constant until ca. 40 K, and from this point, the relative

permittivity increases reaching a maximum at ca. 5.1 K
Although no modification of the magnetic structure was
observed by neutron diffraction, this maximum could be related
to a subtle change of the magnetic ordering, similar to the spin-
canting observed in the [NH,(CHj;),],[Fe"Mn"(HCOO);],
compound.” The increase of permittivity preceding this
maximum starts when the magnetic order occurs. A magneto-
electric effect can be discarded as the origin of this increase
because the atoms responsible for the magnetic ordering are
different from those responsible for the dielectric properties.
Instead, a weak magnetostriction effect is observed: Figure S2
shows the variation of the lengths of the a and ¢ axes as a
function of temperature. Just below the magnetic phase
transition, the values of the a and b parameters decrease
slightly (relative variation of 0.1%), while the c-axis increases
slightly (relative variation of 0.12%). This effect is associated
with the ferrimagnetic order, responsible for the orientation of
the magnetic moments mainly along the c-axis with a weak
magnetic component in the ab-plane. Figure S2 also shows the
variation of the lattice constant, the c/a ratio and a small
increase of the cell volume in the same temperature range. Such
a weak magnetostriction effect might partially account for the
increase in the permittivity.

No significant hysteresis was observed in the permittivity
curve between the transitions upon cooling or heating. The
shape of the dielectric plot suggests that the transition at 155 K
occurs from a paraelectric to an antiferroelectric phase, which is
compatible with the centrosymmetric crystal structure resulting
from the order—disorder structural transition. The structural
phase transition corresponds to the ordering of the
dimethylammonium cations at low temperature, which were
initially disordered in three positions due to a 3-fold axis that
passes through the carbon atoms of the dimethylammonium
cation, parallel to the c-axis. This 3-fold axis is lost in the
ordered phase, giving rise to a tripling of the c-axis (a detailed
explanation can be consulted in the structural discussion). The
angle between adjacent dimethylammonium cations along the
c-axis is strictly 120°, and therefore, the resultant dipolar
electric moment must be zero, producing an antiferroelectric
state.

Nuclear Structure. The crystallographic studies above and
below the phase transition temperature (T & 155 K) reveal for
the first time a modification of the space group from P31c
[room temperature, RT, (1a_RT)] to R3¢ [low temperature,
LT, (1b_LT)]. This structural change has not been reported
before for complex 1. Keeping invariant the origin of the unit
cell, in the phase transition, the a and b axes rotate 30° around
the c-axis, while their values change from 8.2550(12),
8.2550(12), and 13.891(3) A to 14.2600(17), 14.2600(17),
and 41.443(8) A for g, b, and ¢, respectively. The value of the
T axis is about 3-c*T, while the value of ™" is very close to
31268 (see Figure 4); therefore V*T = 7290.3 A3, almost equal
to 9-VRT [P31cto R3ca’ =2a+ b, b’ = —a + b, ¢’ = 3c].%

The crystal structure of complex 1a_RT has been reported
previously.>® It consists of a three-dimensional network where
Fe:Fe(2) and Fe":Fe(1) ions are linked by means of formate
ligands along the [110], [101], and [011] directions. Each Fe"
ion is surrounded by six Fe'' neighbors, and every Fe' is
surrounded by six Fe' ions, building in each case an octahedral
arrangement around the iron ions with mixed valence.

The remaining empty space in the 3-dimensional crystal
structure is about 243.6 and 2070.6 A® per unit cell for 1a_RT
and 1b_LT, respectively [29.7% (1a_RT) and 28.4% (1b_LT)
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Figure 4. View along c axis of the 1a_RT [top] and 1b_LT [bottom]
phases, where the 1a_RT and 1b_LT unit cells are represented in blue
and green, respectively. The symmetry reduction is characterized by a
loss of translational symmetry, the space group of phase 1a being P31c,
(a, b, c), while that of phase 1b_LT is its subgroup R3¢ but with unit-
cell parameters a’ =2a + b, b’ = —a + b, ¢’ = 3c.

of the total volume], which allows the location of
dimethylammonium cations in the channels. The phase

transition produces slight variations in the three-dimensional
lattice but more dramatic changes in the dimethylammonium
cations. As mentioned before, this molecule lies in the RT
structure on a 2-fold axis and a 3-fold axis, simultaneously. The
2-fold axis goes through the molecule perpendicularly through
the nitrogen atom, generating the second carbon atom C(2)*
[witha =1 -y 1 — « 0.5 — 2], while the 3-fold axis runs
through the carbon atoms [C(2) and C(2)*] giving rise to the
three positions of the nitrogen atom [N(1), N(1)®, and N(1),
withb=1—-y 1l+x—yzandc=—x+y 1 —« z] [N(1)-
C(2) 1.52(3)A]. This disorder has been reported before.*” The
neutron diffraction data recorded at 220 K, although of lower
accuracy than data obtained from monochromatic diffraction,
allowed us to locate the hydrogen atoms of the counterion.
Once the structure is in the low-temperature phase, the
nitrogen atom sits in a single crystallographic position since the
3-fold axis is lost giving rise to a tripling of the c-axis, increasing
the size of the unit cell (see Figure S), where the three
independent positions of the counterion occur [N(1)—C(1A)
1.491(3)A]. The anisotropic displacement parameters of the
dimethylammonium cation in this phase indicate that the
molecule is not well anchored inside the cavities, but has some
freedom of movement around the set positions. Hydrogen
bonds involving the dimethylammonium countercation and
adjacent oxygen atoms from different formate ions contribute
to the stabilization of the structure (see Figure 6). The
donor---acceptor/H--acceptor distances are shorter in 1b LT,
than in la RT phase [3.042(16)/2.16(10) and 3.043(8)/

da
C

Figure S. (Top) View of the position of the [NH,(CH;),] molecule within the cavities in 1b_LT. (Bottom-left) View along the a-axis of the
dimethylammonium cations packing in the unit cell in the low-temperature phase. (Bottom-right) Central projection along the c-axis of the
dimethylammonium cations inside the unit cell; note that three different positions of the dimethylammonium cations are present along the c-axis,
due to the screw axis symmetry. The metal—organic framework has been omitted from the figure for the sake of clarity.
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Figure 6. Detailed view of the hydrogen bonds involving the
dimethylammonium countercations in la_RT (top) and in 1b LT
(bottom).

2.16(8) A in 1a_RT and 2.9121(9)/1.982(3) and 2.920(1)/
1.982(3) A in 1b_LT].

In the 1a_RT complex, one crystallographically independent
Fe':Fe(1) and one Fe'":Fe(2) are present [the Bond Valence
model gives Fe' 2.10 and Fe' 3.07 valence units], while 1b_LT
presents one crystallographically independent Fe:Fe(1) and
two Fe'":Fe(2),Fe(3) [the Bond Valence model gives Fe' 2.13,
Fe'" 3.08 and 3.09 valence units]. Therefore, no significant
electron transfer is expected.

In 1a_RT, these metal ions are in an octahedral environment
with just one distance defining each polyhedron [2.121(5) A
and 2.008(4) A for Fe" and Fe'!, respectively], in contrast with
the environment of these metal ions in 1b_LT, where just one
of them [Fe(2)] is in a regular polyhedron while the other two
occupy distorted polyhedra defined by different Fe—O
distances [2.1274(9), 2.0875(9) and 2.1391(12) A for Fe(1),
2.0046(7) A for Fe(2) and 1.9919(8) and 2.0200(9) A for
Fe(3)] (see Table 2).

The small variation in distances once the 1b_LT phase is
reached means that only the Fe(2) atoms [Fe(2) also in
la_RT] maintain AA packing along the c-axis, while the other
atoms in the 3-dimensional structure follow ABCABC packing,
giving rise to tripling of the unit cell along this axis (see Figure
4).

The crystallographically independent formate ion in 1a_RT
exhibits a bismonodentate coordination mode which links one
Fe"" and one Fe™ ion in an anti-anti manner. This coordination
is still present in the three crystallographically independent
formate ligands in 1b_LT, but the C—O distances in the low-
temperature phase are slightly lower (see Table 2).

Magnetic Structure. The magnetic structures were refined
using a multipattern approach based on simultaneous refine-
ment with powder (Rietveld method) and single-crystal
(integrated intensity) data as implemented in FullProf® (see

Table 2. Main Structural Variations between High and Low
Temperature Phases (Distances in Angstroms)

distance 220 K distance 45 K
Fe'l:Fe(1)-0 2.121(4) Fe':Fe(1)-0(1) 2.1274(9)
Fe':Fe(1)-0(5) 2.0875(9)
Fe':Fe(1)-0(3) 2.1391(12)
Fe':Fe(2)-0 2.007(4) Fe':Fe(2)-0(6) 2.0046(10)
Fe':Fe(3)-0(4) 1.9913(10)
Fe':Fe(3)-0(2) 2.0200(9)
C(1)-0(1) 1.238(5) C(1)-0(1) 1.2469(10)
C(2)-0(3) 1.2420(9)
C(3)-0(2) 1.2407(13)
C(1)-0(2) 1.260(5) C(1)-0(2) 1.2638(9)
C(2)-0(4) 1.2693(13)
C(3)-0(6) 1.2661(10)
N(1)-C(2) 1.54(4) N(1)-C(1A) 1.491(2)
N(1)--0(1x) 3.041(9) N(1)--0(1) 2.9198(11)
N(1)--0(1x) 3.042(2) N(1)--0(1) 2.9214(9)

Neutron Diffraction Details section). The nuclear structure
determined at 45 K on the D19 instrument was taken as the
structural model for the later magnetic refinement.

The neutron thermodiffractogram shows a clear increase of
intensity of some Bragg reflections below 37.5 K. This feature is
the signature of magnetic order, which is compatible with the
magnetic behavior previously observed by macroscopic
magnetometry.”” The observed magnetic contribution, on
top of the nuclear reflections, indicates that the magnetic
reflections can be indexed with the propagation vector k = (0,
0, 0) (see Figure 7).

50

45

40

35

30

25

T/K

19 20 21 22 23 24
20/°

Figure 7. Detail of the mesh plot of the thermodiffractogram
corresponding to [NH,(CH;),],[Fe™Fe(HCOO),], collected at
D1B in the temperature range of 2—50 K, showing a clear increase
of intensity at Tc (ca. 37 K) in the (110) reflection due to the
occurrence of the magnetic order.

To determine the possible magnetic structures compatible
with the symmetry of the crystal structure of
[NH,(CH;),],[Fe™Fe" (HCOO);],, we have used the repre-
sentational analysis techniques described by Bertaut.””

The propagation vector group G, (little group) coincides
with the space group R3c. The six irreducible representations
(irreps) of the group G, were calculated using the program
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BaslIreps (included in the FullProf Suite).”® From I'; to I, all
of them are one-dimensional, while I's and Iy are two-
dimensional. The magnetic representation Iy for each
magnetic site [Wyckoff position 18¢ for Fe(1), 6b for Fe(2)
and 12¢ for Fe(3)] can be decomposed as a direct sum of irreps
by applying the great orthogonality theorem.

E8e=n@rz@2n®2r4®3rs®3ré (1)
I,= &I )
l—‘12c=l—‘1®1—‘2®r3®r4®2r‘5®2r6 (3)

In the present case [where k = (0, 0, 0)], all the Fourier
coeflicients must be real. Therefore, the irreducible representa-
tions I's and I'y, which are complex, are not physically possible.
If we consider that all sublattices are ordered within the same
representation, the magnetic structure can only be described by
irreps I'} or I';. This is due to the fact that I', and I' are not
contained in I'g,. A detailed list of the basis vector for both
possible irreducible representations (I'; and I';) can be
consulted in Table S2.

The magnetic moments of the two possible irreps I'; and I';,
obtained from the basis vector are shown in Table 3. The
degrees of freedom are three (u, v, w) for the magnetic
structure described by I';, while there are four (1, v, w, p) for
I

Table 3. Magnetic Moments for the Two Possible
Irreducible Representations (I'; and I';) of the Three
Crystallographically Independent Sites”

site I, I3
18  myg, (1) = my, (4) = myg, (1) = myg, (4) = (4, —u, v)
u, u, 0
myg, ()= mg, (5) = mg, ()= mg, (5) = (u, 24, V)
(—u, 0,0)
mlg: (3) :)mlsa (6) = mg, (3) =mg, (6) = (-2u, —u, V)
) Uy

6b mg, (1) = (0, 0, w)
mg, (7) = (0, 0, —w)
12¢ myy, (1) = myy, 4) = m, (1) =myy (4) =myy, (7) =myy, (8)
(0; 0, P) = (0! 0, P)
myp. (7) =myy (8) =
(0; 0, _P)
“The symmetry operators are: (1) =x,y,z; (2) = =y, x — y,z; (3) =
—x + Y =% Z; (4) ==X =Y, —Z (5) =) =X + ¥~z (6) =X =) X
(7)) =y, % —z+1/2; (8) = -y, —x, z + 1/2

myg, (1) = mg, (7) = (0, 0, w)

The Shubnikov group corresponding to I'} is R3¢ and that
corresponding to I'; is R3¢’ which is compatible with
antiferroelectric order. The relative orientation of the magnetic
moments of site 18e is not fixed by symmetry for I'; and should
be determined by refining the neutron diffraction patterns. The
general result will correspond to a noncollinear structure for
both possible irreducible representations. The magnetic model
for I'} corresponds to two different networks, the 18e positions
are ordered in the ab-plane while the 6b and 12c¢ positions lie
strictly along the c-axis. The I'; model adds an extra degree of
freedom at the 18e positions: now the magnetic moment of the
Fe" ions is not restricted to move in the ab-plane, and
therefore, part of the magnetic moment of these ions can be
coupled antiferromagnetically (AF) along the c-axis with those
of Fe" (occupying the 6b and 12¢ positions).

To elucidate the correct magnetic model, refinements of the
neutron diffraction data at different temperatures (ca. 2, 17, and

33 K) were carried out using the two possible irreducible
representations, I'; and I';. The results clearly confirm that the
only possible irreducible representation compatible with the
neutron diffraction data is I';. With the main objective of
increasing the accuracy of the refinement parameters, multi-
pattern magnetic refinements at 2, 17, and 33 K were carried
out with a combination of powder neutron diffraction data
collected at DI1B diffractometer, together with 214 Bragg
reflections collected at the same temperatures on the D9
diffractometer on a single crystal sample. Figure 8 shows the
best refinements (¥*> = 3.61 and Ry= 9.89% for D1B and R; =
6.03% for D9) of the neutron data at 2 K corresponding to the
I'; irreducible representation. It is worth noting that some

Intensity / arb. units
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Fca,2 /arb. units

6000

4000 A

2000 -

0 2000 4000 6000 8000 10000 12000 14000 16000

Fons/ arb. units

Figure 8. (Top) Experimental (blue O) neutron diffraction data and
calculated Rietveld refinement (red solid line, —) pattern for
[NH,(CH,),],[Fe"Fe"(HCOO)], at 2 K on DIB. The difference
diffraction pattern is represented as a solid blue line (—); the markers
(green vertical lines, |) indicate the position of the structural (top) and
magnetic (bottom) Bragg reflections. The inset shows a detail of the
data fit in the low angle region where the influence of the magnetic
scattering is more pronounced. (Bottom) Plot of the observed vs
calculated squared structure factors collected at 2 K at the D9
instrument. Nuclear and magnetic contributions (F* = N> + M?) are
included in both, observed and calculated values. The experimental
data are represented as blue circles (O) and the ideal case (F* =
Fys) is represented as a solid red line (—). The multipattern data
refinement with the irreducible representations I'; gives the following
agreement factors x> = 3.61 and Rg= 9.89% for D1B and Ry = 6.03%
for D9.
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approximations can be made in order to reduce the number of
free parameters and correlations during the refinement: due to
the fact that both Fe(2) and Fe(3) are in the same oxidation
state [Fe''] and the magnetic moment lies along the c-axis, we
assumed that Imgl| = Imy,|. The components of the magnetic
moments within the ab-plane in the Fe(18e) site are very weak
and their magnitudes have a relatively high estimated error.
However, it seems that the magnetic contribution in the ab-
plane is larger when the temperature increases. This suggests
that the magnetic moment of the Fe' ions induces a more
efficient AF coupling in the network of Fe™ when the
temperature is decreasing.

The magnetic moments of the iron ions determined by the
combined refinement of the D1B and D9 data as a function of
the temperature are listed in Table 4.

Table 4. Magnetic Moment Components Determined for the
First Representatlve Iron Atom for Each of the Three
Sites™?

Mu Mb Mc Mtotal
2K
Fe(18¢) 0.6(5) —0.6(5) 3.8(3) 3.9(4)
Fe(6b) 0 0 —4.1(2) —4.1(2)
Fe(12¢) 0 0 —4.1(2) -4.1(2)
17 K
Fe(18e) 0.7(5) —-0.7(5) 3.3(3) 3.5(4)
Fe(6b) 0 0 -3.6(3) —3.6(3)
Fe(12c¢) 0 0 -3.6(3) -3.6(3)
33K
Fe(18¢) 0.8(4) —0.8(4) 2.0(5) 2.4(4)
Fe(6b) 0 0 —2.2(4) -22(4)
Fe(12¢) 0 0 —2.2(4) -22(4)

“The magnetic moment of symmetry related atoms can be obtained
from the application of the basis vectors (see Table 3) as: myg, (1) =
myg, (4) = (4, —u, v), myg, (2) = myg, (5) = (4, 24, v) and my,, (3)
=m;g, (6) = (_2”‘; —u, V) [with (1) =% % (2) ==X =)3Z (3) =
Xty =Xz (4) ==X =) —%Z (5) =) =Xty =z (6) =X =YX
_z]l myg;, (1) = Mg, (2) = (Ol Of W) [WIth (1) =X, y; zZ; (2) =0 X, —Z +
1/2] and my,, (1) = my,, (2) = my,, (3) = my,, (4) = (0, 0, p) [with
(1) = %, % Q2)==x,—-y,—2z3)=y,x—2z+1/2; (4) ==y, —x, z +
1/2]. ®The components (in pg) are given with respect to the unit
vectors along the a4, b and ¢ axes.

The spin moment of the Fe(6b) and Fe(12c) atoms lies
strictly along the c-axis, while for those at the 18e position, the
moment has a main component along the c-axis which is
coupled antiferromagnetically with the spin moments of the 6b
and 12c sites, together with a small component in the ab-plane
that produces a rotation of the magnetic moments along the ¢-
axis. As the magnetic structure is commensurate with the
propagation vector k = (0, 0, 0), the period of repetition along
the c-axis of the Fe(18e) magnetic moments is equal to the
length ¢ and the projection of the angle of rotation of these
moments in the ab-plane is strictly 120° (screw axis 3, or 3,).
Therefore, after three translations along the c-axis, the magnetic
moments of the Fe(18¢) ions will be in the initial conformation
(see Figure 9a,b). This model produces a ferrimagnetic layered
structure, where the magnetic moments follow an AA packing
sequence for the layers containing Fe™ ions (blue arrows in
Figure 9c,d) and a ABCDEFA sequence for the layers
containing Fel ions (green arrows in Figure 9¢,d); as a
consequence, the Fe'' layers are not repeated inside the unit
cell.
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Figure 9. (a) View perpendicular to the c-axis of the projection of the
magnetic moment of three adjacent Fe™ atoms at the central Fe(18e)
site. (b) Perspective view along the c-axis of the same projection,
where the angles between the moments projected in the ab-plane have
been represented. (c) View along the b-axis of the unit cell of
[NH,(CH;),],[Fe™Fe™(HCOO),], together with the magnetic mo-
ment of each Fe' and Fe' site, yellow/blue and orange/green, for
nuclear/magnetic structure, respectively. (d) Perspective along the a-
axis of the nuclear and magnetic structure of
[NH,(CH,),],[Fe™Fe"(HCOO)¢],, color code as in (c). The formate
ligands have been represented in transparent mode; the dimethy-
lammonium cations have been omitted for the sake of clarity.

The ferrimagnetic moment (y), which arises as a result of
the noncompensation of the Fe"—Fe" sublattices, is calculated
as the vector sum of the magnetic moments obtained from the
neutron measurement at 2 K along the c-axis, ca. 0.3 pp. This
value is slightly lower than that obtained experimentally by
using a Magnetlc Properties Measurement System (MPMS-
SQUID) (0.6 u3).” It should be noted that the present neutron
diffraction experiments give information only about the
magnetic moment resident on the iron sites and not about
that delocalized out of them. To analyze the magnitude of the
magnetic moments over the magnetic and the nonmagnetic
atoms as well as the distribution of the spin density in the
organic linkers, polarized neutron diffraction experiments might
be of interest.

B CONCLUSIONS

In this work, we present the crystal and magnetic structures of
the compound [NH,(CH,),],[Fe™Fe(HCOO);], obtained
from neutron diffraction techniques. The Laue neutron
diffraction studies at 220 K allowed the determination of the
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hydrogen position of the dimethylammonium cations, which
was not possible in the previous X-ray model.*’ The crystal
structure below the structural phase transition has also been
determined using monochromatic neutron diffraction at the
D19 single crystal diffractometer. The transformation of the
space group from P31c to R3c has been completely
characterized. This transformation implies a tripling of the c-
axis which is associated with the ordering of the dimethy-
lammonium countercations: in the high-temperature phase, the
dimethylammonium is disordered over three different posi-
tions, and once the temperature is below the nuclear phase
transition, the dimethylammonium cations are well ordered
into three different positions related by the 3-fold screw axis
lying along the c-axis. The order—disorder phase transition is
triggered by the occurrence of an extensive network of
hydrogen bonds, involving dimethylammonium hydrogen
atoms as donors and oxygen atoms from the carboxylate
group as acceptors. This feature is important for the
interpretation of the electric properties. The measurement of
the temperature dependence of the relative permittivity shows
an electric transition, which has been assigned to a paraelectric
to antiferroelectric phase transition. This transition occurs
simultaneously to the crystallographic one, and therefore, it is
triggered by the order—disorder transition of the dimethylam-
monjum counterions. Below the Curie temperature, a slight
variation of the dielectric properties coincides with the onset of
the magnetic order and a possible spin reorientation.

The refined magnetic structure below 37 K corresponds to a
weakly noncollinear ferrimagnetic structure, where the Fe'" and
Fe'! sites are antiferromagnetically coupled.

From the magnetization study, a compensation temperature,
T comp Was observed at ca. 29 K (Figure 1). As can be seen from
Table 4, at 33 K (above Tmmp), the magnetization value of the
Fe' site is lower than that of Fe! (=220 and +2.40 uy,
respectively), while at 17 K (below T,y,), the opposite
situation occurs (—3.6 and +3.5 ug). These data also suggest
that the Fe'' sublattice is the first one to be ordered and then
induces the Fe'" sublattice to be coupled antiferromagnetically
with it. Below this T, the proportion of the ordered
magnetic moment increases more noticeably for the Fe™
sublattice, consistently with a Néel N-Type ferrimagnet, and
a negative magnetization is observed. It is worth noting that the
value of magnetization at 2 K for the Fe' sublattice is close to
the ideal value ca. 97.5% of the saturation value; however, the
value for the Fe'l sublattice is far from saturation (ca. 82%).
This notable difference of magnetic moment can be due to a
combination of geometrical distortion and/or strong covalence
effects.

In summary, the inclusion of different polar molecules within
a magnetic metal—organic framework for the design of
molecular materials combining magnetic and electric ordering
appears as a promising strategy to be extensively explored.
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