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ABSTRACT: A novel cobalt(Il) complex of formula [Co,(cbut)(H,0),], (1) Hydrogen Atoms Localization

Magnetic Structure Determination
“Neutran diffraction”

(Hycbut = 1,2,3,4-cyclobutanetetracarboxylic acid) has been synthesized under
hydrothermal conditions and its crystal structure has been determined by means of
synchrotron radiation and neutron powder diffraction. The crystal structure of 1
consists of layers of cobalt(II) ions extending in the bc-plane which are pillared along
the crystallographic a-axis through the skeleton of the cbut*™ ligand. Three
crystallographically independent cobalt(II) ions [Co(1), Co(2), and Co(3)] occur in
1. They are all six-coordinate with four carboxylate-oxygens [Co(1)—Co(3)] and two
cis-[Co(1)] or trans-water molecules [Co(2) and Co(3)] building distorted
octahedral surroundings. Regular alternating double oxo(carboxylate) [between

Co(1) and Co(la)] and oxo(carboxylate) plus one aqua and a syn—syn carboxylate Erg:::!rﬁf;:;ﬁlm \
bridges [between Co(1) and Co(2)] occur along the crystallographic b-axis, the “Sychrotron Radiation
values of the cobalt—cobalt separation being 3.1259(8) and 3.1555(6) A, respectively.

These chains are connected to the Co(3) atoms through the OCO carboxylate along the [011] direction leading to the organic—
inorganic be-layers with Co(1)—=OCO (4yi—gm—Co(3) and Co(2)=OCO yypi—gni—Co0(3) distances of 5.750(2) and 4.872(1) A.
The shortest interlayer cobalt—cobalt separation through the cbut*~ skeleton along the crystallographic a-axis is 7.028(2) A.
Variable-temperature magnetic susceptibility measurements show the occurrence of antiferromagnetic ordering with a Néel
temperature of 5.0 K, followed by a field-induced ferromagnetic transition under applied dc fields larger than 1500 Oe. The
magnetic structure of 1 has been elucidated at low temperatures in zero field by neutron powder diffraction measurements and
was found to be formed by ferromagnetic chains running along the b-axis which are antiferromagnetically coupled with the Co(3)
ions through the c-axis giving rise to noncompensated magnetic moments within each bc-layer (ferrimagnetic plane). The
occurrence of an antitranslation operation between these layers produces a weak interlayer antiferromagnetic coupling along the
a-axis which is overcome by dc fields greater than 1500 Oe resulting in a phase transition toward a ferromagnetic state
(metamagnetic behavior).

Magnetic
Characterization

“Magnetometry”

B INTRODUCTION packing to produce well-defined architectures is a key point and

. . 2 P .
Molecule-based magnets arising from the assembling of discrete it remains a challenge.” This is due to the variety of parameters

chemical objects (mono- or polynuclear entities, metal ions,
and ligands) have being extensively explored in the past decade

involved in the building strategy: the coordination geometry of
the metal ions, the flexibility of the ligand backbones, the

because of their potential application in electronic and magnetic metal/ligand molar ratios, the presence of counterions and
devices, electromagnetic shielding and information storage.1 solvents, the binding properties of the ligand, the chemical
These new materials have some advantages over the conven- affinity between the different component and proper or
tional ones such as their optical transparency, flexibility, improper symmetry relations, among others. Even using the
biocompatibility, structural diversification, and the low

production costs because most of them are obtained at Received: February 25, 2014

relatively low temperatures. However, the control of the crystal Published: May 15, 2014
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same reactants with the same metal/ligand ratios, subtle
changes in the synthesis conditions may lead to different
frameworks and topologies.” This is why systematic studies of
the different crystallization conditions are required to get a
reasonable “knowledge” of the variable parameters that allow
the rational design of new functional frameworks.

Among the diversity of metal ions and connectors involved in
the synthesis of magnetic metal organic frameworks (MOFs),
the cobalt(Il) ion and polycarboxylate ligands are very
appealing.”* At one hand, the high-spin six-coordinate Co(II)
ion (3d” configuration) has a 4T1g ground state in O,-symmetry
where the angular momentum is not fully quenched and
contributes to a large magnetic anisotropy through the spin—
orbit coupling;” although the degeneracy of this 4Tlg electronic
ground state is partially lifted into the 4A2g and 4Eg levels under
an axial distortion (D, point group), when such a distortion
(A) is similar in magnitude to the spin—orbit coupling (1),
both perturbations have to be taken into consideration. These
features make the Co(II) ion in a slightly distorted octahedral
geometry a suitable candidate to build anisotropic magnetic
systems, such as single-ion magnets (SIMs),’ single-molecule
magnets (SMMs),” or single-chain magnets (SCMs).® On the
other hand, the carboxylate group is a highly versatile ligand
because in addition to its monodentate and chelating
coordination modes, it can adopt syn—syn, anti—syn, and
anti—anti conformations when acting as a bridge between metal
ions; being able to mediate ferro- or antiferromagnetic
interactions in this last case, as illustrated by the extensive
literature on the carboxylate-bridged copper(II) complexes.’

As far as the carboxylate-bridged high-spin cobalt(II) ions are
concerned, the number of magnetostructural studies is much
more reduced becaue of the complicated analysis of their
magnetic properties arising from the spin—orbit coupling
effects. Anyway, weak antiferromagnetic interactions across the
syn—syn conformation'® and either ferro- or antiferromagnetic
interactions through the anti—anti'' and anti—syn'> conforma-
tions were reported. In an attempt to extend these magnetic
anisotropic systems to high-dimensional networks thinking at
their potential application as multifunctional materials, more or
less rigid aromatic polycarboxylate ligands, such as phenyl-
enediacetate (phda®”),"® 1,4-benzenedicarboxylate (bda®~),"*
1,2,4-benzenetricarboxylate (btc>”),"* or 1,2,4,5-benzenetetra-
carboxylate (bta*"),"**!59!¢ have been used. The determination
of the orientation of the magnetic moments of the interacting
cobalt(II) ions in these high-dimensional systems is of
particular interest to understand their complicated magnetic
behaviors. Neutron diffraction is the most direct method to
determine bulk magnetic structure.'” The Co(II) hydroxide
terephtalate compound presented by Drillon et al.'"* or our
recent Co(II) pyromellitate complex'® are illustrative examples
of the application of this nonextended technique into
inorganic—organic compounds.'®

In this Article, we report the synthesis and magneto-
structural study of a new three-dimensional polycarboxylate-
cobalt(II) system of formula [Co,(cbut)(H,0),], (1) (H,cbut
=1,2,3,4-cyclobutanetetracarboxylic acid), whose magnetic
structure has been elucidated at lower temperatures in zero
field by neutron powder diffraction measurements.

B EXPERIMENTAL SECTION

Materials and Methods. Reagents and solvents used in the
syntheses were purchased from commercial sources and used
without further purification. Elemental analyses (C, H, N) were
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performed with an EA 1108 CHNS/0 automatic analyzer. IR
spectrum on a powder sample of 1 was performed on a IR
Affinity-1 FTIR spectrophotometer in the 4000—400 cm™'
range equipped with a Pike Technologies GladiATR. All of
our attempts to grow single crystals of 1 in deuterated water
were unsuccessful.

Synthesis of [Co,(cbut)(H,0);], (1). Ammonia solution
(25% v/v in water) was added dropwise to an aqueous solution
(15 mL) of Hycbut (0.5 mmol, 0.116 g) until a pH value of 4.5
was attained. Then, an aqueous solution (10 mL) of
Co(NO;),-6H,0 (0.291 g, 1 mmol) was slowly poured into
that solution. The resulting mixture was sealed in a 45 mL
stainless-steel reactor with a Teflon linear, and it was heated at
170 °C during 48 h. X-ray quality crystals of 1 as an aggregate
of dark pink plates were obtained after cooling. It should be
noted that an in situ reaction transformation from the
commercial trans—cis—trans-1,2,3,4-cyclobutanetetracarboxylic
acid toward the trans—trans—trans-1,2,3,4-cyclobutanetetracar-
boxylate ligand occurs during the hydrothermal process.'® Yield
(based on the cobalt): ca. 60%. Anal. Calcd for CgH,,Co,0;,
(1): C, 24.02; H, 2.52%. Found: C, 23.93; H, 2.55%. FT-IR:
3508 (w), 3080(w), 1558(s), 1417(s), 1278(m), 1244(m),
748(s), 640(s), 555(s).

Physical Measurements. Magnetic susceptibility measure-
ments on a polycrystalline sample of compound 1 were carried
out in the temperature range 2—300 K with a Quantum Design
SQUID magnetometer under applied magnetic fields of 1000
Oe (2 < T < 30 K) and 5000 Oe (30 < T < 300 K). The
magnetization measurements were performed at 2.0 K in the
field range +50 kOe. Diamagnetic corrections of the
constituent atoms were estimated from Pascal’s constants>’
being —156 X 107° cm® mol™ [per two Co(II) ions]. The
experimental magnetic susceptibility data were also corrected
for the magnetization of the sample holder (a plastic bag).

X-ray Crystal Structure Determination and Refine-
ment. Single crystal X-ray diffraction data of a single crystal of
1 were collected at 100 K using synchrotron radiation (at the
ESRF Spanish beamline BM16) with a 4 = 0.7383 A and a
CCD ADSCq210rCCD detector. A phi scan strategy was
followed in the data collection with an oscillation range (A ¢)
for each image of one degree. Two different orientations of the
crystal were measured in order to increase the data
completeness. Data were indexed, integrated and scaled using
the HKL2000 program.”' The structure was solved by direct
methods and subsequent Fourier syntheses using the SHELXS-
97% and it was refined by the full-matrix least-squares
technique against F* using with the SHELXL-97 program.**
Anisotropic thermal parameters were used to refine all non-
hydrogen atoms. The hydrogen atoms of the water molecules
were not located by the X-ray diffraction data, however, those
of the cbut ligand were set on geometrical position and refined
with a riding model. The final geometrical calculations and the
graphical manipulations were carried out with the PLATON>®
and DIAMOND?* programs. A summary of the crystal data and
refinement conditions is listed in Table 1, whereas selected
bond lengths and angles are shown in Table 2. Crystallographic
data for the structure of 1 has been deposited at the Cambridge
Crystallographic Data Centre with CCDC reference number
983489.

Neutron Powder Diffraction. Neutron powder diffraction
experiments were performed on the high-resolution multi-
detector D2B at ambient conditions and on the high-intensity
diffractometer D20 in a variable temperature environment at
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Table 1. Crystal Data and Details of the Structure
Determination for Complex 1

formula CgH,,C0,01;

fw 400.02

crystal system Triclinic

space group PT

a (A) 7.5240(15)

b (A) 9.3200(19)

c (A) 9.7440(19)

a (deg) 89.01(3)

B (deg) 71.16(3)

7 (deg) 74.82(3)

vV (A%) 622.4(2)

V4 2

u (em™) 2.980

T (K) 100

Peea (g cm™) 2134

7 (A) 0.738 30

index ranges -9<h<9
-11<k<11
-11<I<12

total reflns 10 085

indep. reflns (Ry,) 2572 (0.0464)

obsd reflns [I > 26(I)] 2533

parameters 194

GOF 0.926

R[I > 26(D)] 0.0300

R, [I > 26()] 0.0854

R [all data] 0.0304

R, [all data] 0.0871

the Institut Laue Langevin (Grenoble, France). The sample was
contained in a 6 mm cylindrical vanadium can and, in the case
of D20, this sample container was placed inside a vanadium-
tailed Orange Cryostat (69ILHV2S). The diffraction patterns
were recorded using the wavelengths 4 = 1.5946 (at D2B) and
24095 A (at D20). The structures were refined by the Rietveld
method using the FullProf program.*®

Neutron Nuclear Structure Refinement. A data set was
collected on the high-resolution neutron diffractometer, D2B,
with the aim of determining precisely the hydrogen positions
for 1. The initial model obtained from the previous synchrotron
single crystal X-ray diffraction experiment was been used as
starting point for the Rietveld refinement (see Figure 1). The
determination and refinement of the cell parameters as well as
the non-hydrogen atoms at 300 K was carried out without any
restriction. The position and the isotropic atomic displacement
parameter of the hydrogen atoms from coordination water
molecules were refined using restrains (soft constraints) (see
Figure 2). The atomic positions obtained from the high
resolution neutron diffraction refinements compared with those
obtained from single crystal X-ray diffraction are shown in
Supporting Information Table S1.

The temperature dependence of the neutron diffraction
patterns of 1 collected from 2 to 14 K at the D20 diffractometer
shows that the nuclear structure remains unchanged in the
whole observed temperature range (see Supporting Informa-
tion Figure S1); nevertheless, low angle magnetic reflections
start to increase at ~5 K corresponding to the Néel transition
temperature (see Figure 3). This increase of the intensity is
compatible with the occurrence of long-range antiferromagnetic
ordering.

B RESULTS AND DISCUSSION

Description of the Structure of 1. Complex 1 has a three-
dimensional structure which is made up by organic—inorganic
layers of cobalt(I) ions extended into the bc-plane that are
pillared along the crystallographic a-axis through the skeleton of
the cbut*™ ligand, exhibiting a regular AAA sequence (Figure
4). Each layer is formed by --C0(2)Co(1)Co(1)@Co(2)®-..
edge sharing chains which run along the crystallographic b-axis
[see Figure 5(top)]. Two different bridges connect the Co(II)
ions within this chain. The Co(1) and Co(1)® atoms are
linked by a double y-oxo(carboxylate) [O(6) and O(6)®] with
a separation between the metal atoms of 3.1259(8) A and an
angle at the bridgehead O(6) atom of 96.83(2)°. However,

Table 2. Selected Bond Lenghs (A) and Angles (deg) for 17

Co(1)-0(2) 2.076(2)
Co(1)-0(6) 2.088(2)
Co(1)-0(6)* 2.089(2)
Co(1)-0(8)° 2.104(2)
Co(1)—0(9w) 2.107(2)
Co(1)—O(10w) 2.062(2)
0(2)—Co(1)-0(6) 105.26(6)
0(2)—Co(1)—0(10w) 96.82(8)
0(2)=Co(1)—=0(9w) 81.35(6)
0(2)—Co(1)-0(6)* 169.02(6)
0(2)—Co(1)—-0(8)" 88.48(7)
0(6)—Co(1)—0(6)* 83.10(6)
0(6)—Co(1)—0(8)" 89.24(7)
0(6)—Co(1)—0(9w) 173.21(6)
0(6)—Co(1)—O(10w) 85.78(7)
0O(9w)—Co(1)—0(10w) 91.93(7)
0(9w)—Co(1)—0(6)* 90.54(6)
0O(9w)—Co(1)—0(8)" 92.55(7)
0(10w)—Co(1)—-0(6)* 90.82(7)
0O(10w)—Co(1)—0(8)® 173.52(6)

Co(2)-0(2) 2.152(2)
Co(2)-0(7)® 1.990(2)
Co(2)—0(9w) 2.144(2)
Co(3)—0(1) 2.032(2)
Co(3)-0(4) 2.142(2)
Co(3)—0(11w) 2.136(2)
0(6)*-Co(1)-0(8)* 84.47(7)
0(2)=Co(2)-0(7)® 88.89(7)
0(2)—Co(2)-0(7)* 91.11(7)
0(2)—Co(2)—0(9w) 78.79(6)
0(2)—Co(2)—0(9w)® 10121(6)
0(9w)—Co(2)-0(7)¢ 88.01(7)
0(9w)—Co(2)—0(7)° 91.99(7)
0(1)-Co(3)-0(4) 97.14(7)
0(1)-Co(3)-0(4)° 82.86(7)
0(1)=Co(3)—0(11w) 87.61(8)
O(1)—Co(3)-0O(11w)® 92.39(9)
0O(4)—Co(3)-0(11w) 92.70(7)
0(4)—Co(3)-0(11w)® 87.30(8)

“Symmetry codes: (a) —x + 1, =y, —z + L; (b) x + Ly, z; (¢) =« + L, =y + L, —z+ ;; (d) —x, =y + L, —z + 1; (e) —x + 1, =y + 1, —z.
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Figure 1. Neutron diffraction pattern of 1 at 300 K using a D2B diffractometer with A= 1.5946 A. The refinement has been done in the space group
PT with the associated cell parameters a = 7.51934(20) A, b = 9.3120(3) A, ¢ = 9.7415(3) A, @ = 88.980(3)°, # = 71.158(2)°, and y = 74.793(2)°,
with the following statistics y* = 1.43 and Ry = 5.33%. The experimental and calculated data are represented as red circles and a black solid line
respectively, whereas the blue line is the difference between them and the green vertical lines correspond to the Bragg positions.

~Co(1)(g) co2?

Figure 2. View of a fragment of the structure of 1 together with the
atom numbering, obtained from the high-resolution neutron refine-
ment at 300 K. The ORTEP mode has been used to denote the
asymmetric unit. For the sake of clarity, transparent and stick modes
were used to represent the atoms generated by symmetry operations
and the hydrogen atoms, respectively. Symmetry code: (a) —x + 1, =y,
—z+1; (g x—1,yz

Co(1) and Co(2) are bridged by one water molecule [O(9w)],
a p-oxo(carboxylate) [O(2)] and a carboxylate group in the
syn—syn conformation [O(8)®—C(8)®-0(7)] with a
separation of 3.1555(6) A [Co(1)"Co(2)] and the bridgehead
angles Co(1)—O(9w)—Co(2) and Co(1)—O(2)—Co(2) of
96.11(2)° and 96.57(2)°, respectively. These chains are
connected to the Co(3) atoms through the carboxylate
O(1)—C(7)—0(2) groups along the [011] direction, the
metal center acting as a node between two adjacent chains and
leading to the organic—inorganic bc-layers [Co(1)—OCO—
Co(3) and Co(2)—0OCO—Co(3) distances of 5.750(2) and
4.872(1) A] [see Figure S (bottom)]. It deserves to be noted
that three of the four carboxylate groups of each cbut*~ ligand
are involved in the building of the organic—inorganic layer
while the remaining carboxylate group [O(7)—C(8)—0(8)] is
coordinated to the adjacent layer. Therefore, the whole ligand
act as connector along the ag-axis between different layers,
forming the final three-dimensional structure observed in 1.
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201°

Figure 3. Mesh plot of 1 collected at the neutron powder
diffractometer D20 in the temperature range 2—14 K, showing the
increase of intensity at T. (~S K) because of the occurrence of
magnetic ordering.

The shortest interlayer cobalt—cobalt separation along the
crystallographic a-axis is 7.524(2) A. From a topological point
of view, this complex exhibits - (4*-6%) and $-fold (4*-6°) nodes
that give rise to a fsc-4,5-Cmmm (in Schlifli notation)
topological network [see Figure 4 (right)].26

Three crystallographically independent cobalt(II) ions
[Co(1), Co(2), and Co(3)] are present in 1, two of them,
Co(2) and Co(3) laying on inversion centers (see Figure 2).
They are all six-coordinate with two coordinated water
molecules in cis- [Co(1)] or trans-positions [Co(2) and
Co(3)] and four carboxylate-oxygen atoms from different
cbut*” ligands describing somewhat compressed octahedra. The
0(2), 0(6)®, O(8)®, and O(10w) set of atoms build the
equatorial plane at Co(1) whereas the axial positions are filled
by O(9w) and O(6). In the case of Co(2) and Co(3), the
equatorial plane is formed by O(2) O(2)©, O(9w), and
0(9w)© and O(4), 0(4)®, O(11w), and O(11w)®,
respectively. The axial positions occupied by 0(7)® and
0(7)@ for Co(2) and O(1) and O(1)® for Co(3). The values
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Figure 4. (Left) Perspective view along the crystallographic b-axis of a fragment of the structure of 1, showing how the bc-layers are pillared along the
a-axis. The hydrogen atoms have been omitted for sake of clarity. (Right) Topological scheme of 1, where the pink and yellow polyhedra represent

the 4- (cobalt) and S-fold (cbut*”) nodes, respectively.

Figure 5. (Top) View of a fragment of the regular alternating chain of
cobalt(II) ions running along the crystallographic b-axis. The hydrogen
atoms of the water molecules are depicted in light green color.
Symmetry code: (f) x, y — 1, z. (Bottom) Projection view down the a-
axis of the bc-layers showing the interchain connection through the
third crystallographically independent Co(3) center.

of ¢ and s/h parameters are 64.14 and 1.14 [Co(1)], 56.37 and
1.13 [Co(2)] and 63.72° and1.11 [Co(3)] (to be compared to
60° and 1.22 for an ideal octahedron).”” The average values of
the equatorial bond lengths at Co(1), Co(2), and Co(3) are
2.081(2), 2.146(2) and 2.135(2) A respectively, whereas the
mean axial bond lengths are 2.095(2), 1.994(2), and 2.030(2) A
for Co(1), Co(2), and Co(3), respectively (see Table 2).

A crystallographically independent fully deprotonated cbut*~
ligand in trans—trans—trans conformation is present in 1. Its
cyclobutane ring exhibits a puckered conformation with values
of 19.39(2)° and 19.58(2)° for the dihedral angles between the
C(2)C(3)C(4) and C(3)C(4)C(S) and C(2)C(3)C(5) and
C(2)C(4)C(5) planes, respectively. This structural feature is in
agreement with the Margulis rule, which establish that the

5678

noncentrosymmetric substituted rings are always puckered
whereas the centrosymmetric ones may be or not.”® The cbut*"
ligand adopts simultaneously the bis-bidentate [through the
O(1) and O(4) atoms toward Co(1) and across the O(2) and
O(6) atoms toward Co(3)] and as tetrakis-monodentate
[throu§h 0(2), 0(6), O(7), and O(8) atoms toward Co(2),
Co(1), Co(2)®, and Co(1)®), respectively] coordination
modes (see Figure 2).

There is an extensive network of hydrogen bonds, involving
all the hydrogen atoms of the coordination water molecules
[O(9w), O(10w), and O(11w)] and the oxygen atoms from
carboxylate groups of the cbut ligand with values of the O,,-O
distance and O,—H---O angle covering the ranges
2.6583—3.0102 A and 145.1-177.2°.

Magnetic Study of 1. The magnetic properties of 1 in the
form of both y,, and yyT versus T plots [y is the magnetic
susceptibility per two Co(II) ions] under applied dc fields of
5000 and 1000 Oe are shown in Figure 6 (left). T at room
temperature is 6.3 cm® mol ™! K [y per one Co(I) = 5.03 3],
a value which is greater than the expected for the spin-only
formula [p.¢ = 3.87 g for S = 3/2 with g = 2.0], indicating that
the distortion of the octahedral symmetry of the cobalt(II) ions
in 1 is not so large as to induce the total quenching of the 4T1g
ground state. Upon cooling, y\ T slightly decreases to reach a
minimum value of 5.6 cm® mol™ K at ~14 K. At lower
temperatures, y,T sharply increases to 14.3 cm® mol™' K at 5.0
K and it finally decreases to 0.44 cm® mol™ K at 1.9 K. This
increase of yyT in the low temperatures domain is field-
dependent as shown in the inset of Figure 6 (left). A maximum
of the magnetic susceptibility is observed at 5.0 K under applied
dc fields smaller than 1500 Oe (the critical field H_). All these
features can be interpreted as follow: (i) the fact that the value
of ;T at the minimum (~5.6 cm® mol™ K at 14 K) is well
above than that calculated for two magnetically isolated
cobalt(IT) ions [3.5 cm® mol™ K, each Co(II) having S.¢ =
1/2 and ¢ 4.3]>* and the further increase of yyT,
unambiguously support the occurrence of a ferromagnetic
interaction between the Co(II) ions (the decrease of y,,T in the
high temperature region being due to spin—orbit coupling
effects);*® (ii) the presence of a maximum in the magnetic
susceptibility curve is due to an antiferromagnetic ordering; and
(iii) the field-dependence of this maximum, which disappears
for applied magnetic-fields larger than 1500 Oe (H,)
corresponds to a metamagnetic behavior,*® the value of H,
being given by the inflection point of the magnetization plot at

~
~
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Figure 6. (Left) Thermal variation of the susceptibility under magnetic applied fields of 1000 (blue circles) and 5000 Oe (red circles). The inset
shows the temperature dependence of y\T under the same magnetic fields. The temperature axes have been represented in a logarithmic scale for
the sake of the clarity of the low temperature region. (Right) Isothermal magnetization plot at 2.0 K. The solid red line represent the first

magnetization. Inset: dM/dH vs H.

2.0 K [see Figure 6 (left)]. Neutron diffraction experiments at
temperatures below 5.0 K confirm the occurrence of this
antiferromagnetic ordering (see below).

The magnetization curve measured at 2.0 K shows a
sigmoidal shape characteristic of a metamagnetic behavior
[Figure 6 (right) and Supporting Information Figure S3]. The
magnetization remains almost constant under applied magnetic
fields ranging from 0 to 1500 Oe; this feature supports the
occurrence of an overall antiferromagnetic behavior. For
applied magnetic fields above ~1500 Oe (H.), the magnet-
ization value increases abruptly reaching a value of 2.3 ug at
5000 Oe which coincides with the saturation value of the field-
cooled susceptibility curve [M ~ 13000 cm® mol™! Oe = 2.3 iy
in Figure 6 (left)]. This value is about half of the expected
saturation magnetization for two Co(II) ions, suggesting the
occurrence of ferrimagnetic planes. This behavior could be
understood as a magnetic phase transition from antiferromag-
netic order to a field-induced ferrimagnetic state (metamagnetic
behavior). This metamagnetic phase transition has been
confirmed with the field dependence of the ac susceptibility
measurements at 3 and 4 K (see Supporting Information Figure
S4). In fact, the magnetization curve increases linearly with the
applied field, as expected for a ferrimagnetic compound and a
change in the curvature of the magnetization is observed for
external magnetic field higher than 40000 Oe. This feature is
compatible with the beginning of a second metamagnetic
transition, where the remnant antiferromagnetic interactions
within the ferrimagnetic layers start to be overcome reaching
3.3 ug at 50 kOe, a value which is far from that expected for two
isolated cobalt(II) ions. A small hysteresis loop is also observed
at low applied fields with a coercive field of ~40 Oe (see
Supporting Information Figure S2).

On the basis of the temperature-dependence of the critical
magnetic field of metamagnetism obtained from the previous
results (see Figure S5), we are able to determine the magnetic
phase diagram of this compound (see Figure 7), where three
different regions: paramagnetic above 5 K, antiferromagnetic
and field-induced ferromanetic below 5 K, can be distinguish.

Having in mind the structure of 1, four pathways could be
involved in the magnetic exchange: (A) the double u-
oxo(carboxylate) brid{ge between Co(1) and Co(l)(a) with a
Co(1)=0(6)—Co(1)™ angle equal to 96.8% (B) the aqua
[Co(1)—O(9w)—Co(2) angle of 96.1°], single oxo-
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T./K

Figure 7. Magnetic phase diagram for 1, where three different regions
have been represented, paramagnetic (green), antiferromagnetic
(blue), and field induced ferromagnetic phase (red). The solid black
circles have been obtained deriving the M vs H curves (Supporting
Information Figure SS).

(carboxylate) [Co(1)—0(2)—Co(2) angle of 96.6°] and syn—
syn carboxylate bridges between Co(1) and Co(2); (C) the
anti—anti Co(1)—0(2)—C(7)—0(1)—Co(3) and anti—syn
Co(2)—0(2)-C(7)—0(1)—Co(3); and (D) those through
the skeleton of the cbut*~ ligand with a shortest cobalt—cobalt
distance of 7.028(2) A [Co(1)—0(6)—C(6)—C(5)—C(3)—
C(8)—0(7)—Co(2)® pathway]. The much longer cobalt—
cobalt separation in D (~7.0 A) when compared to the other
three (~3.1 A in A and B and 5.7 and 4.9 A in C] allows us to
neglect the magnetic exchange pathway D. Previous magneto-
structural studies have shown the occurrence of significant
ferromagnetic interactions between Co(II) ions through the
pathways A and B supporting the presence in 1 of
ferromagnetic chains along the crystallographic b-axis.'3"3°
An antiferromagnetic coupling through the anti—anti carbox-
ylate bridge of the pathway C would lead to a non-
compensation of the magnetic moments within each bc-layer,
giving a ferrimagnetic plane. Finally, a weak antiferromagnetic
interlayer interaction through the crystallographic a-axis
(dipolar interactions and/or an exchange through the long
cbut*” ligand) accounts for the antiferromagnetic ordering
(metamagnetic behavior with H, = 1500 Oe). This hypothesis
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Figure 8. (Left) Neutron powder patterns of 1 collected at 2.0 (blue line) and 10 K (red line) using a D20 diffractometer. The difference diffraction
pattern with the selected (1/2 0 1) and (3/2 0 1) magnetic reflections corresponds to the green line. These reflections are due to the contribution of
the magnetic phase (see text). (Right) Fit of the difference pattern with the I, irrep and the (1/2, 0, 0) magnetic propagation vector (see text).

about the magnetic structure have been confirmed by neutron
diffraction measurements at low temperatures (see hereunder).

Magnetic Structure of 1. Aiming at determining the
magnetic structure of 1 under zero applied magnetic field below
the ordering temperature (Ty & 5.0 K), a series of neutron
diffraction experiments at different temperatures above and
below Ty were carried out by using the D20 powder
diffractometer. The high flux neutron diffraction pattern
collected in the paramagnetic phase (~10 K) was used to
refine the low temperature structural model (see Supporting
Information Figure S6). The Rietveld refinement was carried
out using, as a starting point, the crystal structure obtained from
the D2B measurements at 300 K (see the neutron nuclear
structure refinement section). The increase of intensity on
some Bragg reflections in the neutron diffraction pattern at 2.0
K suggests the occurrence of a long-range magnetic ordering
(see Supporting Information Figure S7), which is in agreement
with the dc magnetic measurements. It should be noted that the
magnetic contribution can be observed only at low angles, while
the remaining reflections (nuclear ones) keep constant their
intensity (except from the Debye—Waller factor) in the whole
temperature range explored. The lack of extra intensity on top
of the nuclear reflections indicates that the magnetic structure is
strictly antiferromagnetic. Because of the weak magnetic
contribution, the partial overlap between nuclear and magnetic
reflections, and the background produced by the high number
of hydrogen atoms in the sample, the refinement of the
magnetic structure directly from this pattern gave a nonaccurate
result. A different strategy was followed in order to handle these
difficulties. First, we subtracted the normalized nuclear intensity
of the paramagnetic phase (~10 K) from the low temperature
pattern (~2.0 K). This difference pattern isolates the magnetic
contribution and therefore, a more accurate indexing of the
magnetic reflections, as well as the magnetic structure
determination can be undertaken. The intensity of the
calculated difference pattern has been shifted to an arbitrary
value of ~100 000 units to achieve a similar background than
those observed in the original patterns (see Figure 8).

The indexing of the observed magnetic reflections in the
difference pattern was done using the k-Search program
included in the FullProf suite.>’ The only solution compatible
with the magnetic reflections observed in the difference pattern
give rise to the propagation vector k = (1/2, 0, 0). The
representational analysis technique described by Bertaut has
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been used to determine the possible magnetic structures
compatible with the PT space group of 1.*> The propagation
vector group G, (little group) coincides with the space group
P1. Two irreducible one-dimensional representations of the
group Gy, I'}, and I'; and a simple set of basis vectors for each
irreducible representation can be trivially determined. They
have been verified with the help of the BASIREPS program.*
The representational analysis provides the expression of the
Fourier vector coeflicients as linear combinations of basis
functions. The basis vectors describe the possible arrangements
of magnetic structures.

A detailed basis vectors for both irreducible representations
(irreps) is shown in Table 3. The magnetic representation I'y;

Table 3. Irreducible Representations (Irreps) I' of the Little
Group G, = P — 1 and Basis Vectors of the Two Irreducible
Representations for the Sites” Co(2i) = 0.4153, 0.1804,
0.5366; Co(1h) = 0.5, 0.5, 0.5; and Co(le) = 0.5, 0.5, 0

irreps X, 9, Z —X%, =Yy, —Z
I, 1 1
I, 1 -1
basis vectors
I, Co(2i) {(100),(010),(001)} {(100),(010),(001)}
Co(1h) {(100),(010),(001)}
Co(1e) {(100),(010),(001)}
Co(2i) {(100),(010),(001)} {(100),(010),(001)}
I, Co(1h) {(100),(010),(001)}
Co(1le) {(100),(010),(001)}

“Note that the magnetic sites of the cobalt atoms: (2i), (1h), and (1e)
correspond to Co(1), Co(2), and Co(3), respectively.

for each magnetic site [Wyckoff position 2i for Co(1), 1h for
Co(2), and 1le for Co(3)] can be decomposed as direct sum of
irreps by applying the great orthogonality theorem. Each irrep
I') and I'; appear three-times for the site 2i whereas for the site
1h and 1le only I, is present three-times.

L, =3I @ 30, (1)
Ly, = 3L, )
1—‘le = 3F2 (3)

The magnetic moments for site 2i of the two sublattices are
obtained from the basis vectors as m,,(1) = (1, v, w) and m,,(2)
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Figure 9. (Left) View of the organic—inorganic bc-layer together with the magnetic moments for each magnetic site. Hydrogen atoms and the
skeleton of the cbut*~ ligand have been omitted for clarity. (Right) Projection along the b-axis of the nuclear and magnetic structure of 1.
Nonmagnetic atoms have been represented in transparence model and the hydrogen atoms have been omitted for the sake of clarity. The magnetic

unit cell has been represented in light-green in both figures.

= (u, v, w) for irrep I'; and m,,(1) = (4, v, w) and m,,(2) = (—u,
—v, —w) for irrep ', whereas for the site 1h and le the
magnetic moments are given by m;, = (p, q, r) and m,= (k, ],
m). In both cases there are nine degrees of freedom (u, v, w, p,
q, 1, k, I, m) for the magnetic structure. The Shubnikov group
corresponding to I'} is P,; 1 and that corresponding to I', is P,
—1 [in Opechowski—Guccione notation].** Under the
assumption that the all sublattices described by I'; and I', are
ordered, the magnetic structure can only be described by irrep
I',. This is due to the fact that I'; is contained neither in I'}, nor
in I"},. Moreover I', is the only irrep that provides a satisfactory
agreement between the calculated and the experimental
diffraction pattern collected below Ty. From the Rietveld
refinement of the difference pattern we are able to obtain the
relative orientation of the magnetic moments of the three
magnetic sites present in this compound.

Keeping in mind the crystal structure of 1, let us describe its
magnetic structure. The Co(1) atoms [magnetic site (2i)],
which are connected between them through a double u-
oxo(carboxylate) bridge (pathway A), are ferromagnetically
coupled. These dinuclear units are connected between them
through the Co(2) atom [magnetic site (14)] involving three
different bridges, the u-oxo(carboxylate), the p-aqua and the
syn—syn carboxylate bridge (pathway B), giving rise to the -
Co(2)—Co(1)—Co(1)—Co(2)—Co(1)--- chains which are
extended along the b-axis. The interaction between the Co(1)
and the Co(2) atoms has a remarkable ferromagnetic character
as can be seen in Figure 9. Each chain is connected to the
adjacent one through the Co(3) [magnetic site (le)] atom,
which acts as connector through two carboxylate bridges in
trans-coordination (pathway C). The Co(II)—Co(Il) inter-
action through this bridge has an antiferromagnetic behavior, as
expected for the presence of an anti—anti carboxylate bridge.
The modulus of the resultant magnetization within the bc-layers
calculated for a molecular unit [M = (2m,; + m;;, + m,,)/2] is
approximately 3.2(3) up. The refined values of the magnetic
moment of each cobalt atoms are shown in Table 4. It is
interesting to note that in the case of an isotropic ferrimagnetic
plane, where all the magnetic moments are collinear to each
other (parallel or antiparallel), the expected magnetic moment
per formula unit (two cobalt atoms) of such a plane would be
the corresponding for one Co(II) ion (about 2.9 iz, see Table
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Table 4. Magnetic Moment Components for Each Metal Site
at 2.0 K for (1)*?

M, M, M. Mo
Co(2i) —2.62(14) 1.2(3) 1.67(14) 2.56(10)
Co(1h) -2.9(3) 2.3(3) 2.40(18) 3.39(20)
Co(le) 1.78(19) —0.24(1) —3.04(18) —2.95(14)

“The components (in p) are given with respect to the unit vectors
along the crystallographic 4, b, and ¢ axes. “Note that the magnetic
sites of the cobalt atoms, (2i), (1), and (le), correspond to Co(1),
Co(2), and Co(3), respectively.

4). However, the experimental value (3.2 yg) is slightly larger.
This fact is related to the high local anisotropy of the Co(II)
ions which produces a significant departure from collinearity
(canting of the magnetic moments). The angle between the
magnetic moments of the Co(1) and Co(3) ions is about 155°
denoting an antiferromagnetic character, nevertheless this
canting avoids the complete cancellation of both magnetic
moments. The angle between the magnetic moments of the
Co(1) and Co(2) ions is smaller (~12°), being basically
collinear (see Supporting Information Figure S8). It is also
interesting to observe the direction of the magnetic moments
on the Co(II) ions within the structural framework. In the case
of Co(2) and Co(3), their magnetic moments are slightly tilted
from the axis that connect the trans positioned carboxylate-
oxygens [O(7) and O(7)® for Co(2) and O(1) and O(1)®©
for Co(3)] while for the Co(1) atom, the magnetic moment is
most likely parallel to the normal of the plane formed by O(2),
O(9w), and O(10w) (see Supporting Information Figure S9).

These ferrimagnetic layers are antiferromagnetically coupled
along the g-axis: an antitranslation operation is applied along
the a-axis because of the occurrence of a propagation vector k =
(1/2, 0, 0) [Figure 9 (right)]. The saturation value of the
magnetization of the metamagnetic phase (for H > H,)
corresponds approximately with one cobalt ion [see Figure 6].
The interpretation of this result based on the zero field neutron
diffraction experiments is not straightforward, because a wide
number of different scenarios can be envisaged. The most
plausible explanations involve the change of the propagation
vector from k = (1/2, 0, 0) to k = (0, 0, 0) or the presence of
two simultaneous propagation vectors which allow the
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occurrence of a net ferromagnetic state, which is not permitted
with the k = (1/2, 0, 0).

The determination of the magnetic structure of the field-
induced ferromagnetic phase (for H > H,) was not possible
because of the small size of the single crystals of 1, and our
attempts to grow a suitable single crystals for neutron
diffraction experiments (~1 mm?®) were unsuccessful.

B CONCLUSIONS

In this work, we have presented a new metal—organic network
of formula [Co,(cbut)(H,0);], obtained by using the well-
known hydrothermal technique. The single crystals were
structurally characterized through synchrotron X-ray diffraction
at 100 K resulting in a 3D pillared layer network. The
magnetization versus magnetic applied field data shows a
ferromagnetic field-induced phase transition under magnetic
fields above the 1500 Oe, as well as a small hysteresis loop at
low magnetic fields. Susceptibility measurements support a
metamagnetic behavior and suggest an antiferromagnetic order
for temperatures below ~5 K. To obtain the magnetic structure
we have performed neutron diffraction experiments. First, the
structural model of [Co,(cbut)(H,0);], compound were
refined from neutron data at 300 K allowing the localization
of the hydrogen atoms. Second, the 10 K refined data was used
to locate the position of the atoms at low temperatures, as well
as to fix the structural contribution to be used as starting point
for the refinement of the magnetic structure. Finally, the
neutron diffraction data at 2.0 K support the antiferromagnetic
order suggested by the magnetic susceptibility measurements
and were used to calculate the difference pattern, between the
10 and 2.0 K to isolate the magnetic contribution.

The propagation vector found was k = (1/2, 0, 0) and the
only irreducible representation fitting the experimental data
describes a noncompensate antiferromagnetic arrangement of
the magnetic moments within the bc-layers, which are
antiferromagnetically coupled along the g-axis. This config-
uration fits very well with the experimental data and supports
the macroscopic behavior described by the susceptibility
measurements.

The angle between the magnetic moments of the three
independent cobalt ions in the structure of 1 were analyzed and
correlated with the proposed exchange pathways A, B, and C.
The well-known ferromagnetic A and B bridges lead to almost
collinear moments between Co(1) themselves, and Co(1) and
Co(2). However, the weak antiferromagnetic interactions
(through the C pathway) between the ferromagnetic chains
do not align the moments completely antiparallel, forming
noncompensated planes. The theoretical calculations of the
interactions through these bridges in 1 are in progress.

B ASSOCIATED CONTENT

© Supporting Information

Structure determination and refinement details, X-ray crystallo-
graphic data in CIF format, neutron thermodiffractogram
collected at D20 diffractometer from 15 to 2 K, magnetic
hysteresis loop at 2 K, Rietveld refinement of the neutron
diffraction pattern (D20) collected at 2.0 and 10.0 K and
comparative of the atomic coordinates obtained from low
temperature synchrotron measurement (100 K) collected at
BM16 and those refined from high-resolution neutron
diffraction at RT obtained from D2B data. This material can
be found free of charge via the Internet at http://pubs.acs.org.
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