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ABSTRACT: The reaction of 1,2,4-triazole and NaF with M(ox) (M = transition-metal 020 remmant 1 3
dication; ox = oxalate dianion) under hydrothermal conditions has led to the isolation of a el ]
variety of hybrid organic—inorganic coordination polymers. Four structurally different 3D L T

networks were obtained, depending on the transition metal, with stoichiometry | %
[M,(H,0) (42-0%) ] [M, (u5-trz)6] [M = Fe (1), Co (2), Ni (3)], [Zn,(H,0)(u5-trz),(py- . ).

ox)] (4), [Mny(uy-trz),(usox) (uy-F),] (), and [Fey(us-trz),(pgox) (r-F),] (6). In all o0r0) o &

cases, the magnetic behavior is dominated by antiferromagnetic exchange interactions . q

between paramagnetic centers. Remarkably, 5 and 6 present a novel magnetic connectivity |

around the oxalate anion: a p4-bridging mode. This magnetic geometry promotes multiple ¢ - L i 3
triangular arrangements among antiferromagnetically coupled spin carriers, resulting in a °°°°°°°°°°°°000000000000% T(K)
complex magnetic network because of the presence of competing interactions. These 000 °
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materials exhibit spontaneous magnetization below 9 and 66 K, respectively.

B INTRODUCTION

Over the past decades, organic—inorganic hybrid coordination
polymers have occupied a prominent position in the field of
materials science because of their wide range of technological
applications.' > The design tools are well established and
involve the use of connectors (inorganic units, metal
complexes, etc.) and linkers (organic molecules) as the main
building units. Both parts play a crucial role in the functionality
of the final structure. In the field of magnetic materials,
molecule-based magnets6 have successfully reached features
usually associated with classic inorganic solids, such as high
ordering temperatures’ '® or large magnetic hysteresis.'"'>
These unique materials possess, at the same time, properties
typically associated with molecules: light-weight, transparent,
easily processable, etc.

The design of molecule-based magnets requires the use of
linkers able to promote strong superexchange interactions
when high-temperature magnetic phenomena are desired. This
means that short bridges between spin carriers are mandatory.
Single-atom bridges, such as oxo or fluoride, promote very
strong coupling.> However, it is synthetically difficult to
incorporate such highly electronegative connectors maintaining
a molecular character because they favor the formation of ionic
solid-state compounds.

The most successful ligands in the search for molecule-based
magnets have been short (two or three atoms) bridges with an
efficient 7 pathwagr such as cyanide,"*'® carboxylate,'®
oxalate,°™% azide,*™* or dicyanamide.14’30_34 These organic
ligands promote ferromagnetic (FM) or antiferromagnetic
(AF) exchange interactions depending on their connecting
modes. FM interactions are typically weak, whereas AF
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interactions can be very strong, resulting in high-temperature
magnetic phenomena. However, AF coupling typically stabilizes
a nonmagnetic ground state in homometallic compounds
because of the alternating orientation of identical spins. To take
advantage of these strong AF interactions, heterometallic
compounds or organic radicals linkers® have been used to
yield high-temperature ferrimagnets. Homospin systems, where
the AF interactions are maximized because of the perfect
energy matching between atomic orbitals, need the appearance
of spin canting between antigparalleled magnetic moments to
yield weak ferromagnets.**~** Spin canting depends on small
deviations from perfect alignment between local magnetic
moments due to geometrical or electronic anisotropy.>”

The electronic origin for the canted alignment of spins can
arise from single-ion anisotropy and/or antisymmetric spin—
spin coupling (termed Dzyaloshinskii—Moriya interaction).
Geometrical anisotropy appears when the crystal lattice is
incompatible with dominant AF interactions. This is the case,
for example, in a triangular array of antiferromagnetically
coupled metal centers. This geometry promotes competing AF
interactions* and stabilization of a magnetic ground state.*"**
The appearance of spontaneous magnetization in strongly
antiferromagnetically coupled homospin systems keeps attract-
ing interest as a plausible strategy to reach high ordering
temperatures.*>** The best examples have appeared in oxo-
centered triangular arrays.*

The multidentate oxalate (ox) ligand is the shortest organic
ligand with more coordination modes able to induce triangular
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arrangements when it connects more than two centers (Figure
1). Although, the main connecting mode with transition metals
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Figure 1. Bridging coordination modes of an oxalate anion with
transition-metal cations (M): (a) p-bridging mode; (b) pus-bridging
mode; (c) py-bridging mode; (d) pgbridging mode, unprecedented
for six paramagnetic transition-metal centers.

is py-bis-chelating (Figure 1a), with higher connectivity being
rare.”> The most promising mode for the development of
magnetic materials is y (Figure 1d) because it should promote
competing interactions arising from the multiple triangular

arrangements, but to date, it has only been reported with
diamagnetic alkali-metal ions.

Here we report multicomponent reactions by combining
oxalate, 1,2,4-trizolate, and fluoride ligands with divalent metal
centers. We have been able to isolate six novel compounds
under hydrothermal conditions, belonging to four structural
motifs: [M,(H,0) (,-0x) ][M,(5-trz)s] [M = Fe (1), Co (2),
Ni (3)], [Zny,(H,0)(ustrz),(uy-0x)] (4), [Mng(us-trz), (s
ox)(u3-F),] (5), and [Fe;(us-trz),(ps-0x) (4y-F),] (6). These

materials represent a new family of oxalate-based coordination
polymers with unprecedented architectures. Remarkably, the
elusive yi5-oxalate bridging mode has been found in compounds
S and 6, which induces competing interactions and the
appearance of spontaneous magnetization.

B EXPERIMENTAL SECTION

All reagents and chemicals were supplied by Sigma-Aldrich Chemical
Co. Ltd. and Acros Organics. Unless stated otherwise, the materials
were used without further purification. Elemental analyses (C, H, N,
and F) were carried out by iQAC Servei de Microanalisis (CSIC,
Barcelona, Spain). Fourier transform infrared (FT-IR) spectra were
collected in transmission mode using a Bruker Optics FT-IR Alpha
spectrometer in the 4000—400 cm™' range. Thermogravimetric
analyses (TGA) were performed with a TGA/SDTA851 Mettler
Toledo analyzer under a nitrogen flow at a heating rate of 10 °C
min~", Powder X-ray diffraction (PXRD) data were collected on a D8
Advance series 26/6 powder diffractometer at room temperature.
Magnetic susceptibility measurements between 2 and 300 K were
carried out in a Quantum Design MPMS-XL SQUID magnetometer

Table 1. Crystallographic Data and Main Refinement Parameters for Compounds 1 and 4—6

compound 1 4 S 6

formula C,,H,Fe N 504 Ce¢H,N4O5Zn, C¢H,F,Mn;N,O, C,HgF,FecN,O4

MW 791.88 426.96 426.97 859.40

T (K) 100(2)

wavelength (A) 0.71073

cryst syst monoclinic

space group C2 P2,/c P2,/n C2/c

a (&) 15.653(3) 7.4835(16) 7.7577(3) 7.5869(7)

b (A) 10.750(2) 8.8171(19) 7.2598(3) 12.6052(11)

¢ (A) 7.2868(14) 10.058(2) 9.8914(4) 11.5603(10)

S (deg) 90.361(6) 100.450(6) 93.941(2) 101.775(3)

v (&%) 1226.2(4) 652.7(2) 555.76(4) 1082.30(17)

V4 8 4 2 2

D (g em™) 2.145 2.173 2.551 2.637

abs coeff (mm™) 2.405 3.731 3412 4.026

F(000) 796 428 414 840

size (mm®) 0.15 X 0.12 X 0.08 0.01 X 0.01 x 0.002 0.05 X 0.01 X 0.002 0.30 X 0.30 x 0.10

0 range (deg) 2.30-25.63° 2.768-33.193° 3.455-36.366° 3.184-36.304°

index ranges -17<h<18 -S<h<11 -12<h<10 -12<h<8
-13<k<13 -13<k<8 -12<k<11 —-20< k<20
-8<1<8 —-15<1<14 -16<1<16 -18<1<19

reflns collected 5928 6736 10448 7583

indep reflns 2295 2315 2687 2440

Ry 0.0286 0.0358 0.0384 0.0315

max/min transmn 0.8309/0.7143 0.993/0.739 0.993/0.861 0.961/0.367

data/restraints/param 2295/317/183 2315/0/100 2687/0/97 2440/258/153

GOF on F* 1.093 1.025 1.046 118§

Rl [I > 26(1)] 0.0380 0.0342 0.0186 0.0320

wR2 [I > 26(I)] 0.0881 0.0709 0.0494 0.0845

R1 (all data) 0.0443 0.0512 0.0200 0.0333

wR2 (all data) 0.0923 0.0765 0.0504 0.0853

largest diff peak/hole (e A™3) 1.174/—0.823 1.534/—0.789 0.732/-0.403 2.096/—0.823
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using a 1000 Oe field. Pascal’s constants were used to estimate the
diamagnetic corrections for the compounds. Data for compound 1
showed a paramagnetic impurity that was also corrected, accounting
for 2.5% of the total signal. Zero-field-cooled (ZFC), field-cooled
(FC), and remnant magnetization (RM) measurements were carried
out using a 25 Oe field. Magnetization curves were collected between
—7and 7 T at 2 and 10 K

Synthesis of [Fe,(H,0)(C,0,)][Fe,(C,H,N;)¢]-2.5H,0 (1). A
mixture of Fe(ox)-2H,O (0.22 g, 1.5 mmol), 1,2,4-triazole (0.42 g, 6
mmol), NaF (50 mg), and H,O (10 mL) was heated at 180 °C for 1
week under autogenous pressure. The mixture was cooled to room
temperature. Brown prism-shaped crystals from 1, suitable for X-ray
structure analysis, were obtained. Yield: 165.1 mg, 56% (based on Fe).
Elem anal. Calcd for C ,H,gFe,N 3O, (782.80): C, 21.48; H, 2.45; N,
32.21. Found: C, 21.25; H, 1.91; N, 31.93. FT-IR (cm™!): 1637 s, 1488
s, 1281 s, 1145 s, 986 s, 665 s, 620 s.

Synthesis of [Co,(H,0)(C,0,4)1[Co,(C,H;N5)6]-4H,0 (2). A
mixture of Co(ox)-2H,0 (0.1 g, 0.55 mmol), 1,2,4-triazole (0.1 g,
1.45 mmol), NaF (S0 mg), and H,O (10 mL) was heated at 180 °C
for 1 week under autogenous pressure. The mixture was cooled to
room temperature. A pink solid of 2 was formed. Yield: 74 mg, 65%
(based on Co). Elem anal. Calcd for C;4H,,Co, N3O, (822.17): C,
20.45; H, 2.7; N, 30.67. Found: C, 20.34; H, 2.45; N, 30.45. FT-IR
(cm™): 1628 s, 1496 s, 1310's, 1277 5, 1154 s, 1074 s, 993 s, 883 s,
802 s, 672 s.

Synthesis of [Ni,(H,0)(C,0,)1[Ni,(C;H,;N3)6l-4H,0 (3). The
same procedure as that for compound 2 was followed but using
Ni(ox)-2H,0 instead of Co(o0x)-2H,0. A blue solid of 3 was formed
after 1 week under autogenous pressure. Yield: 54.9 mg, 49% (based
on Ni). Elem anal. Calcd for C;,H,,Ni,N 5O, (821.21): C, 20.48; H,
2.7; N, 30.7. Found: C, 20.83; H, 2.36; N, 30.44. FT-IR (cm™): 1631
s, 1573 s, 1499 s, 1311 s, 1281 s, 1160 s, 1083 s, 995 s, 883 s, 674 s.

Synthesis of [Zn,(H,0)(C;H,N3),(C;0,4)1-:2H,0 (4). A mixture of
Zn(ox)-xH,0 (50 mg, 0.26 mmol), 1,2,4-triazole (0.109 g, 1.6 mmol),
NaF (50 mg), and H,0 (10 mL) was heated at 180 °C for 1 week
under autogenous pressure. The mixture was cooled to room
temperature. White prism-shaped crystals from 4, suitable for X-ray
structure analysis, were obtained. Yield: 30.5 mg, 29% (based on Zn).
Elem anal. Calcd for C¢H,;,Zn,N¢O, (408.94): C, 17.62; H, 2.46; N,
20.55. Found: C, 17.88; H, 2.24; N, 20.61. FT-IR (cm™): 1622 s, 1512
s, 1354 s, 1308 s, 1212 s, 1154 s, 1079 s, 100S s, 794 s, 662 s, 492 s.

Synthesis Of [Mn3(C2H2N3)2(C204)F2] (5). A mixture Of Mn(ox)-
xH,0 (0.1 g, 0.7 mmol), 1,2,4-triazole (0.97 g, 1.4 mmol), NaF (50
mg), and H,O (10 mL) was heated at 180 °C for 3 days under
autogenous pressure. The mixture was cooled to room temperature.
Yellow crystals from $, suitable for X-ray structure analysis, were
obtained. Yield: 57 mg, 57% (based on Mn). Elem anal. Calcd for
C¢H,F,Mn;N,O, (426.94): C, 16.88; H, 0.94; N, 19.68. Found: C,
16.93; H, 0.94; N, 19.80. FT-IR (cm™'): 1624 s, 1507 s, 1321's, 1271 s,
1149 s, 1053 5, 993 5, 875 5, 770 s, 659 s, 513 s.

Synthesis of [Fe;(C,H,N;),(C;0,)F,] (6). A mixture of Fe(ox)-
2H,0 (0.1 g, 0.56 mmol), 1,24-triazole (0.1 g, 1.45 mmol), NaF (50
mg), and H,0 (10 mL) was heated at 180 °C for 1 week under
autogenous pressure. The mixture was cooled to room temperature. 1
is the main product of this reaction, with 6 being a minor product as
brown hexagonal-shaped crystals. These crystals, suitable for X-ray
structure analysis, were hand-collected by the Pasteur method. All
characterization was carried out with single crystals.

X-ray Crystallography. Single-crystal X-ray diffraction measure-
ments were made at 100 K in a Bruker APEX DUO diffractometer
with a Quazar MX Multilayer Optics diffractometer (Mo Ka radiation;
A = 071073 A). Single-crystal X-ray diffraction measurements on 1
and 4—6 were made at 100 K using a Bruker-Nonius diffractometer
equipped with an APEX II 4K CCD area detector, a FR591 rotating
anode with Mo Ka radiation (4 = 0.71073 A), and Montel mirrors as
the monochromator. The structures were solved using the SIR2011
program*® and refined on F* using the SHELXTL97 program.*’
Crystal data collection and refinement parameters are given in Table 1.
CCDC 1033523 (1), 1033524 (4), 1033525 (5), and 1033526 (6)
contain the supplementary crystallographic data for this paper.
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Compounds 2 and 3 are isostructural to 1, as confirmed by the X-
ray diffraction pattern from powder samples (Figure S1 in the
Supporting Information, SI). Their corresponding unit cells, as
estimated from the PXRD patterns, are 2 [monoclinic C2, a
15.9229(8) A, b = 11.0698(4) A, c = 7.7171(5) A, B = 90.488(5)°, and
V = 1360.20(11) A3] and 3 [monoclinic C2, a = 15.7272(15) A, b =
10.9328(9) A, ¢ = 7.5646(8) A, = 90.483(9)°, and V = 1300.64(22)
A%,

B RESULTS AND DISCUSSION

Synthesis. The reaction of M(ox)-2H,0 (M = divalent
transition metal cation; ox = oxalate dianion) and 1,2,4-triazole
at 180 °C yielded four novel compounds that can be classified
into two different stoichiometries: [M,(H,O)(u-0x)][M,(u,-
trz)s] [M = Fe (1), Co (2), Ni (3)] and [Zn,(H,0)(us-
trz), (p>-0x)] (4).

Single crystals suitable for X-ray diffraction analysis of 1 and
4 were obtained by adding NaF to the reaction mixture as a
mineralizing agent because the presence of fluoride anions
slows the crystallization dynamics. In the case of cobalt and
nickel analogues, only polycrystalline powders were isolated in
all tested reaction conditions.

The presence of fluoride also allowed the isolation of two
additional compounds that incorporate fluoride anions into
their framework: [M;(us-trz),(ug-0x)F,] [M = Mn (5), Fe
(6)]. 5 is the only product that was isolated with the Mn**
cation because in the absence of NaF no product was obtained.
6 is a minor product that appears when the synthesis of 1 is
carried out in the presence of NaF. 6 was obtained as large and
distinct single crystals, reaching a maximum 5% yield by
decreasing the trz ratio in the starting materials. The large size
of these single crystals allowed easy hand collection.

Structural Description. Compound 1 consists of a 3D
coordination network with y,-oxalate and p;-triazolate bridges.
The charge balance indicates that all Fe centers appear in the
2+ oxidation state. There are three crystallographically
independent Fe positions in the structure. Fel is coordinated
to an oxalate, a H,0 molecule, and three monodentate
triazolate anions (through the N4 position). Fe2 and Fe3 are
chemically equivalent, coordinated by six triazolate rings
(through the N1 and N2 positions). Fe2 and Fe3 build
{Fe(trz);} chains running along the ¢ axis, where the Fe’"
centers are connected by three triazolate bridges (Figure 2b).
These 1D chains are analogous to those found in the classic
triazole-based spin-transition materials.** The intrachain Fe—Fe
distance is 3.643 A, with Fe—N distances in the 1.89—2.06 A
range, suggesting a diamagnetic low-spin configuration. The
propeller geometry of the triple trz bridge is staggered, with an
almost perfect 60° torque angle between adjacent bridges, in
such a way that the conformation is repeated every other
bridge.

The {Fe(trz);} chains are connected to each other through
the triazolate N4 position, which binds to [Fe,(H,0)(ox)]
moieties via the Fel centers. Fel shows longer bonding
distances (2.05—2.3 A) to the chelated oxalate anion than to
the three triazolate ligands shared with three adjacent chains
and one H,0 molecule (Figure 2b). This suggests a high-spin
configuration in Fel. Each dimer connects two adjacent chains
on the ac plane and two on the bc plane. The latter bridges are
multiply connected to two adjacent staggered trz bridges. Single
crystals included three crystallization H,O molecules per
formula unit, whereas elemental analysis and TGA in grained
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Figure 2. (a) Projection of the crystal structure of 1 on the ab plane.
(b) Representation along the ¢ axis, highlighting the triply bridged
{Fe(trz);} chains connected through the [Fe,(H,0)(ox)] dimers.
Color code: Fe, yellow; C, black; N, blue; O, red. H atoms omitted for
clarity.

samples indicated slightly lower H,O content (2.5 H,O
molecules per formula unit).

Compounds 2 and 3 are isostructural to 1, as confirmed by
their PXRD patterns (Figure S1 in the SI).

Compound 4. This polymeric network is built by only one
crystallographic Zn site, coordinated by a chelating oxalate,
three terminal trz units (through N1, N2, and N4, respectively),
and a H,O molecule. The structure can be described as formed
by chains defined by the u-oxalate and double p-trz bridges
along the b axis. The N4 position, completing the ps-trz
connectivity, links the chains to form a 3D structure (Figure 3).
Additionally, there is a second H,0O molecule making hydrogen
bonds with the coordinated H,O molecule and an oxalate
anion.

Compound 5. There are two crystallographically independ-
ent Mn positions in this structure, in the 2+ oxidation state,
according to the charge balance. One is heptacoordinated
(Mn1) and one hexacoordinated (Mn2). Two trz units occupy
the axial positions. One chelating and one terminal oxalate units
occupy the equatorial plane, opposite to each other, completed
by two F atoms. The oxalate bite shows significantly longer
bonding distances (>2.4 A) than the fluoride, terminal oxalate,
and trz (in the 2.1-2.2 A range). Mn2 shows a distorted
octahedral geometry, with two F atoms in the axial positions.
The equatorial positions are occupied by two monodentate
oxalates and two trz ligands in frans configuration. The
octahedron is distorted, with the axial positions significantly
shorter (<2.01 A) than the equatorial ones (>2.18 A).

Taking into account the magnetic connectivity, the structure
can be described as formed by layers (Figure 4a), perpendicular
to the ac plane, and defined by pg-oxalate, p3-F~, and p,-trz

4681

Figure 3. (a) Projection of the crystal structure of 4 on the bc plane.
(b) Representation of the doubly bridged chains along the b axis.
Color code: Zn, white; C, black; N, blue; O, red. H atoms omitted for
clarity.

Figure 4. (a) Projection of the crystal structure of 5 on the ac plane.
(b) Representation of the multiply bridged planes along the b axis,
defined by the ug-oxalate, p15-F~, and y,-trz bridges. Color code: Mn,
pink; C, black; N, blue; O, red; F, green. H atoms omitted for clarity.

DOI: 10.1021/ic503032g
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bridges. The latter are above and below the plane, where the trz
ligands connect layers through its third N atom. The [Mn,F]
units form a regular triangle (Mn—F = 2.283, 2.120, and 2.091
A). The pg-oxalate bridge connects four Mn1 (two chelated and
two terminal) and two Mn2 centers, with a longer chelating
bite (Mn—O = 2.442 and 2.491 A) and a shorter terminal
bonding (Mn—0 = 2.179 and 2.276 A).

Each metal dication is surrounded by six Mn centers, in a
distorted pseudohexagonal array. The bridges are a triple oxo/
trz/fluoride (J;), an oxalate (J,), a double carboxylate/fluoride
(J), a double oxo/fluoride (J,), and two single carboxylates
(Js)- This creates multiple triangular arrangements, with J/J,/
Js, J4/J3/Js, and all their equivalents by symmetry. The fluoride
is also at the center of a Mn triangle (Figure 4b).

Compound 6. This structure is reminiscent of S, with
identical stoichiometry. The main difference resides in both
Fe®" centers being hexacoordinated (pseudooctahedral) and the
fluoride bridges being u,-F~. Fel is coordinated by one
chelating and one monodentate oxalates, two trz ligands
(through the N1 and N4 positions), and only one fluoride. Fe2
is coordinated by two monodentate oxalate anions at the axial
positions, with the equatorial positions occupied by two
fluorides and two trz ligands (N1 or N2) in a trans
configuration. In this case, the structure can be described as
formed by corrugated layers parallel to the bc plane, defined by
the pis-oxalate, pi,-fluoride, and triazolate bridges, with the trz
ligands bridging layers as y; linkers (Figure S).

Compared to S, the pis-oxalate connectivity shows shorter
bonds, with all six Fe—O distances in the 2.1-2.3 A range. The
shortest and longest distances belong to the oxalate chelating
bite. The fluoride anion is now out of the plane defined by the

Figure 5. (a) Projection of the crystal structure of 6 on the bc plane.
(b) Representation of the multiply bridged planes along the a axis,
defined by the p4-oxalate, u,-F~, and p-trz bridges. Color code: Fe,
yellow; C, black; N, blue; O, red; F, green. H atoms omitted for clarity.
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metal centers, bridging Fel and Fe2 (Fel—F = 1.947 A and
Fe2—F = 1.980 A). The next-nearest Fe atom appears at Fe—F
= 2.760 A, too long to be considered an effective bond. The
magnetic connectivity in the plane is defined by an oxalate (J;),
two oxos (J, and J), two carboxylates (J;), and a double trz/
fluoride (J,).

Magnetic Characterization. Compounds 1-3 are para-
magnetic at room temperature with y, T products of 7.60,
10.43, and 3.80 emu K mol™', respectively. This indicates high-
spin M*" metal centers for 2 and 3 and a mixture of low-spin
Fe’* (S = 0 in the chain) and high-spin Fe** (S = 2 in the
dimer) for 1 (Table 2), as expected from the crystallographic
data. As the temperature decreases, the y,,T product (Figure 6)
decreases, suggesting the presence of dominant AF interactions.
The high-temperature regime, above 100 K, can be simulated
with a Curie—Weiss law (Figure S2 in the SI), yielding negative
Weiss constants following the trend 6(3) > 6(2) > 6(1). Below
100 K, y,, T decreases more rapidly, approaching null values at
very low temperatures. The presence of dominant AF
interactions is corroborated by the appearance of a maximum
in y,, (Figure 7).

In 1, the oxalate bridge is the only effective superexchange
pathway between spin careers. Thus, the magnetic data can be
modeled with an isotropic Hamiltonian for a dimer of two S
centers with a J, coupling constant:

H=-]SS, (1)

Using this Hamiltonian for S = 2, the magnetic data for
compound 1 can be reproduced with a weak AF coupling
(Table 2). The S = 0 low-spin configuration of the Fe centers in
the chain is maintained up to 400 K. No spin transition was
observed.

Because the p;-trz bridge should be the weakest exchange
pathway compared with the triple y,-trz bridges along the chain
and the bis-chelating oxalate bridge in the dimer, it can be
considered negligible in a first approximation. Thus, we have
modeled the magnetic data of 2 and 3 with an isotropic
Hamiltonian result of the addition of a chain of n-spin S centers
with a J; superexchange parameter, plus a dimer with a J,
parameter:

n—1
H=-] ) 88 — LSS,
i=1

)

Compound 2 shows strong single-ion anisotropy typical of
octahedral Co®** complexes. Still, we tried to model the data
with the same Hamiltonian for S = 3/,, using the analytical
expression derived by Fisher for a chain:*’

= Ng’AS(S+1) 1+ u

3kT 1—u (3)
with
[ JS(S + 1)] kT
u = coth —
kT JS(S+ 1) 4)

The best fit is surprisingly good, being obtained from an
isotropic model. Although the absolute numbers for J; and J,
need to be taken as a rough estimation, it is interesting to note
how the AF interaction in the dimer is significantly stronger
because ], doubles J;.

The isotropic Hamiltonian for a chain of equally spaced
isotropic S = 1 magnetic centers has an analytical expression:*’

DOI: 10.1021/ic503032g
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Table 2. Magnetic Parameters for Compounds 1-3, 5, and 6

T (emu K mol™)*  XTgo(emu K mol™)  C (emu K mol™") q (K) g Ji (em™) T, (em™) T. (K) H, (0e)?
1 7.60 6.0 8.33 289  230(1) -51(2)
2 10.43 7.5 12.45 -565  2.50(2) -3.1(2) —62(4)
3 3.80 40 498 —984  22002)  —12(1) ~16(2)
S 1193 13.1 1391 —-52.2 2.1° 9 450
6 8.93 9.0 11.74 —90.6 2.3¢ 66
2300 K. ¥2 K. “Estimated from the Curie constant.
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Figure 6. Thermal dependence of the y,, T product for compounds 1—
3, 5, and 6 under an applied magnetic field of 1000 Oe.

_ Ng’p? 2.0 + 0.0194x + 0.777x
kT 3.0 + 4.346x + 3.232x> + 5.834x°
[
with x = Ll
k (8)

Using this expression for 3, the fitting of the magnetic data
yields a stronger overall AF exchange for this derivative, and J;
~ 0.75], (Table 2). This is in good agreement with the
exchange coupling constants found in homometallic oxalate-
bricz%ed dimers that significantly exhibited stronger coupling for
Ni.

Compounds § and 6 have a much more complex magnetic
connectivity. Their magnetic data cannot be fitted to a simple
model because of their layered structure with multiple and
competing superexchange pathways. The room temperature
XmT products are 11.93 and 8.93, respectively. Both numbers
are lower than the expected spin-only values (Table 2). A
Curie—Weiss fitting of the high-temperature data yields Curie
constants in good agreement with the spin-only values (Table
2). The behavior of y,, T under an applied field of 0.1 T is
apparently very similar to that of the previous compounds
(Figure 6). However, the y,, versus T plots are quite different.
In addition to the appearance of a maximum due to the
dominant AF interactions, one can observe additional features
that suggest the appearance of spontaneous magnetization.

In the case of §, y,, shows a maximum of around 12 K and a
sudden jump below 10 K (Figure 8). The ZFC and FC data
show the appearance of an irreversibility (Figure 9), which
suggests the onset of spontaneous magnetization. This is
confirmed by the RM, which remains at zero field. RM
disappears at 9.0 K, which defines the critical temperature (T)
for this compound. Alternating-current (ac) magnetic measure-
ments (Figure S3 in the SI) are significantly different from the
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Figure 7. Thermal dependence of the magnetic susceptibility for
compounds 1-3, respectively, measured under an applied magnetic
field of 1000 Oe. The red line shows the best fit with the model
described in eq 1.

direct-current (dc) data, supporting the onset of spontaneous
magnetization. However, ac data are surprisingly complex. The
in-phase susceptibility shows a sharp decrease below 9 K,
concomitant with the appearance of a nonzero out-of-phase
signal, although very weak. Even though no frequency
dependence was observed. Magnetization (M) data at 2 K
(Figure S4 in the SI) are essentially linear up to 7 T, when they
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Figure 8. Thermal dependence of magnetic susceptibility for
compounds 5 and 6 measured under an applied magnetic field of
1000 Oe. Inset: Detail of the low-temperature data.
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Figure 9. ZFC and FC (applied magnetic field of 25 Oe) and RM for
compound §, showing the appearance of spontaneous magnetization.

reach 2.1 pg, far from the expected 15 uy for parallel spin
alignment. This behavior is typical of magnets with dominant
AF interactions.>” The hysteresis loop shows a memory effect,
with a coercive field of 450 Oe (Figure S4 in the SI).

For compound 6, y,, follows an apparently similar trend,
reaching a round maximum at 23 K, but no jump is found
below the maximum. y,, keeps decreasing with temperature and
only changes the tendency below 10 K, when it increases again
(Figure 8). Surprisingly, the ZFC/FC data show an
irreversibility above 60 K (Figure 10), associated with a RM
that disappears at 66 K, determining the onset of spontaneous
magnetization. The ac magnetic susceptibility data show
apparently two separated processes, with two maxima in y/,
associated with a nonzero signal in y” (Figure SS in the SI).
Again, the out-of-phase signal appears to be very weak and
noisy. Multiple processes in ac data have been observed in
other 2D materials and are related to the low dimensionality of
the magnetic networks. The assignment of these two features to
multiple phases can be ruled out because of multiple (indirect)
experimental evidence. The RM of both features is comparable,
both maxima are of the same magnitude, and both appear in the
ac and also the ZFC data. Such a major contribution could only
arise from major contamination, which cannot exist because
these measurements were carried out on grounded hand
collected single crystals, avoiding any major contamination.

The field dependence of the magnetization (Figure S6 in the
SI) shows a fast increment up to 0.2 T and a linear behavior as
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Figure 10. ZFC and FC (applied field of 25 Oe) and RM for
compound 6, showing the appearance of spontaneous magnetization.
Inset: Detail of the temperature range where ZFC and FC diverge and
when RM disappears.

the magnetic field is further increased. No significant
differences were found in the 2—70 K temperature range. M
barely reaches 1 uy at 7 T and 2 K, far away from the 9 py
expected for parallel spin alignment, confirming dominant AF
interactions. As the temperature is increased, M shows identical
behavior at the low-field range but a higher slope at higher
fields to reach higher magnetization values. All of these data
confirm again the dominant AF interactions. No hysteresis
appears for this compound, which behaves as a very soft
magnet.

B DISCUSSION

The combination of oxalate, 1,2,4-triazolate, and fluoride anions
with divalent first-row metal cations under hydrothermal
conditions has demonstrated to be a versatile reaction. The
outcome depends on the nature of the transition metal. Using
metal oxalates as starting materials, Mn** only forms one
insoluble phase (5) that includes all three ligands in its
structure. On the other hand, Co** and Ni** (2 and 3) only
yield a completely different phase where the fluoride anion is
not incorporated, no matter the reaction conditions. Zn?*
reactivity follows this last reaction pattern although it yields a
different polymeric arrangement (4). Finally, Fe’* shows an
intermediate situation. A fluoride-less compound is the main
phase (1), but a fluoride-containing product is also obtained
(6), structurally reminiscent of the Mn** derivative.

It is interesting to note how the growth of phase 1 and that
of phase 6 follow opposite building models. 1 is dominated by
the coordination mode of the 1,2,4-triazolate units. The 1D
triply bridged chains are stabilized by M,(ox) dimers, whereas
the oxalate moieties appear with the classic p,-bis-chelating
mode. On the contrary, the crystal structure of 6 is dominated
by the coordination pts mode of the oxalate dianions, which
imposes a planar arrangement of metal centers, with the trz
moieties acting as ancillary ligands interconnecting the layers.

The origin for this different behavior should be related to the
size of the metal cations. Larger dications, such as Mn?*, can
accommodate the p4 mode, which requires longer bonding
distances. Indeed, 5 includes heptacoordinated metal centers,
where the larger atomic radii of Mn** allows stabilization of y-
F bridges. Co*, Ni**, and Zn®* are too small to stabilize this
multiple bonding, preferring formation of the chain structure.
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Fe’" is an intermediate case, where both structural types are
stable, even in the absence of the y;-F bridges.

This series shows how different structural features result in
completely different magnetic behavior. The compounds
dominated by the M—trz—M and M—ox—M connectivity (1—
3) exhibit paramagnetic behavior in the entire temperature
range studied, with significant AF interactions between spin
carriers, stabilizing a nonmagnetic ground state because of the
1D plus dimer magnetic connectivity. In general, AF
interactions are significantly stronger through the oxalate
bridge.

Compounds § and 6 include multiple triangular arrays of
antiferromagnetically coupled paramagnetic centers, favoring
the appearance of competing interactions. Both materials
exhibit spontaneous magnetization and memory effect appear-
ing at 9 and 66 K, respectively, as demonstrated by divergence
of the corresponding ZFC/FC data along the RM. No other
physical origin can be reasonably claimed for the observed data.
Furthermore, the absence of frequency-dependent ac suscept-
ibility suggests that these materials exhibit magnetic ordering. §
contains ys-fluoride and pg-oxalate, both of them forming AF
triangles. In this case, the Mn—F distances are significantly
shorter than the corresponding Mn—oxalate ones, suggesting
that the p;-fluoride bridge is the major contribution to the
magnetic features. On the contrary, the pg-oxalate connecting
mode in 6 is the only possible origin for competing
interactions. Moreover, 6 exhibits the highest T reported for
oxalate-based magnets (Table 3) and the second highest T
compared with molecule-based homometallic m §nets (Table
4), only surpassed by an oxo-bridged compound.

Table 3. Ordering Temperatures for the Selection of
Oxalate-Based Magnets

network order” T (K) ref
[Fe'(trz),(0x)F,] (6) WE 66 this work
[Fe"Fe(0x),]™ ferri 48 54
[Fe"'Fe(0x),]~ ferri 45 55
[Mn"Fe™(0x);]~ WF 31 56
[Mn"Fe" (0x);]~ WF 29 57
[M; HFem(ox) WE 27 S8
[Fe'(H,0),{Fe"™(0x);}5]3~ ferri 26 59
[Fe(ox)(CH,0H)] WE 23 60
[Fe"Mn"(ox);]~ WF 21 61
[Ni"Mn"(ox);]~ ferri 21 61
[Mn"Fe™(0x),]~ WF 20 62
[Mn"(H,0) ,{Fe"(0x);};1*~ WEF 14 62
[NiCr(ox);] ferro 14 63
[Co",(ox),]* WE 9 64
[Mn;(trz),(ox)F,] (S) WEF 9 this work
[MnCr(ox),]~ ferro 6 63
[Mn(CH;0H)Cr(ox);]*" ferri S 65

“ferro = ferromagnetic; ferri = ferrimagnetic; WF = weak ferromagnet.

B CONCLUSIONS

The mixing of two short-pathway connecting organic ligands,
oxalate and 1,2,4-triazolate, in the synthesis of coordination
polymers has led to the isolation of 3D networks with strong
dominant AF superexchange interactions. The geometry of 1—
3 is dominated by the formation of 1D pj-triazole chains
interleaved by oxalate-bridged dimers, where the oxalate anion
acts in its classic p,-bis-chelating coordination mode. The
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Table 4. Ordering Temperatures for the Selection of
Molecule-Based Weak Ferromagnets

network linker” S T (K) ref
(Et-NH;),[Fe,0(0x),Cl,] oxo 5/, 70.0 53
[Fe;(trz),(ox)F,] (6) oxalate 2 66.0 this work
Cr(dca), dca 2 47.0 66
Co(2-pymS), pm 3/, 42.0 67
Na;[Mn;(HCOO),] oxo /s 40.0 68
(NH,),[Fe,0(0x),Cl,] oxo 5/, 40.0 69
[NH,(CH,),]Ni(CHOO), carboxy 1 35.6 70
Mn(4-PMK)(N3), azide 5/, 22.0 71
Fe[C¢H;PO,] phos 5/, 21.5 72
Mn(2-pymS), pm 5/, 212 67
Ni(mtpo),(H,0) pm 1 19.0 73
Fe,(imid)(imidH), imidazole 2 17.0 74
[dmenH][Co,(HCOO);] carboxy 3/, 16.7 75
Co(N;),(ampyz) (3D) azide 3/, 16.0 76
Mn(dca), dca /s 15.9 77
Co,(pmtz), tetrazole 3/, 15.0 78
[NH,(CH,),]Co(CHOO), carboxy 3/, 14.9 75
Co(bIM) (acetate) imidazole 3/, 13.0 79
Mn,(PMA)(N,), azide 5/, 12.5 80
Co,(OMe),(0,CPh),(dhq), alcoxo 3/, 12.0 81
Co(Nj3),(4acpy), azide 3/, 11.2 82
Co(Nj;),(ampyz) (2D) azide 3/, 10.0 82
Co(dca), dca 3/, 9.0 83
[Mn;(trz),(ox)F,] (5) oxalate /s 9.0 this work
[dmenH][Mn,(HCOO);] carboxy 5/, 8.5 78
[NH,(CH;),]Mn(HCOO), carboxy 5/, 8.5 73
Mn(dca),(H,0) dca /s 6.3 84
Co,(TDDC),(H,0), carboxy 3/, 6.0 85
[Fe(dca),],(pm) dca 2 5.6 86
Co,(pico),(4,4"-bpy);(H,0),  carboxy 3/, 3.0 87
Co(mtpo),(H,0) pm 3/, 3.0 75
Mn(btr), triazole 5/, 2.6 88
“acpy = 4-acetylpyridine; ampyz = 2-aminopyrazine; bIM =

benzimidazole; 4,4'-bpy = 4,4'-bipyridyl; carboxy = carboxylate; dca
= dicyanamide; dmen = N,N’-dimethylethylenediamine; Hbtr = 3,4'-
bi-1,2,4-triazole; Hmtpo S-methyl-1,2,4-triazolo[1,5-a] pyrimidin-
7(4H)-one; phos = phosphate; pico = 3-hydroxypicolinate; pm =
pyrimidine; 4-PMK = 4-pyridylmethylketazine; pmtz = S-(pyrimidyl)
tetrazolate; 2-pymSH 2-mercaptopyrimidine; TDDC = 2,1,3-
thiadiazole-4,5-dicarboxylate.

introduction of fluoride anions yields different coordination
polymers for the larger metal dications (Mn, S and Fe, 6),
whose structure is dominated by the formation of corrugated
2D layers containing y-oxalate connectivity. These are the first
compounds where the oxalate ligand connects six paramagnetic
centers.

It is worth noting the success of this mixed-ligand
homometallic strategy to induce complex magnetic structures.
In this case, fluoride anions have allowed, for the first time, the
identification of a y¢-oxalate bridge, a connectivity expected to
stabilize magnetic ground states in homometallic compounds
because of the appearance of competing interactions. This is
confirmed by the spontaneous magnetization observed in both
compounds.

6 exhibits the highest ordering temperature for an oxalate-
based magnet, when containing Fe?* (S = 2). This illustrates
the excellent opportunity offered by the y-oxalate arrangement
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to reach even higher temperature molecule-based magnets. We
can envision higher ordering temperatures in pg4-oxalate
magnetic compounds by the incorporation of highly anisotropic
metal centers (Co®") and/or stronger oxalate-based coupling
(Ni**). However, the smaller size of these cations may need
larger counteranions to stabilize analogous networks. This work
is underway.
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