Zuschriften

478

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Magnetic Materials

One-Dimensional Magnetism in Anhydrous Iron
and Cobalt Ternary Oxalates with Rare Trigonal-
Prismatic Metal Coordination Environment**

Michael B. Hursthouse, Mark E. Light, and
Daniel J. Price*

Solid-state coordination chemistry of oxalate (ox) compounds
continues to receive much attention, with new structure types
being reported for even the simplest binary oxalates.'! In
anhydrous materials complex network structures are formed
owing to the high degree of ox*~ coordination (bridging up to
six metal ions). In contrast hydrates and materials containing
additional noncoordinating cations®” tend have reduced
oxalate coordination, linking only two metals with the
symmetric bischelating mode as the dominant bridging
motif in the network structure. While there are a great
many hydrated ternary oxalates very few anhydrous salts are
known.”! Most ternary oxalates are formed at high ox*~:M"*
ratios (M = metal center) resulting in simple discrete anionic
complexes with [M(0x),4]"~ compositions although in a few
cases the [M,(0x),]"~ component forms an extended network
structure.

The oxalate dianion is well known to mediate a significant
antiferromagnetic exchange interaction when it bridges para-
magnetic ions, and transition-metal oxalates® have played a
key role in the development of molecular-based magnetism.
New oxalate-bridged transition-metal networks are likely to
provide many new and useful model magnetic systems.

We have used hydrothermal synthesis to produce a new
anhydrous ternary metal oxalate; K,M(ox), which comprises
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a network structure in which chains of Fe" or Co" ions are
coordinated in a rare trigonal-prismatic environment.
Hydrothermal reaction of mixtures containing MCl, (M =
Fe, Co), K,o0x, KBr, and H,O (in an approximately 1:2:25:200
molar ratio) yield crystals of K,M(ox), (M =Fe (1), Co (2)),
and KBr on cooling from 225°C. Addition of water to the
cooled reaction mixture results in the decomposition of the
ternary oxalate and the precipitation of Mox(H,O),. Experi-
ments show that a minimum potassium-ion concentration of
approximately 6 Molar is required to from these products.
This situation implies that the chemical potential of potassium
ions in these materials is very high, and that neither of these
compounds can be crystallized from a solution containing the
components in the same stoichiometry as in the solid phases.
Compounds 1 and 2 are isostructural, crystallizing® in the
space group P2/c. The asymmetric unit contains one Fe'/Co"
ion, three potassium cations and three crystallographically
distinct oxalate anions (Figure 1). Each transition-metal
center is coordinated by three oxalate ligands in the usual
chelating mode. The M" ion has a rare trigonal-prismatic
coordination geometry. The O--O separations along the
triangular face of the prism fall between 2.776-3.005 A for 1
and 2.711-2.935 A, for 2, while the O--O distances between
these triangular faces are constrained by the oxalate anions
and lie in the narrow range 2.643-2.677 A for both com-
pounds. The degree of distortion from trigonal-prismatic
geometry can be characterized by the twist angle ¢ (¢ =0° for
a trigonal prism, ¢ =30° for a trigonal antiprism), we
determine ¢ =1.68 and 1.75° for 1 and 2, respectively. The
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Figure 1. The asymmetric unit of K,M(ox),; M=Fe (1) and selected
symmetry equivalent atoms, showing the trigonal-prismatic coordina-
tion of the transition-metal ion and the bridging coordination of two of
the oxalate dianions. Thermal ellipsoids are set at 90% probability.
Selected bond lengths [A] an angles [°] for 1 (M =Fe)/2 (M =Co): M1-
O1 2.091(4)/2.059(3), M1-02 2.107(5)/2.071(3), M1-O5 2.141(7)/
2.121(3), M1-06 2.174(6)/2.151(3), M1-O7 2.138(6)/2.115(3), M1-O8
2.159(6)/2.137(3); O1-M1-02 78.02(11)/79.87(12), O1-M1-05
131.36(11)/132.47(12), O1-M1-06 84.51(10)/84.14(13), O1-M1-07
90.56(10)/89.36(13), O1-M1-O8 140.94(11)/141.86(12), 02-M1-05
88.28(11)/87.40(13), 02-M1-06 139.93(11)/140.74(
(
(

13), 02-M1-07
135.08(11)/135.97(13), 02-M1-O8 85.24(11)/84.99(13), O5-M1-06
76.70(10)/77.47(13), O5-M1-07 128.52(10)/128.23(13), O5-M1-08
82.56(10)/80.95(12), 06-M1-07 80.17(10)/78.90(13), 06-M1-08

1

127.97(10)/126.88(13), O7-M1-08 76.83(10)/77.66(13).
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three potassium environments show considerable variation in
their coordination; K3 is six coordinate in a distorted
octahedral environment, K1 occupies a distorted square
antiprism, and K2 is in an irregular nine-coordinate geometry.

The structure can be considered as infinite chains of
transition-metal oxalate, with the formula [M"(ox),],**"
separated from each other by the potassium cations
(Figure 2). These anionic chains contain the two distinct
types of oxalate ion, one of which is simply coordinated to a
single M ion, while the others bridge two M ions in the
common bischelating mode (Figure 1). This results in a zigzag
chain running along the g axis with M--M separations of
5.570(15) for 1 and 5.512(2) A for 2.

Figure 2. Packing diagram of 1, viewed along the b axis, showing the
interdigitation of the [M(ox),],>"~ chains and the relative positions of
the potassium counter ions. K large open circles, Fe gray circles,

O small open circles, C black circles.

The [M(0x),],”"~ chains pack with the capping oxalate
from adjacent chains being interdigitated, which results in
layers in the ac plane.

The trigonal-prismatic geometry for Fe"" and Co" centers
is rare. A few examples of high spin M"Oy coordination are
known ¥ but in most cases the M" cation is also found in
other coordination geometries within the crystal structure.
While both Fe" and Co" stand to lose considerable crystal-
field stabilization energy (CFSE) by not adopting an octahe-
dral geometry, repulsion-energy calculations favor a geome-
try between trigonal-prism and trigonal-antiprism for trische-
lated metal ions.”) On these electrostatic arguments we expect
the normalized ligand bites (defined as the ratio of the
distance between donor atoms on a chelating ligand and the
average metal-to-donor-atom separation) of 1.248 and 1.263
for 1 and 2 to have corresponding twist angles of approx-
imately 22°. It is clear that the observed coordination
geometry is only formed under exceptional conditions. In
this case packing forces in K,M(ox), are responsible for
stabilizing the MOy trigonal-prismatic geometry in the solid
state.

Another unusual feature of these materials is the tran-
sition-metal-oxalate chain motif. While a number of “zigzag”
oxalate chains are known,!'” in most cases a bidentate amine
has been used to cap two cis-related coordination sites on the
metal center, which prevents further oxalate coordination and
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a more extensive structure. Only one other example of a chain
where an oxalate has a capping function has been reported;
[CsN,H,][Zn(0x),](H,0)s.""

The magnetic susceptibility of 1 shows three distinct
features (Figure 3): an abrupt step-like transition at 117(3) K,
a broad maximum centered at 18.5(5) K and a “paramagnetic
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Figure 3. The magnetic susceptibility of 1 showing the three distinct
features described in the main text, and the best fit to the data.

tail” at the lowest experimental temperatures. The transition
at 117 K is due to the Verwey transition” in magnetite, a
common minor impurity from hydrothermal methods™ (in
this case we estimate the magnetite impurity at ~ 0.4 % ). The
broad maximum at 18 K is characteristic of the low-dimen-
sional antiferromagnetic behavior" expected for 1, while the
“paramagnetic tail” at the lowest temperatures is normally
associated with a low level of paramagnetic impurity. In this
case defects in the chain may result in paramagnetic-like
behavior from “chain ends”.'” The precise behavior of
magnetite in the vicinity of the Verwey transition is very
sample dependent,'®! being influenced by particle size, purity,
crystal orientation and applied field strength. Consequently
we exclude the region between 90-120 K from our analysis.
At first we attempted to model the observed behavior as a
sum of three components; a contribution from the magnetite
impurity, a component from a simple linear antiferromagneti-
cally coupled chain” plus a small contribution from a
paramagnetic impurity. Data below the broad maximum is
not well described by this model as the susceptibility is
observed to decrease more rapidly than expected. A better fit
is obtained by excluding the data below 12 K and fitting with
just the 1D antiferromagnetic model plus a magnetite
contribution (Figure 3). This approach gives an oxalate-
mediated exchange coupling of “2J/kg” = —4.65(5) K and a
g value of 2.24(2) for a high spin S=2 electronic configu-
ration. The interaction strength is a little weaker compared
with other similarly bridged Fe" compounds™ which range
from —7 to —11 K. The low-temperature deviation of the
susceptibility could signify either a transition to a long-range
ordered antiferromagnetic state (which is not evident in the
powder susceptibility measurement) or more interestingly,
unusual quantum phase behavior. In particular integer-spin
antiferromagnetic chains are predicted to show a “Haldane”
gap!"! between a nonmagnetic quantum ground state and the
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first excited triplet state. While there are several convincing
examples of S=1 Haldane materials/® §=2 examples
remain unknown. In addition advances in theory now
suggest? a fundamental difference exists between the
ground-state quantum-order of odd and even integer 1D
antiferromagnets.

The magnetism of 2 (Supporting Information) is not
complicated by impurities. On cooling 2 shows a broad
maximum in y at 47(2) K followed by a discontinuity at 37 K.
The data above 120 K is well described by the Curie—Weiss
law with C=3.66(2) cm™>Kmol™' and 6=—41(1) K. The
room temperature moment of 5.04py is large compared to
the spin only expectation for a high-spin configuration, which
signifies a substantial orbital contribution. This contribution
can be parameterized in an effective g value of 2.60. All the
data in the paramagnetic regime above 37 K is very well
described by the antiferromagnetic chain model"” with § =3/
2, least-squares analysis give a coupling constant “2J/k,” =
—19.5(1) K. This value is considerably larger than for com-
parable oxalate-bridged Co"Og octahedra.'®?! It appears
that at 37K the sample undergoes a magnetic phase
transition, to an ordered, essentially 3D antiferromagnetic
state. Interchain interactions and single ion anisotropy are
likely to be responsible for this dimensionality crossover.

In summary we have demonstrated the synthesis of an
uncommon anhydrous ternary oxalate from very concen-
trated aqueous potassium-ion solutions. The transition-metal
environment in these materials is a rare trigonal-prismatic
geometry. From a magnetic perspective the simple structure
makes these materials good 1D model systems. In particular 1
may be the first serious candidate in which to find the much
prized Spin 2 Haldane quantum antiferromagnetic behavior
at low temperatures. More sophisticated magnetic studies are
underway to establish this latter point.

Experimental Section

Optimal synthesis of K,Fe(ox), (1): FeCl,(H,0), (0.419 g, 2.12 mmol),
K,0x(H,0) (0.960 g, 5.02mmol), KBr (5.97 g, 50.2 mmol), and
distilled water (7 mL, 390 mmol) were placed in a 23-mL capacity
Teflon-lined autoclave and heated to 225°C for 4 h then cooled back
to room temperature over 14 h. The solvent was decanted and ethanol
added to the mixture resulting in the precipitation of KBr. Repeated
sonication in ethanol and removal of the flocculent precipitate by
decanting the fine suspension left a mixture of the product and large
crystals of KBr. This mixture of solids was collected by filtration and
dried under suction. Glycerol (80 mL) was added to the mixture of
solids, and heated to 100°C, dissolving the KBr. The orange
crystalline product was collected by filtration, washed with methanol,
and dried in air. (Yield 0.4239 mg, 1.48 mmol, 70 %) Magnetization
studies (see main text) show Fe;O, impurity at ~4%. IR diff. refl.,
KBr matrix: 7 =3432 m, 3229 w, 3190 w, 3114 w, 3040 w, 2949 w, 2902
w, 2940 w, 2841 w, 2818 w, 2696 w, 2612 w, 2559 w, 1928 w, 1836 w, 1777
m, 1668 s, 1624 s, 1425 m, 1388 m, 1337 m, 1285 m, 892 w, 801 m, 783 m,
520 m, 504 m, 415 w, 386 cm ™! w. UV, diff. refl., BaSO, matrix, A nm™'
(abs/relative) 2392 (0.073), 2211 (0.065), 1798 (0.080) sh, 1625 (0.088),
1353 (0.087) sh, 1123 (0.092), 412 (0.17), 301 (0.11) sh. Elemental
analysis (%) caled for K,FeC,Oq: C 15.49; found: C 15.39. Thermog-
ravimetric analysis (TGA; 60% O,, 40% N,, 10°Cmin ") single-step
decomposition, onset 406°C, mass lost 29.1%. Expected loss for
decomposition to K,CO;+ 0.5 (Fe,05), 29.7%.
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Optimal synthesis of K,Co(ox), (2): As for 1 but with the
following reagent quantities: CoCL(H,0O)s (0.29 g,1.2 mmol),
K,0x(H,0) (0.59¢g, 3.2mmol), KBr (15.96g, 134.1 mmol), and
distilled water (5mL, 280 mmol). (Yield 123 mg, 33%) IR diff.
refl., KBr matrix: 7 = 3436 m, 3230 w, 3206 w, 3157 w, 3122 w, 3080 w,
3042 w, 2940 w, 2900 w, 2829 w, 2699w, 2620 w, 2561 w, 2512 w, 2427 w,
2376 w, 1931 w, 1672 s, 1626 s, 1428 m, 1385 m, 1340 m, 1285 m, 1135 br
m, 894 w, 806 m, 783 m, 518 m, 505 m, 420 cm™! w. UV, diff. refl.,
BaSO, matrix, A nm ' (abs/relative) 1805 (0.055) sh, 1614 (0.062),
1350 (0.072) sh, 1095 (0.088), 549 (0.10), 496 (0.080) sh, 293 (0.12).
Elemental analysis (%) caled for K,CoC,Oy: C 15.34; found: C 15.07.
TGA (60% O,, 40% N,, 10°Cmin™") single-step decomposition,
onset 353°C, mass lost 28.6 %. Expected loss for decomposition to
K,CO; +0.333(C050,), 30.3%.

Field-cooled magnetic-susceptibility measurements were per-
formed between 2 and 290 K in applied fields of 200 and 1000 G. A
diamagnetic correction of —92x 10~ cm®*mol~! was estimated from
Pascal's constants.’!
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