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Layered [BaM(C;H,0,),(H,0)4] (M = Fe or Co) Complexes — Spectroscopic,
Magnetic and Thermal Study
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Complexes with formula [BaM(C3H,0,),(H,0)4], where M =
Fe or Co, were synthesised and characterised. These two
types of complexes are isostructural and crystallise in the
Pccn space group. Their structure consists of two-dimen-
sional networks of octahedral MOg polyhedra in which the
transition metal ions are coordinated by bridging malonate
ligands, through the O-C-O atoms. These M-malonate units
are extended along the crystallographic [101] plane. Spectro-
scopic data are consistent with the cations being in a high-

spin octahedral symmetry. The two types of compounds ex-
hibit 2D antiferromagnetic interactions as well as weak ferro-
magnetism below the Néel temperature, as a result of an in-
tralayer misalignment of the spins. Thermal treatment of the
metallo-organic precursors gave rise to BaMO;_, oxides at
lower temperatures and reaction times than those found in
the literature using the ceramic method.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003).

Introduction

The chemistry of heteronuclear complexes involving
bridging carboxylate ligands has been exhaustively investi-
gated using a wide variety of physical techniques such as
electronic spectroscopy, susceptibility measurements, EPR
spectroscopy,... with the aim of understanding the struc-
tural and chemical factors that govern the exchange coup-
ling between paramagnetic centres.

The malonate ligand, with two neighbouring carboxylate
groups, is a very flexible ligand which can adopt a monod-
entate mode, various bischelating coordination modes and
different carboxylate bridging modes (syn-syn, syn-anti, and
anti-anti).!" It is a useful tool for connecting different metal
ions and transmitting different magnetic interactions. In
this way, ferromagnetically” or antiferromagnetically!
coupled dimers, alternating chains,*> polymeric trinuclear
antiferromagnetic complexes!®”! and two-dimensional ferro-
magnetic and antiferromagnetic compounds®°! have been
obtained and studied.

On the other hand, these complexes can be used as an
alternative to the ceramic method in the synthesis of mixed
oxides.['%11 In this sense, several studies with different met-
allo-organic precursors, employing carboxylate ligands such
as edta,!'? oxalate!!¥] and tartrate,['¥ or nitrite!'>! have been
carried out, and more recently using the malonate
ligand.[8-16~18]

Malonate complexes such as [AM(C3;H,04)>(H>O)4],
where A is Sr or Ba and M is Mn or Cu, showed interesting
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spectroscopic and magnetic properties. Furthermore, their
usefulness as precursors of mixed oxides was proved, and
homogeneous oxides with small particles were obtained by
thermal treatment of [AM(C3;H,04),(H,0),.B1 In this
paper we describe the synthesis and the spectroscopic and
magnetic properties of the [BaM(C3;H,04),(H,0),] M =
Fe or Co) compounds, together with their thermal study.
These complexes will be abbreviated as BaFe and BaCo.

Results and Discussion

Crystallographic Study

Powder X-ray diffraction patterns of the microcrystalline
products were recorded. Indexation of the diffraction pro-
file and refinement of the cell parameters were made by
FULLPROF (pattern-matching analysis)['” on the basis of
the space group Pccn and the cell parameters found for a
single crystal of [SrCu(C3H,04),(H>0)4], as published pre-
viously®®! (see Figure 1). The obtained crystallographic data
for the [BaM(C3;H,04),(H,0),4] (M = Fe or Co) complexes
are given in Table 1. The variation of the cell volume is in
good agreement with the corresponding cation size. Taking
these results into account, we have considered the two
phases to be isostructural to the already characterised phase
SrCu.®1 The structure consists of two-dimensional networks
of transition metal ions coordinated by bridging malonate
ligands. These M-malonate units are infinitely extended
along the crystallographic [101] plane (see Figure 2). The
metallic centres are octahedrally coordinated, with two oxy-
gen atoms from two bidentate malonate anions at basal
sites and two oxygen atoms from two malonate anions at
apical sites. These bridging arrangements by carboxylate
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groups form infinite sheets where the shortest M---M dis-
tances occur through the O-C-O atoms. The alkaline earth
cations are located between the M-malonate layers and are
coordinated to four oxygens of different malonates and to
two lattice water molecules, forming a distorted antiprism.

' bkl

Intensity / a.u.

_’\ S M s gt e

e I e
10 15 20 25 30 35 40 45 50
20/°

Yobs

Yeal

Yobs-Ycal
1 hkl

BaCo

Intensity / a.u.

|
s

'
00 N a0 s

" i
ot < S b
4 ! :

35 40 45 50
20/°

10 15 20 25 30

Figure 1. Observed, calculated and difference XRD profiles for the
BaFe and BaCo phases

Table 1. Crystallographic data for the [BaM(C3;H»04)>(H>0)4]
(M = Fe, Co) compounds

BaFe BaCo SrCul®
Molecular mass 469.28 472.36 427.27
Crystal system  Orthorhombic Orthorhombic Orthorhombic
Space group Pcen Pcen Pcen
a(A) 6.795(2) 6.782(1) 6.719(2)
b (A) 18.948(4) 18.976(3) 18.513(7)
c(A) 9.492(3) 9.407(2) 9.266(4)
V(A% 1222.1 1210.0 1152.6

(2l Data calculated from a single crystal study.®!

Thermal Study
The thermal decomposition steps of the compounds were
obtained from the TG curves shown in Figure 3. The ther-
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mogravimetric data are summarised in Table 2. Decompo-
sition arises from three consecutive processes: dehydration,
ligand pyrolysis and inorganic residue formation.

The first process takes places in the 75—100 °C tempera-
ture range and corresponds to the loss of four water mol-
ecules. This process occurs in only one step, suggesting that
all the water molecules are similar. This was also deduced
from the crystallographic data of the SrCu compound. No
significant differences between the treatments in air and ni-
trogen atmospheres were observed, except for slight dis-
placements in the decomposition-temperature ranges.

The second stage involves the decarboxylation of the li-
gand, and takes place in the 250—450 °C temperature
range. The following reaction schemes are the most plaus-
ible way of describing the decomposition process:MM'L,
(s) = MCO; (s) + M'CO; (s) + R (g) (a)MM'L, (s) —
MO (s) + M'CO;3 (s) + R (g) (b))MM'L, (s) - MO (s) +
M’O (s) + R (g) (¢)

The main factor controlling the pyrolysis process is the
nature of the cation coordinated to the ligand®” and, de-
pending on the stability of the metal carbonates, reactions
(a), (b) or (c¢) can occur. In our case, as alkaline-carth
metal carbonates are stable, the ligand pyrolysis can be de-
scribed by the second reaction. The weight loss is in good
accordance with the decarboxylation of the malonate ligand
to yield BaCOj3 and the corresponding transition metal ox-
ide. The oxide obtained can vary depending on the applied
atmosphere. Therefore, we propose that the Fe,O; and
Co50, oxides are formed in air while the Fe,O3; and CoO
oxides are obtained under a nitrogen atmosphere.

Finally, a gradual mass loss is observed at temperatures
above 600 °C, when carbonate decomposes and mixed ox-
ides are formed. At this stage, the applied atmosphere plays
an important role; either complete decomposition under ni-
trogen is not reached or more reduced mixed oxides are
obtained. In fact the inorganic residues analysed by X-ray
diffraction indicated the presence of different BaFeO;_,
and BaCoOj;_,, mixed oxides.

Following this study, and in order to obtain pure phases
of mixed oxides, several thermal treatments in tubular fur-
naces were carried out. After firing the BaFe and BaCo
malonate precursors at 400 °C, investigations at higher tem-
peratures and different atmospheres were performed for
each case. The resulting products were characterised at each
stage by X-ray powder diffraction (see Figure 4). The ther-
mal decomposition of the [BaFe(C3H,0,4)>(H,0)4] precur-
sor was carried out under an oxygen atmosphere at 800 °C
to yield the non-stoichiometric oxide BaFeO;_, .*!1 In the
case of the barium cobalt metallo-organic precursor, a
treatment at 700 °C in air was needed in order to obtain
the non-stoichiometric BaCoOs_,, as a pure phase.l*?!

Spectroscopic Properties

Infrared Spectroscopy
The IR spectra of the [BaM(C3H,04),(H,0),4] (M = Fe
or Co) compounds are very similar. Broad bands observed
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Figure 2. (a) Two-dimensional network of transition metal polyhedra and (b) alkaline earth centre and junction to transition metal

polyhedra in [AM(C3 H204)2(H20)4]
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Figure 3. TG curves of the BaFe and BaCo complexes, under air (——) and nitrogen (---)
Table 2. Thermogravimetric data of the [BaM(C3;H,0,4),(H,0)4] (M = Fe, Co) precursors
Stage T (°C) % weightld] Products
BaFe air 100— 180 84.5 (34.4) [BaFe(C3H,0,)5]
Dehydration N, 70—180 85.0 (34.4) [BaFe(C3H,0,),]
BaCo air 95—190 85.0 (84.7) [BaCo(C5H,04),]
N, 75—175 85.5 (84.7) [BaCo(C5H,04),]
BaFe air 275340 59.0 (59.1) BaCO; + Fe,04
Ligand pyrolysis N, 290—-450 58.8 (59.1) BaCO; + Fe,0O3
BaCo air 300—320 59.0 (58.8) BaCO; + Co304
N, 310—420 57.0 (57.6) BaCO; + CoO
BaFe air 600—700, 730- 53.5(51.4) BaFeO;
Inorganic residue formation N, 635—865 - BaCO; + Ba,Fe,Os
BaCo air 685- — BaCoO;
Nz 690- - BaCO3 + C0203
[al Theoretical values in brackets.
in the 3300—3500 cm™! region, can be assigned to the whereas the band corresponding to the symmetric

stretching vibration, v(O-H), of the hydroxyl groups in the
water molecules. The next group of bands appearing at
around 2900 cm ™! corresponds to the stretching vibration,
v(C-H), of the malonate ligands. The band observed at 1730
cm ™! for the malonic acid is shifted in the titled compounds
to 1600 cm ™!, This fact is indicative of the coordination of
the carboxylate groups to the metal ions. This band appears
together with the antisymmetric v,(OCO™) vibration,

2950 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

vs(OCO™) vibration is localised at 1370 cm™~!. Taking the
relative position of the antisymmetric v,(OCO™) and sym-
metric vy(OCO™) vibration bands into account, we can con-
clude that the bonding between the metal and the ligand
gives rise to a chelate.??! This observation is supported by
the crystal data obtained from the SrCu compound. Finally,
the bending vibration corresponding to the 6(C=0) group

is observed at around 1300 cm™!.
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Figure 4. XRD patterns of the phases obtained from the thermal treatment of the BaFe and BaCo precursors

Diffuse Reflectance Spectroscopy

The reflectance spectra of the BaFe and BaCo complexes
were recorded at room temperature in the 5000—45000
cm~! range. For the iron phase, a single band appears
which corresponds to the °E, « °T,, transition and is
characteristic of a high-spin d° configuration in octahedral
coordination. From the position of this band, the Dq par-
ameter was calculated to be 1150 cm ™!, in good agreement
with the usual values found for octahedrally coordinated
iron(11). The spectrum of the BaCo compound shows three
bands: at (v;) 8300, (v,) 15500 and (vs) 20600 cm ™!, which
were assigned to the following three allowed transitions:
YTy « *T)y (F), *Azg — T}, (F) and *Ty, (P) < T},
(F), respectively. By considering an octahedral model, the
values of Dq (940) and B (753 cm™ ') were calculated from
the v; and v; transitions. These values agree with those ob-
tained for cobalt(i) compounds in an octahedral ge-
ometry.[?4]

Magnetic Properties

Magnetic susceptibility measurements of powdered
samples of [BaM(C5H,04),(H»0),4] (Wwhere M = Fe or Co)
were carried out in the 1.8—300 K temperature range, with
applied magnetic fields of 1 and 0.1 kG. The y,, and %,,T
vs. T curves of both compounds are shown in Figure 5, to-
gether with those of BaMn, given for comparison. All the
calculated magnetic data are summarised in Table 3.

The por values measured at room temperature are 5.23
and 4.96 pg, for the BaFe and BaCo complexes respectively,
and correspond to high-spin states for both metallic cations.
In both cases, the y,,T data decrease with decreasing tem-
perature, reaching a minimum value at about 15 K. Then,
the curves suddenly increase and at lower temperatures de-
crease again, reaching a maximum in y,,7 at around 12 K.

The ym' vs. T curves follow Curie—Weiss behaviour
above 20 K, the Weiss constant, 0, being negative (—19.33
and —48.94 K), and the Curie constant, C,,, being 3.636
and 3.59 cm*K-mol~! for the iron and cobalt compounds,
respectively. The high value of 6 found for the cobalt com-
plex can be attributed to the spin-orbit coupling effect.
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The initial progressive decrease of the y,,7 data until
15 K, together with the negative values of 0, are indicative
of the presence of antiferromagnetic interactions. Consider-
ing the structural features of these compounds, the high-
temperature susceptibility data were fitted to a two-dimen-
sional Heisenberg antiferromagnetic model, employing the
expansion series given by Rushbrooke and Wood.!*’! Equa-
tion (1), (2) and (3) were deduced by taking into account
the S = 5/2, 2 and 3/2 values for the Mn"!, Fe! and Co'l,
respectively, and are based on the spin Hamiltonian H =
—2J X4 i~ SiSi:

Yom = 2.91 (N@BI(KT)[1 + 23.33x + 147.78x> + 405.48x3 +

8171.3x* + 64968 + 15811x6] ! @
Am = 2.00 (NgBH(KT) [1 + 16x + 72x* + 195.067x° + @
1781.87x* + 10301.4x° + 14736.4x6]"!
Ym = 1.25 (Ng®B2)/(kT) [1 + 10x + 30x2 + 42.6667x3 + 3

262.917x* + 1043.85x% + 790.112x°] !

where x = J/IkT.

The BaMn susceptibility data gave the following values:
g = 199 and J/k = —0.59 K,1® indicating the presence of
weak antiferromagnetic interactions. The best fit found for
the iron and cobalt complexes is represented by the corre-
sponding continuous lines in Figure 5. In the case of BaFe,
the experimental data agree with values of g = 2.187 and
JIk = —0.95 K only up to 30 K. At lower temperatures the
curve clearly deviates from the theoretical model. As the
maximum in y,, is out of the fitting range, the calculated J
value should be considered as a simple approximation. In
this case, the zero-field splitting effect should be taken into
account, especially at low temperatures. For the cobalt com-
pound, the calculated J/k and g values are —3.24 K and
2.679, respectively, even though the inaccuracy of the model
is obvious. The spin-orbit coupling effect progressively
changes from a spin state S = 3/2 in the octahedral co-
balt(1) ion to an effective spin state S" = 1/2 at low tem-
peratures. Nevertheless, we can assume that until 15 K the
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Figure 5. Thermal evolution of y,, and y,,7 for BaFe, BaCo and BaMn, measured at 1 kG. (The y,,7 vs. T curves measured at 0.1 kG

are represented in the insets)

Table 3. Magnetic parameters of the BaFe, BaCo and BaMn com-
pounds

Ty/K  C,lem*K- 0/K  p4lpg
mol~!
BaFe AF + weak FM  13.2 3.64 —19.3 5.23
BaCo AF + weak FM 13 3.59 —48.9 4.96
BaMnl®! AF + weak FM 7 4.34 —13.8 5.76

three compounds show two-dimensional Heisenberg anti-
ferromagnetic behaviour with a weak intralayer antiferro-
magnetic interactions between the MM atoms through
the O-C-O bridges. Below 15 K, the presence of the mini-
mum in the y,,, 7T curve together with a sudden increase indi-
cates that total antiparallel alignment of the spins is not
reached, suggesting the presence of long-range magnetic or-
dering due to the existence of interlayer ferromagnetic
coupling. Moreover, this is a field-dependent effect: the less
intense is the applied field (0.1 kG), the sharper is the maxi-
mum observed (see insets in Figure 5). In both cases, the
field dependency is more intense than that observed for the
BaMn compound.

In order to study this effect, magnetization measurements
were performed. The results are shown in Figure 6. The
magnetization shows a linear dependence on the magnetic
field at 20 K. However, at 5 K both curves became nonlin-
ear, indicating the presence of a ferromagnetic component
at this temperature. For the BaFe compound, an anomalous
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Figure 6. (a) M vs. H and (b) hysteresis curves at 5 K for the BaFe
and BaCo compounds
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dependence is also observed, probably due to the zero-field
splitting effect (see Figure 6a).

The hysteresis curves M vs. H measured at 5 K are also
indicative of the presence of ferromagnetic interactions.
Both compounds show small hysteresis loops, with coercive
fields of 6000 G, and remnant magnetization values of 0.44
and 0.12 in NP units for the iron and cobalt complexes,
respectively (see Figure 6b).

Finally, the thermoremnant magnetization was measured
at a magnetic field of 100 G. The M, vs. T curves are shown
in Figure 7. The Né¢el temperatures are 13.2 K and 13K
for BaFe and BaCo, respectively. Both curves show a rapid
increase reaching saturation with thermoremnant magnetiz-
ation values of 0.44 and 0.12 in NP units for the BaFe and
BaCo compounds, respectively. These values agree with the
M, ones found in the hysteresis loops, and corroborate the
existence of weak ferromagnetism in both samples. For
BaMn, complete ordering was not reached even at 4 K (see
inset in Figure 7), the ferromagnetic component in this
compound being weaker than in BaFe and BaCo. Following
these results, we must assume that the magnitude of the

0.5
0.006
0.005-
@
4 BaMn
~ 3
s TN 7K
T T | 1
6 657 715 8

20

T/K

Figure 7. Zero-field magnetization vs. T curves for the BaFe, BaCo
and BaMn compounds, after cooling, under a magnetic field of
100 G
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ferromagnetic component cannot depend only on the spin
value of the metallic cation. Other parameters such as mag-
netic anisotropy of the cations, exchange angles and bond
lengths should be considered in order to explain the mag-
netic behaviour observed in these compounds. Notwith-
standing, and taking all the results into account, we can
conclude that the BaMn, BaFe and BaCo compounds show
2D Heisenberg antiferromagnetic behaviour above 15 K, as
a result of an intralayer antiferromagnetic interaction be-
tween M---M atoms, through the O-C-O bridges. Below this
temperature, the total coupling of the antiparallel spins is
not reached, probably due to the existence of an intralayer
misalignment of the spins (or canting)® and a long-range
ferromagnetic ordering between layers, with a weak ferro-
magnetism being observed.

Conclusions

Two new two-dimensional compounds, [BaFe-
(C3H204)2(H20)4] and [BaCo(C3H204)2(H20)4], have been
synthesised. They are isostructural with the [SrCu-
(C3H»04),(H50),4] phase. These complexes exhibit two-di-
mensional antiferromagnetic interactions and below 12 K
the presence of weak ferromagnetism has also been de-
tected. This observation was attributed to the presence of
long-range magnetic ordering of the canted spins between
layers.

The thermal decomposition of the compounds occurs in
three steps: dehydration, pyrolysis of the ligand and evol-
ution of the inorganic residue to yield mixed oxides. Differ-
ent thermal treatments in tubular furnaces at temperatures
between 700—850 °C and under different atmospheres gave
rise to non-stoichiometric BaFeO;_,, and BaCoO;_, phases
at temperatures and reaction times much lower than those
of the ceramic method.

Experimental Section

Materials: Cobalt(i1) chloride and malonic acid were purchased
from Fluka, iron(mr) chloride was purchased from Aldrich and so-
dium carbonate from Merck. They were all used without further
purification.

Physical Measurements: Microanalyses were performed with a
LECO CHNS-932 elemental analyser. Analytical measurements
were carried out on an ARL 3410+ICP with Minitorch equipment.
The powder X-ray diffraction (XRD) pattern was taken using a
Philips X'pert diffractometer equipped with graphite-monochrom-
ated Cu-Ka; radiation. Data were collected by scanning in the
range 5 < 20 < 70° with increments of 0.02° (26). Thermogravi-
metric measurements were performed on a Perkin—Elmer System-7
DSC-TGA instrument. Crucibles containing 20 mg of sample were
heated at 5 °C-min~' under dry nitrogen and air atmospheres. IR
spectra (400—4000 cm™!) were recorded on a MATTSON FTIR
1000 spectrophotometer with samples prepared as KBr pellets. Dif-
fuse reflectance spectra were carried out on a CARY 2415 spec-
trometer in the range 5000—45000 cm~'. Magnetic susceptibility
measurements of powdered samples were carried out in the
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1.8—300 K temperature range using a Quantum Design MPMS-7
Squid magnetometer. The magnetic measurements were performed
at magnetic fields between 0 and 7 T.

Preparation of the Metallo-organic Precursors: To a solution of
2.5 mmol of disodium malonate, previously formed from 2.5 mmol
(0.2601 g) of malonic acid neutralised with 2.5 mmol (0.7419 g) of
sodium carbonate, 1 mmol of the corresponding transition metal
salt was added. The mixture was stirred for 30 minutes and 1 mmol
of barium chloride was added. Polycrystalline powders of the two
phases were obtained in a few seconds. They were then stirred for
1—2 hours until complete precipitation was attained. For the iron
compound, a closed system with a nitrogen atmosphere was needed
to prevent oxidation. The powders obtained, white and light pink
for the BaFe and the BaCo complexes respectively, were filtered
and washed with ethanol/water followed by diethyl ether. Elemental
analysis together with Inductively Coupled Plasma measurements
were consistent with the following stoichiometries: BaFeC¢sH,0,,
and BaCoC¢H;,0,,. BaFeCcH,0,,: calcd. C 15.35, H 2.58, Fe
11.90, Ba 29.26; found. C 15.56, H 2.91, Fe 12.06, Ba 29.83; BaCo-
Ce¢H 1,0, caled. C 15.25, H 2.56, Co 12.48, Ba 29.07; found. C
15.10, H 2.11, Co 11.90, Ba 28.90.
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