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Abstract

The crystal structure of (us-oxo)hexakis(cyanoacetato-kO,0")(cyanoacetato-
kO)diaquatriiron(l1l) cyanoacetic acid shows the formation of trinuclear complexes in a
hydrogen-bond network that bonds all the molecules in a 3D arrangement. For this complex,
within whose clusters the whole magnetic interaction takes place, °’Fe Mdsshauer spectroscopy
shows that the Fe cations are in the S=5/2 state in the temperature range 2-295 K. The asymmetric
broadening of the absorption peaks below 80 K is consistent with strong antiferromagnetic
interactions between the metal spins. The magnetization measurements also show the
antiferromagnetic character of the spin ensemble and an St=1/2 magnetic ground state typical of
triangular systems with similar J between Fe-Fe pairs.

Keywords: AFM interaction; cyanoacetate; low dimensional compound; trinuclear Fe(lll)
complex.

1. Introduction

Miniaturization is a key technological aspect and magnets of molecular origin may act as
nanosized magnets with self-assembling properties. Some of these self-assembled complexes,
containing a small number of interacting magnetic moments, have magnetic ground states and
originate hysteresis effects and metastable magnetic phases. Others exhibit pronounced
frustration effects, but all provide ideal opportunities to investigate low-dimensional magnetism

[1].

Involved in the molecular magnets family are the trinuclear oxo-centered, iron carboxylate
complexes that have been widely investigated [2]. It has been established that in both mixed-
valence (Fe'/Fe'"") and Fe'"' compounds, the metal ions in the tri-iron oxo-centred units are
antiferromagnetically coupled and spin frustration occurs due to the triangular geometry of the
FesO core. An equilateral triangular geometry is unstable and a lower energy may be obtained by
lifting the degeneracy of the ground state in what has been called a “magnetic Jahn-Teller effect”
[2]. In several crystallographic studies of carboxylate complexes of oxo-centred trinuclear iron
compounds with orthorhombic or monoclinic structures, a rather close non-crystallographic
threefold symmetry of the complex was found, and in a few reported crystal structures, there is
an exact crystallographically imposed Cs or even higher Ds, symmetry [3,4].

In this type of triangular-bridged complexes, the metal-metal distances are large enough to
preclude direct metal-metal interaction and so it is an indirect exchange mechanism, via both the
oxide ion and the carboxylate groups, that is responsible for the antiferromagnetic coupling
between the spins. Therefore these simple polynuclear systems allow a critical investigation of
the theory of the exchange interaction.



2. Experimental section

2.1. Synthesis

The reagents used were commercially available and used without further purification. 1 mmol
of FeCls; and 2 mmol of cyanoacetic acid were dissolved in 30 ml of water, following the method
described in [5]. The solution was stirred at room temperature and left undisturbed by several
days after which prismatic crystals formed.

2.2. X-ray diffraction

The single crystals were carefully selected under an optical microscope and glued into a thin
glass fibre. Diffraction data were recorded in a Bruker Apex Il diffractometer with Mo-Ka
radiation (A=0.71073 A) at 293(2) K. Data processing was accomplished with use of the program
SAINT; an empirical absorption correction based on symmetry equivalent reflections was applied
using the SADABS program [6]. The structures were solved with direct methods and refined with
full-matrix least-squares (SHELX-97) [7]. All non-hydrogen atoms were refined anisotropically
by least-squares on F2. Hydrogen atoms on the acidic ligands were generated by the riding mode.
Coordinating water hydrogen atoms and the carboxylic H atom were located in a Fourier synthesis
difference.

Crystal data as well as the details of data collection and refinement are summarized in Table
1. Selected bond distances are listed in Table 2 and Table 3

2.3. Magnetic Measurements

The magnetic susceptibility under several magnetic fields was measured with a S700X SQUID
magnetometer (Cryogenic Ltd) in the temperature range 2-300 K and assuming a diamagnetic
contribution of 2.98x10* emu/mol (estimated from tabulated Pascal constants).

Mdssbauer spectra were collected between 295 and 2.0 K in transmission mode using the
triangular velocity reference signal of a conventional constant-acceleration spectrometer (MR360
drive unit, MA260 transducer from Wissenschaftliche Elektronik GmbH, Starnberg, Germany)
and a 25 mCi *’Co source in a Rh matrix. The velocity scale was calibrated using a-Fe foil. Isomer
shifts, 8, are given relative to this standard at room temperature. The absorber was obtained by
packing the powdered sample (5 mg of natural Fe/cm?) into a perspex holder. Low-temperature
spectra were collected in a bath cryostat with the sample immersed in liquid He for measurements
at <4.2 K and in He exchange gas for temperatures > 4.2 K. The source was always kept at 295
K. Each spectrum was measured during approximately 24 hours and the average number of
baseline counts are 4x10°. This means standard deviations of 0.2% of the number of counts [8].
The folded spectra (consisting of 256 channels) were fitted to Lorentzian lines using a non-linear
least-squares method described in detail in ref. [9]. The computer program initially designed for
a main frame computer was adapted to real time processing in personal computers but no changes
were made to the refinement algorithm [10].

3. Results and Discussion

3.1. Structural properties

(us-oxo)hexakis(cyanoacetato-kO,0")(cyanoacetato-kO)diaquatriiron(ll1)  cyanoacetic acid
crystallizes in a monoclinic P2:/m space group. The crystal content consists of trinuclear
[FesO(CNCH,COO0)7(H20),] complexes and neutral [CNCH2COOH] acid molecules, see Figure
1. The Fe(l11) ions occupy 3 crystallographic independent positions. The central fragment of the
complex cation is a planar [FesO] core. The three iron atoms are linked by the ps-oxygen atom
and lie at the vertices of a nearly regular triangle, the Fe-O distances range from 1.896(2) to
1.936(2) A. The sum of the bond angles at O1 atom is 360.0(3)°.



Table 1. Crystal data and structure refinement parameters.

Empirical formula Ca4H21Fe3sNgO1g
Formula weight 893.04
Temperature (K) 293(2)
Wavelength (A) 0.71073
Crystal system Monoclinic
Space group P2:/m
a (A 9.6330(4)
b (A) 14.3918(5)
c(A) 12.9220(5)
a () 90
Q) 109.144(2)
7 () 90
Volume (A3) 1692.38(11)
Z 2
Calculated density (g/cm?) 1.752
Absorption coefficient (mm™1) 1.363
F(000) 902
6 range for data collection (°) 2.19-25.81
Index ranges -11<h<11; -17<k<17; -15<I<15
Reflections collected/unique 30731/3385
Completeness to @ max 99.8%
Refinement method Full matrix LS on F?
Data/restraints/parameters 3385/0/284
Goodness—of-fit on F2 0.999
Final R indices [I>26(1)] 0.0262/0.0590
R indices (all data) 0.0371/0.0638
Largest diff. peak and hole (e A-2) -0.3420.327

Six cyanoacetate ions act as bidentate syn-syn bridges linking the iron atoms in pairs into the
cluster and forming an equatorial plane of 4 oxygen atoms. The axial positions are occupied by

the central O atom and either a water O atom for Fel and Fe3 or a cyanoacetonate O atom for
Fe2.

The coordination polyhedron of the Fe atoms is slightly distorted from ideal octahedral
geometry, with the iron atoms lying 0.0421(4), 0.0776(4) and 0.02072(4) A (for Fel, Fe2 and
Fe3, respectively) above the oxygen equatorial plane towards the central oxygen ion.

Figure 1. ORTEP diagram of the Fe(lll) compound drawn at the 50% probability level.



The iron-iron interatomic distance, 3.3 A, is sufficiently long to preclude direct metal-metal
bonding. As a first approximation, the idealized symmetry of the inner cluster may be considered
as Dan.

Within the cyanoacetic ions, the C-O distances are approximately equal, as expected in
deprotonated carboxylic groups, Table 2. The cyanoacetate ions have different conformations;
some are nearly eclipsed when viewed along the C1-C2 single bond, the other (p2-cyanoaetonates)
are more twisted with the torsion angles differing from 8 to 53° from the ideal 0° of a total eclipsed
conformation.

Table 2. Selected Fe-O and C-O bond lengths (A).

Bond Length Bond Length
Fel-01 1.8967(19) 04-C1 1.295(4)
Fel-03 2.059(3) 05-C1 1.203(4)
Fel-09 2.0246(14) 06-C4 1.244(3)

Fel-010 2.0062(14) 07-C4 1.246(3)
Fe2-01 1.9363(19) 08-C7 1.239(3)
Fe2-04 2.033(2) 09-C7 1.243(2)
Fe2-06 2.0050(15) 010-C10 1.248(2)

Fe2-011 2.0272(14) 011-C10 1.246(2)
Fe3-01 1.8986(19) 012-C13 1.194(4)
Fe3-02 2.068(2) 013-C13 1.303(4)
Fe3-07 1.9997(15)

Fe3-08 2.0179(15)

In the asymmetric unit, there is an uncoordinated neutral cyanoacetic acid molecule that is H-
bonded to two distinct clusters (Figure 2, Table 3). The H-atoms of the water molecules are also
involved in the hydrogen-bond network that bonds all the molecules in a 3D arrangement.

Figure 2. H-bond network depicted as dashed lines.



Table 3. H-bond geometry in (A) and (9).

D-H...A D-H H...A D...A angle
02-H2A...N3! 0.76(3) 2.06(3) 2.814(3) 168(3)
O3-H3A...N5" 0.64(4) 2.12(4) 2.729(5) 159(5)
03-H3B...05" 0.78(5) 1.87(5) 2.648(4) 177(5)
013-H13...04 1.04(7) 1.69(7) 2.686(3) 157(6)

ii -1-X,-y,-1-7; ii: X,y,-1+z; iii: 1+x,y,z.

3.2. Magnetic properties

The magnetic properties of the trinuclear compound were measured on polycrystalline samples
and the phase purity was confirmed via powder XRD patterns (not shown).

The temperature dependence of the paramagnetic susceptibility measured in the range 2-300
K at 1 Tesla is shown in Figure 3 both as y and as xT. At room temperature, the T value is ~4
emu-K/mol, well below that of the spin-only value expected for three Fe(I11) ions with S=5/2 and
0=2 (3 T=13.12 emu-K/mol). While cooling, a strong decrease of ¥ T down to 0.31 emu-K/mol at
3.9 K is observed. This is in agreement with previous studies on other similar trinuclear Fe(lll)
oxo-centered complexes where the same type of behavior has been reported [4,11-18].

In the high-temperature range, the magnetic susceptibility shows a Curie-Weiss behavior with
a large negative Weiss temperature, 6=-429 K, qualitatively attributed to the presence of strong
antiferromagnetic, AFM, coupling between spins.
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Figure 3. Temperature dependence of the magnetic susceptibility, y, and ¥T. Dashed lines represent the fit
according to the text.

The existence of a quasi-plateau below 20 K in the T curve, at ca 0.38 emu-K/mol, suggests
the stabilization of a magnetically isolated low lying spin state, St=1/2, as expected for triangular
systems with similar J between Fe-Fe pairs [1,16]. Finally, the residual value is probably due to
a small fraction of a paramagnetic impurity with a Curie tail, as discussed below.

According to structural data, FesO(CNCH2COO);(H20), may be considered as an assembly of
quasi-isolated triangular units of Fe(l11) with S=5/2 spins [19]. The Fe(1)-Fe(2), Fe(2)-Fe(3) and
Fe(1)-Fe(3) distances at room temperature (3.306, 3.333, 3.288 A, respectively) differ by less than
2%. However, the magnetic behavior of this compound could not be analyzed assuming that the
triangular units of Fe(lll) are equilateral (Dsn point group) and that the exchange interactions
between all Fe-Fe pairs are equal Ji» = Jo3 = Ji3 = J as in the case of other trinuclear Fe(ll)
complexes [4,19,20] where the three Fe-Fe interatomic distances are even closer to each other



than in this compound. A Cy, group symmetry (isosceles triangle) was therefore considered,
assuming Ji2 = Ji3 = J corresponding to the 3.306(2) and 3.288(2) A distances, and a weaker Jzs
corresponding to the 3.333(2) A distance. For this symmetry [16,18], the Hamiltonian of the
Heisenberg-Dirac-Van Vleck model for three coupled s; = 5/2 spins (strictly localized oxidation
states, high-spin configurations and negligible orbital angular moments) is given by:

H= —2J[(8187) + (8183)] — 2J,3(5,55) [1]

The temperature dependence of the magnetic susceptibility data was analyzed with the
expression given in reference [18] and taking into account the eight lowest energy levels.

This fitting model gives a good reproduction of the experimental data (y*=4x107°) as shown in
Figure 3 with g=2, J=-45.4 K (-32 cm™), J»3 = -39.8 K (-28 cm™), and less than 1% paramagnetic
impurities. Although different, the J and J.3 values are close, which is consistent with the small
difference between the largest Fe-Fe distance and the shorter ones. The J and Jz; values are also
within the range found for most trinuclear Fe(l11) oxo-centered complexes [4,11,13,17].

A calculation of the energy levels of the three interacting spins following the Kambe vector
coupling approach [2] shows a splitting of 64 cm™ between the St=1/2 spin ground state and the
lowest excited state with St=3/2 (Figure 4). The temperature dependence of the population of
some of these states is also plotted; at room temperature the states with higher total spin are
scarcely populated.
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Figure 4. Energy levels (left) and temperature dependence of the population of some selected levels (not
normalized) (right).

The Mdssbauer spectra (Figure 5) consist of two absorption peaks in the temperature range 2-
295 K. In the range 295-50 K the spectra may be fitted by a single, slightly asymmetric,
quadrupole doublet. The occurrence of a single doublet is in fair agreement with the similarity of
the first coordination spheres of the Fe cations in the three different crystallographic sites. The
estimated 6 relative to metallic Fe at 295 K increases from 0.42 mm/s at room temperature up to
0.54 mm/s at 50 K (Table 4) as expected from the second order Doppler shift. The estimated line
widths for each absorption peak (0.32, 0.34 mm/s) are similar at 295 and 145 K. At 80 K they are
significantly larger (0.39, 0.40 mm/s) and further increase as the temperature decreases (0.44,
0.45 mm/s at 50K and 0.79, 0.70 mm/s at 4 K).

The & values are characteristic of S=5/2 Fe(l1l) ion in an octahedral oxygen environment [8]
and similar to those reported for Fe(lll) in the [FesO(CNCH,COO)s(H20)s]-[NOs]-5H.0
compound [11] as well as in other Fes(us-O) trinuclear complexes [8,12,13,15-17]. A non-zero
quadrupole splitting, AEq, is observed due to the non-cubic charge distribution symmetry around
the Fe cations. AEq ~0.67 mm/s, remains approximately constant within experimental error in the
investigated temperature range in agreement with an S=5/2 state where no electronic contribution
to the electric field gradient is expected.



Table 4. Estimated parameters for the Mdssbauer spectra taken at different temperatures

T B AEq r I, Ar
295 K 0.42 0.64 0.33 1.07 1.00
145 K 0.49 0.61 0.32 1.07 1.02
80 K 053 0.66 0.39 1.03 0.99
50 K 0.54 0.67 0.44 1.02 0.99

4K 0.53 0.67 0.79 0.89 1.02
2K 0.53 0.67 0.79 0.91 1.02

d: isomer shift relative to metallic a-Fe at 295 K; AEq: quadrupole splitting; I": full width at half maximum;
I, A ratios between the widths and relative areas, respectively, of the low and high velocity peaks.
Estimated errors are < 0.02 mm/s for 8, AEq and I, <2% for I'y and A..

The asymmetry of the absorption peaks observed below 50 K is not attributed to Goldanskii-
Karyagin effect since the estimated relative areas of both peaks are the same within experimental
error [21]. The sudden increase of the peak widths observed below 80 K may rather be explained
by a decrease of the relaxation frequency of the direction of the Fe(l1l) magnetic moments due to
the presence of strong AFM interactions [8,15,17]. The relaxation frequency, however, is not low
enough to allow the observation of magnetic splittings which implies that no long range magnetic
correlations are established. Fitting the 4 and 2 K spectra with a distribution of quadrupole
splittings the estimated average IS is 0.53 mm/s, the same, within experimental error, as the IS of
the doublet observed at 50 K and confirming that all the Fe cations remain in the S=5/2 state.
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Figure 5. Mdssbauer spectra of the trinuclear Fe(l11) complex taken at different temperatures. The lines
over the experimental points are the calculated quadrupole doublets.



4. Conclusions

In an attempt to explore the superexchange ability of the cyanoacetic acid we have obtained a
trinuclear iron complex, which contains the “iron basic carboxylate” core.

Mossbauer spectroscopy applied to the trinuclear iron complex consists of two absorption
peaks, and reveals that all the Fe cations are in the high spin, S=5/2, state.

The magnetic properties of this compound are satisfactorily described by an isosceles two-J
model. The exchange parameters (J= -45.4 K, J,;3 = -39.8 K) are close, in agreement with the
small difference between the largest and the shorter Fe-Fe interatomic distances. An Sy=1/2
ground spin state, with an antiferromagnetic interaction between the spins is obtained. An
antiferromagnetic interaction between spins in a nearly isosceles triangular arrangement makes
this compound another example of a geometrically frustrated material.
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