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MAGNETISM OF MATERIALS FORMED BY METAL IONS AND
RADICALS

ANDREA CANESCHI, DANTE GATTESCHI and ROBERTA SESSOLI
Department of Chemistry, University of Florence, 50144-Florence, Italy

Abstract We briefly review, showing some examples, the current state of
magnetic materials containing transition metal and lanthanide ions coupled
to nitronyl nitroxide organic radicals. Results obtained with a purely
organic ferromagnet, NITSMe, are also illustrated. The case of one
molecule containing Mn(II) ions and nitronyl nitroxide radicals co-
ordinated in a monodimensional structure motiv and possessing non-linear
optical activity together with 3D magnetic phase transition is showed.
Unusual behavior observed in monodimensional linear chains containing
lanthanide ions and nitronyl nitroxide radicals is presented and discussed.
Proofs of the excitation of "chiral” domain walls, predicted by I. Harada in
1984, have been found in these frustrated spins systems through specific
heat and low temperature low field magnetic measures. Thermodynamic
properties were reproduced by using the transfer matrix calculation
formalism.

Nitronyl nitroxides, NITR, are central molecules in molecular ferromagnetism,
because they have provided important breakthroughs both in pure organic!-’ and
inorganic8-10 materials. In fact our laboratory reported the ferromagnetic behavior
below 24 K of [M(pfbz)o]oNITR, where pfbz = pentafluorobenzoate, in 1989,11 and
Kinoshita and co-workers described the ferromagnetic behavior of the P-phase of
NITp(NO,)Ph, in 1991.12 ,

After these initial successes very large number of investigations were
undertaken in order to increase the critical temperatures. We are still active in this area,
both trying to develop new purely organic ferromagnets, and to employ the NITR
radicals as ligands towards rare earth ions with the aim to obtain new classes of
magnetic materials. In the purely organic ferromagnetism area we investigated the role
of sulphur atom, which we expected to be able to transmit exchange interactions at
relatively long distances, due to the diffuse electronic cloud. We wish to review here
below the properties of 2-(4-thyomethyl- phcnyl)-4,4,5,5-tetrameth);l imidazoline-1-
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oxyl-3-oxide, NITSMe. This radical, whose structure is shown in Figure 1, crystallises
in the monoclinic system, P24/a space group with the following lattice parameters: a =
9.437(2), b =19.827(2), c = 8.516(2) A, B = 113.66(1)°, Z = 4.13

c11 02

FIGURE 1 ORTEP view of the asymmetric unit of NITSMe.

The intramolecular bond lengths compare well with those reported14-18 for
other substituted phenyl nitronyl nitroxides and the angle between the five membered
ring and the phenyl ring is 32.2(2)°, because the repulsion between the N-bonded
oxygen and the aromatic hydrogen atoms, as found for similar nitronyl nitroxide
radicals,14-18 prevents the nitronyl nitroxide group from being coplanar with the
phenyl ring. It is important to notice that the S1-CS bond, 1.765(4) A, is about 35 pm
shorter than that expected for a single carbon-sulphur bond; this can be justified by a
partial delocalization of the unpaired electron which leads to write a resonance formula
with a double bond connecting S and CS. At the same time the bond length of the
sulfur atom with the methyl group is longer of 40 pm of the normal value.

The relative orientations of the molecule in the unit cell allow to individuate a
plane formed by the stacking of the five membered rings, almost parallel to each other
along the a axis, The shortest intermolecular contacts relevant to the magnetic
properties of NITSMe are those involving the NO group of a molecule and the C3 and
C4 phenyl atoms, see Figure 2,
of the molecules related by glide planes (x+1/2; y-1/2, z and x-1/2, y-1/2, z); they range
between 3.7 and 4 A, This kind of contacts is the origin of ferromagnetic interactions
in other nitronyl nitroxide radicals.19-20 The ferromagnetic interactions were attributed
to overlap between the positive spin density of the NO group of one molecule and the
spin density of opposite sign of the benzene carbon atoms of another one. In NITSMe
such kind of contacts give rise to a two dimensional network of ferromagnetic
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interactions, while a 3D one is required in order to observe bulk magnetic ordering.
The shortest contact between

FIGURE 2 Short intermolecular distances between molecules of NITSMe related
by the glide plane x+1/2, y+1/2, z.

different planes occurs between the sulfur atom and a methyl group of an imidazoline
ring belonging to a radical molecule of an adjacent plane, ranging between 4.3 and 4.6
A

NITSMe shows ferromagnetic interactions2! at low temperature that give rise
to magnetic order at 0.2 K, as shown by the divergence of ' and correspondingly by
the onset of (" as reported in Figure 3. The fit of the susceptibility data according to a
square planar Heisenberg model of S=1/2 coupled spins with correction due to the
inter-planes interaction,22 yield the following parameters: J=-0.35 K (in plane) and J=-
0.042 K (inter-planes). Since the dipolar energy calculated for the ordered system in the
easy ferromagnetic configuration is very low, 0.004 cm-1, the magnetic transition must
be driven by the inter-plane interaction given by the contact of the sulfur atom with the
methyl carbon atom of the imidazoline ring. Simple Extended Hiickel calculations have
shown?2! that the HOMO orbital in NITSMe has a large electronic density both on the
NO group and the sulfur atom and that an important magnetic density should be
induced on the sulfur atom. Experiments of polarised neutron diffraction performed on
similar nitronyl nitroxide radicals,23-24 namely NITPh, NITpPy and IMPh, see also
Figure 4, show the presence of a sizeable positive spin density on the methyl carbons of
the imidazoline ring. The same mechanism of spin polarisation observed for intraplanar
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interaction must be operative: the interaction between the two spin densities of
opposite sign gives rise to the ferromagnetic interplanar coupling
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FIGURE 3 Real (X') and imaginary (X") ac susceptibility for NITSMe. In the
inset M/H vs. T data for H = 4 and 288 Oe.

responsible of the ferromagnetic phase transition experimentally observed. Molecules
like NITSMe seem to be promising to obtain higher T for magnetic transition because
the presence of a diffuse electronic cloud on the sulphur atom allow sufficiently strong
ferromagnetic interactions even at long distances.

FIGURE 4 Spin density maps for the NITPh radical.

The nitronyl nitroxide radical family has been subject of study not only for its
own magnetic properties but also for the ability to act as ligands that, due to the
equivalence of the two NO positions, can easily transmit the magnetic interaction
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through the ONCNO atoms sequence.0:25 The co-ordination modes of NITR which
can originate extended

N oy
kA 4

g (a) th)

FIGURE 5 Possible coordination ways for the NITR radical family.

structure are shown in Figure 5. Among them particularly well investigated are systems
of the (a) type where radicals and metal ions regularly alternate in linear chains. A
large series of compounds of formula M(hfac);NITR (where hfac=
hexafluoroacetylacetonate) have been

FIGURE 6 Simplified PLUTO view of the unit cell of Mn(hfac)oNITPhOMe.
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reported.10.25 Some of them proved to be ideal examples of one-dimensional magnetic
materials like ideal Heisenberg antiferromagnets, when M=Zn(II),26 ferromagnets,
when M=Cu(I1),27-28 and ferrimagnets, for M=Co(II),30 Ni(II),3¢ Mn(II).31-33 In
particular we would like to describe hereafter the study performed on the
Mn(hfac),NITPhOMe compound,34 where NITPhOMe = 2-(4-methoxyphenyl)-
44,5 5-tetramethyl imidazoline-1-oxyl-3-oxide. This compound has the structure
shown in Figure 6; the NITPhOMe radical co-ordinates in cis-position two different
Mn(II) ions forming in this way a trigonal helix. The variation of % T as function of the
temperature is reported in Figure 7. It increases from a room temperature value of 5.5
emu mol'! K, higher than expected for uncorrelated spins, 4.75 emu mol-! K,
monotonically to low temperature where, after an abrupt increase in the region of 20 K,
it reaches a value as high as 260 emu mol-! K. Due to the antiferromagnetic nature of
the coupling interactions the absence of a minimum in the T curve is indicative of a J
value higher then 92 ¢m1.35 The behavior was satisfactorily reproduced using the

formulae
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FIGURE 7 Temperature dependence of the product of the xT for Mn(hfac)p
NITPhOMe. In the inset are reported the calculated values with the best fit
parameters, J = -344 cm™.
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for Heisenberg chains36 with an antiferromagnetic exchange constant J = 344(1) cm-1
and g = 2. The Hamiltonian being defined as H = J2S;-S;_1. The material undergoes a
magnetic phase transition at 5.5 K as suggested by the divergence of %' and the onset
of x" reported in Figure 8. The bulk ferrimagnetic order is not the only appealing
property from a "technological” point of view. In fact due to the low symmetry of the
molecule and to its crystallisation in the acentric P3; space group the compound is
optically active. Moreover the presence of electron donor (O-Me) and electron
acceptor (NIT) substituents on the phenyl ring, gives a large electrical polarizability to
the molecule, and the compound posses a sizeable non-linear optical activity. The
Second Harmonic Generation activity of Mn(hfac),NITPhOMe was measured and was
found1® to be about one hundredth of that of m-nitroaniline. Although it is not very
large it indicates that molecular magnets can show the coexistence of properties which
usually are not observed in one material.
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FIGURE 8 Magnetic susceptibility for Mn(hfac)oNITPhOMe: (O) susceptibility
measured in 100 Oe external field; (®) real part of the ac susceptibility measured
at 333 Hz and zero static filed; (@) imaginary part of the ac susceptibility.

Nitronyl nitroxides radicals can bind also trivalent rare earth ions forming linear
chains.3843 In particular a few compounds of formula RE(hfac)z, where RE =
Eu(11),37:41 Gd(111),37.38,40.41 Y(11I), Ho(l1I), Dy(111),3® Er(lll), and R = Ph, Me,
Et, iPr, nPr, were synthesised and characterised. Linear chain compounds containing
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Y14 or Eu(IN),37:42 | which structure is shown in Figure 9, can be used to test the
magnetic interactions between two radicals connected by a non-magnetic rare earth ion.
Figure 10 shows y vs.T behavior for Y(hfac);NITEt. The presence of a maximum in
the % curve suggests the antiferromagnetic nature of the interaction between the
radicals. The best fit using the expression valid for Heisenberg S=1/2 chains gives a J
value of 4.51 cm! with g = 2.01. It can be expected that the antiferromagnetic super
exchange mechanism responsible for the coupling of the radicals in these compounds is
present also in the chain compounds with magnetic metal ions.
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FIGURE 9 PLUTO view of Eu(hfac)aNITEt. Fluorine atoms are omitted for the

sake of clarity.
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FIGURE 10 yx vs. T for Y(hfac)sNITEt. Fit parameters are reported in the text.
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In order to check the kind of interaction to be expected between the radical and
rare earth ions we studied another test compound, namely Gd(hfac)3(NITEL),,4345,
The magnetic properties are reported in Figure 11 in the form ¥T vs. T. A global

ferromagnetic
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FIGURE 11 xTvs. T for Gd(hfac)aNITEts.

interaction is clearly observed. It is attributed to the interaction between the unpaired
electrons of the two radicals and the seven unpaired electrons of the Gd(I1l) ion. The
model to reproduce the magnetic data uses a Hamiltonian of the type H = J(Sg4Siad1
+ S;ad2SGd) + I'Srad1Srage- The cluster of three spins has been considered symmetric
because gadolinium-radical distances are very similar to each other (232.7(5) and
233.7(5) pm respectively) and also the metal-oxygen-nitrogen angles, which have been
found to have large influence on the magnetic coupling,10 are very close to each other
(141.1(2)° and 144.6(2)° respectively). The best fit value was obtained with g =
2.049(2), J =-0.50(4) and J' = 4.3 cm™. The mechanism we propose for this interaction
is shown in th e following scheme. We can imagine that the electron of the radical is
transferred in the 5 or d empty orbitals of the rare earth, and here it polarises, according
to the Hund's rule, the electrons of the more internal f orbitals in a ferromagnetic way,
giving rise to the experimental behavior observed.
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Moving to the chains three limit behaviors are expected for dominant nearest

neighbor, nn, interactions. In the limit of no interaction a Curie behavior is expected,

while ferro- or ferrimagnetic chains will form for ferro- or antiferromagnetic coupling

respectively. The analysis of complexes containing only one Gd(III) ion and two

radicals described before showed that the nn coupling is ferromagnetic, suggesting that
ferromagnetic chain should form. However the four xT curves shown in Figure 12

corresponding to Gd(hfac)aNITR
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FIGURE 12 T vs. T variation observed for Gd(hfac)sNITR compounds
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chains, with R = Me, Et, Ph; iPr, do not agree with this prediction In fact only when
R=Me or Ph, T increases on decreasing the temperature, in qualitative agreement with
a ferromagnetic chain, while when R = Et or iPr xT decreases on decreasing the
temperature, like in antiferromagnetic chains. Moreover no large differences are
present in the structures, shown in Figure 13, to justify the differences in the T
behavior.

FIGURE 13 Simplified view of a) Gd(hfac)3NITMe and b) Gd(hfac)gNITiPr
compounds.

The presence of antiferromagnetic interactions between radicals through the
rare earth is not sufficient to justify the observed overall antiferromagnetic behavior of
Gd(hfac)gNITEt and Gd(hfac)aNITiPr. Also an antiferromagnetic nnn interaction
between gadolinium ions has to be operative and the proposed mechanism for it is
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reported in part b of the precedent scheme. In the excited state that is responsible of the
exchange mechanism the unpaired electron of the radical is transferred in the s or d
orbitals of the rare earth and the radical behaves like a normal dimagnetic ligand
connecting paramagnetic centres which can interact through the standard super
exchange mechanism, being now the electronic cloud of the rare earth ions much more
spread around. Except for accidental orthogonality this interaction is expected to be
antiferromagnetic in nature. The electronic properties of the nitronyl-nitroxide radicals
surely play a fundamental role as such long distance nnn interactions have not been
observed in similar chain compounds where the S=1/2 that alternates with the rare
earth is that of copper(II).46

The introduction of antiferromagnetic nnn interactions in the chains has the
consequence of introducing spin frustration in the system because the gadolinium and
radical spins are under the conflicting influence of antiferromagnetic interactions as
often observed in triangular spin topologies.47 In fact from the point of view of the
magnetic interactions the system can be described as the chain of triangles schematised
below. It is easy to realise that not all the interactions can be satisfied simultaneously.

WAVAVAVAVS

In qualitative terms we may assume that frustration is relieved in the case of

dominant nnn interaction, if the spins on the gadolinium and on the radical orient as

av,

a way that only one of the two nn ferromagnetic interactions and both the

show below in such

antiferromagnetic nnn ones are satisfied. We can describe the ground state of the chain
as a two-spins up two-spins down spin arrangement which is globally
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antiferromagnetic, in qualitative agreement with one of the two of the observed sets of
data. The actual preferred spin orientation will depend on the relative values of the
nearest and next nearest interactions therefore all the possibilities comprised between
the ferromagnetic and the antiferromagnetic chain limits are available.

Quantitative calculations were performed with the standard formula for
ferromagnetic linear chains#8 with only nn interaction for the two sets of data showing
the increase of the T value, R= Me and Ph, but no acceptable agreement with the
experimental data was found. Better results were obtained for compounds where R =
Et or iPr, the two sets of data showing a monotonic decrease of XT on decreasing
temperature, with the assumption that the nn interaction is zero. In this case the system
is idealised as two independent antiferromagnetic chains of radicals and gadolinium
ions respectively. Reasonable agreement was found with Jgg.gg= 0.5 em™ and Jq_rad
=10cm1.

A better level of approximation can be reached considering the spins as Ising
spins even if this is not a very good approximation due to the isotropic nature of the
spins of the radical and the gadolinium ion. This treatment has the advantage of
simplicity and can provide some semiquantitative informations about the system whose
thermodynamic properties were calculated using the transfer matrix calculation
formalism.49 The Ising model confirmed the two-spin up and two-spin down ground
state and produced reasonable fit of the T values.

A further improvement of the approximation is achieved treating the spins as
XY spins, within the transfer matrix formalism again. The spins are classical planar
rotators in the XY plane, perpendicular to the chain direction. According to this model
the preferred spin orientation corresponds to a helix along the structural direction of
the chain. The relevant parameters for expressing the type of magnetic ordering
expected for the system are: 8 = JG4.GdlS2UGd.rad S ) 8= Vrad-radlS?0Gd.rad S 5):
cos8=1/2(d + &') where S and s are the values of the spin of the gadolinium and radical
respectively, 0 is the angle between adjacent spins. Low values of 0 calculated for Me
and Ph derivatives, mean less frustrated system and lead to an increase of the T value
while high value of 6 are indicative of high degree of frustration and as a consequence,
the T value is calculated to decrease on decreasing temperature. Good fits were
obtained for all the four systems. In Figure 14 we report the results for the Et
derivative.

These systems allowed us to test for the first time the Harada's prediction,
which assumes significant contribution of "chiral” domain walls to the thermodynamic
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properties of a magnetic chain with competing exchange interactions.51-52 In fact
Harada proposed that
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FIGURE 14 Fit of the T data for Gd(hfac)aNITEt chain using ther following
parameters: Jgd.rad = | em™1, Jgd.gd = -0.5 cm'1, Jyaq.rad = -10 cm™!, by using
numerical transfer matrix calculation formalism.

the competition between nn ferromagnetic coupling and nnn antiferromagnetic coupling
can produce a helical phase, whose two fold degeneracy, the clock-wise and counter-
clock-wise turns of spins along the chain direction, leads to the excitation of
topologically stable chiral domain walls separating two domains of opposite chirality.
Up to now other compounds with such competitive interactions were available but did
not possess all the requirements requested by the theory to get helical short range
order, i.e. a sufficiently high ratio between nnn and nn exchange couplings, a very weak
uniaxial anisotropy, and a very weak interchain interaction. We have measured the
specific heat, via adiabatic low-temperature calorimetry, for the four compounds in the
range ().2-5 K, Figure 15. In this range of temperature the magnetic contribution is
expected to be dominating over the lattice one. The two compounds with weak
frustration, R = Me or Ph, show a A-type anomaly around 0.6 K, indicating the onset of
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three dimensional long range order, in close agreement with the low temperature
susceptibility data that show, with both dc and ac magnetic measurements, the presence
of a ferromagnetic phase transition. The two compounds with strong frustration, R =
Et or iPr, present small peaks centred around 2 K. It is impossible to believe that the
two compounds undergo a 3D phase transition at such a high temperature because it
will require a too strong interchain interaction and, as a definitive proof, no indications
of transition are present in the ac and dc measurements. So the peaks observed could
be attributed to the excitation of chiral domain walls, separating two domains of
opposite chirality. Numerical transfer matrix calculations of the thermodynamic
properties, i.e. magnetic susceptibility and magnetic specific heat, of these one
dimensional magnets with spins $=7/2 and s=1/2 alternating along the chain and with
competing nn ferromagnetic interactions and nnn antiferromagnetic interaction were
performed and the results are in agreement with the experimental data.53 Also for the
two systems with low frustration, chiral domain walls can contribute to the magnetic
specific heat but the related peaks should be centred at very low temperature, since the
excitation energy of a wall decrees with decreasing 8 and &', but in the real system, i.c.
the two compound with R=Me and Ph, the peaks due to non-linear excitation can be
covered by the 3D A-type anomaly.
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FIGURE 15 Measure of the specific heat, via adiabatic low temperature
calorimetry for the Gd(hfac)zNITR compounds.
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In the field of molecular magnetism the stable nitronyl-nitroxide radicals have
played a key role providing the first example of pure organic ferromagnetism.12 The
selected examples we have reported give an idea of the richness of magnetic behaviors
that can be encountered by exploiting the coordination capability of these radicals. The
number of radicals or radical containing compounds being synthesised is increasing
very fast, however some field are still almost unexplored as, for instance, that of the
magneto-optical properties of these compounds. In fact, even if the molecular magnetic
materials here described are not candidate to substitute the traditional ones based on
metals or metal oxides, more sophisticated devices can in principle be designed by
exploiting the association of bulk magnetism with the richness variety of chemical and
physical properties of the radicals.
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