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The combination of organic imidazoline-1-oxyl-3-oxide radicals as building blocks with metal ions can yield 1-D
magnetic chains in various conformations, depending on the metal ion and the 2 substituent of the radicals.

The interest in one-dimensional magnetic materials has been
going through oscillations in the last few years, but on the
whole they have long been the focus of high attention.'” In fact
they have the advantage of being both simple and complex, in
such a way that many theories of statistical mechanics can find
exact or quasi-exact solutions. At the beginning of the 1980s
there was much attention devoted to spin diffusion effects
observed in one-dimensional Heisenberg magnets.*> Then
attention switched to solitons, solitary waves which can be
observed in one dimensional ferro- and antiferro-magnets.
Later, much excitement was aroused by the so-called Haldane
conjecture.” This suggests that in one-dimensional antiferro-
magnets formed by integer spins, a gap is present between the
lowest singlet state and the first excited state. Another interest-
ing aspect of one-dimensional materials relates to observation
of spin-Peierls transitions,® i.e. dimerization of the structure to
be observed at low temperature, analogous to the dimerization
observed in one-dimensional conductors (Peierls transition). In
recent years it has been realized that Ising type one-dimensional
magnets may show exciting possibilities of observing quantum
admixed states.’

All these theoretical developments require experimental
confirmations, therefore it is necessary to have available
materials which can be considered as one-dimensional to a
good approximation. Initially, examples were looked for among
classic inorganic materials but in order to be considered as one-
dimensional it is necessary that the inter-chain interactions are
minimized. In a continuous solid this objective cannot be rigor-
ously achieved, and molecular magnets may be better models as
will be shown later. For a long time the best example of a one-
dimensional antiferromagnet was provided by [NMe,JMnCl,
(TMMC)," in which the ratio between the intra- and the inter-
chain interaction is of the order of 10, while in some molecular
magnets it has been shown to be better than 10*.'12

Another important success has been achieved with molecular
magnets in the first example of a one-dimensional ferrimagnet,
an animal which was not previously present in the magnetic
z00." Finally it should be recalled that the first clear example
confirming the Haldane conjecture was found in the molecular
system Ni(en),(NO,)CIO,, in which individual Ni(en),*"
moieties with spin S=1, are connected by bridging NO,~
anions.'*! The interest in this field has not yet ceased, even if in
recent years more attention has been devoted to attempts to
synthesize bulk molecular magnets, which require the construc-
tion of three-dimensional architectures.
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In this article we show how the design of one-dimensional
materials can strongly benefit from the use of crystal engineer-
ing techniques, which can give rise to chains of different shapes,
and how these differences can give rise to different properties.
We will focus on chains constructed by assembling para-
magnetic ligands and metal centers. The idea of using para-
magnetic ligands is that they can give rise to strong magnetic
interactions with the metal ions to which they bind. Further,
another requirement is that the ligands must bridge two differ-
ent metal ions in order to lead to chains. A suitable class of
ligands fulfilling these conditions are the nitronyl nitroxides,
2-substituted-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide
radicals (NITR).'*'” Such radicals are stable, and have the
unpaired electron essentially delocalized on the two equivalent
NO groups. These groups can be used to coordinate to two
different metal ions. Since the two NO groups are equivalent,
the magnetic interaction is transmitted from one side to the
other of the molecule as if the ligand were a single atom with
one unpaired electron. For the metal building blocks, metal(ir)
1,1,1,5,5,5-hexafluoroacetylacetonates, M™(hfac), (M =Mn,
Ni, Cu, Zn), are particularly well suited, since they have two
vacant coordination sites which can be used to dock the rad-
icals forming chains. Further the CF; groups are rather bulky
and inefficient in transmitting magnetic interactions between
chains, thus giving rise to ideal one-dimensional magnetic
materials.”® The manganese(i1) derivatives for instance have
been shown to have metal-radical antiferromagnetic exchange
interactions with (J) in the range 200400 K, which gives rise
to one-dimensional ferrimagnetic behavior at relatively high
temperatures. Eventually a cross-over to a three-dimensional
magnetically ordered state occurs at 4-8 K, mainly as a con-
sequence of dipolar interactions. Down to the cross-over to the
magnetically ordered state, the chains behave as magnetic
nanowires, and a large number of typically one-dimensional
phenomena have been observed.

Mn(hfac),(NITR) species are text-book examples of one-
dimensional Heisenberg magnets, because the magnetic
anisotropy of both the metal ions and the radicals is very low.
From the structural point of view they are also very flexible,
giving rise to several different structures.'** The metal ions are
hexa-coordinate, being coordinated to four oxygens from the
two hfac™ ligands and two oxygen atoms of two different NITR
radicals. The aromatic NITR derivatives investigated are shown
in Scheme 1.

The radicals bridge two different metal ions in a p-1,5
fashion. Straight chains are formed if the radicals coordinate
trans to each other, while if the coordination is cis, either zigzag
chains?® or trigonal helices are formed?® (Scheme 2).

We are currently trying to obtain analogous compounds
using magnetically anisotropic ions, such as cobalt(11), in order
to explore how structural differences influence the magnetic
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Table 1 Structural parameters of one-dimensional compounds formed by the M(hfac), and NITR building blocks

M R Configuration® M-0O%A a‘l° RN Bl dy1A Ref.

Cu Me trans 2.4 0 3.23 — — 27

Cu Pr trans 2.4 0 3.23 — — 20

Cu Prt trans 2.4 0 3.21 — — 28

Mn Et cis 2.13 50.7 3.8 — — 12

Mn Prt cis 2.14 52.7 3.8 — — 12

Mn Prf trans 2.17 29.3 5.6 — — 11

Mn CsH,OMe-p helix 2.14 51.6 4.0 11.0/22.3 3.6/3.9 26

Mn CeH ,NMe,-p cis 2.18 60.6 3.8 14.7/30.7 3.7/14.2 34

Mn CesH,Me cis 2.11 51.6 3.7 15.8/25.3 3.7/4.1 This work
Co C¢sH,OMe-p helix 2.1 62.9 3.8 10.1/9.6 3.6/3.9 This work
Co C¢H,Me-p helix 2.1 68.2 3.8 5.6/8.4 3.8/3.6 This work

“ trans Corresponds to a straight chain, cis to a zigzag chain, helix to a trigonal helix. * Average distance between the metal and the radical oxygen
atom. ° Angle between two hfac planes. ¢ Distance between the centroids of the hfac ligands considered as five membered rings. ¢ Angle between the
phenyl and hfac planes./ Distance between the centroids of the hfac and phenyl planes.
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properties. In this case the control of the spatial arrangement of
the magnetic building blocks is of paramount importance in
determining the strength of the magnetic interaction. The pos-
sibility of controlling the shape of the chains depends on the
coordination bond between the metal ion and the radicals and
on supramolecular interactions such as stacking interactions
involving m orbitals in the organic moieties. We decided there-
fore to explore how the R substituents of the NITR radicals
influence the structure of the chains, and report here some new
crystal structures, in order to elucidate the factors determining
the shape of the chains which also determines their packing in
the crystal. As the magnetic ordering in this class of materials
seems to be driven by inter-chain dipolar interactions, the pack-
ing is expected to significantly affect the ordering phenomenon,
and in particular, transition temperatures.

Structural aspects

The role of the substituent R is of great importance in deter-
mining the nature of the chain which is formed, but also the
nature of the metal ion is important. Indeed, for copper(ir) only
straight chains have been reported so far (Table 1). Since the
radical is the weak ligand in the coordination environment of
copper(m) the NO groups tend to occupy the axially elongated
positions of the distorted octahedron typical for this Jahn—
Teller active ion and all reported structures of copper(i1) chains
correspond to trans coordination of the NITR ligands, with
long metal-oxygen bond distances of ca. 2.4 A.2*¥-% In this
case, therefore, the steric requirements of the metal ions are

3908 J. Chem. Soc., Dalton Trans., 2000, 3907-3912

the driving force determining the type of chains which can be
obtained. For other metal ions, such as manganese(l) or
cobalt(r) which are not so sterically demanding this is not so.
The former is the ion for which most structures, both one-
dimensional and oligonuclear, have been reported.''*3-33 For
R = Et!? or Pr*,!? the coordination of the nitroxides around the
metal ion is cis and the chains are zigzag, while with R = Pr',!!
the coordination is trans and the chains are straight. The most
obvious explanation is that the more bulky isopropyl group
prefers the less sterically hindered trans configuration; cis
coordination is observed also in a mononuclear bis-NITMe
complex.’!

We checked also the possibility of stacking interactions
between the planes of the hfac ligands, measuring the angle
between the planes (o) and their separation (d;). Since, in
general, the planes are not parallel to each other we define the
distance between the planes as the distance between the centro-
ids of the hfac ligands considering them as five membered rings.
For the Co and Mn derivatives, d = 3.8 and 5.6 A while a ranges
from 29 to 53° indicating that the interactions are small or
negligible. Presumably such interactions have no major role in
defining the structure of the chains of the manganese and
cobalt complexes.

However, when the R group contains phenyl rings clear
stacking interactions are observed between the phenyl and the
hfac planes. Here, we use two parameters to define the stacking
interaction, namely the angle between the planes () and the
distance between the centroids (d,). In the oligonuclear!® [Mn-
(hfac),(NITPh)], the angle between the planes is 8° and their
separation is 3.4 A. In the corresponding bis-NITPh mono-
nuclear compound no significant stacking interaction is
observed.’! Chains with aromatic substituted radicals may be
developed as zigzag and/or as helices. For the latter, the space
group is hexagonal which can lead to stacking interactions
between each phenyl ring and two adjacent hfac planes thus
forming an asymmetric ‘sandwich structure’ with the phenyl
ring between the two hfac planes.

Mn(hfac),(NITCH,OMe-p)?® was reported to have a helical
structure, with spontaneous resolution from solution. The
stronger stacking interaction is defined by f=11°, and d,=
3.6 A while the other is much weaker (8=22.3°, d,=3.9 A).
We have now obtained the analogous cobalt(i) derivative
Co(hfac),(NITC,H,OMe-p) 1. Again, a trigonal helix is
spontaneously resolved, with a unit cell isomorphous to the
manganese analogue. The stacking interactions are stronger in
the cobalt(m) derivative relative to the manganese(i1) derivative
with the stronger interaction being characterized by = 10.1°
and d, 3.6 A, while the weaker interaction has f=9.6° and
d,=39A.

In order to check if the formation of helices is related to the
presence of stacking interactions involving phenyl rings, we
decided to investigate other NITR radicals. While no suitable



Fig. 1 ORTEP view of the asymmetric unit of Co(hfac),(NITC¢H,-
Me-p) 2. The fluorine atoms are omitted for clarity.

Fig. 2 Simplified view of the unit cell contents of Co(hfac),-
(NITC¢H,Me-p) 2. The chain develops along the unique axis c.

crystals were obtained with the NITPh radical NITC,H,Me-p
provided crystals suitable for a X-ray analysis. Co(hfac),-
(NITC¢H,Me-p) 2 like 1, spontaneously resolved from solution
and a trigonal helix was formed. The space group of the crystal
was P3,, while that of the previous helices was P3,, however, the
size of the unit cell was essentially the same. The structure of
Co(hfac),(NITCcH,Me-p) 2 consists of octahedrally coordin-
ated cobalt(11) ions comprising four oxygen atoms of two hfac
molecules and two oxygen atoms from two cis coordinated
NITC¢H ,Me-p radicals defining the coordination polyhedron.
The asymmetric unit is shown in Fig. 1 with the oxygen atoms
of the radicals bound to adjacent cobalt atoms thus bridging
the Co(hfac), units and forming a one-dimensional polymer.
The chains form a helix, as demanded by the crystallographic
3, symmetry, parallel to the crystallographic axis ¢ as shown
in Fig. 2. The coordination polyhedron of each Co(1) ion is
rather distorted with Co—O distances ranging from 2.027(4) to
2.120(4) A while the maximum distortion from octahedral
symmetry is observed in the O1-Co-O4 angle which is

Fig. 3 Simplified view of the chains running along the b axis in
Mn(hfac),(NITC¢H,Me-p)-0.25CHCI, 3.

166.3(2)°. This distortion can be explained in terms of the cis
coordination of the two radicals and to the z-stacking inter-
actions between the phenyl ring of the NITC;H,Me-p radical
and the unsaturated region of the nearest hfac molecules.
The stacking interactions between the corresponding planes are
characterized by the angles f=5.6 and 8.4° and the distances
d,=3.8 and 3.6 A, respectively (Table 1). The stacking inter-
actions appear to be slightly stronger here than in the Co-
(hfac),(NITC,H,OMe-p) derivative in agreement with the
higher electron density expected on the phenyl ring.

Attempts were also made to crystallize the analogous man-
ganese(11) derivative. Crystals suitable for X-ray analysis were
obtained by using a 1:4 mixture of CHCI; and n-heptane. The
compound crystallizes in the monoclinic C2/c¢ space group with
cell parameters which are very similar to that of Mn(hfac),-
(NITC¢H,NMe,-p) [a=28.183(4), b=13.899(2), c=23.425(5)
A, p=125.28(1)°]. The structure of Mn(hfac),(NITC,H,Me-p)
3 consists of chains developing along the b axis with the radical
cis coordinated to the metal ion. In 3 n-stacking occurs between
the phenyl ring and one hfac ligand without formation of a
‘sandwich’ structure as shown in Fig. 3.

In the helical compounds the space group is hexagonal and
each chain is surrounded by six equivalent chains at 11.131 A in
the Mn(hfac),(NITC,H,OMe-p) 4, at 11.289 A in 1 and at
11.260 A in 2, this being estimated as the shortest interchain
M(u)-M(11) contact. In compound 3 the space group is mono-
clinic and each chain is surrounded by other six chains at
distances ranging from 11.028 to 15.350 A.

The crystal packing of the helices formed in 1 and 2 and that
of zigzag chains present in 3 are shown in Fig. 4, where a
simplified view of the metal coordination spheres and of the
bridging ONCNO moieties are viewed along the chain.

In conclusion, it is possible to control the stereochemistry of
linear chains formed by M(hfac), and NITR building blocks, by
taking advantage of the nature of the metal ion and the stack-
ing interactions between the aromatic rings and the hfac planes.
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Fig.4 The crystal packings of the helix formed in 2 (a) and that of zigzag chains present in 3 (b). A simplified view of the metal coordination spheres

and of the bridging ONCNO moieties are viewed along the chain.
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Fig. 5 Temperature dependence of y T per mol of metal-radical units
for Mn(hfac),(NITC,H,OMe-p 4) (A) and Mn(hfac),(NITC,H,Me-p 3)
(*) measured with a magnetic field H = 0.1 T. The solid line corresponds
to the best fit of the experimental points above 50 K ( see text).

However the preference for one form over another is not very
strong, and it is possible to change from one to the other
through slight changes in the experimental conditions.

Magnetic properties

The magnetic properties of Mn(hfac),(NITC,H,OMe-p) 4 have
been previously reported.?® The temperature dependence of yT'
for Mn(hfac),(NITC,H,Me-p) 3 is shown in Fig. 5, together
with that of Mn(hfac),(NITC,H,OMe-p) 4 for comparison.
The two sets of data are practically identical in the range 20—
300 K. The temperature dependence of y7" shows a continuous
increase on lowering the temperature and reaches very high
values at low temperatures. This behavior is typical of one-
dimensional ferrimagnets, where the non-compensation of the
spin S = 5/2 of the metal ion and S = 1/2 of the radical leads to
an increasing magnetic moment as the correlation length
increases on decreasing the temperature. The data can be
well fitted with a model which treats the manganese(11) spins,
S'=5/2, as classical spins, and those of the radicals, S=1/2, as
quantum spins.** The value of the coupling constant for both 3
and 4 is 368(3) cm ™!, in good agreement with values previously
reported for similar compounds.''? The fact that the magnetic
behavior of the two compounds is identical in the paramagnetic
phase is in accord with the similar coordination environment of
the manganese(11) as well as the spin density on the radical. In
order to clearly reveal the presence of transitions to three
dimensional magnetic ordering the low field (H=0.13 mT)
magnetization of 3 and 4 was measured and the results are
plotted in Fig. 6. The two compounds show a divergence fol-
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Fig. 6 Low-temperature dependence of the magnetization in low
applied field for Mn(hfac),(NITC{H,OMe-p) 4 (X) and Mn(hfac),-
(NITC,H,Me-p) 3 (@).
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Fig. 7 Field dependence of the magnetization of Mn(hfac),-
(NITC¢H,OMe-p) 4 (®) and Mn(hfac),(NITC,H,Me-p) 3 (V), meas-
ured at 2.5 and 3.0 K respectively.

lowed by a leveling of the magnetization but the critical tem-
peratures, estimated here by measuring the point of maximum
slope, are significantly different, 7=4.8 K for Mn(hfac),-
(NITC¢H,OMe-p) 4 and 6.8 K for Mn(hfac),(NITC;,H,Me-p)
3. The magnetically ordered state corresponds to a ferro-
magnetic alignment of the ferrimagnetic chains, as confirmed
by the magnetization curves of the two compounds, which
show a rapid saturation of the magnetization to a value of 4 up
(Fig. 7), as expected for S = 2 for the manganese-radical pair.
The coercive field does not exceed 1 mT confirming the soft
magnetic character of these kind of materials owing to the very



low magnetic anisotropy, which leads to an almost completely
reversible motion of the domains’ walls.

Given the great similarity of the behavior in the para-
magnetic phase the difference in the ordering temperature of
the two compounds must arise from the different secondary
structures of the chains, namely zigzag for Mn(hfac),(NITC,-
H,Me-p) 3 and trigonal helix for Mn(hfac),(NITC;H,OMe-p).
The lower symmetry for the former leads to the presence of two
closer chains and this presumably stabilizes the dipolar ferro-
magnetic alignment along this direction, with a sizeable
increase in 7,, compared to the equivalence of the ab plane in
the trigonal structures. Single crystal magnetic characteriz-
ations of the two compounds are in progress to confirm this
hypothesis. This is a clear indication of how minor structural
changes can induce large differences in the magnetic properties
according to the critical temperature, which increases by ca.
50% from 4 to 3.

Preliminary magnetic measurements on the cobalt(i) deriv-
atives show an one-dimensional ferrimagnetic behavior in the
paramagnetic phase, with evidence of anomalous magnetiz-
ation at low temperature. The introduction of magnetic
anisotropy in the interaction associated with the presence of
high-spin cobalt(11) gives rise to a much more complex behavior,
which requires a full characterization of the magnetic
anisotropy through single crystal magnetic studies, which are in
progress.

Syntheses

Co(hfac),(NITCcH,OMe-p) 1 and Co(hfac),(NITC,H,Me-p)
2 were synthesized using the same procedure: 1 mmol of
the Co(hfac),2H,0 was dissolved in 60 ml of dry boiling
n-heptane, and a solution of 1 mmol of the radical in 10 ml of
dry n-heptane was added. The final solution was allowed to
cool to room temperature and stored at 4 °C. Dark green
well developed hexagonal prismatic crystals suitable for X-ray
determination were collected after 3 days and well analysed for
Co(hfac),(NITC,H,OMe-p) 1 and for Co(hfac),(NITC,H,Me-
p) 2. Anal. Calc. for C,,F;,CoH,;N,0, 1: C, 39.15; H, 2.87; N,
3.83. Found: C, 39.03; H, 2.97; N, 3.67. Calc. for C,,F,CoH,,-
N,Oq 2: C, 40.02; H, 2.94; N, 3.89. Found: C, 39.93; H, 3.01; N,
3.82%.

Mn(hfac),(NITC;H,Me-p)-0.25CHCI; 3 was prepared by
dissolving 1 mmol of Mn(hfac),-2H,0O in 10 ml of CHCI;, and
a solution of 1 mmol of the NITC,H,Me-p radical in 40 ml of
dry n-heptane was added. The resulting solution was allowed to
stand at ambient temperature for slow evaporation and dark
green elongated crystals were obtained after 12 h. Destruction
of the crystal structure was observed after exposure of the crys-
tals to air. The assumption that the crystals retained some
chloroform was in accord with the elemental analysis values.
Calc. for C,,F;,MnH,N,04-0.25CHCl;: C, 39.03; H, 2.87; N,
3.75. Found: C, 39.16; H, 2.80; N, 3.79%.

Crystallography

X-Ray diffraction data were collected on an Enraf-Nonius
CAD#4 four-circle diffractometer. Corrections for Lorentz and
polarization effects and for absorption (w-scan) were applied.
The crystal structures of the three compounds were solved
by direct methods using the SIR92 program,*® which, in all
cases, gave the position of all non-hydrogen atoms but few
fluorine atoms which were later identified by successive Fourier
difference syntheses. Refinements were carried out on £ by full-
matrix least-square techniques, using the SHELXL-93 program
package.’” The hydrogen atoms were calculated at fixed dis-
tances and refined with an overall isotropic thermal parameter.
Owing to the destruction of the crystal after exposure to air, the
crystal data for complex 3 were collected on a crystal sealed in a
glass-capillary tube containing mother-liquor. For this com-

plex, large conformational disorder owing to rotation along the
C-CF; bond axis was observed. Some peaks, not too far from a
special position and not related to any of the already positioned
atoms, were observed in difference maps. The peaks were
attributed to a chloroform molecule and refined assuming an
almost rigid group with a site occupation factor of 0.25, as
suggested by the elemental analysis. The large values of the final
R factor can be in part ascribed to the poor resolution of the
solvent molecule but does not affect seriously the positions of
the other atoms.

Crystal data for 1

C,:H,,CoF,N,0,, M =736.36, trigonal, space group P3,
(no. 144), a=11.295(3), b=11.294(2), ¢=20.570(6) A, U=
2271.8(10) A3, T=293K, Z=3, D.=1.615 gcm ™3, uy(Mo-Ka) =
0.685 mm ™!, 3413 unique reflections of which 2616 assumed as
observed with 7> 2g(]). Refinement on 420 parameters gave
R1=0.0433, R=0.0682 with S'=1.045.

Crystal data for 2

CysH,,CoF,N, O, M =720.36, trigonal, space group P3,
(no. 145), a=11.249(1), b=11.254(4), ¢=20.307(6) A, U=
2227.5(10) A3, T=293K, Z=3, D,=1.611 gcm 3, u(Mo-Ka) =
0.694 mm ™!, 3711 unique reflections of which 3179 assumed as
observed with 7> 2g(]). Refinement on 411 parameters gave
R1=0.0515, R=0.0675 with S =1.108.

Crystal data for 3

CyH,,F1,MnN,04-0.25CHCI;, M =716.36, monoclinic, space
group C2/c (no. 15), a=27.342(4), b =13.973(4), c = 22.922(3)
A, p=12579(1)°, U=2227.5(10) A}, T=293 K, Z=8, D .=
1.395 gem 3, y(Mo-Ka) = 0.526 mm™?, 4896 unique reflections
of which 2230 assumed as observed with 7> 2g(/). Refine-
ment on 397 parameters and 3 restraints gave R1 =0.107 with
S'=1.045.

CCDC reference number 186/2107.

See http://www.rsc.org/suppdata/dt/b0/b004244¢/ for crystal-
lographic files in .cif format.
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