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Soft and Hard Molecule-Based Magnets of Formula

[ (Etrad),M,{Cu(opba)};]-S [Etrad* = Radical Cation, M = Mn" or Co",
opba = Ortho-phenylenebis(oxamato), S = Solvent Molecules], with a Fully

Interlocked Structure

Maria G. F. Vaz,["! Luiza M. M. Pinheiro,™ H. O. Stumpf,**! Antonio F. C. Alcantara,!¢!
Stéphane Golhen,!?! Lahcéne Ouahab,!!! Olivier Cador,!?!
Corine Mathonieére,'* and Olivier Kahn*!?!

Abstract: The goal of this work was to
explore the chemistry and the physics of
a family of molecule-based magnets
containing three spin carriers, with a
fully interlocked structure. The main
emphasis was on the coercivity of these
magnets, which confers a memory effect
on the materials. For this, three com-
pounds have been synthetized, namely
the precursor [(Etrad),Cu(opba)]-
CH,CN-H,0 (1), and the magnets
[ (Etrad),Mn,{Cu(opba)};(DMSO),] -

025H,0 (2) and [(Etrad),Co,{Cu-
(opba)};(DMSO), 5] -0.25H,0 (3), where

three compounds have been deter-
mined. The structure of 1 consists of
planar Cu(opba) units with one of the
radical cations weakly bound to the Cu?*
ion, the other radical cation being rather
isolated. Compounds 2 and 3 are iso-
morphous. Their structure consists of
two interpenetrating graphitelike net-
works with edge-sharing hexagons. The
magnetic properties of the three com-
pounds have been investigated in detail.
For compounds 2 and 3 the temperature
dependences of the direct current (dc)
and alternating current (ac) magnetic

responses have been measured along
with the field dependence of the mag-
netization. Both compounds exhibit a
long-range magnetic ordering with a
spontaneous magnetization. The critical
temperatures are 22.8 K and 37 K for 2
and 3, respectively. While 2 is a soft
magnet, 3 has been found to be a very
hard magnet, with a coercive field de-
pending on the particle size. This coer-
cive field may reach 24 kOe at 6 K for a
sample consisting of very small crystals.
Mixed materials with the abbreviated
formula [Etrad,Mn, ,,Co,,Cus;] (4—x)

Etrad® stands for the radical cation
2-(1-ethylpyridinium-4-yl)-4,4,5,5-tetra-
methylimidazolin-1-oxyl-3-oxide, and
opba stands for ortho-phenylenebis-
(oxamato). The crystal structures of the
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have also been synthesized. Their crit-
ical temperatures have been found to
vary almost linearly with x. The x
dependence of the coercive field has
also been investigated and analyzed.

Introduction

Since the discovery of the first molecule-based magnets,!'*l a
large number of molecule-based materials exhibiting a
spontaneous magnetization below a critical temperature 7,
have been reported.’') In many cases these compounds
contain two kinds of spin carriers, either two different metal
ions,'"%l or a metal ion and an organic radical.l'*>5] Today
different topologies are known, ranging from quasi one-
dimensional systems with small 7, values to three-dimen-
sional networks with T, values higher than room temperature.
One of the challenges for a chemist in this field of research is
to control the topology in order to obtain interactions
between spin carriers in the three directions of the space. To
build a three-dimentional network, a specific type of building
block or brick is necessary. The hexacyanometallates,
[M(CN)¢J*-, are certainly the best known examples of
building blocks capable of giving infinite linkages along three
perpendicular  directions.?*?1 The trisoxalatometallates,
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[M(C,0,);]*~, may also lead to three-dimensional networks.
However, it is then necessary to control the chirality of the M
sites, which all have to be identical. Few examples of such
chiral three-dimensional networks are known; their critical
temperatures, if any, are below 10 K.B% 31 Most often, the M
sites adopt the two conformations, A4 and A, in equal
proportions, and the structure consists of two-dimensional
honeycomblike networks. Many compounds of that kind have
been reported in the last few years.['? 3234

In 1993 we reported on a compound whose structure
consisted not of one but two interpenetrating quasi-perpen-
dicular honeycomblike networks.?®37 Its formula is [(Mer-
ad),Mn,{Cu(opba)};(DMSO),] - 2H,0, in which Merad stands
for 2-(1-methylpyridinium-4-yl)-4,4,5,5-tetramethylimidazo-
lin-1-oxyl-3-oxide and opba for ortho-phenylenebis(oxama-
to). This compound behaves as a soft magnet below 22.5 K. To
explore all the potentialities arising from this peculiar top-
ology, we made efforts to synthesize and characterize
structurally other fully interlocked compounds. Our main
concern was the design of hard magnets retaining the peculiar
and aesthetic structure of [ (Merad),Mn,{Cu(opba)};(DMSO),]
-2H,0. The coercivity is indeed one of the main character-
istics of a magnet; it confers the memory effect. We also
wanted to compare the physical properties of soft and hard
magnets with the same structure. In this paper we report on
our latest findings. We first describe the syntheses and the
structures of the precursor [(Etrad),Cu(opba)]-CH;CN -
H,O (1), in which Etrad* stands for 2-(1-ethylpyridinium-4-
yl)-4,4,5,5-tetramethylimidazolin-1-oxyl-3-oxide, and of the
bimetallic compounds [(Etrad),Mn,{Cu(opba)};(DMSO),5] -
025H,0 (2) and [(Etrad),Co,{Cu(opba)};(DMSO),;]"
0.25H,0 (3). Then, we investigate the magnetic properties
of the three compounds in great detail, with a specific
emphasis on the critical temperature and coercive field values.
As expected 2 and 3 are molecule-based magnets, with 7, =
22.8 K and 37K, respectively. While 2 behaves as a soft
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magnet, 3 exhibits an exceptionally strong coercivity, as
compared with other magnetic molecular materials. Finally,
we demonstrate that it is possible to fine-tune the critical
temperature and the coercivity in this class of materials by
synthesising mixed compounds of abbreviated formula
Etrad,Mn,_, Co,,Cus;.

Results

Description of the structures

Compound I: The structure of the precursor (1) is shown in
Figure 1. It consists of mononuclear Cu(opba)>~ units, two
kinds of radical cations, and noncoordinated CH;CN and H,O
molecules (Figure 1). One of the radical cations is very weakly
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Figure 1. View of the precursor 1. For the sake of simplicity, the non-
coordinated solvent molecules have been omitted.

bound to the copper atom of the anion, and the other is rather
isolated. The copper atom is in a square-pyramidal environ-
ment, with two nitrogen and two oxygen atoms from the
oxamato groups in the basal plane and an oxygen atom from
the former radical cation in the apical position. The average
values of the Cu—N and Cu—O bond lengths in the basal plane
are 1.89 A and 1.95 A, respectively, and the Cu—O apical bond
length is 2.834(5) A. The corresponding bond angle Cu-O-N is
111.4(3)°. The shortest intermolecular contact involving the
isolated radical cation is found between a hydrogen atom of
the pyridinium ring and an oxamato oxygen atom. This H-O
separation is equal to 2.015 A.

Compounds 2 and 3: The compounds 2 and 3 are isomorphous
and their structure is similar to that described for
[ (Merad),Mn,{Cu(opba)};(DMSO),]-2H,0.7] The general
architecture consists of two equivalent two-dimensional net-
works denoted A and B. Each network is formed by parallel
honeycomb layers. A layer is made up of edge-sharing
hexagons with M?* ions (M =Mn or Co) at each corner and
Cu?* ions at the middle of each edge, as shown in Figure 2.
Two nearest neighbor metal ions are bridged by an oxamato
group. Structural information concerning the hexagons is
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Figure 2. View of a hexagon A in compounds 2 (M =Mn) and 3 (M = Co)
along with the copper atom belonging to hexagon B, located nearby the
center of hexagon A. This view also shows the presence of Cu2,-Etrad-
Cu3p chains connecting the A and B networks.

given in Table 1. The layers of each network stack above each
other in a graphitelike fashion. The mean interlayer separa-
tion is 14.68 A for 2 and 14.82 A for 3.

Table 1. Structural information on the hexagons M¢Cu, (M =Mn and Co)
for compounds 2 and 3. All distances [A] are mean distances.

2 3

edge length (distance between corners) 10.62 10.47
M—Cu distance along an edge 5.37 5.28
distances between opposite corners 21.09 20.85
bond lengths around metal ions:

M-O 213 2.09
Cu—O 1.97 1.97
Cu—N 1.92 1.92

The A and B networks interpenetrate with a full inter-
locking of the MyCu4 hexagons, as shown in Figure 3 (the
radical cations and solvent molecules were omitted for
clarity). These networks make dihedral angles of 71.8° for 2
and 73.2° for 3; these are smaller than that found for
[(Merad),Mn,{Cu(opba)};(DMSO),] - 2H,0 (83.4°). The top-
ology may be described as a three-dimensional wire netting.
The hexagons are connected further through radical cations
that bridge two copper atoms, one belonging to the network
A, the other one to the network B. More precisely, a copper
atom Cu3 (Cu2) is located very nearby the center of a
hexagon belonging to network A (B), and is bound to two
other copper atoms Cu2 (Cu3) by radical cations which play
the role of bridging units between the two networks. The
resulting chains Cu2,-Etrad-Cu3g (Cu3,-Etrad-Cu2;) define
two directions making dihedral angles of 71.8° for 2 and 73.2°

1488
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Figure 3. Interpenetration and interlocking of the networks A and B in
compounds 2 and 3.

for 3, and the intrachain separations are 8.512(6) A
(10.327(6) A) for 2 and 8.648(7) A (9.917(7) A) for 3.

Let us now describe the surroundings of the metal centers.
There are three crystallographically independent Cu(opba)
groups, and within each hexagon two crystallographically
equivalent copper atoms are opposite to each other. Each
copper atom has a square-based coordination with two
nitrogen and two oxygen atoms arising from two oxamato
groups. The average values of Cu—N and Cu—O bond lengths
are reported in Table 1. Cul is bound to one DMSO molecule
with a Cul—O apical bond length of 2.26(3) A in 2 and
2.17(3) A in 3 (the additional DMSO molecule in 3 is not
coordinated). Both Cu2 and Cu3 are bonded to two radical
cations through oxygen atoms. The related Cu—O bond
lengths are given in Table 2. The deviations with respect to

Table 2. Apical distances [A] around the copper atoms for compounds 2
and 3.

2 3
Cul-01S 226 (3) 2.17(3)
Cu2-O1R 2.813(24) 2.798(27)
Cu2-03R 2.970(30) 2.846(30)
Cu3-02R 2.629(21) 2.699(23)
Cu3-04R 3.135(25) 2.938(37)

the mean plane defined by the oxamato atoms N20O2 are
larger for Cul (0.182 A in 2 and 0.200 A in 3) than for Cu2 and
Cu3 (<0.1 A). Two crystallographically independent manga-
nese or cobalt atoms noted M1 and M2 occupy two chiral sites.
Each M atom is bonded to six oxygen atoms arising from three
oxamato groups. The three copper atoms that are bridged to
an M atom through oxamato groups are crystallographically
independent. The structure presents a perfect alternation of A
and A chiral sites (Figure 4).

Finally, there are two crystallographically independent
radical cations. The dihedral angles between the pyridinium
ring and the mean plane of the five-membered imidazoline-1-
oxyl-3-oxide ring are equal to 27.09° and 17.50° in 2 and 27.03°
and 21.59° in 3.

At the end of this structural section, it is worth mentioning
that a general presentation of interlocked structures has
recently appeared.l!
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Figure 4. Edge of a hexagon in compounds 2 and 3 showing the 4 and A
chiral sites M?* bridged by the Cu(opba) unit.

Magnetic properties

Compound 1: The magnetic susceptibility data for 1 are
shown in Figure 5 in the form of the y\T versus T curve; y is
the molar magnetic susceptibility and 7 the temperature. At
room temperature yy7 is equal to 0.98 emuKmol-!. As T is
lowered, y\ T first increases, reaches a maximum at 9.8 K, with
wmT =138 emuKmol™!, and then decreases. The profile of
this yu7 versus T curve indicates that some ferromagnetic
interactions are operative.

1.4

Xy T/ emumol" K

1 1 1 1 1 I
0 50 100 150 200

T/K

Figure 5. Experimental (—) and calculated (o) yy7 versus T plots for
compound 1

These magnetic susceptibility data may be interpreted by
considering a ferromagnetically coupled [ (Etrad)Cu(opba) |~
heterospin pair together with an isolated radical cation. The
zero-field Hamiltionian for the pair is given in Equation (1),
in which Jcraa 18 the singlet—triplet energy gap. The
theoretical expression of y T is then given by Equation (2),

H = —Jcuraat Scu* Sraat (1)
2NB'g? 1
P ik @
k3 + exp(—Jcuraar /kT) —22J' /KT
Np’g?

+ ——— Sraa2(Sraa + 1) + xaia T
3k Rad2(Sracz + 1) + Xa
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in which the first term in the right-hand side concerns the pair,
the second term concerns the isolated radical cation, and the
third term is the core diamagnetism.

In Equation (2) the local Zeeman factors were assumed to
be equal and isotropic. The decrease of y\7 in the low-
temperature range may be attributed to intermolecular
interactions, which were accounted for in the mean-field
approximation. zJ' stands for the intermolecular interaction
parameter. Least-squares fitting of the experimental data led
to Jewraat =31 cm™!, g=2.04, zJ'=—0.25, and yg,= — 742 x
10°emumol~!. The agreement factor R defined by
16T — D) PIZ[ (e T)*™)? was then found to be
3.0 x 10™%. One will notice that the core diamagnetism is
substantially larger than the value calculated from the Pascal
tables. Such a situation was already found in some other
compounds involving organic radicals. The important point is
that the interaction between the Cu?* ion and the radical
cation bound to it is significantly ferromagnetic. Gatteschi and
co-workers already showed that the interaction between a
Cu?* ion and a nitronyl nitroxide radical occupying an apical
position may be ferromagnetic.’]

Compound 2: Both the temperature and field dependences of
the direct current (dc) magnetic response along with the
temperature dependence of the alternating current (ac)
magnetic response were investigated. The yT versus T plot
shown in Figure 6 is characteristic of ferrimagnetic com-
pounds of the formula [(cat),Mn,{Cu(opba)};] - S.**} At room
temperature yyTis equal to 8.26 emu K mol~!, which is slightly

951

Xy T/ emu mol K

T/K
Figure 6. y\T versus T plots for compounds 2, 3, and 4 — 0.52.

lower than expected for isolated spin carriers. As T'is lowered,
ymI first decreases smoothly, reaches a rounded minimum
around 120K, and then increases very abruptly before
reaching a maximum around 20 K. The minimum in the y\7T
versus T plot reveals antiferromagnetic interactions between
nearest-neighbor Mn?* and Cu?>" ions without correlation
length, and the huge increase of T at low temperature is due
to the increase of the correlation length with the Sy, =>5/2
spins aligned along the field direction and the S, =1/2 spins
aligned along the opposite direction. There is no theoretical
model to quantitatively interpret these magnetic data because
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of the complexity of the structure as well as the presence of
three kinds of spin carriers. The y\7 versus T curve for 2 is
very close to that observed for [(NBu,),Mn,{Cu(opba)}]-
S.31 In particular, the minima of y,7, characteristic of the
ferrimagnetic regime, occur at the same temperature. From
this yy T curve it is not possible to determine the specific
behavior of the radical-cation spins. However, the field
dependence of the magnetization for [(Merad),Mn,{Cu-
(opba)};(DMSO),] - 2H,0 up to 200 kOe has confirmed that
the radical cation interacts ferromagnetically with the Cu?**
ion to which it is bound. It follows that the radical spins tend
to align along a direction opposite to that of the Sy, spins.’!

The y\ versus T plot shows a break around 23 K corre-
sponding to a long-range magnetic ordering. To fully charac-
terize this magnetically ordered state, the temperature
dependences of the field-cooled magnetization (FCM), the
remnant magnetization (REM), and the in-phase and out-of-
phase ac susceptibilities (at a frequency of 125 Hz and a drive
amplitude of 3 Oe), y\ and y\,’, were measured. The results
are displayed in Figure 7. The FCM curve shows a very rapid
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2001 8
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50 | 2
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Figure 7. Top: FCM and REM versus T curves for compound 2. The
applied field is 20 Oe. The figure also shows the dFCM/dT derivative.
Bottom: In-phase, x,/, and out-of-phase, y\/’, versus T curves for
compound 2. The vertical straightline corresponds to the extremum of
dFCM/AT.

increase at 24 K, then reaches a plateau at about
3900 emuOemol~' below 20K. The derivative -curve,
dFCM/dT, presents an extremum at 22.8 K, corresponding
to the critical temperature, 7,. The REM vanishes above 7T, =
22.8 K. The y\, curve is very similar to the FCM curve with a
rapid increase between 24 and 21.5 K, and below this temper-

1490 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

’

ature a slight decrease. The y\/' curve becomes non-zero
below 23.5 K, increases in an abrupt fashion as T is lowered
down to 21.5 K, and then increases slightly. xy," and x,,” show
no peak.

The field dependence of the magnetization for 2 is very
similar to that observed for [(Merad),Mn,{Cu(opba)};-
(DMSO),]-2H,0.57 At 10 K and under 50 kOe the magnet-
ization value is 6.43 NS (Bohr magneton per mole). The
hysteresis loop for 2 shows a coercitive field smaller than
10 Oe. This compound is a soft magnet.

Compound 3: The same magnetic experiments were per-
formed for compound 3 as for compound 2. The temperature
dependence of y\,T'is shown in Figure 6. At room temperature
T is equal to 6.93 emuK mol~!, which is slightly lower than
expected for isolated spin carriers. Then y\7 decreases
smoothly as the temperature is lowered, reaches a rounded
minimum around 75 K, and increases very abruptly at lower
temperature before reaching a maximum around 30 K. This
xml versus T curve reveals again antiferromagnetic interac-
tions between noncompensating spin carriers, that is, a
ferrimagnetic regime.

Figure 8 shows the FCM, REM (top), x» and yy (bottom)
versus 7 curves. The FCM curve shows a rapid increase below
38 K, and reaches a plateau at 3500 emu Oe mol~! below 28 K.
The derivative of this FCM curve has an extremum at 36.2 K,
while the REM vanishes at a slightly higher temperature,
372 K. The y\' and yx\" curves have peaklike shapes, with

4000 -
3500 %
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2000
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M / emu Oe mol!

1000 |
500 [

ob. .

[ I O R Y =

O, x" )M / emu mol™

Figure 8. Top: FCM and REM versus T curves for compound 3. The
applied field is 20 Oe. The figure also shows the dFCM/dT derivative.
Bottom: In-phase, y\/, and out-of-phase, yx/’, versus 7T curves for
compound 3. The vertical straightline corresponds to the extremum of
dFCM/AT.
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maximum values at 37K and 36.7 K, respectively. It is
worthwhile to notice that the maximum of y,/ occurs at a
temperature that is very close to that where the REM
vanishes. This temperature, 37 K, may be considered as the
critical temperature of the compound.

The most important feature for compound 3 is the field
dependence of the magnetization. Figure 9 shows the hyste-
resis loop at 6 K for two different samples consisting of
crystals of different average size. The black dots were

157
1.0}
0.5}

0.0

M/NB

-0.5

-1.0§

-1.5

H/kOe

Figure 9. Field dependences of the magnetization for two samples of
compound 3: (@) the largest crystals; (0) the smallest crystals.

obtained with the largest crystals; the coercive field was found
to be 8.5 kOe; the white dots were obtained with crystals
whose volume is approximately 50 times smaller, and the
coercive field appears to be of the order of 24 kOe. Let us
notice, however, that for this latter sample the saturation
magnetization is not reached under 50 kOe, so that the
hysteresis loop is not measured accurately with our magnetom-
eter, and the coercive field might be even larger than 24 kOe.
An apparatus working at higher fields should be utilized. With
crystals of intermediate size a coercive field of about 16 kOe
was obtained. We have already discussed the origin of the
coercivity of magnets, in particular of molecule-based mag-
nets.? 3! This coercivity depends on both chemical and
structural factors. These two aspects are illustrated here. The
high-spin Co?* ion in a distorted octahedral environment has a
strong magnetic anisotropy, while the Mn** ion in the same
environment is almost isotropic. This chemical difference
between compounds 2 and 3 explains why the latter is much
more coercive than the former. However, the coercive field of
the hard molecule-based magnet 3 also depends on structural
factors such as particle size and shape.[*’]

Mixed Compounds (4 — x): The mixed compounds 4 — x were
synthesized with a view to fine tuning the magnetic properties.
The limits x =0 and 1 correspond to pure compounds 2 and 3,
respectively. Four crystalline samples were obtained, namely
4-0.26,4 — 0.52,4—0.79, and 4 — 0.90. The y,,T versus T curve
for these four compounds shows a minimum that is character-
istic of the ferrimagnetic regime. The larger x is, the lower the
temperature of this minimum. A typical example, that of

Chem. Eur. J. 1999, 5, No. 5
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compound 4 —0.52, is shown in Figure 6. The shapes of ac
magnetic responses are very similar to those obtained for 3
with the peaks of y,, and x\,,” depending on the composition
defined by x. The critical temperatures for these mixed
compounds were estimated as the inflexion points of the y,
versus T curves. The variation of T, as a function of x is almost
linear, as shown in Figure 10. This figure also gives the

38 T T T T Py 30

36 |
34 |
32

30 [

T /K
0%/ °H

28
26 |

24

4
226 n R
0 0.2 0.4 0.6 0.8 1

x

Figure 10. Variation of the critical temperature, 7T, and of the coercive
field, H., as a function of x for the mixed compounds
(Etrad),Mn,_,,Co,,Cu; (4 —x). The straight line for T, corresponds to a
linear regression of the experimental data. The line for H. is just an eye
guide.

variation of the coercive field, H,, at 6 K as a function of x for
samples prepared in a similar way, and consisting of crystals of
similar size. H, does not vary linearly with x, but with a slope
increasing rapidly as x increases. The profile of this H, = f(x)
curve may be easily understood. As a matter of fact, we write
Equations (3) and (4),*> 41 in which K(x) and M(x) are the
anisotropy constant and the magnetic density (per unit of
volume) for the mixed compound 4 — x; Ky, and My (M =Mn
or Co) are the anisotropy contants and magnetic densities for
the pure compounds 2 and 3, respectively. Ky, may be
considered as being negligibly small as compared to Kc,.
Assuming that the particles are spherical and monodomain
results in Equations (5) and (6), in which with p = My;,/M .7}

K(x)=(1—x)Kyn +*Kco (3)
My(x) = (1 —x)My, +xMc, 4)
H (x)=0.96 K(x)/Mg(x) 5)
H(x) = H(x=1) — ©)
(X)= AX = _—
‘ ‘ x(1-p)+p

Even if M, is difficult to evaluate owing to the first-order
angular momentum for the Co?* ion in octahedral environ-
ment, p is certainly larger than the unity; as a matter of fact,
Mn?* is more magnetic than Co?*. It follows that the H, = f(x)
curve for the mixed compounds 4 —x is expected to exhibit
the curvature experimentally observed (see Figure 10).
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Discussion

Let us begin this discussion by a few remarks concerning both
the synthesis and the crystal growing of compounds 2 and 3.
The syntheses are exceptionally critical. First, the purity of the
precursor 1 is crucial. Furthermore, the experimental con-
ditions leading to the magnets 2 and 3 need to be very
carefully and precisely adjusted. In addition to these com-
pounds 2 and 3, the reactions may lead to chain compounds of
formula MCu(opba) - S and uncharacterized two-dimensional
compounds in which the networks are probably not inter-
locked. The most critical parameters, in addition to the purity
of 1, are the concentrations and the temperature. The
syntheses were carried out in a temperature controlled room.
Finally, it must be stressed that, although 2 and 3 are
isomorphous, their syntheses as well as the methods of crystal
growing are quite different.

Let us now focus on the physical properties. One of the
most important aspects of this work concerns the comparison
between soft (2) and hard (3) molecule-based magnets. The
two compounds are isomorphous, and the only difference
between them is the replacement of Mn?* in 2 by Co?* in 3.
Both ions are in distorted octahedral surroundings. Mn?* has a
A, local ground state, with a very weak local anisotropy. The
zero-field splitting parameter in such a case is known to be of
the order of 10~ wavenumbers. Co?* has a *T, local ground
state, and the combined effect of symmetry lowering and spin-
orbit coupling gives rise to two low-lying Kramers doublets,
which can be separated by several tens of wavenumbers.
Furthermore, the g tensor associated with the ground
Kramers doublet is expected to be strongly anisotropic as
well.[2l As a consequence of these differences between Mn?*
and Co?*, the coercive field for 2 at 6 K is of the order of
10 Oe, and that of 3 at the same temperature of the order of
10* Oe.

This work also points out that the coercivity of a magnet is
not an intrinsic property, but strongly depends on structural
factors like particle shape and size, and homogeneity of the
material. Of course, such a situation was well documented for
magnetic alloys and ionic lattices, but not proved yet for
molecule-based materials. Actually, the size factor seems to
be much more important than the shape factor. As a matter of
fact, the largest coercive field due to shape properties is
expected for needle-shaped monodomain particles. In such a
case, the coercive field is equal to 0.96xM? where Mj is the
magnetic density.[*) For molecule-based magnets, M is
obviously very weak, compared with metallic magnets, so
that the shape of the particles should not play a key role.
Three samples of 3 were investigated, differing in the average
size of the crystals, and the coercive field at the same
temperature (6 K) varies from 8.5 kOe for the largest crystals
to about 24 kOe for the smallest ones.

The differences between 2 and 3 are not limited to the
shapes of the magnetic hysteresis loops. The differences of ac
magnetic responses also deserve to be commented (see
bottom of Figures 7 and 8). Two features are more particularly
significant, namely:

1) In the magnetically-ordered state the ratio yy"/y\’ at any
temperature is much larger for 3 (ca. 20 %) than for 2 (ca
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1.5%). In Figure 8 y, and yx,,” are plotted with the same
vertical scale, while in Figure 7 it was necessary to use two
scales; otherwise, the out-of-phase response would not be
visible. The magnetic anisotropy in the hard magnet
enhances the relaxation phenomena, which in turn in-
creases the out-of-phase response, yy"-

2) xu and y\" present a plateau below T, for 2, and have a
peaklike shape for 3. In other terms the FCM curve and the
xm curve have the same profile for the soft magnet 2. It is
not the case anymore for the hard magnet 3.

This situation may be easily explained. For the soft magnet
FCM and zero-field-cooled magnetization (ZFCM) curves
are almost identical. It follows that y,,/ = dM/dH in zero field
varies as the FCM measured in low field, 20 Oe in this work.
For the hard magnet FCM and ZFCM curves are very
different. In particular, the ZFCM is very weak at low
temperature, much below T, and presents a maximum at a
temperature just below 7. It follows that y,, should exhibit a
peak, as observed in Figure 8.

Another important aspect of our work concerns the mixed
compounds 4—x. The critical temperature varies almost
linearly as a function of x. This is not the case for the coercive
field. For samples consisting of particles of approximately the
same size the slope of the H.=f(x) plot increases as x
increases.

To finish this discussion we would like to address briefly the
problem of the determination of 7, from dc and ac magnetic
data. In the dc mode two criteria are more frequently used,
namely the inflexion point of the FCM curve, and the
vanishing of the REM curve. For the soft magnet 2, these
two approaches lead to the same result, 7, =22.8 K. On the
other hand, there is a difference of 1 K between the two
determinations for the hard magnet 3 (36.2 K and 37.2 K). In
the ac mode some authors have suggested the determination
of T, as the maximum of y,/, or alternatively of x,/’. Both
approaches are quite questionable. First, y, and/or y,” may
not display a maximum; this is the case of y,,” for 2. Secondly,
the profiles of the y\, and y,," versus T curves are governed by
complicated relaxation phenomena which are not directly
related to 7,. Perhaps, the most erroneous approach is to
determine T, as the maximum of y,", if any. It is probably a bit
less uncorrect to say that 7 is close to the temperature where
v 1s not strictly zero, and slightly below. To sum up this
discussion concerning T, we can say that the order parameter
of the long-range magnetic ordering is the spontaneous
magnetization, so that it is correct to determine 7, as the
temperature at which the REM vanishes. However, it is not
always easy to obtain the genuine REM curve. In particular,
this requires us to work in strictly zero field. For a soft magnet,
T. also corresponds to the extremum of the derivative dFCM/
dT. This is not strictly true anymore for a coercive magnet.

Conclusion

The molecule-based magnets are still a rather new class of
materials. It was already well established that as more
common metallic or ionic magnets they exhibit a spontaneous
magnetization below a certain critical temperature. This
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critical temperature may be found above room temper-
ature.?! This paper confirms that they may also behave as
hard magnets with strong coercive fields. [(Etrad),Co,{Cu-
(opba)};(DMSO); 5] - 0.25H,0 (3) exhibits one of the strongest
coercive fields reported so far for molecule-based materials.
Very recently Kurmoo and co-workers also reported on a very
hard magnet synthesized from molecular precursors.?’l The
possibility to design molecule-based materials displaying wide
magnetic-hysteresis loops was not obvious, at least for us.
Actually, some time ago, we thought that the softness of the
molecular state would prevent us from synthesizing very
coercive magnets. We were not right; there is no contradiction
between soft lattices and hard magnets. The key factor of the
coercivity for compound 3 is the presence of the very
anisotropic Co”* spin carrier. This factor, however, is not the
only one. The Co** containing two-dimensional magnets of
formula [(cat),Co,{Cu(opba)};]-S display coercive fields at
5 K weaker than 5 kOe. The three-dimensional character of 3
resulting from the interlocking of two quasi-perpendicular
graphitelike networks contributes to the coercivity.

Critical temperatures and coercive fields are physical
characteristics common to all sorts of magnets. The presence
of three different kinds of spin carriers in 2 and 3 along with
the chicken-wire netting topology are more specific to the
molecular state. We are presently studying the physical
properties related to the molecular nature of the compounds
and will report on the ferromagnetic (ferrimagnetic) reso-
nance for compound 2 in the near future.

Experimental Section

Syntheses: The radical 2-(pyridine-4-yl)-4,4,5,5-tetramethylimidazoline-1-
oxyl-3-oxide, abbreviated as rad,?® 3 %I the ligand opba, and the tetrabu-
tylammonium salt of the Cu?>* precursor, [(NBu,),Cu(opba)],l':3" were
prepared as already described.

EtradI-: A solution of rad (0.43g, 1.8 x 10> mol) and iodomethane
(2mL, 39g, 2.5x1072mol) in tetrahydrofuran (1 mL) was maintained
under stirring for 72 hours at room temperature. The resulting green
precipitate was collected by filtration, washed with THF, and dried under
vacuum. Yield: 0.61 g (86 % ); C;,H,N;0,1 (390.24): caled C 43.08, H 5.44,
N 10.77; found C 42.35, H 5.94, N 10.40.

[ (Etrad),Cu(opba)]- CH;CN-H,0 (1): [(NBu,),Cu(opba)] (0.94 g, 1.2 x
103 mol) was added into a solution of Etrad*1 (1 g, 2.6 x 103 mol) in
dichloromethane (35 mL) under vigorous stirring. After 20 min, a brown
polycristalline powder precipitated, which was filtered off, washed with
CH,Cl,, and dried under vacuum. Well-shaped brown single crystals of 1
suitable for X-ray structure determination were obtained from a CH;CN
solution. Yield: 0.97 g (90%); C,Hs;NyO,,Cu (897.44): caled C 53.53, H
5.73, N 14.05, Cu 7.08; found C 53.75, H 5.70, N 13.40, Cu 7.14.

[ (Etrad),Mn,{Cu(opba)};(DMSO);5]-3H,0 (2): A solution of MnCl,-
4H,0 (0.0107 g, 6 x 107> mol) in DMSO (3 mL) was added to a solution
of 1 (0.30 g, 3.34 x 10~ mol) in DMSO (6 mL). The mixture was stirred at
21°C for 10 min. The color slowly turned to green. The compound was
cristallized as follows: small aliquots of the mother-liquor were placed into
Petri dishes that were then covered with a parafilm and allowed to stand.
The first crystals appeared within a few hours, were collected after 5 days of
standing, and washed with DMSO. CgzHgN;,0445S;sMn,Cu; (1899.70):
caled C 41.11, H 4.30, N 8.85, S 5.91, Cu 10.04, Mn 5.78; found C 41.32, H
4.30, N 8.95, S 5.57, Cu 9.06, Mn 5.05.

[ (Etrad),Co,{Cu(opba)};(DMSO0),]-5.5H,0 (3): A solution of CoCl,-
6H,0 (0.025 g, 1.05 x 10~* mol) in DMSO (4 mL) was added to a solution
of 1(0.125 g, 1.39 x 10~* mol) in DMSO (11 mL). The solution was poured
into a beaker and allowed to stand at 21 °C. After 20 days crystals suitable
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for X-Ray analysis were separated and washed with DMSO. The size of the
crystals depends upon the period of standing. For magnetic measurements,
several samples with different crystal sizes were isolated. CgHggN1,03;5-
S,Co,Cu; (1991.25): caled C 39.81, H 4.51, N 8.44, S 6.44, Cu 9.57, Co 5.92;
found C 39.72, H 4.20, N 8.33, S 6.27, Cu 10.00, Co 5.28.

[ (Etrad),Mn,_,.Co,{Cu(opba)};(DMSO0),] - zH,0 (4 —x): A solution of 1
(03 g, 335x10%mol) in DMSO (4.8 mL) was added to a solution
containing a mixture of CoCl,-6H,0 and MnCl,-4H,0 in DMSO
(1.3 mL) at 21 °C. The product was isolated by centrifugation, washed with
DMSO and dried under vacuum. Four samples were isolated with different
compositions and standing days, namely: (4 —0.26): 22.5 mg of CoCl,-
6H,0 and 67.5 mg of MnCl, - 4H,0, 20 standing days; (4 — 0.52): 45 mg of
CoCl,-6H,0 and 45 mg of MnCl,-4H,0, 28 standing days; (4—0.79):
72 mg of CoCl,-6H,0 and 18 mg of MnCl, -4 H,0, 40 standing days; (4 —
0.90): 81 mg of CoCl,-6H,0 and 9 mg of MnCl, - 4H,0, 40 standing days;
(4 —0.26): CoHg N 5059 5S5sMn, 45C0,5,Cu; (2039.50): caled C 40.64, H 4.50,
N 8.24, S 8.65, Cu 9.35, Mn 3.99, Co 1.50; found: C 40.05, H 4.39, N 8.27, S
8.25, Cu 9.33, Mn 3.99, Co 1.37; (4 — 0.52): Cs;HgoN ,055S, sMn ¢Co, 4,Cus
(1999.47): caled C 40.25, H 4.49, N 8.41, S 7.22, Cu 9.53, Mn 2.64, Co 3.05,
found: C 40.55, H 4.41, N 8.48, S 7.08, Cu 9.51, Mn 2.63, Co 2.82; (4 — 0.79):
CesHgsN15030S:Mng 4, Co; 50Cu; (1962.60): caled C 40.39, H 4.42, N 8.56, S
6.53, Cu 9.71, Mn 1.15, Co 4.77; found C 40.65, H 4.37, N 8.86, S 6.01, Cu
9.15, Mn 1.08, Co 4.89; (4 — 0.90): C¢sHg;N 150,955 sMn,Co, sCu; (1924.37):
caled C 40.57, H 4.35, N 8.73, S 5.83, Cu 9.91, Mn 0.57, Co 5.51; found C
40.54, H 4.34, N 8.89, S 5.26, Cu 9.54, Mn 0.54, Co 4.94. All metal analyses
were carried out by absorption spectroscopy.

‘We will note that the chemical analyses of compounds 2 and 3 revealed the
presence of more water and DMSO molecules than detected by X-ray
diffraction. Most likely, these additional solvent molecules are strongly
disordered in the tunnels limited by the interlocked perpendicular layers.
The magnetic data have been interpreted by using the molecular weights
deduced from the chemical analyses.

Crystallographic data collection and structure determination: Data were
collected with a Enraf-Nonius CAD4 diffractometer for compound 1, and a
Siemens SMART diffractometer for compounds 2 and 3. The data
reduction was performed with MOLENI* (for 1), and structure solutions
and refinements for the three compounds were carried out with the
programs SHELXS-86/4) and SHELXL-93.4/] The small size and the
instability of the crystals along with the complexity of the structures of 2—3
made the structure refinement very difficult. Furthermore, disorder and
high thermal motion were observed for the DMSO and water molecules.
Consequently, the values of the agreement factor R for 2 and 3 are rather
high. The crystal data are summarized in Table 3. Crystallographic data
(excluding structure factors) for the structures reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-103083, 103084, and 103085. Copies
of the data can be obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail:
deposit@ccdc.cam.ac.uk).

Magnetic measurements: These were carried out with a Quantum Design
MPMS-5S SQUID magnetometer, working in both the dc and ac modes
between 2 and 300 K, and from 0 to 50 kOe. In the dc mode the field-cooled
magnetizations (FCM) were measured upon cooling the sample within a
field of 20 Oe. The remnant magnetizations (REM) were obtained as the
differences between two curves, 1 and 2. Curve 1 was measured in cooling
down the sample within the field and then warming up in a field equal to
zero according to the indication of the apparatus. Curve 2 was measured in
cooling down within this zero field. This procedure allowed us to eliminate
the influence of the remnant field present in the superconducting wires. The
raw susceptibility data were corrected of the core diamagnetism estimated
as —530x 10°emumol~! for 2 and 3. On the other hand, the core
diamagnetism was considered as one of the parameters to fit for compound
1 (see above).
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Table 3. Crystal data and structure refinement for compounds 1-3.
1 2 3

formula CyHs5:NyO;;,Cu CsoHs7.5N 12027550 sCuzMn, CeiHez sN120237551 5C0,Cus

Mg 897.44 1615.20 1701.31

A[A] 0.71073 0.71073 0.71073

T [K] 293(2) 293(2) 293(2)

crystal system Monoclinic Monoclinic Monoclinic

space group Pl Cc Cc

a[A] 11.999(3) 24.3033(7) 24.646(3)

b [A] 12.947(4) 25.0251(4) 24.854(3)

c[A] 14.94(2) 18.2807(5) 18.181(2)

a[’] 82.78(4) 90 90

AN 68.04(3) 130.6780(10) 131.506(2)

v [°] 83.82(2) 90 90

V [A3] 2131(3) 8431.9(4) 8340.1(15)

Z 2 4 4

Pearea [Mgm3] 1.399 1.272 1.355

u(Mog,), [mm~] 0.582 1.116 1.252

F(000) 942 3290 3474

0 range [°] 1.48-26.95 1.37-23.35 1.37-30.65

index ranges 0<h<15 —20<h<26 —32<h<33
—15<k<15 —22<k<27 —33<k<35
—-17<1<18 —20<1<20 —23<1<25

refelctions collected 4907 16517 29465

independent reflections 4907 10463 [R;, = 0.1435] 15772 [R;,, = 0.5293]

refinement method full-matrix least-squares on F?

data/restraints/parameters 4907/0/699 10463/41/773 15770/2/556

goodness-of-fit on F? 1.103 1.215 0.918

final R indices [/ > 20()]
R indices (all data)
largest diff. peak:hole, [e A3

R1=0.0562, wR2=0.1370
R1=0.0898, wR2=0.1473
0.335/ —0.522

R1=0.1232, wR2=0.2788
R1=0.3005, wR2=0.3363
1.152/-1.391

R1=0.1474, wR2=0.2573
R1=0.5390, wR2 =0.4340
0.908/ — 0.653
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