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Molecular and Crystal Magnetic Engineering of Polymetallic
Coupling System; From Magnetic Molecules to Molecular Mag-
nets
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One of the main challenges in the field of molecular materials
is the design of molecular ferromagnets. General design strat-
egy includes two steps, that is molecular magnetic engineering
and crystal magnetic engineering. The first step is the synthe-
sis of ferromagnetically coupled polymetallic systems. The sec-
ond step is the assembly of polymetallic systems with muti-di-
mensional structure and exhibiting a ferromagnetic transition.
This paper summarized the strategies of molecular design and
crystal engineering allowed to obtain such systems and our ef-
forts in the fields of molecular magnetism and molecular-based
magnets.
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Introduction

The development, characterization, and exploita-
tion of novel magnetic materials based on the assembly of
molecular components are an exceptionally active and
rapidly expanding field. Traditionally, magnets were
limited to insoluble, metallurgically prepared inorganic
network solids (metals, oxides, and rare earth inter-
metallics) . The molecular-based magnets, defined as
“useful substances prepared from molecules or molecular
ions that maintain aspects of the parent molecular frame-
work”! are of special significance because of the capacity

for diversity in composition, structure and properties,
both chemical and physical .
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Although McConnell dominated the molecular-based
magnets in theory and suggested a ferromagnetic coupling
mechanism for organic system in 1963, the success in
laboratory was first reported in 1986. Ovchinnikov ob-
served the magnetization curves of organic polymer 4,4'-
butadiyne-1,4-diyl-bis(2,2’,6,6’-tetramethyl-4-hydrox-
y-piperidin-1-oxyl.> Miller reported the first full charac-
terized molecular-based magnets [Fe(CsMes), | (TC-
NE),* where CsMes and TCNE are pentamethylcy-
clopentadienyl and tetracyanoethylene, respectively. So-
far, three types of molecular-based systems exhibiting a
ferromagnetic transition have been fully characterized
from both structural and magnetic viewpoints. These sys-
tems are as follows: (i) organic radical system, such as
N, N'-dioxy-1, 3,5, 7-tetramethyl-2 , 6-diazaadamantane
(T.=1.46 K) ;3 (ii) metal-radical system, such as
[Mn (hfac), 5 (Rad), (T, = 46 K),® where hfac and
Rad are hexafluoroacetyacetonato and trinitroxide, re-
spectively; (iii) metal complex system, such as [ Mn-
(en)]3[Cr(CN)gl, * 4H,0 (T, = 69 K).” Several
molecular-based magnets with ferromagnetic transition
above room temperature have been reported.®!! Their
structures and mechanism, however, are unclear. The
international conferences on molecular-based magnets
have been hold every other year since 198912

The design of molecular-based ferromagnetic mate-
rials is one of the most stimulating challenges for
chemists. General design strategy is shown below:
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fSpin carriers with unpaired electronsl—>

lMagnetic molecules with high spin ground 'stateJ——>

|Molecular-based magnetsl

The first and second step are so called “molecular mag-
netic engineering” and “crystal magnetic engineering” ,
respectively. In the field of molecular magnetism the
most extensively used spin carriers are metal centres for
constructing magnets. This review will focus on newly
developed polymetallic coupling systems for both investi-
gating the interaction between spin carriers and designing
magnetic materials, mainly on our efforts in these areas.

Exchange interaction in polymetallic coupling
system

Magnetic interaction between paramagnetic metal ions

The quantitative treatment of magnetic interactions
between atoms as an exact science goes back almost sev-
enty years to the early work of Heisenberg, Dirac and
Van Vleck. Since 1950s,® the Heisenberg-Dirac-Van
Vleck (HDVV) model have been applied widely to poly-
metallic coupling systems. For example, the susceptibil-
ity expression of different coupling system for binuclear
complexes can be derived from the Hamiltonian

H=-J5-5 (1)

The coupled binuclear copper(II) system (d°-d°), for
example, is??

2Ng*p* 1 1
= 7 L3 exp (- J/kT)] (2)

where yy is the molar magnetic susceptibility and J is
the exchange coupled parameter. Positive or negative J
denoted ferromagnetic or antiferromagnetic interaction,
respectively. The g is Lande factor, N being Avogadro’s
number and 3 the electronic Bohr magneton. k is the
Boltzmann constant and equals to 0.695039 cm™ K.
In some cases, the corrections of zero field splitting
(D), temperature-independent paramagnetism ( Na),
molecular field (y’) and biquadratic terms ( D;;) are re-
quired. For more elaborate coupling systems, full matrix
diagonalization (FMD) method and irreducible tensor

operators (ITO) method can be applied to appraise the

magnetic exchange parameters. ¢

Binuclear copper(I1) system

The magnetic interactions between metal ions are
affected by many factors. Some magneto-structural corre-
lations have been established,® such as the affection of
bridging angle and dihedral angle, the extent of planarity
of the binuclear bridged network, electron density on the
bridging group, coordination mode of azide etc.

The p-phenolato bridged binuclear copper(1l) com-
plexes with the di-Schiff base of 2, 6-diformyl-4-substi-
tutedphenol are interested in the past two decades. The
reason for this is that the plethora of p-phenolato com-
plexes is their ready synthesis and subsequent utility for
the study of magnetic interaction between Cu(II) ions.
We synthesized a series of binuclear copper (1) com-
plexes by using the ligand 2, 6-diformyl-4-methylphenol
di ( benzoylhydrazone ) (H;L). This ligand could be
formed keto-form (H,L7), keto-enol mixed form (HL*)
and enol-form (L*) when reacted with a metal salt.'®
The tautomeric forms of the ligand are shown in Fig. 1.
Three binuclear copper (II) complexes with exogenous
azide bridge were obtained; [ Cuy(H,L)(p-N;) 1-
(Cl04),*1/2CHsOH (1),  [Cup(HL)(p-N3) (CoHs-
OH) (H,0)(CI0)] (),  and [ Cup(L) (M) ]-
(DMF) (3).'%!7 The crystal structure of 2 was deter-
mined by X-ray single crystal structural analysis and
shown in Fig. 2. The structures of 1 and 3 were opti-
mized by molecular mechanics method. The resulis
showed that the copper(II) ions of 1 deviate too much
from coordinate plane and the later chains are turned
round against the binuclear bridging network. The mag-
netic orbitals cannot effectively overlap in this case and
give smaller magnetic exchange integrals. The structure
of 3 is similar to the erystal structure of 2 and the cop-
per(Il) ions basically site the coordinate plane. The
charge of phenoxide atom were obtained as -0.205,
-0.275, and -0.321 for 1, 2, and 3 by quantum
chemical calculations. This suggested that the charge
gathered around oxygen atoms when the hydrogen atoms
in later chains lost and the carbon oxygen double bonds
were broken into single bonds. The electron density of
the bridging atoms (phenoxide) of the enol-form complex
is larger than that of the keto-form complex in terms of
electron transfer. The magnetic data were obtained from
the experimental measurement and led to the sequence:
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1T lepot ( = 176.7 em™) > | T 1 pived enoloketo ( — 132. 4
em?) > 1J oo — 86.8 em™?)

which is in agreement with the theoretical analysis based

CH,

on the structural factor and electronic effect. Compared
with the other complexes of different exogenous bridging
ligands, the magnetic interaction between copper (II)
ions in enol-form is significantly stronger than that in ke-

to-form.. '8

CH, CH,

Fig. 2 Crystal structure of 2.

The exogenous bridging ligands, such as Br~,
Cl~, OH", OR" (R =CH; or G,Hs), N;~, CNO~,
SCN~, C3H3N, ™ (pyrazole), are also important factors
governing the magnetic interaction in this series of com-
plexes. The magnetic studies indicate that the effect of
exogenous bridging ligands on magnetic interaction is
corresponding to that in spectrochemical series. This re-
lationship has been observed in keto-form'*?! and enol-
form'® complexes as well as other systems.? Detailed
EPR studies on these complexes supported these results
and gave the bond parameters by using the Kivelson-
Neiman equation .

When we consider the bridging network of the kind

the interaction can be more important if the delocaliza-
tion of the magnetic orbitals toward the X and Y atoms of
the bridge is enhanced. This may be achieved by re-
placing oxygen atoms of C,0,> by less electronegative
atoms (O>N>S), so that to increase the metal-ligand
interaction. The magnetic data of binuclear copper(II)
complexes with different bridging ligands are summarized
in Table 1.%*'% In our study on nickel (II) and man-
ganese(II) complexes with dithioxmato bridge, the anti-
ferromagnetic interaction is much stronger than that in

oxmato bridged complexes . %
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Table 1 Magnetic data of binuclear copper(II) complexes with different bridging ligand

Bridging ligand C04* C,0;NH” C,0,(NR),* GS(NR),”
Binuclear /0NN PANN /NN PANEN
copper(I1 R L L LS
network 070 07 ™N0 O~ ™N SN
J/cm’? ~-385.4 -425.5 - 581 - 1730

Heterodinuclear coupled systems

The antiferromagnetic and ferromagnetic coupling
looks like equal at first glance. However, less than 5%
of well-characterized dinuclear complexes have been re-
ported to be ferromagnetically coupled.?’ Quite a spec-
tacular way of demonstrating the influence of the symme-
try of the magnetic orbitals on the nature of the interac-
tion is to compare the two complexes [ CuVO(fsa)zen
CH;0H] (4) and [ Cuy (fsa)en* CH;0H] (5), where
(fsa),en* is the dinucleating ligand derived from N, N'-
bis (4-carboxy-3-hydroxybenzyl ) ethylenediamine . %% In
4 and 5 (Fig. 3) the inner coordination site of the lig-
and is occupied by a Cu’* ion. It is coordinated in a
square pyramidal fashion by the nitrogen atoms and the
phenolic oxygen atoms of the (fsa),en* ligand in the
basal plane and by the CH;OH ligand at the apex. The

outer coordination site is occupied by a VO** ion in
square pyramidal surroundings (4) or by a Cu** ion in
planar surroundings (5) . The plane containing the metal
ions, perpendicular to the plane of the dinucleating lig-

and, is almost a mirror plane. In a 4 + 1 environment,

Fig. 3 Structure of 4 and 5.

the most destabilized orbital occupied by the unpaired
electron of Cu®* is of the d, -type. The unpaired elec-
tron of the VO?* 2 type orbital. Con-
sequently, the magnetic orbitals ®¢, in Cu** VO** and

ion occupies a d,2.,

Cu?* Cu?* complexes are asymmetric with regard to the
mirror-plane, while the magnetic orbital @y is symmetr-
ic with regard to the mirror-plane. Thus, the overlap in-
tegral < ®c,|®yo > in Cu?* VO?* is equal to zero. The
magnetic susceptibilities confirm that the interaction is
actually ferromagnetic with a triplet ground state 118
cm’! below the singlet state. In contrast, the overlap in-
tegral < @, | ®c, > in Cu?* Cu?* is different from zero.
The antiferromagnetic contribution is preponderant and
the singlet state is now the lowest with a S-T gap of -
650 cm'. This comparison between the Cu?* VO?* and
Cu?* Cu?* pairs is shown schematically in Fig. 4.
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Fig. 4 Symmetry of magnetic orbitals.

S=0

Using a series of mononuclear complexes as versa-

“complex ligand”,
30-53

tile synthetic precursors (so called
Fig. 5), we synthesize heterodinuclear, trinucle-
ar* and tetranuclear®">’ complexes. Furthermore, fer-
romagnetic coupled tetranuclear manganese (11)*® and
cobalt (I1)* complexes bridged by o-phthalato ligand
have also been obtained by our group.

Metal-radical systems

The radical is a kind of paramagnetic organic ligand
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which can be coordinated to metal ions in both bridging
and terminal positions. Nitronyl nitroxide mono-, bi-,
tri- and polyradicals are stable and have been successful
in designing the molecular-based magnetic materi-
als. %! Typical nitronyl nitroxide ligands are schemati-
cally shown in Fig. 6. Since the coordinated ability of
the radicals is poor, co-ligands with strong electron-at-
tracted group such as pfpr ( pentafluoropropionate) and
hfac (hexafluouoacetonate) are needed to participate in
The stronger the co-ligands attract
electron, the larger the magnetic interaction between

the coordination.

radical and metal ion is. In the same co-ligand systems,
the radicals have priority to coordinate to metal by less
sterohindered oxygen atoms. The stronger the substitute
of radicals attracts electron, the smaller the magnetic in-
teraction between the radical and metal ion is. Our group
undertook the synthesis and mechanistic study of the
metal-radical complexes. Several series of metal-radical
complexes with full structurally characterization have
been obtained. The magnetic interaction and coupling
mechanism of most characterized complexes have been
interpreted . 27

Ji I”I ?EI

Fig. 5 Selected synthetic precursors in our group.
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Fig. 6 Selected redical ligands.

Molecular design of heterotrinuclear com-
plexes with high spin ground state

In the field of design and synthesis of molecular-
based ferromagnets, the first important step is synthesiz-
ing molecular entities with a large spin in the ground
state. The linear ABA trinuclear species with local spins
254> Sp + 1/2 has been proven to stabilize a state of
high spin multiplicity with no need of imposing ferro-
magneic interaction between the nearest neighbor mag-

netic centers.

Spin state structure and magnetic behavior of trinuclear
species

For the linear and symmetrical trinuclear species
ABA, the local spins are noted S, and Sg. The inter-

action parameter in zero field may be written

H =~ J(SxSp + SaSs) (3)

with Sy = Sp. In Eq. 3, it is assumed that the inter-
action between nearest neighbors is purely isotropic and
that between tenminal centers is negligible. The relative
energies of the low-lying states are easily calculated
as”!

Ess =- (J/2)[S(S+1) - §'(8" +1)] (4)

S denotes the spin of a given state, and S’, the spin
associate with the terminal ions (S’ = S + Sx). In
Eq. 4, S’ varies by an integer value from 0 to 2S5, and
for each S’ value, § varies by an integer value from |
S'— Sgl to S’ + Sp. Three situations may be distin-
guished concerning the distribution in energy of the spin
state according to the relative values of S, and Sg."(i)
If 25, =< Sg, the spin state structure is regular. In the
case of antiferromagnetic interaction (J < 0), the
ground state has the smallest spin Sp — 25, and the
most excited state has the highest spin Sp+28,. yyT
decreases in a continuous fashion when T decreases.
(ii) ¥2S, = Sp+1/2 with S, and Sg5£1/2, the spin
state structure becomes irregular. For, J <0, one may
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have E, < E, with S; > S,. However, the ground state
is a doublet and remains the lowest spin multiplicity.
The calculation shows that again ¥y T continuously de-
creases upon cooling. (iii) Finally, if 25, > Sg+1/2,
the spin state structure is even more irregular, and for J
<0, the spin 25, — Sp of the ground state is not the

smallest spin anymore. On the other hand, the most ex-
cited state is again that with the largest spin 25, + Sg.
To illustrate the concept of spin state structure in a trin-
uclear species ABA, we schematized the spin state
structure in Fig. 7. Each state is represented by an ar-
row of which the length is equal to the spin associated
with the state.
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Fig. 7 Spin state structure of trinuclear specie ABA.

Design and synthesis of ABA trinuclear complexes with
irregular state

The heterotrinuclear complexes with irregular state
are very few because of the synthetic difficulty.”” To
overcome the limitation, a strategy is that a stable
mononuclear compound such as propylene-1,3-bis-
(oxamato) copper(II) [ Cu(pba)*, see Fig. 5] and o-
phenylene-bis( oxamato )-copper(I) [ Cu(ebo)* ], acts
as a bridging block in designing heteronuclear com-
pounds. Then the trinuclear complexes [ MnCuMn ] or
[NiCuNi] were obtained by the reaction of mononuclear
copper(Il) precursors, Mn" or Ni" salts and terminal
ligands ( bipyridine or phenanthroline). The coordina-
tion environment of trinuclear complexes is shown in

Fig. 8.
N RES
)i 2 \

lN
N NJ
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Fig. 8 Coordination environment of 6.

Among the limited examples, {{ Mn ( phen ), 1,
[Cu-(ebo) ]} (ClOs ), Hy,Q (6) showed ferromagnetic-
like behavior at high temperature.” The yy T versus T
plot of 6 is shown in Fig. 9. At room temperature, yy T
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is equal to 8.58 cm’ *mol! - K and gradually decreases
with cooling temperature, reaching the expected mini-
mum near 198 K with xy T = 8.49 cm’*mol™ -K; then
¥mT increases rapidly to a maximum at about 18 K with

xuT =11.85 cm’ *mol ™ + K, which is very close to the
yu T value of the S =9/2 ground state (12.3 e’ * mol!

*K) . The magnetic parameters were obtained by the ex-
pression of the magnetic susceptibility from the spin
Hamiltonian ( S¢, = 1/2, Sua = Sma =5/2) and given
tobe J= —51.9 ecm?, go=2.00 and gy, = 2.04.
Compared with the other [ MnCuMn ] analogues, the
value of | J| of 6 was larger than that of bis(oxamido)-
bridged system and led to the highest temperature ( Ty,
= 198 K) showed ferromagnetic-like behavior to date.

160 180 200 220
o b

Py
gl

0 60 120 180 240 300
T/K

Fig. 9 yyTws. T plot of 6.

Other trinuclear complexes with ferromagnetic interaction

In the course of our study on heterotrinuclear com-
plexes with irregular state, some of other trinuclear com-
plexes were synthesized and showed ferromagnetic inter-
action, The chromium (IIT)-copper ( II )-chromium (11T )
complexes, {[Cr(salen)],[ Cu(pba)]}+2H,0 (7) and
{{Cr(salpn) J,[ Cu(pba) ]} <2H,0 (8), where pba =
propylene-1, 3-bis ( oxamato) , salen and salpn denote
N, N-ethylenebis ( salicylideneiminate) and N, N-1, 3-
propylene-bis ( salicylideneiminate ), showed ferromag-
netic interaction with 16.6 cm(7) and 18.5 ecm™(8),
respectively. The reason for this is due to the orthogo-
nality of magnetic orbitals.™ Other trinuclear complexes
such as [ CrNiCr] showed antiferromagnetic interac-
tion . %0
Another example is [ GdCuGd] trinuclear species.
In the coupling system containing gadolinium (III) and
copper(1l), the magnetic interaction has been proven to
be ferromagnetic. The ferromagnetic coupled mechanism

could be interpreted in term of electron transfer (3d ¢,
5dcg) %' Using the similar method, we synthesized a
series of [ GACuGd] trinuclear complexes. The magnetic
interaction in {[ Gd (phen ), (ClO4)], [ Cu (pba)]li-
(Cl04);2H,0 (9) is expected to be ferromagnetic with
J=3.56 cm™. %2

Assembly of high-dimensional metal complex-
es with unique magnetic properties

Molecules enable a substantially greater ability of
control than atoms as building blocks for new materials.
Assembling molecules into one-, two- or three-dimen-
sional extended structure is of current interest. Com-
bined with the magnetic studies, several typical systems
were discussed.

Azido-bridged one-dimensional complexes

The structural and magnetic properties of azido-
bridged polymetallic complexes have received consider-
able attention in the past two decades.® From the mag-
netic point of view, the most interesting characteristic of
azido-bridged complexesis that the azido ligand is a very
effective superexchange pathway for its two main coordi-
nation modes and very effectively forms one-, two, and
three-dimensional complexes, some of which show spon-
taneous magnetization at T, between 16 and 40 K.%
With the purpose of investigating further magnetic inter-
action and developing one-dimensional molecular-based
materials, we succeeded in synthesizing a series of com-
plexes [ M(4, 4'-dimethylbipyridine) (N3 ), ], [M = Cu-
(II), Mn(II), Ni(Il), Fe(II)].% The structure of
copper (II) complex is shown in Fig. 10. Extended
studies on manganese(II) complex® with different termi-
nal ligand and heteronuclear nickel (II)-manganese (1)
and copper ( IT)-manganese (II) complexes® have been
done. All the studies on magnetic properties showed fer-
romagnetic-antiferromagnetic  alternating interaction in
the complexes.

When both azide ion and other bridging ligands
were employed to assemble the complexes, some inter-
esting three-dimensional Mn'-azido systems have been
obtained.®** The crystal structure of [ Mn (-4, 4'-
bipyridine) (u-1, 3-azide ), ] showed helical chains of
Mn" ions of two different types. The chains of the first
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type are connected by single EE (end to end) azido
bridges (-Mn-N;-Mn-N;-), while the second type ex-
hibit two consecutive EE azido bridges, followed by 4,
4'-bipyridine bridges (-Mn-N3;-Mn-N3;-Mn-4, 4’-bpy-) .
The whole structure has the form of a complex 3-D net-
work as a result of the propagation of these different he-
licals.¥” The magnetic behavior of this complex is char-
acteristic of a system with antiferromagnetic interactions
in the high temperature region, up to 50 K, where a

magnetic transition to a ferromagnetic state occurs.

Cyanide-bridged one- and two-dimensional metal com-
plexes *

Hexacyanometalate ions [ M (CN)g ]™ are often
used as building blocks for dimetallic magnetic materi-
als.® Two types of dimetallic compounds have been
derived from [ M(CN)g]™ ; 1) The Prussian-Blue family

Fig. 10 Crystal structure of [ Cu(4,4’-dimethylbipyridine) (N3), ], .

constructed with a simple metal ion and 2) complex-
based dimetallic assemblies constructed with acomplex
cation. Almost all members of the Prussian-Blue family
show spontaneous magnetization, and high magnetic or-
dering temperature T, are reported for some of them.®
However, the magnetostructural correlation for Prussian-
Blue compounds is still unclear due to the lack of struc-
tural information. Complex-based dimetallic assemblies
with one-, two- and three-dimensional structure have
been reported and exhibit ferromagnetic, antiferromaget-
ic or meta-magnetic behavior. Among them, the Cu'l-
Fe'l and Ni'l-Fe'! bimetallic assemblies have been syn-
thesized and characterized in much detail and exhibit a
ferromagnetic interaction between adjacent copper(Il) or
nickel(IT) and iron(III) ions through CN- bridges . %%

Molecular ferromagnet and metamagnet

The bimetallic assemblies of [Cu(en)ls;[Fe-
(CN)6]2 * 3H20 I: CU3F02 ] and [ NlL]3 [ Fe ( CN )5 ]2 ¢
9H,0 [ Ni;Fe, ], where en and L represent ethylenedi-

amine and 3,10-dimethyl-1,3,5,8,10,12-hexaazacy-
clotetradecane, have been synthesized. The magnetic
measurements showed that [ CusFe, ] and {Ni3Fezl were
molecular ferromagnet with T, = 11 K and molecular
metamagnet with T, = 5 K, respectively. [ CusFe,] is
obtained from the reaction of [ Cu(en) (H,0),]S0, *
H,0 and K3[Fe(CN)g] in water.” The complex is in
quantitative yield and insoluble in ordinary organic sol-
vents. On the basis of the spectra analytical data and
nickel analogues, it seems reasonable to assume that
[CusFe,] consists of a polymer of [Cu(en)]?** and [Fe-
(CN)g1* ions linked together by cyanide bridges (Fig.
11). The magnetic measurements were performed with a
SQUID magnetometer in the 4.2—300 K range and the
magnetic behavior is shown in Fig. 12(a). At room
température, Yu T is equal to 2.69 cm®*mol™ -K (4.63
B.M.) per [Fe,Cus], which increases gradually with
decreasing temperature until 30 K, then abruptly below
30 K, up to the maximum value of 13.8 em’ *mol™ K
(10.51 B.M.) at 8.6 K; it then decreases below this
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Fig. 11 Pssible structure of [ Cu;Fe; ] .

temperature. The maximum Yy T is very large compared
with the corresponding spin-only value (4.38 cm® *mol !
‘K, 5.92 B.M.) expected for the highest total spin of
a discrete Fe;Cuy system. The magnetic behavior, as
well as the Weiss constant { + 11 K) suggested an in-
tramolecular ferromagnetic interaction. The ferromagnet-
ic interaction between the iron (III) and copper-( 1))
jons through the cyanide bridges can be rationalized by
the strict orthogonality of magnetic orbitals of the low-
spin iron (III) and copper(II) and illustrated in Fig.
13. In order to study the magnetic properties in detail
and confirm the ferromagnetic phase transition, the field
cooling magnetization (FCM) , zero-field cooling magne-
tization (ZFCM) and hysteresis loop have been mea-
sured and shown in Fig. 12(b) and (c). As shown in
Fig. 12(b), the FCM obtained cooling the sample un-
der 1.0 x 10° T showed a rapid increase in magnetiza-
tion when the temperature is lowered below 11 K. When
the field was switched off, a remnant magnetization was
observed which vamished at 11 K upon warming. The
ZFCM showed a maximum at T, = 11 K as expected for
a polycrystalline ferromagnet. The magnetic hysteresis
loop was measured at 5 K. The remnant magnetization
and coercive field were obtained to be 0.17 ¢m’®*mol™ -
T and 2.5x 10° T.

[ NisFe,] was prepared in a similar method used in
[CusFe;] . Its crystal structure was determined by X-
ray diffraction. The asymmetric unit and 2D honeycomb-
like structure are shown in Fig. 14. The structure con-
sists of a neutral stair-shaped layer network with stoi-
chiometry [ NiL.]J;[ Fe(CN)g ], and a hexagonal pattem.
Each Fe(CN)3 unit used three C; rotational symmetry
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Fig. 12 Magnetic measurements of [ CusFe;]: (a) Plot of
pegr and Yy vs. T3 (b) FCM and ZFCM (insert) ;
(c¢) hysteresis loop.

related cis C=N groups to connect with three [ NiL]**
giving rise to Fe—C = N—Ni linkages, whereas the
three remaining symmetry related cis CN° groups are
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monodentate. The adjacent Fe---Ni distance is 0.5102
nm. Each NiL unit is linked to two hexacyanoferrate-
(II) ions in trans positions. The particular local
molecular disposition leads to a honeycomb-like struc-
ture. The repeating hexagonal-like units adopt a chair
conformation giving rise to an infinite waved layer.

+ 1 oo
#g L e

Fe(dxs) C N l Y
X

Fig. 13  Orthogonality of magnetic orbitals in [ CusFe, .
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Fig. 14 ORTEO drawing and 2D honeycomb-like
structure of [ NizFe, ].

The magnetic susceptibilities of [ NiFe, ] have

been measured in the 1.7—300 K region and a plot of

YmT vs. T is shown in Fig. 15. The yyT value at

room temperature is 3.8 cm® * mol” « K which increases
smoothly down to 28.6 K and then sharply reaches a
maximum value of 14.8 cm®*mol™ +K at 6.85 K, which
is much larger than the spin-only value of 10.0 cm’ -
mol ™ *K for S =4 resulting from the ferromagnetic cou-
pling of three nickel(II) ions and two low-spin iron(IIl)
ions, strongly suggestive of the occurrence of magnetic
ordering. The susceptibility above 6 K obeys the Curie-
Weiss law with a positive Weiss constant 6= +9.0 K.
The ferromagnetic interaction between the iron(IIl) and
nickel(II) ions is also due to the strict orthogonality of
the magnetic orbitals of low-spin Fe' ( tye ) and Nil
(). The onset of a long-range magnetic phase transi-
tion is further confirmed by the temperature dependence
of the ac molecular susceptibility displayed in Fig. 16.
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Fig. 15 Plot of yy T vs. T of [NisFe,].
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Fig. 16 Real, y'(O), and imaginary, (y' (@), ac

magnetic susceptibility as a function of temper-
ature taken at 133 Hz for [ Ni;Fe,].
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The real part of the zero field ac magnetic susceptibility,
%x'(T), has a maximum at ca. 5 K for a frequency of
133 Hz, suggesting that T, of [ NisFe,] is about 5 K.

The field dependence of the magnetization (0—7
T) measured at 1.93 K is shown in Fig. 17(a) in the
form of M/ Npy(per Ni;Fe, unit) vs. H, where M,
N, pgand H are the magnetization, Avogadro’s num-
ber, the electron Bohr magneton and applied magnetic
field, respectively. The magnetization reaches a value of
7.5 Npg at 7 K which is close to the expected S = 4
value of 8 Npg for the [ NizFe, ] system. The magnetiza-
tion was elaborately measured as a function of the exter-
nal magnetic field (0—0.5 T) at 1.93 K (Fig. 17
(b)). A noticeable sigmoidal behavior is observed
which suggests a metamagnet; the magnetization first in-
creases slowly with the increased field and then sharply
showing a spin-flipping from antiferromagnetic to ferro-
magnetic arrangement between the layers. In addition,
the extremely small zero-field susceptibility value also
suggests a metamagnet. Considering the small interlayer
separation (0.919 nm), interlayer antiferromagnetic in-
teraction could operate, which could be regarded as the
origin of the metamagnetic behavior.
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Fig. 17 Magnetization at 1.93 K as a function of the
applied magnetic field; (a) up to 7 T and (b)
at 0—0.5 T.

Conclusion and outlook

Since the space was limited, we only described a
few of the results we recently obtained along the molecu-
lar and crystal magnetic engineering in polymetallic cou-
pled system. The first success achieved has been the de-
sign of ferromagnetically coupled complexes. This result
is important in the synthesis of molecular ferromagnets.
Although more and more molecular-based magnets are
reported, the ferromagnetic phase transition temperature
is still very low (lower than liquid nitrogen temperature)
for most molecular magnets. The assembly of polymetal-
lic coupled system with multi-dimensional structure is
one of the most active field at present.!®1%! The diffi-
cult problem to solve is to realize this orthogonality not
only inside a molecular entity but at the scale of the
crystal lattice. On the other hand, several molecular
magnets with magnetic ordering temperature at liquid ni-

102106 and even above room

trogen temperature region
temperature were reported.®!! The structures of these
complexes have not been determined and the ferromag-
netic coupling mechanism is unclear. Moreover, they
don’ t retain their molecular nature well.

The richness of coordination chemistry allowed us
using basic but powerful concept to design new magnetic
objects with original but predictable properties. Efforts
are now directed to elaborate new systems with higher
and higher blocking temperatures to provide clean
nanoscale magnetic systems, both for checking models
in fundamental quantum physics (magnetic tunneling ef-
fect. . .) and for applied materials science ( magneto-op-
tics, grant magneto-resistive effect, recording devices,
contrast agents. .. ).
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