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A supramolecular heteropolymetallic system, (1), was obtained by[Cu2(fsal-33)(H2O)2]3[Fe(CN)6]2 É 8 H2O
reacting with is the symmetric macrocyclic binucleating Schi†K3[Fe(CN)6] [Cu2(fsal-33)(H2O)2](ClO4)2 (H2fsal-33
base ligand obtained by condensation of 2,6-diformyl-4-methylphenol with 1,3-propylenediamine). The
crystallographic investigation of 1 reveals a complex three-dimensional structure based on hydrogen-bond
interactions between the aqua ligands coordinated to the copper atoms, the water molecules, and the cyano groups
arising from the hexacyanoferrate(III) anions. The cryomagnetic measurements reveal the strong antiferromagnetic
interaction between the copper(II) ions within the binuclear cationic entity, and the temperature dependence of the

product, which is due to the Ðrst-order orbital momentum associated with low-spin Fe(III).sMT

In recent years, hexacyanometallate anions have been exten-
sively used as building blocks in designing heteropolymetallic
systems.1,2 The increasing interest in this chemistry is mainly
justiÐed by the search for molecule-based magnets.3h8 Since
the pioneering work of Verdaguer and co-workers on the
spontaneous three-dimensional long-range magnetic ordering
exhibited by the Prussian blue analogs, [A

k
[B(CN)6]l É n H2Oand we are facing a spectacularCIAII[M(CN)6] É nH2O,3

revival of the chemistry generated by anions. The[M(CN)6]q~synthesis can be seen as a self-assembly process between the
anionic building blocks and : (a) ““neckedÏÏ (actually hydrated
metal ions) ;1,3,9 (b) cationic complexes containing a pre-
existing ligand and potentially free coordination sites ;1,10 and
(c) cationic organic radicals.11 In the Ðrst two cases, a plethora
of cyano-bridged heteropolymetallic complexes, ranging from
discrete entities to 1-D, 2-D and 3-D systems, has been
obtained. In the last case, very interesting supramolecular
hydrogen-bonded assemblies with novel topologies of the spin
carriers have been characterized and their magnetic properties
investigated.

We have recently started a research project on the synthesis
of heterometallic systems of interest in molecular magnetism,
which are obtained by the self-assembly process between
hexacyanometallate anions and binuclear complexes. This
synthetic approach could be an alternative way to design het-
eropolynuclear complexes with predictable magnetic proper-

¤ Dedicated to the memory of Professor Olivier Kahn (1942È1999).
” Dr Steven J. Rettig passed away suddenly on 27th October 1998.

ties. The basic idea of our strategy is to combine the magnetic
behavior of the binuclear assembling cation (exhibiting a
ferro- or an antiferromagnetic coupling between the two metal
ions) with the one of the anionic building blocks. Beyond the
individual magnetic behavior, the two molecular entities may
interact, either through genuine cyano bridges, or through
hydrogen bonds. We report here on our Ðrst results in this
chemistry, namely the synthesis, crystal structure and mag-
netic properties of a new hydrogen-bonded supramolecular
polymetallic system, which is obtained by the self-assembly of

anions with[Fe(CN)6]3~ [Cu2(fsal-33)(H2O)2]2` (H2fsal-33
is the symmetric macrocyclic binucleating Schi†-base ligand
obtained by condensation of 2,6-diformyl-4-methylphenol
with 1,3-propylenediamine).

Experimental

Syntheses

Chemicals were purchased from Aldrich and all manipulations
were performed using materials as received. The binuclear
complex, has been syn-[Cu2(fsal-33)(H2O)2](ClO4)2 É 2 H2O,
thesized by a template procedure according to ref. 12.

(1) was obtained as[Cu2(fsal-33)(H2O)2]3[Fe(CN)6]2 É 8 H2Ofollows : to a solution containing 0.229 g (0.3 mmol) [Cu2(fsal-
in 20 mL acetonitrile was added a solution33)(H2O)2](ClO4)2containing 0.2 mmol dissolved in 20 mL of aK3[Fe(CN)6]50 : 50 isopropanolÈwater mixture. The resulting green micro-

crystalline precipitate was Ðltered o†, washed with water and
isopropanol, and Ðnally dried in vacuo over Yield :P4O10 .

DOI : 10.1039/b000655f New J. Chem., 2000, 24, 615È618 615

This journal is The Royal Society of Chemistry and the Centre National de la Recherche ScientiÐque 2000(



Table 1 Crystal data and structure reÐnement

Empirical formula C84H106Cu6Fe2N24O20Formula weight 2264.88
Crystal system Monoclinic
Crystal group P21/c (d14)
a/A� 12.3234(8)
b/A� 17.1876(12)
c/A� 22.1979(2)
a/¡ 90
b/¡ 96.0123(3)
c/¡ 90
U/A� 3 4675.9(4)
Z 2
T /K 180
k/cm~1 17.20
F(000) 2328
Final R indices [I[ 3p(I)] R\ 0.051, Rw\ 0.038

85%. IR data (KBr, cm~1), 1 : 3385s, 2930w, 2111s, 1640vs,
1596s, 1441m, 1417m, 1376vw, 1324s, 1272w, 1242w, 1197w,
1117m, 1097w, 1073w, 973vw, 940vw, 882vw, 816s, 762m,
620m, 569w, 522w, 490w, 452m. Elem. anal. : found : C, 44.1 ;
H, 4.9 ; N, 14.6%; calcd : C, 44.54 ; H, 4.72 ; N, 14.84%. Single
crystals were obtained by slow di†usion, in an H-shaped tube,
of two solutions, one of them containing [Cu2(fsal-33)

dissolved in acetonitrile, and the other one(H2O)2](ClO4)2dissolved in a waterÈisopropanol mixture. TheK3[Fe(CN)6]infrared spectra were found to be identical for both the micro-
crystalline powder and single crystals. The cobalt(III) deriv-
ative, (2), has been[Cu2(fsal-33)(H2O)2]3[Co(CN)6]2 É 8 H2Oobtained as a green powder in a similar way as compound 1.
IR data (KBr, cm~1), 2 : 3396s, 2926w, 2124s, 1636vs, 1570s,
1441m, 1419m, 1376vw, 1325s, 1272w, 1241w, 1198w, 1118m,
1074w, 973vw, 942vw, 884vw, 817s, 762m, 620m, 566w, 523w,
490w, 452m. Elem. anal. : found : C, 44.6 ; H, 4.5 ; N, 15.1%;
calcd : C, 44.42 ; H, 4.70 ; N, 14.80%.

Caution ! Perchlorate salts are potentially explosive and
should only be handled with care and in small quantities.

Physical measurements

IR spectra (KBr pellets) were recorded on a Bio-Rad FTS 135
spectrophotometer in the 4000È400 cm~1 region. UV-VIS
spectra (di†use reÑectance technique) were recorded with a
UV4 Unicam spectrophotometer. Magnetic measurements
were carried out in the temperature range 1.8È300 K, on a
Quantum Design MPMS-5S SQUID magnetometer.

Crystal structure determination

A green crystal of 1 having approximate dimensions of
0.20] 0.06] 0.03 mm was mounted on a glass Ðber. All mea-
surements were made on a Rigaku/ADSC CCD area detector
with graphite monochromated Mo-Ka radiation. Cell con-
stants were based on 18785 reÑections with 2h \ 4.0È61¡ (see
Table 1).

The data were collected at [93 ^ 1 ¡C to a maximum 2h
value of 61.0¡. Of the 42 584 reÑections that were collected,
12 625 were unique equivalent reÑections were(Rint\ 0.085) ;
merged. The structure was solved by direct methods and
expanded using Fourier techniques.13 The non-hydrogen
atoms were reÐned anisotropically. Hydrogen atoms were
Ðxed in calculated (CÈH \ 0.98 or di†erence map (OÈH)A� )
positions. The Ðnal cycle of full-matrix least-squares reÐne-
ment was based on all 12 625 unique reÑections and 613 vari-
able parameters and converged to andR1\ 0.051
Rw\ 0.038. Largest di†erence peak and hole : 1.47 e A� ~3
(0.53 from Cu) and [2.32 e All calculations were per-A� A� ~3.
formed using the teXsan crystallographic software package of
Molecular Structure Corporation.14

CCDC reference number 440/193.

Results and discussion
The reaction between andK3[Fe(CN)6] [Cu2(fsal-

in a molar ratio of 1 : 1.5 leads33)(H2O)2](ClO4)2 É 2 H2Oto the heteropolymetallic system [Cu2(fsal-33)
(1). The infrared spectrum of 1(H2O)2]3[Fe(CN)6]2 É 8 H2Oshows only one band (2111 cm~1), indicating that thelCNcyano groups are not involved in bridging with the copper(II)

ions. The broad band centered at 3385 cm~1 is due to the
presence of both coordinated and non-coordinated water mol-
ecules.

The crystal structure of 1 consists of distinct cationic,
and anionic, units,[Cu2(fsal-33)(H2O)2]2`, [Fe(CN)6]3~,

which are held together by an extensive hydrogen-bonding
network. The structure of the binuclear species in 1 is essen-
tially identical to the one found in [Cu2(fsal-33)

There are two crystallographically(H2O)2]F2(CH3OH)2 .15
nonequivalent binuclear cationic entities, MCu(1)Cu(2)N and
MCu(3)Cu(3a)N. Within the cationic units, each copper atom
exhibits a square pyramidal geometry, with a macro-N2O4cycle basal donor set, the aqua ligand occupying the apical
position. The basal copperÈligand distances fall in the range
1.956È1.997 The CuÈaqua bond lengths [Cu(1)ÈA� .
O(3)\ 2.254(3) Cu(2)ÈO(4)\ 2.280(3) Cu(3)ÈA� , A� ,
O(6)\ 2.325(3) are somewhat longer than those found inA� ]
the Ñuoro derivative [2.2027(8) The two aqua ligandsA� ].15
are disposed in a trans arrangement and are further connected
by hydrogen bonds to the ions or to the water[Fe(CN)6]3~molecules (see below). The copperÈcopper distances are :
Cu(1)ÈCu(2)\ 3.120 and Cu(3)ÈCu(3a)\ 3.101A� A� .

Let us have a closer look at the hydrogen-bonding inter-
actions in the crystal structure. Two anions are[Fe(CN)6]3~linked, each one through two cis-CN groups, to two aqua
ligands arising from two di†erent binuclear cationic species,
MCu(1)Cu(2)N, resulting in 16-membered rhombic meshes,
as depicted in Fig. 1 [O(3a)É É ÉN(7a)\ 2.851(5) A� ;
O(3a)É É ÉN(10b)\ 2.869(5) These meshes are further inter-A� ].
connected by hydrogen bonds, which are established between
cyano groups [N(9)] and the trans-disposed aqua ligands from
a binuclear cationic unit, MCu(3)Cu(3a)N, resulting in inÐnite
alternate chains [O(6b)É É ÉN(9a)\ 2.925(5) O(6b) is theA� ;
oxygen atom from the apical aqua ligand coordinated to
Cu(3b), (Fig. 2)]. The three-dimensional order in the crystal is
achieved by hydrogen-bond interactions between the chains
and the crystallization water molecules (Fig. 3). The stability
of the crystal arises from the combination of Madelung energy
with the hydrogen-bond interactions.

Fig. 1 View showing the hydrogen-bond interactions between two
MCu(1)Cu(2)Nunits and two ions.[Fe(CN)6]3~
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Fig. 2 Interconnection between the rhombic meshes (see text) and
MCu(3)Cu(3a)N cationic units. For clarity, the carbon atoms of the
macrocyclic ligand and the crystallization water molecules have been
omitted.

The electronic spectrum of 1, recorded by the di†use reÑec-
tance technique, shows a large band located at D15 000 cm~1
with a tail on its low energy side. This feature is characteristic
of Cu(II) in a square-pyramidal environment,16 and agrees
with the crystal structure.

The magnetic properties of 1 combine the magnetic behav-
ior of the binuclear species, with that[Cu2(fsal-33)(H2O)2]2`,
of the anionic units, The vs. T plot for 1 is[Fe(CN)6]3~. sMT
given in Fig. 4. At room temperature, the value of (1.32sMT
cm3 mol~1 K) is much lower than the expected value for six
Cu(II) and two low-spin Fe(III) uncoupled ions [D3.5 cm3
mol~1 K, by neglecting the orbital contribution due to the

Fig. 3 Packing diagram in the ab plane of the crystal structure of 1.
For clarity, the carbon atoms of the macrocyclic ligands have been
omitted.

Fig. 4 Temperature dependence of (a) for 1, and (b)sMT sMT (1)
(see text).[ sMT (2)

low-spin Fe(III) ions, with a ground term]. This low value2T2gis explained by the strong antiferromagnetic coupling of the
Cu(II) ions within the binuclear entities. Upon lowering the
temperature, the curve decreases continuously, exhibitingsMT
an inÑexion around 150 K. At this temperature, is aboutsMT
1.1 cm3 mol~1 K, and corresponds to what is expected for
two uncoupled low-spin Fe(III) ions. The further decrease of

is due to the intervention of the Ðrst-order orbitalsMT
momentum associated with low-spin Fe(III), which couples
with the spin momentum, and partially removes the degener-
acy of the state. In order to put in evidence more clearly2T2gthe contribution of the iron(III) ions on the overall magnetic
behavior of 1, we have subtracted the contribution of the

entities, which has been obtained by measuring theMCu(II)2Nmagnetic properties of the similar system [Cu2(fsal-
2. Compounds 1 and 233)(H2O)2]3[Co(CN)6]2 É 8 H2O,

exhibit almost identical infrared spectra. The temperature
dependence of the di†erence correspondingsMT (1) [ sMT (2),
to the magnetic behavior of the ions, is rep-[Fe(CN)6]3~resented in Fig. 4 (curve b).

The coupling constants in the binuclear cationic units in 1
can be roughly estimated using ThompsonÏs equation,15
which relates the value of J (cm~1) with the CuÈO(Ph)ÈCu
bridging angle, a :

[J \ 31.95a [ 2462

As already mentioned, in crystal 1 there are two crystallo-
graphically nonequivalent binuclear cationic entities,
MCu(1)Cu(2)N and MCu(3)Cu(3a)N. The values of the bridging
angles are, respectively : Cu(1)ÈO(2)ÈCu(2)\ 103.23(14)¡ and
Cu(3)ÈO(5)ÈCu(3a)\ 102.72(13)¡. Accordingly, the predicted
values of the CuÈCu coupling constants in 1 are : D [836
and D [819 cm~1. In the Ñuoro derivative, [Cu2(fsal-

the value of the bridging angle is33)(H2O)2]F2(CH3OH)2 ,
103.65(10)¡, which leads to a calculated value of D [849
cm~1. The experimental value of the coupling constant was
found to be J \ [784 cm~1.15

Since in the cobalt(III) derivative the anionic units are dia-
magnetic, we can directly determine the value of the coupling
constant describing the exchange interaction between the
copper(II) ions. The results of the cryomagnetic investigation
of 2 are shown in the and vs. T plots (Fig. 5). ThesM sMT
room temperature value of the product (0.18 cm3 mol~1sMT
K) indicates a very strong antiferromagnetic exchange inter-
action. The sharp rise in at low temperature is due to thesMpresence of a small amount, o, of a paramagnetic, uncoupled
Cu(II) impurity. Consequently, the experimental data were
Ðtted using the BleaneyÈBowers equation, modiÐed to take
into account the paramagnetic impurities :

sMT \ 3(2Ng2b2/k)[3] exp([J/kT )]~1(1 [ o) ] o(Ng2b2/2k)

By least-squares Ðtting (g \ 2.1, Ðxed value) we obtained
J \ [834 cm~1 and o \ 0.01, with a reliability factor
R(sMT ) \ 4.4 ] 10~4 MR\;[(sMT )obs[ (sMT )calc)]2/

Fig. 5 (a) and (b) vs. T plots for 2.sM sMT
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In the di†erence curve shown in Fig. 4, the[;(sMT )obs]2N.contribution of the paramagnetic impurity has been sub-
tracted.

Further work on this chemistry, including systems with
genuine cyano bridges between di†erent metal ions, is in
progress and will be presented in subsequent papers.
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