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One-Dimensional Iron(II1) and Two-Dimensional 
Iron(III)Nickel(II) Cyanide-Bridged 

Ferromagnetic Arrays from 
Hexacyanoferrate(II1) and [Ni(cyclam)12+ 

Building Blocks: Synthesis, Crystal Structure and 
Magnetic Properties 

ENRIQUE COLACIOa, JOSE-MANUEL DOMINGUEZ-VERAa, 

JOSE-MARIA MORENOa and HELEN STOECKLI-EVANSd 
MUSTAPHA GHAZI~, RAIKKO KIVEKAS~, FRANCESC LLORET~, 

"Depurtamento de Quimicu Inorganica, Fucultud de Ciencius, Universidud de 
Grunuda, 18071 Grunada, SPAIN, bDepartment (g Chemistv, University of Hel- 

sinki, FINLAND-00014, 'Departament de Quimica Inorgdnica, Facultat de 
Quimicu, Universidad de Valencia, DI: Moliner 50, E-46100 Burjassot, Valen- 
cia, SPAIN und dUniversite' de Neuchritel, Avenue de Bellevaux 51, CH-2000 

Neuchbtel, SWITZERLAND 

The X-ray structures and magnetic properties of a iron(II1) linear chain and a honeycomb-like 
layered iron(II1)-nickel(I1) cyanide-bridged compound are reported. The former contains 
alternating iron sites and unexpected ferromagnetic behaviour, justified on the basis of the 
axial distortion from regular octahedral geometry of one of the iron ions. The latter is meta- 
magnetic with ferromagnetic intralayers and antiferromagnetic interlayers interactions with a 
NCel temperature, TN= 7.7 K. The field-induced transition from an antiferro- to a ferromag- 
netic state takes place at Hc= 5000 G. The antiferromagnetic ordered phase exhibits spin-can- 
ting and long range ferromagnetic ordering at 3 K with a characteristic hysteresis loop. 

Keywords: cyanide-bridged; metamagnet; spin-canting; ferromagnetic; two-dimensional; 
linear-chain 

INTRODUCTION 

The design and elaboration of new systems with original magnetic. optical 

and/or electrical properties are at the heart of molecular iii;ignetism 11.21. I n  the 

last fcw years. there has been a considerable interest i n  the preparation and 
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284/[996] ENRIQUE COLACIO rf d. 

properties of molecular magnets 1 3 , 4 1 .  The aim i.s not to synthesize co~npo~rnd.\ 

in order to replace already existing magnets but t o  imagine and to conceive 

new system exhibiting new properties. One potential general roiitc to the 

synthesis of molecular magnets is to use [M(CN)h]n- and IM(H,O)h]ll+ 

complexes as molecular building blocks to  prepare bimetallic cyanide-lxidgcd 

assemblies with three-dimensional Prussian-like structure. which exhihit long- 

range magnetic ordering temperatures, Tc, as high ;IS 31s K.15) The origin c ) t  

the magnetic behaviour is associated with the three-dimensional \titictiire o f  

the compounds, in which the interaction between the nietal ion\ are stroiip 

ferro- o r  antiferrornagnetic. Recent work has shown that the [tinning of T, i4 

possible through a molecular excitation induced by photons or 

electrochemically,~~] which opens new routes to the design of molectile-b;i~etI 

magneto-optical devices. and then lo the s o  called molecular cIectron~c\. 'l'hc 

crystallization of  Prussian blue analogues, however, IS very difficult iind i t  hiis 

been only quite recently that Kahn ef ~1/.17l have succeeded in growing crystal5 

of [ M ~ ~ ( H ~ O ) ~ M O ( C N ) ~ ] . ~ H ~ O  (a and p forms). two bimetallic cyanidc- 

bridged compounds with tridimensional structure. which order 

ferromagnetically at 5 I K and exhibit a pronounced magnetic anisotropy i n  the 

magnetically-ordered phase. However, in this kind of compounds, their 

riiagnetic properties can only bc tunned by changing the paii- o f  intcr;ic~inp 

paramagnetic ions and not by modifying their peripheral ligiintl\. 

One alternative route to bimetallic cynnide-bridged cxlended ;rimy\ is 

that of using hexacyanometalates building block\ with inel;il complexes 

containing polydentate ligands. This hybrid approach favours the 

crystallization of the bimetallic assemblies, thus allowing their magneto- 

structural study. Depending on the nature of  the (ML,l l f l l+ huiltliiig hl(ic~Ls 

(available coordination sites on M and their geonietric.al disposition. stcric 

hindrance of L, oxidation state of M, etc) different u id  I;rcinating extcndetl 

network structures can be obfained. some of which ;ire rnagnctrcally ordere&~Nl 

Because they are molecular systems, their magnetic propertie4 ciiii hc 
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1D IRON(II1) and 2D IRON(III)NICKEI,(II)CYANIDE-BRIDGED [997]/285 

chemically tuned not only varying the metal ions but also the ligands. By using 

this strategy it is possible to design [MM'b] cyanide-bridged heptanuclear 

entities (M=Fe(llI) or Cr(l11); M'=Cu(II) or Ni(I1) and Mn(I1). respectively j,I"l 

Among them, the CrNih[gal and CrMnhlybl species exhibit high-spin grotincl 

states of S = l W  and 2712. respectively. 

HESLJLTS AND DISCUSSION 

We have now found that from the building blocks [Ni(cyclnm)]2+ and 

[ Fe(CN)& two different cyano-bridged complexes can he ohtaincd depending 

on the stoichiometric ratio of the reactants. Thus. when ;I large excess ot' 

(Fe(CN)(,j3- to [Ni(cyclam)]*+ is used ( 10/1 molar ratio). iifter removing ;I 

green powder that immcdiarely precipitates, prismatic dark brown cry.;t;iI\ of 

[Fe(cyclam)][Fe(CN)(,].6H20 1 appear within one week i'roiii tlic dark greeii 

so1ution.l It is noteworthy that the presence of a large cxces5 of [Fe(<")h]j- 

promotes the substitution of Ni(I1) from [Ni(cyclani)]~+ by Fe(ll1). 

Consequently, complex 1 can also be prepared from cycfani and K3fFe(CN)b]. 

On the other hand, by dropwise addition of an aqueous solution ot 

Kj[Fe(CN)h] ( I  mmol, 20 nil) to an aqueous solution o f  [Ni(uycl~iiii)](C'IO, )?  

( 1  mmol, SO ml) the compound [Ni(cyclam)]~[Fe(CN)f,l~ 13H$l 2 can he 

obtained as a fine brown precipitate. Slow diffusion of two aclucous \olut ic i i is  

of the reactants into a U-tube containing silica gel, provided well f(~riiied tlarl, 

brown block-like single crystals. The structure o f  1 was detrrinined hy X-lay 

analysis (Fig. 1 )  and i t  consists of polymeric chains o f  ;iltemated [Fc(CN)(,I 

and [Fe(cyclam)j3+ ions running along the o axis. and cryral  watcr moIccuIc\. 

In the chain two CN groups o f  each (Fe(CN)(,l3- uni t  bridge t \ v o  iton( [Ill 

atoms with Fc..,Fe distances of 5 .  I29( I) A. Both type\ of' iron ;i loni\  .II.C 

located on  symmetry elements ?hi, and the bridging CN- ions ;IS well ;is thc 

C(6) atom of the cyclam ligand lie on the mirror plane. Thc chains arc almohr 
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286/[998] ENRIQUE COLACIO P I  a /  

linear as the bond angles for the bridging CN- group are ca. 175". The iron 

centre in the [Fe(CN)&- unit adopts a minimally distorted octahedral 

environment, whereas the iron centre of the [Fe(cyclam)]3+ unit assumes an 

axially distorted octahedral FeN6 chromophore. The two axial positions are 

occupied by the nitrogen atoms of the bridging CN- groups with Fe-N distances 

of 2.069(6) 8, and the equatorial positions by the N4 set of donor atoms from 

the cyclam ligand with Fe-N distances of 1.963(5) A. The equatorial 

coordination planes of Fe(1) and Fe(2) are not parallel but form a dihedral 

angle of 10.7(1)". 

FIGURE 1 Perspective views of the chain complex and the packing of 1. 

In the crystal, the chains are linked by hydrogen bonds involving the 

lattice water molecules and the N(2) and N(4) nitrogen atoms of the 

[Fe(CN)& and [Fe(cyclarn)]3+ units, respectively, thus leading to a two 

dimensional layer structure. The Fe.-Fe interchain separation is 8.101( 1) A. To 

our knowledge compound 1 represents the first example of an iron(1II) chain 

containing alternating iron sites but not alternating bridging ligands. 
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1 D IRON(II1) and 2D IRON(III)NICKEL(II) CYANIDE-BRIDGED [999]/287 

The temperature dependence of the XMT product per Fez unit in the 

temperature range 2-295 K (Fig. 2) shows that, as temperature is lowered, XMT 

remains almost constant until around 100 K, then increases smoothly to reach a 

maximum at 6 K and finally decreases sharply upon cooling down to 2 K. 

0.0 - 
0 50 100 1% 200 2JO 300 

TIK 

FIGURE 2 Magnetic data (XJ vs. T) of 1. Inset: magnetization data 
(Np vs. H/r)  of 1 (solid line represents the theoretical value of Brillouin 

function for S= 1/2). 

Such magnetic behaviour is characteristic of a dominant ferromagnetic 

coupling within the chain and interchain antiferromagnetic interactions, which 

are responsible of the decrease of XMT at very low temperature. The 

experimental magnetization values per Fez unit as a function of the applied 

field at 5 K (inset Fig. 2) support the existence of an ferromagnetic interaction 

between iron(II1) ions. Apparently, 1 is the first example of an iron(II1) chain 

exhibiting ferromagnetic intrachain exchange interactions. The magnetic 

susceptibility data (T> 6 K) were fitted to the Baker's expression for a S= 1/2 

uniformly spaced ferromagnetic chain leading to J= 8.6 cm-l and g= 2.27. The 

polycrystalline powder EPR spectrum at I 0 0  K seems to be axial with gll= 2.21 

and gl= 2.03. In spite of the two different kind of iron(II1) atoms in 1, the 

Massbaum spectra at room temperature and 90 K shows a single sharp doublet 

with IS and QS parameters at 90 K of -0.0679 mm/s and 2.447 d s ,  
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288/[ 10001 ENRIQUE COLACIO e t a /  

respectively. The large size of the QS reflects the asymmetry around the low- 

spin centers and the delocalization along the chain. 

At first glance, the ferromagnetic behaviour observed for I is rather 

unexpected taking into account the magnetic orbitals involved in the exchange 

interaction. Low-spin iron(ll1) ion in octahedral surrounding ( I ? $ )  hn\ thc 

unpaired electron density on xy. xz and yz d orbitals, which a~-e clegencratc ;1nd 

then equally populated with a statistical factor of 1/3. I f  the Fe( l)-CN-Fe(2) 

bond is considered t o  lie along the z axis, with the x and y axis pointing toward 

the equatorial CN- groups [or Fe( 1 )  and toward the nitrogen atoiiih of [lie 

inacrocycle for Fe(2). the xz and yz orbitals on both iron(II1) ions would 

overl;ip through the orbitals of the CN- group t o  give rise to antiterromagnctic 

contributions. A closer examination of the structure of I .  however. ;illow\ ;I 

possible orbital explanation for the observed ferromagnetic coupling. T h u .  

while the coordination polyhedron 0 1  Fe( 1 ) is almost perfect octahedral (Oil 

point symmetry), however, that of Fe(2) is axially elongated along the CN 

Fe(2)-NC direction (D41,). For this tetragonal distortion the ground state 

configuration becomes ( ~ z , y z ) ~ ( x y ) l .  Then, the Ierroniagnctic interaction 

might he the result of the orthogonality between the (xy) '  orbital (B?,) o n  

Fe(2) and the xz and yz ( t l ? )  orbitals on Fe( I ) .  Notcworthy. a similar 

unexpected ferromagnetic coupling has been also obsxved hetwecn two 

cyano-hridged Cr[d3.(tz,)J], in the ca~ena-cyano(phth;~locyaniri;~~~~) 

chroniiuni(III).[I 1 1  

The structure of 2 consists o f  honeycomb-likr layers and crystal wiitcr 

molecules that occupy the interlayers space (Fig. 3). To tbrni the I;\yc.r\. cach 

[Fe(CN)f,jj- is coordinated t o  three [Ni(cyclaiii)]2+ cation\ thitrugh cy;micic 

hridpes, with Fe-Ni distances ranging from 5.037 to 5.207 A. whereas cacli 

[Ni(cyclain)]~+ cation is linked t o  two hcxacyanoirrl.aic.(lll) units i n  mim 

positions. The iron centre in the IFe(CN)(,J3- unit adopt5 a minimally distorlcd 

octahedral environnient with the [Ni(cyclani)]'+ uni t s  located at facial 
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ID IRON(II1) and 2D IRON(III)NICKEL(II) CYANIDE-BRIDGED [ 1001]/289 

positions. NirI ions, which are located on centres of symmetry. exhibit a trms 

octahedral geometry with cyanide nitrogen atoms at axial positions; the nickel- 

cyanide nitrogen distances (2.123(3)-2.144(3) A) being longer than the 

equatorial ones (2.059(4)-2.070(4) A). In the crystal the layers, which are not 

planar but forming an infinite stair, align along the ( I  axis Fig. 3). The layer\ 

are linked by a network of hydrogen bonds involving the lattice water 

molecules and the unco-ordinated CN groups. I t  should he point (hat the 

honeycomb-like structure observed for 2 is very similar to lhal recently 

reported for the hexacyanochromate( 111) analogue.lX1I 

FIGURE 3 Perspective views of the 2D honeycomb-like layered structure and 
the packing (open and cross-hatched balls represent Fe"' and Ni" atoiils. 

respectively) of 2. Water molecules have been omitted for clarity. 

The temperature dependence of.the product XMT per FelNi3 uni t  in the 

temperature range 2-295 K under an applied ficld of SO G ( low tempcr;ittirc 

region) and I T (high temperature region) is shown in Fig. 4 (left). Betwcen 30 

K and 295 K XMT values are essentially independent of the temperature. On 

further lowering the temperature, XMT increases reaching k t  rnaximum valtre of  

15 cm'mol~lK at 8 K. This behaviour is indicative o f  a short rmfc  
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ENRIQUE COLACIO et  it 

ferromagnetic interaction between Fell1 ( I $ )  and Nil1 (eg2) through the 

cyanide bridge, as a result of the orthogonality of the magnetic orbitals on the 

metal ions. Below 6 K and applied field of 50 G, XMT rapidly increases again 

reaching a value of 60 cm'mol-'K at 2 K. The temperature dependence o f  XM 

shows a similar behaviour with a maximum at about X K (lor applied ficl\ 

lower than SO00 G ,  Fig. 4 rigth), which is a clear indication of ;I thrcc- 

dimensional antiferromagnetic ordering of the ferromagnetic sheets. 

FIGURE 4 (Left) Plot XMT vs. Tof a polycrystalline sample of 2 at applied 
fields of 50 G (A) and 10 kG (0). Inset: amplification of the 2-25 K zone. 

(Right) Field-cooled magnetization in differeni applied fields. 

The increasing tendency in XMT below h K suggests ;I ntagnctic 

ordering over the lattice, which is probably due to a canting of the local spins.  

This canted structure may arise from the local magnetic anisotropy of Nil1 a id  

low-spin Fell1 ions. This phase transition is confirmed by ;IC susceptibility 

measurements which show a weak out-of-phase signal at 7.7 K and an intense 

one at 3 K, which are not  frequency dependents. The intense signal at 3 K i4 

due to a long-range ferromagnetic ordering leading to ii net iii;rgiictic rtioiiieiit 

and spontaneous magnetization below Tc= 3 K.  Above 3 K. the iiiiigiirtic 

properties are typical of a nictainagnet with a crytical field of' 5000 G. The 

temperature dependence of the magnetization at variuos fields is shown i n  

Figure 4 (right). For values of the applied field l e ~  than S O 0 0  G, the c ~ i r v e \  
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ID IRON(II1) and 2D IRON(III)NICKEL(II)CYANIDE-BRIDGED [1003]/291 

display a maximum which broadens as H is increased and finally disappears 

for H> 5000 G, demonstring that a field-induced transition from an antiferro- 

to a ferromagnetic ground state occurs. To confirm this metamagnetic 

behaviour, the magnetization vs applied field was measured at various 

temperatures (Figure 5 left). As temperature is lowered, the isotherms become 

increasing sigmoidal and present a crossing point at ca 5000 G, corresponding 

to the critical field. 

0 I .  e I *. 

f# ... . . . . .. .. . .I 

H I M  H I M  

FIGURE 5 (Left) Magnetization isotherms for 2 at T > 3K. (Right) Hysteresis 
loop at 2 K for 2. 

Below 3 K, a canted structure is formed. The magnetization curves 

present the characteristic hysteresis loop with a remanent magnetization of 0.26 

BM and a coercive field of 600 G at 2 K (Figure 5 right). This canted structure 

is also broken when applied fields greater than 5000 G are used. Swh a critical 

field is sufficient to overcome the weak intersheet antiferromagnetic 

interactions which are responsible of the spin canting ground state. It should be 

pointed out that, in contrast to 2, the chromium(1II) analogue 

[Ni(~yclam)]~[Cr(CN)~]~~5H20,[8i] does not exhibit any phase transition in the 

2-300 K range. 

The title compound is a new example of the versatility of 

hexacyanometalates to build a rich variety of molecular extended arrays with 

relevant and intriguing magnetic properties. In order to definitively clarify the 
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292/[ 10041 ENRIQUE COLACIO ef ul 

origin of the ferromagnetic exchange interactions in honioinetallic cyanide- 

bridged iron(lI1) systems and to know how the intersheet separaiion affects the 

magnetic properties in cyanide-bridged complexes with honeycomh-llkc 

structure, we are currently exploring the a w m h l i n g  hcrwcw 

hexacyanometallate( 111) and other [M(rnacrocycle)]ll+ coniplexes. 
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