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Magnetic Behaviour of NiFe-Hexacyanates as 
Influenced by Change of Ligand 

PRASANNA GHALSASI, RAJIB GANGULY, S. A. CHAVAN 
and J. V. YAKHMI 

Chemistry Division, Bhahha Atomic Research Center; Mumbai 400 085, INDIA 

Two new ferromagnets belonging to the Prussian Blue family have been synthesired: 
[Ni(OCH2CH,0)*]3[Fe(CN)h]*.2.5H?O (I) and [Ni(SCH2CH20)2]3[Fe(CN)6]*.7H20 (II), 
with respective Curie temperatures 2 I K and 23 K. Their synthesis, and magnetic properties 
are reported. One of them exhibits a coercive field as high as 1792 Oe. 

Keywords: molecule-based magnets; bimetallic assemblies 

INTRODUCTION 

Reccnth much interest has k e n  imoked in thc inorgaluc coor&naiion complc\es belongng 

to thc fanuh of Prussian Blue which offcr a potential route towards design and s!nthesis of 

high cbmensional molecule-baxd magnets that shou bulk propcnics such as long-range 

magnetic ordering and ferro(ferri)-magnctism Prussian Blue Feln’lF~(CN),I1 15H:O which 

is a inired-\alent compound shous long-range fcrromagnetic ordcring 31 T,.=5 6Kl’ ‘I Thc 

magnetic interactions occur through Fe(lIl)-CN-Fc(lI)-NC-Fe(lII) Iinkagcs bct\wcn Fc (I l l )  

ions which arc 10 6 A m a t  The presence of strong spin densities on the lutrogcn and 

carbon atoms of the a a n o  groups has been c\perimentall! obsenod polarved neutron 

&ffracUon’”. a techmquc that allous spindcnsit! maps to be plotted The possibilih of 
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106/[818] PRASANNA GHALSASI rt cil. 

below 18 6 K[' -' where 'en' stands for ethylen&anunc Its structure consists of a polymeric 

figzag chain formed by an alternate array of IFc(CN)~~'- and cis-INi(cn)212' ions The chains 

align along a line to form a trans-INi(en)212' The low-spin Fen'(t2,l) and Ni"(cg2) orbitals are 

orthogonal to each other and the ferromagnetic interaction is transmitted through the qano- 

bridges In order to elaborate on the role of the ligand such as 'en'. we recently synthesked 

(Ni(pn)2(i(Fe(CN)612 12H2O where.(pn=l.2-propaned1amine) which shows fcrromagnetism 

at 19 K With the same goal in mind. we report in ths ppcr  the synthesis of two more new 

compounds in which the ligands were ( i )  cth>lene glycol and (ii) 2-mercapto ethanol viL . 
INI(OCH~CH.O)~J,IF~(CN)~~:.~.SH~O (I)  and ( N I ( S C H ~ C H ~ O ) ~ ] ~ [ F ~ ( C N ) ~ ~ ~  M?O (11). 

which show bulk ferromagnetic behaviour below 21K and 23 K. respectively 

EXPERIMENTAL 

The compounds (I) and (11) were sjntheslred in addmg 20 mL solution of K,Fe(CN), 

(prepared bv Qssolving 2 mmol of K,Fc(CN)~ in 20 mL water) to a solution of trans- 

NI(OCH~CH?O)~CI~ and trans- NI(SCH~CH-O)~CI~ (prepared bv Qssolwng 7 mmol of each 

in 30 mL water-methanol taken in I 1 ratio) rcspeclnel) The reaction mixture was then 

heated at SO C to g ~ v e  immcdtate precipitation of grccncolourcd pol\-crvstalline solids in 

both the cases The solids were washed Nith water and methanol The yield was 12% for 

compound (I) and 10% for compound (11) The FTTR spectra showed peaks conespondrng to 

-CN stretching frequencies I c 20Y6 and 2164 cm I for (I) and 20Y6 and 2118 cm ' for (11) 

Thermogranmetnc measurements were carried out with a Shimadm DT-300 apparatus in 

static air cmironment in the range 25-300 "C The elemental anahsis and TG results 

indrcated that compound (1) was associated with 2 S H - 0  while compound (11) was associated 

with 7H:O The C H N \slues calculated for compound (I) and (11) in that order are C 28 12 

H 240  N 1671 and C 24 1 2  H 2 04 N 1420 Found C 294 H 2 40 N 17 I andC 

264, H.26  N I S 0  

The X-rai powder mffraction pdtlerns were recorded with Ni-filtered Cu Kix 

radration on a Phillips PW 17 10 wide-angle gonioincter AC susceptibilit\ measurements 

were made using an APD susceptometer with E G & G Modcl 5208 Lock-in amplifier The 

dc magncti/alion measurements wcrc mdde both as a function of temperature and applied 

magnetic field .\ffT) and Af(//) using an EG & G P A R Model 4500 Vibrating Sample 

Magnetometer fitted with an 8 5 kOe Walker electromagnet and Tidewater bipolar poncr 
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MAGNETIC BEHAVIOUR OF NIFE-HEXACYANATES [819]/107 

Magnetometer fitted with an 8.5 kOe Walker electromagnet and Tidewater bipolar power 

supply. Zero fieldoooled magnetization (ZFCM) data was recorded by cooling the sample 
down to 5 K in zero applied field, switclung the alsplled field (200 Oe) on at this temperature 

and recording the magnetization while warming the sample up. Fieldaoled magnetization 
(FCM) data Was collected after coobg the sample in 200 Oe field and mrdmg the data 

while warming up, keeping the field on. Next, remanent magmtkation data was 

taken after coohg the sample in the same field to 5 K, and recording the data while 

warming up after reducing the field to zero. Mo hysteresis loop was recorded at 5 K using 
a field range. of k8t8500 Oe. 

RESULTS .ad DISCUSSION 

X-ray powder diffraction data for compounds (I) and 0 reveal that they are isostruaural 

with triclinic strucnup (space group 7 1, matching with reference 7). Fig. 2 gives the 

powder X-ray diffraction panern for compouad (I). The lattice cell paramezers for 

2 9 ( d e g r a e )  

FIGURE 2 X-ray powder -on pattern for compound Q 

1 a I b I C I a I B I Y 
11 9.690(1)A I 15.922(2) A1 7.364(1) A I 90.027(1) ' I 106.858(2) O I 105.422(1) ' 

TABLE 1 Lattice parameters of compound (I) 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

19
 1

7 
A

ug
us

t 2
01

2 



108/[820] PRASANNA GHALSASI et ul. 

compwnd (I) are p e n  m Table 1 The compound (II) was not completely single-phase 

Therefore, the X-ray w o n  pattern 1s not epven for it The cell parameter data IS also 
omtted for compound (ll) for the same reason Fig 3 shows the DC magnetuahon data for 

both the compounds in the temperature range 5-35 K and underan apphedfield of 200 Oe 

The fieldcooled mapebzabon (FCM) showed an abnrpt uarrease below the temperatures 
of 21 Kfor (I)and22Kfor (n) and-, Saturatedas the temperature was lowered 

to 5 K S u m  Uus FCM behawor 1s typcally that of a fernmapem mated, we take 
these temperam to be the Cune temperanue (Tc) of the mpcctwe compounds The 

ZFCMshowsabmadpeakforcompound(I), themaxlmumofwbch 0ccwsat-2OK In 
cootrast, the ZFCM for compound (n) very nearly followed its FCM m e  a 5  K after 

w b h  I t  began to decrease sharpIy The remanencc m botb the cases vamhed at thar 
requ%ve Cune temperatures 

. D  .-  
. *  

The hysteresis loopsrcmr&d at 5 K on powdered samples an ploaed in Fig. 4. As is 

evident flom the M(H) curves compound (I) is a m&ex hard magnet compared to 

compound a). The values of d v e  held (Hc) and IcmaDent magnetidon @&) axe 
lrrown to bc markedly inflwnwdby the way the sample ispreparad andtherefore &pend 
on grain size and shape. For both the compounds, the M(H) valm did not a- saturation 

even for an applied field as bigh as 8500 Oe, which is indMent to align all the 

moments in the field direction. This kind of domain-beh8vior is attributwl to the magnetic 
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MAGNETIC BEHAVIOUR OF NIFE-HEXACYANATES [821]/109 

Fig 5 shows the AC magndic swqhti@ measurements inthetempaature range 13-40 

K, ia ZIXO static field (v&O Hz, b q . 5  Oe), for both the compounds. The Outof-pbaSe 

x " component shows abroad humpwith maxima at 18 K for (9 whilex " continued to risc 
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propagating magnetic interactions through cvtcnded bridging networks secms to be specific 

to molecular compounds and is due to the strong dclocalvation of the metal-ion spin 

towards its nearest ncighbours BI nnthcsimg analogucs of Prussian blue in uhich mclals 

uith dtffcrent nowero spins occup altemtc Iatticc sites Boforth ct al shoved in 1956 that 

magnetic ordering tcmperatures abo\c 70K can be achie\cd"' Recenth thc room 

temperaturc barricr was o\crcoiiie at 1 1 5  K with a CF/[V"-Vml compound'" Thcsc Prussidn 

Bluc like complc\cs can bc slnthcsved in \arious WI stoichiomctrics 

[A"(Ligand),,lLIBm(CN)~]~ \H-0 where A and B are thc paraniagnctic centres Depcnhng 

upon the nature of A-B interaction these compounds ma\ be three-dtmcnsional 

fcrromagncts antiferrornagncts or fcrrimagnets The nature of the A-B interaction in turn 16 

goterned b\ nmmctn considcrations in  particular. thc orbital slmmctries of the unpaired 

electrons on A and B In this respect thc magnetic propertics of the cwno-bascd solids agrcc 

\en well with thc theoretical models cstablished for molecular magnets 

Ohba et dl ha\c described d n o d  rope-ladder chain-structured compounc 

(NiD(cn).I,(FciU(CN)~I2 2H20 (as shown schcmaticalh in Fig 1 )  which is mctamagnetic 

/ \  
Y X 

FIGURE 1 Schcmatic structure for the compounds ahcrc. X=Y=N. 0. or S 
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MAGNETIC BEHAVIOUR OF NIFE-HEXACYANATES [823]/111 

until I 3  K for (11) The non-zero balucs of x " for ( I )  and (11) confirms the ferromagnetic 

ordenng in the bulk of these materials The x' (T) curve for (I) shows a sharp mawmum 

at 18 K The dccreax in x' below the maxima is possibly due to increasing domain wall 

stiffness nith decreasing temperature. which is common in molecule-bad ferromagnets 

czhibiting anisotrop and IOH magnetic densit! A similar situation \\as obscned for 

V(TCNE)? 0 S CH,CI.l"'. 

The stud? of magnetic properties of compounds (I)  and (11) indicates that the 

change of ligand in this cyanide-based s!stcm does not make much hffcrence 10 the value 

of T, . The interaction betwccn adjacent Fern and Nin ions is ferromagnetic through the 

cyanide bridge and these momenta get aligned in the direction of the applied field below 

T,. to gibe bulk ferromagnetism Stabiliiation of ferronlagnetic interaction betucen the two 

non-zero spins is governed strictly b the orthogonalit! condition in molecule-based 

magnets such as ( I )  and (11). The orbitals baring the Fern and Ni" spins. therefore appear 

to bc orthogonal to each other. An! non-orthogonalih of these orbitals would have resulted 

in antiferromagnctic interaction bctnecn the tno spins. Among molecular magnets. these 

cyano-based solids belonging to the F'russian Blue hpe offcr a greater scope in exercising 

considerable control over the nature and maptude  of the local magnetic exchange 

Interactions. The linear A-CN-B bridges promote the formation of strong magnetic 

intcractions betwcen adjacent spin centres Moreover. a wde range of metals with Merent 

spin states and osidation states can be substituted into the lattice. Lastly. and as is t p c a l  

of molecular magnets. these solids a n  be easily prepared at room temperature from well 

charac1erir.d qanometallate building blocks 
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