
This article was downloaded by: [Tomsk State University of Control Systems and Radio]
On: 18 February 2013, At: 10:34
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals
Science and Technology. Section A.
Molecular Crystals and Liquid Crystals
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl19

Molecular Design and Synthesis of Ferro-
and Ferri-Magnetic Inorganic Polymers
and Complexes with Tetrathiolate
Ligands
Masataka Fujiwara a , Satoshi Takamizawa b , Wasuke Mori b &
Kizashi Yamaguchi b
a Advanced Technology Center, Osaka Gas Co., Ltd. Kyoto Research
Park 17, Chudoji-Minami-machi, Shimogyo-ku, Kyoto, 600, Japan
b Department of Chemistry, Faculty of Science, Osaka University,
Toyonaka, Osaka, 560, Japan
Version of record first published: 04 Oct 2006.

To cite this article: Masataka Fujiwara , Satoshi Takamizawa , Wasuke Mori & Kizashi Yamaguchi
(1996): Molecular Design and Synthesis of Ferro-and Ferri-Magnetic Inorganic Polymers and Complexes
with Tetrathiolate Ligands, Molecular Crystals and Liquid Crystals Science and Technology. Section A.
Molecular Crystals and Liquid Crystals, 279:1, 1-8

To link to this article:  http://dx.doi.org/10.1080/10587259608042170

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation
that the contents will be complete or accurate or up to date. The accuracy of any
instructions, formulae, and drug doses should be independently verified with primary
sources. The publisher shall not be liable for any loss, actions, claims, proceedings,
demand, or costs or damages whatsoever or howsoever caused arising directly or
indirectly in connection with or arising out of the use of this material.

http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259608042170
http://www.tandfonline.com/page/terms-and-conditions


Mol. Crysr. Liq. Crysf.. 1996, Vol. 279. pp. 1-8 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 1996 OPA (Overseas Publishers Association) 
Amsterdam B.V. Published in The Netherlands 

under license by Gordon and Breach Science 
Publishers S A  

Printed in Malaysia 

MOLECULAR DESIGN AND SYNTHESIS OF FERRO- AND FERRI- 
MAGNETIC INORGANIC POLYMERS AND COMPLEXES WITH 
TETRATHIOLATE LIGANDS 

MASATAKA FUJIWARA,’ SATOSHI TAKAMIZAWA,b WASUKE MORI,b 
and KIZASHI YAMAGUCHI 
a) Advanced Technology Center, Osaka Gas Co., Ltd. Kyoto Research Park 17, 

b) Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, 
Chudoji-Minami-machi, Shimogyo-ku, Kyoto 600, Japan 

Osaka 560, Japan 

Abstract The orbital-symmetry rules for superexchange couplings of unpaired 
electrons via ligands were applied to one-dimensional (1D) polymers composed of 
heteropoly transition-metal tetrathiolates (poly(MlTM2), T: tetrathiolate). The 
polymers composed of the Cu(I1)-Fe(III)(LS) and Ni(II)(HS)-Fe(III)(LS) units are 
predicted to be ferromagnetic within 1D chains, whereas several polymers such as 
the Co(II)(HS)-Cu(l1) alternating one are considered to be femmagnetic. 
Ferromagnetic metals, dense Kondo and spin-mediated superconductors composed 
of trinuclear M2TMlTM2 complexes (Ml=Ni) are also designed on the basis of 
the theoretical results. According to these guiding principles, we have performed 
the synthesis of ferro- and fenimagnetic polymers composed of heteropoly 
transition-metal tetrathiolates (poly(MlTM2). T: tetrathiolate). The magnetic 
measurements of the solids were also canied out and the observed intrachain 
effective exchange integrals are summarized. 

INTRODUCTION 

About ten years ago, Hirsch and Scalapino pointed out a strong-coupling mechanism of 
high-Tc superconductivity expected for weakly coupled double valence fluctuating 
molecules.’** Their quantum Monte Carlo simulations suggested an important role of 
superconducting fluctuations at temperatures of order of antiferromagnetic effective 
exchange integrals (J,b). After the discovery of the high Tc superconductivity in copper 
oxide systems,’ several synergistic effects were expected for the conduction electrons 
(or holes) plus spin systems, which were generated by electron or hole doping into 
anti-(or ferro) magnetic insulators. The superconducting transition temperatures (Tc) of 
several transition metal oxides were estimated on the basis of the spin fluctuation model 
coupled with the J,, values calculated by ab initio UHF MO m e t h ~ d . ~  Many theoretical 
models involving electron-phonon and electron-exciton couplings were also presented 
to explain the high Tc superconductivity specific to the copper oxides. However, its 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
34

 1
8 

Fe
br

ua
ry

 2
01

3 



2/[1030] MASATAKA FUJlwARA er al. 

mechanism has not been settled yet. Therefore, strongly or intermediately electron- 
correlated systems have received continuous interest in relation to both magnetism and 
(super)conductivity.' 

magnetic properties were throughly investigated." Here, we first design new types of 
ferromagnetic or femmagnetic polymers composed of heteropoly transition-metal 
tetrathiolates; (poly(MlTM2), T: tetrathiolates) on the basis of the orbital-symmetry 
rules for superexchange couplings of unpaired electrons via anionic lingands, which 
have been derived from previous ab initio calculations of the binuclear complex 
(HS),MlTMZ(SH), ? Spin-fluctuations also play important roles in spin-mediated 
exotic materials. Then theoretical results are utilized for molecular design of 
ferromagnetic metals, dense Kondo and spin-mediated superconductors composed of 
the segregated columns of trinuclear complexes (LXM2TMlTM2(L), (Lproper 
ligand)." The isologous analogy among these inorganic systems and TTF derivatives 
with radical groups is clearly shown on the basis of the Anderson-type Hamiltonian. 

According to these theoretical guiding principles, our experimental approach to 
achieve molecular ferromagnet and other exotic magnetic materials has been to impose 
ferro (or antiferro)-magnetic superexchange interactions between nearest neighbor 
hereto metal centers in alternating arrayed manner. In order to rearize the 
heterometallic systems, tetrathiolate was selected because of its very desirable 
combination of structural features. In fact the transition metal centers with large spin 
multiplicities would be coordinated in close proximity, enhancing one-dimensional 
ferro- or antiferro-magnetic interactions. This ligand is unsaturated and therefore has a 
fairly polarizable molecular orbitals. In square planar complex it should provide good 
drr-px orbital interaction,"*12 which has received current interest in relation to 
development of new magnetic conductors and superconductors. 

Recently, several types of ferromagnetic compounds were synthesized and their 

DESIGN OF FERRO(FERR1)MAGNETIC POLYMERS 

Previous ab initio calculationsg of the binuclear complexes (M 1TM2) indicated that the 
superexchange interaction (J,) between the transition metal ions M1 and M2 via 
tetrathiolate ligand is generally expressed by 

where K,b and S,, are the Coulombic exchange integral and orbital overlap, 
respectively. The magnetic orbitals a on M1 and b on M2 are significantly delocalized 
over the tetrathiolate ligand (T). Then the orbital overlap (SJ becomes large when the 

J,= z ( K,, - C(SJ 1, (1) 
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orbitals a and b have the same symmetry, and J,, becomes negative (antiferromagnetic) 
since the second term in Equation (1) overcomes the fiist term. On the other hand, the 
J,,-values are positive (ferromagnetic) in other orbital-orthogonal cases (S,,=O). Table I 
shows the signs of the J,,-values for the MlTM2 pairs based on the orbital symmetry 
rules and ab initio  calculation^.^ From Table I, ferromagnetic spin couplings are 
feasible for several Cu(I1)-M2 and Ni(II)-M2 pairs, whereas antiferromagnetic spin 
couplings are concluded for many other cases. Therefore, the alternating polymers 
composed of these units may become the ferromagnetic and femmagnetic one- 
dimensional polymers as illustrated in Table I. 

DESIGN OF FERROMAGNETIC METALS, DENSE KONDO AND SPIN- 
MEDIATED SUPERCONDUCTORS 

The Ni(dmit), plus TTF (or N(Me),) systems (2:l complexes) exhibit the 
superconductivity at a low temperature under the high pressure. The mnuclear 
complexes M2TNiTM2 have the Ni(dmit), skeleton coupled with spins on M2 (for 
example, Fe(III), etc). Therefore, cooperative effects between conduction electrons and 
spins are expected theoretically. Previously, we examined their organic analogs 
R-lTF(BEDT-TTF)-R (R = organic radicals) in relation to possibilities of organic 
ferro(fem) magnetic metals, dense Kondo systems and spin-mediated superconductors 
composed of these units. The same synthetic strategies are feasible for segragated 
columns composed of the mnuclear complexes as shown in Figure 1, since both 
systems are described by the Anderson Hamiltonian: 

H = Z E, a,* 6, t 2 ( V, a,* R,, + Z V, R,* a,, ) + Z E~ R,* R, 
+ &I* Rks Rkr* Rka 9 (2) 

where a,,* and Rk.* denote, respectively, the creation operators of conduction and 
localized electrons, and V is the coupling constant between them. 

FIGURE 1. Trinuclear complexes with Ni(dimt) and isoelectronic TTF derivatives 
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SYNTHESIS 

According the guiding princples discussed above, we performed the expenmental 
efforts to synthesize the ferromagnetic polymers in past several years. Here, the 
experimental details are summarized. First, heteropoly metal tenathiolates (poly 
(MlTM2), T:tetrathiolate) were synthesized as shown in Figure 2. In case of 
poly(Cu(II)TCo(II)), to 2.0 g of the copper thio bis-chelate were added 11.2 ml of 1 
molar sodium metoxide in methanol and a solution of 0.66 g of CoCI,.6H2O in 35 ml of 
methanol. The mixture was refluxed for 5 hours, and the resulting solids were filtered 
and rinsed with methanol, deionized water, again with methanol, toluene, and with 
ether. Then they were dried under vacuum. The product (1.83 g) was a fiiely 
powdered, dark-brown solid. Although the infrared spectrum is inconclusive as to 
whether the product consists of hetero metal centers in alternating arrayed manner or 
not, both the elemental analysis and scanning electron micrograph show that the ratio 
of copper to cobalt is almost 1 to 1. Other unasition metal-tetrathiolate systems were 
synthesized and are characterized in the same manner. 

The electronic and spin state of metal centers in poly metal tetrathiolates were 
examined based on ESCA and Mlissbauer spectra. The results are shown in Table 11. 
These results show that the metals were most probably oxidized to higher oxidation 
states, in exactly the same way as in the case of cobalt and iron. 

M I  bis-chelate M 1-tetrathiolate ion 

M 1M2.copolymer 

FIGURE 2. Synthetic scheme for heteropoly transition metal tetrathiolate polymers 

MAGNETIC MEASUREMENT AND DISCUSSION 

In Table 111, we summarized Curie-Weiss parameters and Curie-Weiss temperatures of 
hetero poly metal tetrathiolates (poly (MlTM2), T:tetrathiolate). Both Curie-Weiss 
parameters and Curie-Weiss temperatures were estimated by extrapolation of the 
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TABLE 11. Valency numbers for poly metal tetrathiolates analyzed by the MUssbauer 
and ESCA spectroscopy 

metal combination 

Co(II)/Cu(II) mixture of Co(II)/Cu(II) and Co(III)/Cu(II). Co(I1) is high spin 
state 

Co(II)/Fe(II) actually Co(II)/Fe(III), Fe(1I) is oxidized to Fe(II1). Co(I1) is high 
spin state. 

Ni(II)/Co(II) actually Ni(II)/Co(II), Ni(I1) is oxidized to Ni(II1) and low spin 
state. 

Fe(II)/Fe(III) actually Fe(III)/Fe(III), Fe(II) is oxidized to Fe(II1). 
Fe(II)/Cr(III) actually Fe(III)/Cr(II), Fe(II) is oxidized to Fe(II1). 
Co(lI)/Fe(II) actually Co(II)/Fe(lII), Co(I1) is high spin state. Fe(I1) is oxidized 

to Fe(I1I) and low spin state. 
Cu(II)/Fe(II) actually Cu(Il)/Fe(IIl), Fe(I1) is oxidi7.d to Fe(I1I) and low spin 

state. 
Ni(II)/Fe(II) actually Ni(II)/Fe(III), Ni(I1) is high spin state. Fe(1I) is oxidized 

to Fe(II1) and low spin state. 
Ni( II)/Fe( 111) actually Ni( II)/Fe( III) 
Ni( II)/Cu(II) actually Ni(II)/Cu( 11) 

analysis results on the basis of MUssbauer spectra 
and ESCA 

Curie-Weiss plot is given by Equation (3). The detailed experimental results will be 
published elsewhere.” 

= ( l /C) (T-O)  (3) 
The calculations on effective exchange integrals of tetramethyllead dimers 

indicate that these magnetic properties of heliotrope metal systems are consistent with 
the predictions based on the symmetry rules? In fact, alternating polymers with the 
Cu(I1)-Fe(IIl)(low-spin; LS) and Ni(Il)(high-spin; HS) units were found to be 
ferromagnetic from the magnetic measurements .‘ On the other hand, the experiments 
elucidated that the polymers with the Co(ll)(HS)-Cu(Il), Co(II)(HS)-Fe(lII)(LS) and 
Ni(III)(LS)-Co(II)(HS) units are antiferromagntic, which supports the preceding 
theoretical prediction and calculations? 

polymers. Figure 3 shows that the M1M2 alternating ordered heteropolymetallic 
chains, where Ml=Fe(III), M2=Cu(II), Ni(II), exhibit onedimensional ferromagnet-like 

Unfortunately, we could not obtain X-ray diffraction data for these inorganic 
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TABLE 111. Curie-Weiss parameters and Curie-Weiss temperatures of hetero poly 
metal tetrathiolates (poly (MlTM2). Ttetrathiolate) 

Cr(II1) Fe(II1) Co(1I) Ni(I1) Ni(1II) Cu(I1) 
Cr(II1) 14 12 8 

-45 -63 -33 
Fe(II1) 8 23 47 

-74 +loo +loo 

-25 
Co(I1) 17 

Ni(I1) 16 
-20 

Cu( 11) 

13 
+lo0 

10 7 
.15 -10 

2 
-10 

1 
-29 

(upper row: Curie-Weiss parameter (XI@)) 
(lower row: Curie-Weiss temperature(K)) 

behaviors in the low temperatures, which arise from ferromagnetic intrachain 
interactions. However, upon cooling further to lower temperature, magnetic 
susceptibility decreases. The magnetic behavior in this range is prdiminatingly 
attributed to an interchain antiferromagnetic interaction based on the structure shown in 
Figure 3. 

J1 exhibits intrachain ferromagnetic coupling 
J2 exhibits interchain ferromagnetic coupling 

FIGURE 3. Possible interchain stacks derived from the experimental data 

It is concluded that the control of the interchiin interactions is essential for funher 
developments of the inorganic polymer sytems under investigation. 
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