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Abstract. The polymeric nickel complexes 3,5,7,8 and cobalt 
complexes 4, 6 were synthesized from the bis(tetrabuty1- 
ammonium) 2,3,6,7-tetrachloronaphthalene-l,5-dithiol-4,6- 
dithiolate (2) or the tetrathiolate 1 and the corresponding metal 
ions (Ni2+ and Co2+), using a large excess of tetrabutylammo- 
nium bromide for introducing NBu4+ as counter ion. The 
diamagnetic nickel coordination polymer 3 was oxidized by 
iodine to the paramagnetic complex 5. By exchange of the 
NBu4+ ion by Ni2+ and the tetrathiafulvalenium ion, respec- 
tively, the complexes 7 and 8 are obtained. 

The coordination polymer 7 was characterized as ferro- 
magnetic beneath 20 K by investigating the temperature 
dependence of the magnetic susceptibility and the mag- 
netization behavior. A coercive field of 1200 Oe was deter- 
mined from the hysteresis loop of 7 at 4.4 K. 

The measured heat capacity of 7 in dependence on the 
temperature is in good accordance with a ferromagnetic spin 
ordering below 20 K. Magnetic properties comparable with 
those of 7 were determined for the complexes 4 and 8. 

The extensive use of conventional ferromagnetics has 
strongly stimulated investigations to synthesize ferro- 
magnetics based on organic and coordination com- 
pounds. The advantage of materials based on these mo- 
lecular magnets might be their synthesis by using com- 
mon organic methods at low temperature, the ease of 
fabrication and their tailor made properties, in particu- 
lar concerning the combination of optical and magnetic 
properties for applications in new technologies [ 11. 

The research in this field of molecular magnets has 
had interesting results. Ferromagnetic behavior was ob- 
served in pure organic materials such as the 2-(4-nitro- 
phenyl)-4,4,5,5-tetramethylimidazoline- 1 -0xy1-3-oxide 
(P-p-N02C6H4NIT) [2] at Tc = 0,6 K for the first time. 
Other nitroxides also exhibit ferromagnetic properties, 
e.g. the 1,3,5,7-tetramethyl-2,6-diazaadamantane- N,N- 
dioxyl (Tc = 1.48 K [3]). 

Besides organic radicals metal compounds are hope- 
ful systems for ferro- or ferrimagnetic spin ordering. The 
CT-salt formed by the reaction of decamethylferrocene 

with tetracyanoethylene ( [Fe111(CSMes)2]+ [TCNEI-; Tc 
= 4.8 K) was the first molecule-based magnet in this 
field [4]. Replacing iron with manganese or chromium 
and substitution of TCNE by other acceptors like 2,3- 
dichloro-5,6-dicyanobenzoquinone (DDQ) or 7,7,8,8- 
tetracyano-p-quinodimethane (TCNQ) led also to a 
ferromagnetic behavior of the corresponding complexes 
[5]. The MnCp2* as donor and dithiolene complexes 
like Pt[S2C2(CF3),] (Tc = 2.3 K), Pd[S2C2(CF&I (Tc 
= 2.8 K) or Ni[S2C2(CF3),] (Tc = 2.4 K) as acceptor 
led to metamagnetic behavior 161. 

Furthermore, metal porphyrines are a class of com- 
pounds with well-characterized ferromagnetism, e.g. 
the meso-tetraphenylporphyrinatomanganese(II1)-com- 
plex ([MnTTP]+[TCNE]-.2PhMe, Tc = 18 K) [7]. 
MixedN,N-bis(2-carboxylphenyl)oxamidato-complex- 
es of Mn" and Cuu (Tc = 14 K) [8] or dithiooxalate 
complexes ({  NPr,[MCr(dto),]} x; dto = dithiooxalato; 
M = Fe, Co, Ni, Zn> and complexes of ethylenetetrathi- 
olate [93 or dithiocarbamate (e.g.  Fe1I1C1(S2CNEt2)2; 
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Tc = 2.46 K) and analogous compounds are described 
as molecular magnets [ 101. The "polymer" and extreme- 
ly air-sensitive vanadium-TCNE-complex V(TCNE)2. 
1/2CH2C12 has a Tc of about 400 K (extrapolated; the 
material decomposes above 350 K) [ 111 and represents 
the actual limit of temperature up to which "organic" 
molecular magnets are known. 

With the aim to synthesize linear sulfur containing 
coordination polymers with ferromagnetic spin order- 
ing we chose the 2,3,6,7-tetrachloronaphthalene- 1,4,5,8- 
tetrathiolate [ 121 as ligand. Besides the bis( 1,3-dithi- 
olate) structure for complexing thiophilic metal ions, 
this ligand exhibits the extensive 107c-system of the 
naphthalene ring and the chloro-substituents for su- 
pramolecular interactions (compare also [ 131). The cor- 
responding complexes should exist, analogously to 
dithiolene complexes [ 141, in more than one oxidation 
state. This property reveals the possibility to influence 
the spinconfiguration via oxidation. There exist some 
examples of polymer complexes with the unsubstituted 
naphthalene-l,4,5$-tetrathiol as ligand, synthesized by 
the reaction of naphtho[ 1 ,S-c,d; 4,5-c1,d']-bis-[ 1,2]-dithi- 
ole) with Ni(CO), or CO,(CO)~ [ 151. These complexes 
are very weakly soluble and have not been character- 
ized as magnetic materials. As precursor for our inves- 
tigations we have used the 3,4,7,8-tetrachloronaph- 
tho[ 1,8-c,d; 5,4-c',d']-bis-[ 1,2]-dithiol [ 161, from which 
the corresponding tetrathiolate was obtained by reduc- 
tion with sodium borohydride. Under inert conditions 
the isolation and characterization of the air-sensitive 
ligand was possible both as tetrathiole 1 and tetrabuty- 
lammonium-thiol-thiolate 2 [ 171. In order to obtain 
metal complexes of cobalt and nickel which have at 
least some solubility in common organic solvents the 
complexation reaction was carried out by using a large 
excess of the lipophilic tetrabutylammonium ion as 
counter ion (ligand: NBu4Br like 1:25, scheme 1). 

Unfortunately, the synthesis of complexes contain- 
ing exclusively this counter ion was not successful. 
Complexes with both the metal ion and the tetrabutyl- 
ammonium ion as counter ion were formed, which are 
bad soluble. The mixed counter ions in the complexes 
might be one reason that we could not grow single crys- 
tals suitable for X-ray diffraction. To provide informa- 
tions about the composition of the complexes they were 
characterized by elemental analysis (C, H, N, S, Cl) 
and by determination of the metal content using AAS. 
In this way the ratio of tetrabutylammonium and metal 
ion as counter ion could be fixed. The infrared spectra 
of all synthesized complexes show four strong bands in 
regions where the free 3,4,7&tetrachloronaphtho[ 1,8- 
cd; 5,4-c',d]-bis-[ 1,2]-dithiole absorbs intensively too 
(1523 (s), 1425 (s), 1296 (s) and 854 (m) cm-'). Fur- 
thermore all complexes exhibit two new bands at 1296 
(s) and 970 (m) cm-' which are absent in the starting 

Scheme 1 Synthesis of the polymeric metal complexes 3-8. 
The formulas were simplified for clearness. For the exact com- 
position see experimental part. I )  Co instead Ni 

material. The described i.r. absorptions are considered 
to be characteristic for linear sulfur containing coordi- 
nation polymers [ 141. Further strong bands are found in 
the complexes 3 , 4  and 5 at 2962,2933 and 2673 cm-' 
resulting from the [NBu4]+ ion. The exchange of this 
ion by other ions is clearly seen by the absence of this 
bands in the i.r. spectra of 7 and 8. 

Under exclusion of air the nickel complex 3 was ob- 
tained as a diamagnetic solid. This fact indicates the 
square planar coordination of the nickel atoms. By the 
oxidation of one complex unit with one equivalent of 
iodine the nickel complex 3 became paramagnetic (5). 
A diamagnetic compound 6 results by oxidizing the 
paramagnetic cobalt complex 4. In the still weakly sol- 
uble complexes containing tetrabutylammonium ions we 
could exchange this bulky and magnetic inert counter 
ion by spin bearing organic cations, for instance the 
tetrathiafulvalenium ion (TTF"), or the nickel ion, which 
yielded the complexes 7 and 8. 

The ferromagnetic properties of the complex 7 are 
clearly to be seen in the plot of the magnetic suscepti- 
bility versus temperature (fig. 1). 

All magnetic data are referred to the molecular mass 
of one repetition unit of the polymeric complexes. In 
the range from 300 to 50 K the course for a paramag- 
netic compound was obtained. At temperatures below 
20 K a strong dependence of the susceptibility on the 
applied magnetic field is obvious. Therefrom the de- 
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Fig. 1 Temperature dependence of the susceptibility and 
corrected reciprocal susceptibility of the NiMi-complex 7 

material. These impurities can not be responsible for 
the observed ferromagnetic spin ordering at low tem- 
peratures. 

By correcting the magnetic susceptibility regarding 
these impurities the following equation was used: 
xcor, = { M( 10 k0e)-M( 1 kOe)}/9 kOe (corrected sus- 
ceptibility for 7) from which the Curie-Weiss-temper- 
ature for the Ni/Ni-complex 7 was determined by line- 
ar correlation of l/x as function of Tin the range from 
300 to 50 K to 8 = (23f2) K. 

The complexes 6, 7 and 8 exhibit the typical mag- 
netization behavior (hysteresis) - resulting from the do- 
main structure and energy differences for different 
magnetization directions - characteristic for ferromag- 
netic compounds (fig. 3). 

tected magnetic properties can be referred to a long- 
range magnetic coupling in the studied material. The 
plot of the reciprocal susceptibility versus temperature 
reveals a ferromagnetic spin ordering near 20 K (inset 
fig. 1) for the Ni/Ni-complex 7. 

Small quantities of ferromagnetic impurities have to 
be taken into consideration for a detailed characteriza- 
tion of the magnetic properties of the complexes. Using 
the hysteresis loop at room temperature the quantity of 
the ferromagnetic impurities could be approximated, 

Fig. 3 Hysteresis and saturation magnetization of the NiMi- 
complex 7 

Fig. 2 Field dependence of the magnetization of the Ni/Ni- 
complex 7 at room temperature 

from the measured remanentmagnetizations ( M,  = lop3 
to lo-* Gcm3/g) (fig. 2). The value indicate very small 
amounts of ferromagnetic impurities (calculated as 
metallic iron) in the range of 1 to 6 ppm of the bulk 

The segment of the hysteresis loop, having the high- 
est gradient and broadest splitting, exhibits the part of 
the sample with ferromagnetic spin ordering. This part 
of the hysteresis loop of complex 7 at 4.4 K (fig. 3) 
extends to a magnetization of about M= 2040 Gcm3/mol 
(molecular mass of one repetition unit 478.5 g/mol). 
This result corresponds to about 37% of the magnetiza- 
tion of one mol of spins with s = 112 and g = 2. Using a 
stronger magnetic field (60 kOe), the saturation value 
of the magnetization of about 8600 Gcm3/mol was esti- 
mated (inset fig. 3) and leads to 1.54 mol of spins with 

The heat capacity of the sample of the ferromagnetic 
Ni/Ni complex 7 shows also a characteristic anomaly 
within the temperature range (12-25 K) in which the 
spinordering occurs. The maximum of the deviation 

s = 1/2 (g = 2). 
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corresponds satisfactorily to the ordering temperature 
found by the magnetic measurements [ 18 1. 

Magnetic properties which were similar to those of 7 
were observed for both the nickel complex 8 contain- 
ing the tetrathiafulvalenium radical cation as counter 
ion and for the cobalt complex 4 (fig. 4). 

2000 I I 

0 50 100 150 200 250 300 

T IK I  

Fig. 4 Temperature dependence of the reciprocal susceptibility 
of the Ni3+-"Bud]+-complex 5, the Ni/TTF-complex 8 and 
the Co-complex 4 

The Tc values for the Ni/TTF-complex 8 (Tc = 16 K) 
and the Co-complex 4 (Tc = 14 K) are lower than those 
for 7. Both complexes exhibit a significant less split- 
ting off of the hysteresis loop. For the Ni/Ni-system 7 
we found a hard magnetic behavior by a coercive field 
of about 1200 Oe ( T =  4.4 K; fig. 3). For the Ni/TTF- 
complex 8, the coercive field was determined to about 
75 Oe ( T =  4.5 K) and the saturation magnetization at 
60 kOe to 4960 GcmVmol (molecular mass of one rep- 
etition unit 565.75 g/mol; fig. 5). This value indicates 
0.89 mol of spin (s =1/2; g = 2). Also the ferromagnetic 
ordered part of the sample (about 1000 Gcm3/mol; 18% 
of the magnetization of one mol of spins with s = 1/2 
and g = 2) is smaller then for 7 (both complexes are 
made from the same charge of the starting material 3). 

The Co-complex 4 exhibits a soft magnetic behavior 
like 8 by a coercive field of about 35 Oe ( T =  4.3 K; fig. 
6). The saturation magnetization at strong magnetic field 
and the ferromagnetic ordered part of a sample of 4 are 
similar to the Ni/Ni-complex 7. The saturation magnet- 
ization of 4 was determined to about 10000 Gcm3/mol 
(1.79 mol of spin; s =1/2; g = 2) and the splitted part of 
the hysteresis loop extends to a magnetization of about 
2000 Gcm3/mol (36% of the magnetization of one mol 
of spins with s = 1/2 and g = 2). 
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Fig. 5 Hysteresis of the Ni/TTF-complex 8 

Fig. 6 Hysteresis of the Co-complex 4 

The dependence of the reciprocal susceptibility l / x  
or the susceptibility x, respectively, of the nickel com- 
plex with the tetrabutylammonium ion as counter ion 5 
on the temperature (fig. 4), indicates a magnetic spin 
coupling too (Tc = 10 K), but we did not found a hys- 
teresis effect. 

Due to the bulky and spinless tetrabutylammonium 
ion the spin coupling in solid 5 is not so effective as in 
complexes with the smaller metal ions 4 (this complex 
contains only a small part of NBu4+) and 7 (without 
NBu4+) or 8 with the planar TTF-radical cation (in com- 
bination with a share of Ni2+ ions). Obviously the coun- 
ter ion influences the strength of the spin interaction. 
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In conclusion, it has been shown that we were able 
to synthesize coordination polymers on the base of a 
tetrafunctional sulfur containing ligand, which exhibit 
ferromagnetic properties at temperatures below 20 K. 
All the described compounds were synthesized and an- 
alyzed several times. Their magnetic properties were 
checked in several working groups. In this way we 
proved the reproducibility of our experimental results 
and could show that the described magnetic effects are 
characteristic for the new coordination polymers. 
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Schutz, Universitat Bayreuth, for magnetic measurements. 
This work was supported by the BASF Aktiengesellschaft, 
Ludwigshafen, the Bundesministerium fur Forschung und 
Technologie and the Deutsche Forschungsgemeinschaft, 
Bonn. 

Experimental 

The magnetic properties of the described compounds were 
investigated with a AC-susceptometer/DC-magnetometer 
(Lake Shore Model 722 1 ; AC-susceptibility: frequency 375 
Hz, magnetic field strength 3,75 Oe; DC-magnetization: 
magnetic field strength+10000 Oe) and a commercial SQUID 
magnetometer, respectively. IR spectra were recorded on a 
Philips PU 9426 FTIR spectrometer as KBr (Fluka Chemical 
Co.) pellets. 
The 3,4,7,8-tetrachloro-naphtho[1,8-c,d; 5,4-c’,d1]-bis-[ 1,2]- 
dithiole [15], the 2,3,6,7-tetrachloronaphthalene-1,4,5,8- 
tetrathiol (1) [ 161 and the 2,3,6,7-tetrachloro-naphthalene- 
1,4,5,8-thiol-thiolate (2) [ 161 were synthesized as described 
in literature. 
All steps of the synthesis of the metal complexes were car- 
ried out in an argon atmosphere 

Synthesis of the complexes 

The tetra-n-butylammonium salt of 2,3,6,7-tetrachloro- 
naphthalene- I .4,5,8-thiol-thiolate (2) (0,5 g; 0.57 mmol) was 
dissolved in 200 ml ethanol. (Tetrachloro-naphthalene- 
tetmthiol 1, must be converted prior into the corresponding 
tetrathiolate with sodium amylate in ethanol.) 5 g (15 mmol) 
tetra-n-butylammonium bromide was added. To this solution 
the metal salt (0.35 mmol), dissolved in 100 ml ethanol, was 
added within 2 h. The mixture was stirred for 10 h and the 
black precipitate was filtered off. The product was washed 
with water, methanol and ether and dried under vacuum. The 
yield was about 90% (related to the amount of metal salt). 
Ni2+-[NBu,]+-complex 3 
( C , O C ~ ~ S ~ N ~ ) N ~ ~ , ~  [N(C4H9)4] (molecular mass of one 
repetition unit : 720.50 g/mol). Found (calcd.): C 44.97 
(43,30), H 5.75 (4.99), N 1.99 (1.94), C1 21.43 (19.71), S 
17.88 (17.76), Ni 12.2 (12.30). ’). 

l)  determined after destroying the complex with HN03/HC104 
by titration using EDTA and murexide indication. 

Co2+-[NBu,]+-complex 4 
(Cl~C1,S4Co)Co~,75 [N(C4H9)4]0,5 (molecular mass of one 
repetition unit : 614.25 g/mol). Found (calcd.): C 35.23 
(35.16), H 2.71 (2.93), N 0.91 (1.13), C1 25.30 (23.17), S 
22.94 (20.83), Co 16.43 (16.81). 

Oxidation of the complexes with I, 

40 mg (0. 15 mmol) 12,) dissolved in 50 ml ethanol, were added 
to the reaction mixture for synthesizing 3 (after stirring for I 
h). Then, the solution was stirred for 10 h. The precipitate 
was filtered off and washed with water, methanol and ether 
and dried under vacuum. The yield was nearly quantitative. 
Nij+-[NBu,]+-complex 5 
(C10Cl&Ni)Ni0,25 [N(C4H9)4]0,s (molecular mass of one 
repetition unit: 584.75 g/mol). Found (calcd.): C 36.35 (36,94), 
H3.40(3,08),N 1.04(1.19),C123.90(24.28),S21.15(21.89), 
Ni 13.1 I )  (12.62) 
Co3+ - Co3+ -complex 6 
(Cl&14S4Co)Co0,33 (molecular mass of one repetition unit: 
468.74 g/mol). Found (calcd.): C 24.85 (25.62), H 0.41 (O), 
N 0.11 (O), C1 29.90 (30.25), S 26.75 (27.36), Co 17.21 
(16.76). 

Exchange of the counter ion of the nickel complex 5 
100 mg of the Ni2+’-[NBu4]+-complex5 were suspended in 30 
ml acetonitrile and equivalent amounts of NiC12- 6 H 2 0  (rsp. 
of (TTF),(BF,),) dissolved in 50 ml acetonitrile were added. 
The mixture was stirred for 2 h. After this time the precipitate 
was filtered off and washed with water, acetonitrile and ether 
and dried under vacuum. The yield is nearly quantitative. 
Ni.?+-Ni2+-complex 7 
(C1&14S4Ni)Ni0,5 (molecular mass of one repetition unit: 
478.50 glmol). Found (calcd.): C 24.83 (25.08), H 0.05 (O), 
N0.04 (O), C129.81 (29.67), S 26.15 (26.75), Ni 18.79 (18.50) 
Ni j+  -[ TTF.]+ -complex 8 
(C&l&Ni)Nio,25 [ C G H ~ S ~ ) ~ ] ~ , ~  (molecular mass of one 
repetition unit: 565.75 g/mol). Found (calcd.): C 29.23 (27.57), 
H 0.49 (0.35), N 0.14 (O), C124.23 (25.09), S 31.86 (33.94), 
Ni 13.21 (13.05) 
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