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The diamagnetic bidentate chelating agent bis- 
(2-mercaptoethylamine)nickei(II) forms heterometal- 
lit complexes upon reacting with various metal ions. 
The cadmium complexes having the general formula 
[f (Ni(NH,CH,CH,S)~2Cd]CdX4, are diamagnetic 
however the analogous mercury complexes ([Ni(NH,- 
CH,CH,S)d,Hg](HgX4], where X = Cl, Br are para- 
magnetic. The exception is ([Ni(NH,CH,CH,S),],- 
HgJ[Hg14J which is diamagnetic. The electronic spec- 
trum of this complex is consistent with a square 
planar environment around the nickel(II) ions. How- 
ever, (NiINH,CH,CH,S),HgXd, complexes where X 
is Cl or Br have the electronic spectra which are con- 
sistent with a six coordinate environment around the 
nickel(II) ions. The infrared spectra of the chloride 
complex indicated that this compound did not 
contain the HgC141 anion. The X-ray powder pat- 
terns of all three complexes are different as are the 
infrared spectral patterns. The magnetic suscep tibil- 
ities were measured from room temperature to 5 K 
and these complexes are ferromagnetic in character. 
However, the magnetic data could not be fit to any 
model. Comparisons are made with similar poly- 
metallic complexes such as [Ni(NH,CH,CH,S)~,- 
HgY, where Y = N03-, Cl-, and SCN-. Based on the 
above data it is believed that [Ni(NH,CH,CH,S),- 
HgX,] ,, complexes where X is Cl or Br are polymeric. 
However, the [Hg[Ni(NH~CH~CH,S)2]zjX, where 
X = Hg14-‘, N03-l and Cl-’ can be best represented 
as a ionic complex containing a trimetallic cation. 

Introduction 

Bis(2-mercaptoethylamine)nickel(II), (Ni(MEA),), 
is a diamagnetic square planar complex [l]. This 
complex can function as a bidentate ligand by bond- 
ing to such metal ions as nickel(H), palladium(H), 
cobalt(II), copper( cadmium(II), and mercury(I1) 
through the coordinated mercapto groups [l-3]. The 
resulting complexes are trinuclear cations (I): 

*Authors to whom correspondence should be addressed. 

0020-l 693/84/$3 .oo 

“1 Y---A “\ n T---A ,” zr 
S 

2 
HxNyNi/ 

+ M?+ __, 
H/NINi/S\M/s\Ni/Nx~ 

H lN/ \ 
S 

“, ’ \ / ls/ \N,H 

H’ - HyN-’ - ‘H 

M = N,‘: Hgz+, Cd2+, Co*+, Pd2+ 
(1) 

The [Ni(Ni(MEA)2)2]‘2 cation is diamagnetic and 
each nickel(I1) ion is in a planar environment [4]. 
Predictably the [Cd[Ni(MEA),],]CdX, complexes, 
X = Br and I, are also diamagnetic [2]. However, it 
was reported without explanation that [Hg(Ni- 

(MEA)& H-W& and Wg(NiWA)d~ 1 Wh are 
paramagnetic in the solid state while [Hg(Ni- 
(MEA)Z)Z]Hg14 was diamagnetic in the solid state 
[3]. Such magnetic data appears anomalous in that 
the metallo-ligand, Ni(MEA)?, is diamagnetic and the 
Hg+? has ten electrons in its 3d orbitals. 

Results and Discussion 

We have repeated the magnetic measurements on 
all three complexes and obtained essentially the same 
results as Jicha and Busch [3]. The magnetic suscep- 
tibilities of [Ni(MEA)*HgX,],, X = Cl or Br were 
measured between 100 K and 6 K. The tabulated 
data are given in Table I. Several of the susceptibilities 
were tested for field dependence at selected temper- 
atures and were found to be independent of field, 
(i.e., the total magnetic moment was proportional 
to field strength). The susceptibility data within the 
30 K to 100 K range fit the Curie-Weiss law (Figs. 
1 and 2). A ferromagnetic exchange is indicated both 
by the positive Weiss constant and by the manner in 
which the magnetic moment varies with temperature 
(Figs. 3 and 4). For example, for the complex [Ni- 
(MEA)?HgC12],, the magnetic moment per nickel 
ion at 102 K is 2.7 pg. The magnetic moment of 3.4 
C(n is obtained at 26 K and then the magnetic mo- 
ment decreases rapidly as the temperature is further 
lowered. At 2.1 K the pg is 2.26 C(n. A similar profile 
was obtained for [Ni(MEA)*HgBr2],. 
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TABLE I. Magnetic Susceptibilities per Gram-atom Ni2+ of 
[ Ni(MEA)2HgX2], (X = Cl, Br). 

x=cl X = Br 

T(K) xM(XlO+) T(K) xM(X~O-~) 

2.1 305.00 1.8 371.38 
2.5 283.66 7.5 122.16 
4.2 204.05 15.0 70.27 

12.0 94.36 22.0 50.78 
16.0 82.42 26.0 42.05 
19.0 74.95 31.0 34.22 
26.0 55.14 36.0 27.72 
31.0 44.08 41.0 23.10 
36.0 34.95 45.0 20.34 
41.0 29.42 49.5 17.85 
44.0 26.02 54.0 16.06 
50.0 22.04 59.0 14.29 
54.0 19.42 64.0 12.86 
60.0 16.80 70.0 10.73 
65.0 15.34 75.0 9.83 
69.0 14.18 80.0 8.94 

102.0 9.03 85.0 8.23 
99.0 6.80 

68.0 - 

+ 

: 
50.0 - 

7 
E40.0 - 
t 
:: 

+ 
+ 

z30.0 - + 

d 
820.0 - 
E 

+ 
+ 

;; + 
u 10.0 - 

+ 
+ 

+ ++ 

+ 
+ 

++ 

0 I0 20 30 40 50 60 70 Be 30 108 I10 

TEMPERRTURE (KELVINS) 

Fig. 1. Plot of reciprocal susceptibility versus temperature for 

WgWME&CM,. 

We have attempted to analyze the data in Table I 
in terms of various models: mean field dimer [S], 
isolated dimer [6], one dimensional Heisenberg 
[7] and Ising chains (S = l), and one dimensional 
Ising chain with effective spin equal to l/2 with gl 
0 [8]. All models failed to fit the experimental 
results in any reasonably quantitative way except the 
one dimensional Ising chain. However nickel(I1) does 
not usually conform to the Ising chain model. Also in 
order for Seff to be equal to l/2, one must assume a 
large D/K compared to T. This assumption is not 
likely to be valid in this case. 

The electronic spectra of the solid complexes 
(Fig. 5) provided information with regard to the 
geometry of the nickel(I1) ions in these complexes. 

70.0 
t 

E60.0 - 

; 

ES0.0 - 
;1 

B 
$40.0 - 

is 

J30.0 - 

B 

g20.0 - 

z 

!+! 10.0 - 

+ 
4 

+ 
+ 

+ 
+ 

+ 
+ 

+ 
a 

++ , 
+ 

0.0+. g ’ ‘. ” m. ” ’ 1 ’ 1 c. ’ 

0 I0 20 30 40 5’0 60 70 80 90 100 118 

TE,,PERRTURE CKELVINS, 
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Fig. 4. Plot of peff versus temperature for Hg(Ni(MEA)zBr), 

The spectra of the [Ni(MEA)?HgX,], (X = Cl or Br) 
complexes are consistent with six coordinate nickel- 
(II) complexes [IO]. A band in the. near infrared 
region around 900 nm was observed for both 
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a) Wi(MEA)2HgBr2)n 
b) (WMEAhWdn 

Fig. 5. Electronic spectra in Nujol 25 “C. 

complexes. At liquid nitrogen temperature the broad 
band at 900 rnp split. In sharp contrast, the diamag- 
netic [Ni(MEA)2Hg12], has an electronic spectrum 
that is diagnostic of square-planar diamagnetic nickel- 
(H) complexes [lo]. No bands were observed in the 
near infrared region. Therefore, we conclude that the 
two nickel(H) ions in [Ni(MEA)2Hg12], are in square 
planar environments while the nickel(I1) ions in 
the other two complexes are in either a five or six 
coordinated environment. 

All three complexes have unique X-ray powder 
patterns and infrared spectra suggesting that all three 
complexes have unique structures. Four bands have 
been reported for the HgQ” anion at 257 cm-’ 
@r), 180 cm-’ b2), 276 cm-’ bs), and 192 cm-’ 
&,) [ 111. However, there are no bands observed for 
the complex [Ni(MEA)2HgC12], from 291 cm-’ 
to 242 cm-‘. A band was observed at 193 cm-’ 
for [Ni(MEA),HgCl,], but a band at the same energy 
was observed for the complex [Ni(MEA)2HgBr2],, 
therefore, it is not likely that the 193 cm-’ band is 
due to the HgClam2 anion. Finally, there are no bands 
between 168 cm-’ and 193 cm-’ for the complex 
[Ni(MEA),HgCl,],. Therefore we conclude that the 
HgClae2 anion does not exist and [Ni(MEA),HgC12], 
cannot be formulated as [Hg(Ni(MEA)2)2]HgC14. 
Good precedence for identifying the HgBr4-2 anion 
via infrared spectrum is not available but we are 
nevertheless confident that this species does not 
exist as an unperturbed anion in [Hg(Ni(MEA)2)]- 
HgBr4. Finally, the Hg-I stretches have energies 
that are too low to observe with our instrumentation. 

Since these are insoluble complexes it would be 
extremely difficult to determine the structure by 
X-ray techniques. However, the structure must be 
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consistent with the following facts: a) the nickel(I1) 
ions have a coordination number of five or six; b) the 
nickel(I1) ions must be linked via bridging atoms in 
order for the Ni(I1) ions to communicate in a ferro- 
magnetic manner. It is unlikely that the two terminal 
nickel(I1) ions in structure I are intramolecularly 
coupled. All the examples that we have found in the 
literature of trinuclear metal complexes exhibited 
strong magnetic interactions between adjacent metal 
atoms (large J values) and weak interactions between 
terminal metal ions (small J values) [ 12,131. There- 
fore we must conclude that Ni(I1) ions must com- 
municate intermolecularly via a bridging group. 
However, we are assuming that only the nickel(I1) 
ions can magnetically communicate. It has been ob- 
served that HgSalen exhibits an ESR signal [14]. 
Therefore, it is possible, though very unlikely, that 
the nickel and mercury are magnetically coupled. 
Because paramagnetic mercury(I1) is so unlikely, this 
option was not further considered. c) The NiXNi 
bond angle where X is the bridging ligand must 
approach 90” for a ferromagnetic interaction. 

Structure I does not conform to the first two 
criteria. Structure II is possible but we would expect 
this structure to conform to the ferromagnetic iso- 
lated dimer model having the NiC12Ni unit [6]. 
Unfortunately this is not the case. Structures III and 

c,.. 

Cl N-s 
Y-Y 

y 1 A A /N 

Hg Hg Ni 

(II) 

. . c, 

f---x -N N\Ni/ s\Hg/sy 
N/ ls/ \,/ lN 

u J / 

-\/ -y ‘N 
L_/ 

(111) 

. Hg Cl, 

&____ 

( IV ) 

IV assume a NiClNi bond angle approaching 90”. 
These structures are consistent with our data. We 
would expect a relative strong magnetic interaction 
between nickel(I1) ions bridged by a halide and a 
weak antiferromagnetic interaction between the ter- 
minal nickel(I1) ions. This antiferromagnetic interac- 
tion may be responsible for the decrease in the mag- 
netic moments below 40 K. A similar observation was 
made with the trimeric bis(acetylacetonato)nickel 
complex [ 121. It is also possible that these complexes 
are metamagnets and as a result it would require a 
larger magnetic field strength at lower temperatures 
in order to induce a ferromagnetic transition [ 151. 
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softer nonhgand-field stabilized metal ion, cadmium- 
(II) than with harder but ligand-field stabilized metal 
ion nickel(H) (the equilibrium constant for the 
reaction [Ni(NiWNdJ2 t Cd+* = [Cd(Ni- 
(MEA)2)2] +* + Ni+* is 4 X IO+*) [16]. However, the 
mercuric ion forms a stronger bond with a coordina- 
ted mercapto group than Cd+’ as evidenced by the 
fact that ((en)2Co(SCH1CH2NH2))+2 interacted with 
Hg+* via the coordinated sulfur but there were no 
reactions with Cd+* [17]. Sigle, Bheinberger and 
Fischer’s [18] research indicated that Cd+* should 
be considered as a borderline Lewis acid in terms of 
its coordination tendencies toward sulfurs, while 
Hg+* should be considered a soft metal ion. There- 
fore, we conclude that the Hg-S interaction is 
stronger than either the Ni-S or Cd-S interactions. 
A strong Hg-S interaction should weaken the 
nickel(II)-sulfur bonds in all the complexes prepared 
in this study. By creating a weaker ligand-field 
strength around the two terminal nickel(I1) ions, the 
nickel(I1) becomes a stronger electrophile and can 
compete for the halides on HgX4-*. Since the Cl-Hg 
bond is weaker than the Hg-I bond, the induced 
electrophilic nickel(I1) ions will compete more suc- 
cessfully for halides in HgCL-* than with HgIah2. 
Therefore, we would expect the nickel(I1) ions in 
[Hg(Ni(MEA)2)2]HgI, to be diamagnetic and the 
chloride and bromide analogs to be paramagnetic. 
The weakening of the ligand-field around the nickel- 
(II) ions by bonding the Hg+* to the coordinated 
sulfurs, will result in the unpairing of the 3d electrons 
on the terminal nickel(I1) ions. In doing so it allows 
the unpaired electrons on the nickel(H) ions to 
couple through the bridging halides in a ferromag- 
netic manner. Cadmium ion cannot form as strong a 
bond with the coordinated mercapto groups and as 
a result the bridging mercapto groups still function as 
a strong field ligand. Therefore all the Cd+* com- 
plexes should be diamagnetic. 

In order to test whether anions other than Cl- and 
Br- could produce complexes having similar proper- 
ties to [Ni(MEA)*HgX* 1, X = Cl or Br, the nitrate 
and thiocyanate compounds were prepared. The 
nitrate anions in [(Ni(MEA)2)2HgJ(N0a)2*2.5H20 
are not as likely to bridge the two nickel(I1) ions and 
also a ferromagnetic interaction through the nitrates 
is less likely than that of a halide. This complex has 
the same color as the [(Ni(MEA),),Hg]HgI,. The 
reflectance spectrum showed bands at 480 , 760, 
1160 and 1320 rnp. The bands in the near infrared 
region of the electronic spectrum as well as the mag- 
netic moment, 0.8 BM/Ni at room temperature, 
suggest that either the nitrates or the water mole- 
cules are weakly bonded to the nickel(I1). The two 
bands in the near-infrared region suggests a trans- 
octahedral geometry. Attempts to obtain additional 
evidence of coordination of the nitrate groups to the 
nickel by vibrational spectrum were not conclusive. 
Bands assigned to nitrate groups, were observed at 
1350, 1378, 832 and 855 cm-‘. These bands can be 
assigned as either ionic nitrates or weakly coordinat- 
ing monodentate nitrates. Based on the above data we 
conclude that [Ni(MEA)2]2Hg](N03)2 appears to 
have a structure similar to I, however, the nitrate 
groups are weakly coordinated to the nickel ions. 

Potassium thiocyanate was added to an aqueous 
solution of [(Ni(MEA)*),Hg] [N03]2*2.5H20 and 

](Ni(MEA)2)2Hg] [SW 2 was isolated. The mag- 
netic moment per nickel was 2.58 BM/Ni. Since 
SCN- is a stronger ligand than the nitrate group, a 
stronger interaction was expected; and as a result, a 
higher magnetic moment was also expected. However, 
when KC1 is added to an aqueous solution of [(Ni- 
(MEA)2)2Hg](N0a)2*2.5H20 a bright red compound 
was isolated which analyzed as [(Ni(MEA)2)2Hg]C12. 
The magnetic moment for this complex was approx- 
imately the same as observed for the [(Ni(MEA)2)2- 
Hg](N03)2, 0.84 BM/Ni. Based on this data it appears 
that the [Ni(MEA),HgX,], complexes where X = 
Cl- or Br- could not be simply described by structure 
IV because [Ni(MEA)2HgC12]2 and [(Ni(MEA)*)*- 
Hg]Cl, should have a similar structure and similar 
magnetic properties. It is a necessary conclusion that 
both mercury ions play a role in the magnetic proper- 
ties of these compounds. This seems to favor struc- 
ture III for the [Ni(MEA),HgX,],, where X = Cl, Br 
and structure I for [(Ni(MEA)2)2Hg]X2 where X = 
Cl-, NOa- or Hg14-. 

There are several questions still unanswered. Why 
are the mercury(I1) complexes paramagnetic and the 
cadmium(I1) complexes diamagnetic? Why are [Ni- 
(MEA)*HgCl*], and [Ni(MEA)*HgBr, J, complexes 
paramagnetic but the [Hg(Ni(MEA)*)*]HgI, diamag- 
netic? It is known that soft metal ions such as Hg+* or 
Cd+* can form strong bonds with the coordinated 
mercapto group. For example, bis(2-mercaptoethyl- 
amine)nickel(II) forms stronger bonds with the 

Experimental 

Material 
The Ni(MEA)* and [Hg(Ni(MEA)*)*Hg] HgX4 

where X = Cl, Br, I were made according to a litera- 
ture procedure [3]. The compounds were checked 
for purity by comparing magnetic moments with the 
literature values and by chemical analyses. 

Physical Methods 
The electronic spectra were run on a Perkin- 

Elmer Acta MIV spectrometer. Spectra of the solids 
were measured in a Nujol mull using diffuse trans- 
mittance techniques. The magnetic moments above 
100 K of all complexes were determined by the 
Guoy method. Samples were compared using the 
Hg[Co(SCN),] as the standard. Susceptibility mea- 
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surements below 100 K were made using a PAR 
Model 155 vibrating sample magnetometer at a field 
strength of 3 koe. The standard use for calibration 
was a MnFz sample traceable to NBS. The data were 
taken at Ohio State University in Professor P. Wigen’s 
laboratory. 
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