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The static magnetic susceptibility of mononuclear trimethylacetate nickel complex 
Ni(NH2Ph!~IOOCCMe3) ., (3) and binuclear complexes Ni2(u.-OH2)4.u- 
OOCCMe3)2(OOCCMe3)2ldipy)2 (4) and Ni2(u-OOCCM%)4py 2 (5) was measured in the 
temperature range of 2--300 K. The magnetic behavior of 3 is typical of mononuclear 
complexes with the Ni II atom in the octahedral environment. Numerical calculations of the 
temperature dependence of magnetic susceptibility with inclusion of isotropic exchange 
interactions (J) and single-ion initial splitting parameters showed that the magnetic behavior 
of complexes 4 and 5 can be interpre!ed in terms of ferromagnetic (lot 4) and antiferromag- 
netic (Ibr 5) in[eractiomls. 
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Ihe  problem of correlation between the magnetic 
properties and structurc of molecular complexes (espe- 
cially those containing two or several magnetic centers, 
e ,, transition-metal atoms) is topical. Solvin~ this prob- 
lem makes it possible not only to simpli6' many analyti- 
cal problems at the stage of detecting molecular systems 
and materials but also to approach targeted variation of 
magnetic properties of substances. "Magnetic proper- 
ties--structure" correlations can be used in studies of, 
e.g., magnetic properties of metal-containing enzymes, t 
However. these studies are hampered by the lack of the 
detailed structures of at least tile metal-containing frag- 
ments of natural enzymes. For this reason, it may be 
convenient to tbllow an approach which includes mod- 
eling using synthetic complexes -- anak)gs of the metal- 
containing fragment of the enzymes. Probably, such an 
approach will help to answer the question of why Ni- 
containing enzyme urease (urea amidohydrolase, EC 
3.5 1.5) exhibits both antiferromagnetic and ferromag- 
netic properties under different conditions, z Recently, 3 
we synth_esized and structurally characterized a series of 
binuclear trimethylacetate Ni II complexes, which simu- 
late lbrmally the dinickel fragment of urease. It was also 
shown that tile magnetic behavior of such complexes 
can drastically change despite a similar ligand environ- 
ment of the metal center. 3'4 

Up to now, studies of magnetic properties of car- 
boxylate Ni It complexes are fragmentao'. Their theo- 
retical description is based on the Heisenberg--Dirac--  

Van Vleck (HD~,*') rnodel. 6-9 Magnetic properties of 
polynuclear transition-metal complexes are strongly de- 
pendent on fine details of the electronic and molecular 
structure of mononuclear  fragments linked by bridging 
ligands. This requires rigorous substantiation of the ap- 
proximations used in the theoretical models invoked tbr 
interpreting the magnetic properties, t~ 

It was found that the magnetic properties of bi- 
nuclear Ni ml t r imethylaceta tes  py4Ni?(la-OH2)(~t- 
OOCCMeg)2(OOCCMe3) 2 (I)  and py2Ni2(HOOC-- 
CMe3)2(~-OH2)(Ia-OOCCMe3)2(OOCMe3)2 (2) with 
similar geometric characteristics of the central metal 
framework Ni2(g-OH2)Ot-OOCCMe3) 2 (Ni...Ni 3.513t 1) 
and 3.461(I) .,i, respectively) and differing only in com- 
position of terminal ligands are strongly different. 

Complex I appeared to be ferromagnetic, whereas 
complex 2 exhibits antiferromagnetic properties. 3"4 We 
also observed an antiferromagnetic exchange for the 
series of " lantern"- type  carboxylates  L2Ni2lu- 
OOCCMe3) 4 (L = Py, 2,5-dimethylpyridine, Et3N). 4 

We failed to  interpret the magnetic properties of the 
complexes using the classical HDVV mode l  3,4 In this 
case it was important to perform a detailed analysis of 
the results obtained and take into account tile maximum 
number of" the factors affecting the spin-spin exchange 
mechanism. 

In this work, we studied the magnetic behavior of 
several related high-spin nickel(ll) complexes with pyvalic 
acid and donor bases. The results of numerical calcula- 
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tions of the magnetic properties of polynuclear com- 
plexes in which the spins S i of paramagnetic ions equal I 
are also presented. 

Results and Discussion 

Theoretical model. The spin Hamiltonian of poly- 
nuclear molecules has a rather complex form 10"12 even 
in the case of orbitat-nondegenerate ions constituting 
the molecules: 

/2/:= ~{t~llgi~ - 2Jd.{.{ j - 2j+;(.},.{j }2 + 
t,] 

-,- .~dj~. ~ O,t.~, :~Jjl + ~,O,.~,i. ~l~ 
1 7 ., 

where 13 is the gohr magneton. I~ I t  is the vector of 
the external magnetic field, gi are the g-tensors of the 
magnetic ions. :i:~ are the spin operators of the magnetic 
ions, and the summation is pertbrmed over all ions (i) 
and pairs of ions li . j ) .  

As can be seen, the spin Hamiltonian (1) includes a 
large number  of unknown scalar and tensor parameters 
that can hardly be determined from the smooth curve of 
the temperature dependence of magnetic susceptibility 
;,(7"). Therefore, the spin Hamil toman (I) can be used 
tot reliable interpretation of experimental data only after 
simplification. 

The first term of expression (I)  describes the interac- 
tion with the external magnetic field. It is this interac- 
tion that makes it possible to detect magnetic properties. 
Therefore, this term cannot be ignored even m the case 
of weak fields. 

The second term is the isotropic exchange operator 
(negative and positive values of the -2 . /cons tan t  corre- 
spond to ferro- and antiferromagnetic exchange, respec- 
tively)+ As a rule, this interaction is to the greatest extent 
responsible for temperature dependence of the effective 
magnetic moment 10.11 : 

uc,.= 4 ~  T . (2) 

The number of independent exchange parameters -27,3. 
can usually be reduced ()wing to symmetqr consider- 
ations since most polynuclear molecules can at least be 
considered as approximately symmetrical. 

The next three terms are the operators of biquadra- 
tic, anisotropic, and antisymmetric interactions. 10-12 In 
the general case. they include a large number of inde- 
pendent parameters since dg are tensors and Gii are 
vectors. As a rule, the values of these parameters are 
much less than !-2~ t~ and can be neglected in 
routine experiments. 

]-he last term includes the single-ion initial splitting 
tensors, which should be taken into account only if s i > 
1/2. "They are independent of the exchange parameters 
and cannot be arbitrarily neglected because the [D,I 
values can amount to se,,eral tens (in cm -~ units). 13-14 
Precise measurements of the six components of D i ten-  
sors can likely be carried out only by single-crystal 
ESR. 13.14 However, the direction of the highest aniso- 
tropy can usually be distinguished in the mononuclear  
fragment. Then, assuming that the Z axis in the system 
of local axes is directed along the direction of highest 
anisotmpy, we can write the approximate expression for 
the imlial splitting operatoH 3"t4 

,'),[k!, - .i,(.+, + IH- (3) 

where O~ ~ De, is the z-component  of the D i tensor 
reduced to the local axes. 

In the local axial symmetry approximation, it is atso 
reasonable to take into consideration only three compo- 
nents of the g-tensor written in the system of local axes, 
namely, gz, gr. and gv (gx = gv)- As a result, the spin 
Hamiltonian of a polynuclear complex containing high- 
spin ions is simplified and takes the form 

,_,i[3[g.#.H ~" g+,(i iH,:+ J i H ) l -  
t.] 

- :L],-+j + ~ 1 ~ ,  - ~,(.+, + I)1~+. (4) 

where i a n d j a r e  the summation indices and g a n d  D are 
defined in the system of local axes. 

Thus. calculations of the energy spectrum for the 
spin Hamiltonian (4) begins with reducing the operators 
to the same axes using the Wigner D-functions. t5 Gen-  
erally, the complex form of the reduced spin Hamitto- 
nian makes it impossible to divide the spin Hamil tonian 
matrix into blocks. Therefore, the energy levels were 
determined by diagonatization of the spin Hamil tonian 
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matrix writ ten in a complete  basis o f  all possible func- 
tions (products  o f  the spin projections).  Then the tem- 
perature d e p e n d e n c e s  of  the magnet ic  susceptibility 
( cm3g-a tom --1) a n d / o r  effective magnetic moment  (2) 
were calculated as functions of  the parameters of  the spin 
Hamiltonian using the Ger loch - -* l cMeek ing  fi)rmula, l~ 

f h e  theore t ica l  dependences  of  the effective mag- 
netic m o m e n t  (ueC) on k T / J  for a model  d imer  with -;l = 
s~ = 1, g~. = g.,. = &, = 2, and parallel local axes are 
shown m Fig. I. As can be seen. at low temperatures .  
(l~ < kT) the initial splitting effect can much exceed 
the exper imenta l  error  ( - I%) .  At D > 0, this effect is 
much s t ronger  since positive D values correspond to 

stabilization o f  the one -cen te r  states M s = 10) relative to 

doublets M s = I+1> (see expression (3)). In the case o f  
d i m e ~  with ferromagnet ic  exchange ( - 2 J  < 0L the 
initial spl i t t ing always results in suppression o f  the 
magnetic m o m e n t  owing to a decrease in the effective 
spin value. In the systems with - 2 J  > 0, the magnet ic  
momen t  increases due to partial disrupt ion of  the anti-  
ferromagnet ic  ordering.  

Figure 2 illustrates the effect o f  nonparallel  local 
axes. This  effect can be rather strong for ferromagnetic  
systems at low temperatures.  

Exper imenta l  data were processed by fitting the theo-  
retical (Z t) values o f  the static magnet ic  susceptibility 
(per g - a tom o f  paramagnet ic  centers)  to the measured 
(zei values. The  error  functional was given as an expres- 
sion d e p e n d e n t  on the geometry, o f  the N i - - O - - N i  
fragment. The  roo t -mean-square  error  was calculated 
using the formula  

I v i z ;  -~!>:+/! 15t 

where N is the number  o f  temperature  points, p is the 
number  o f  independen t  parameters ,  w i are the weighting 
factors, and summat ion  is perlorrned over  all N points. 

The w i values were given as w, = I /z i  e for equal ly  
significant Z e values or  as w, = T,. in the case o f  large 
low-temperature errors (as a rule, this is due to low 
susceptibility in an t i fe r romagnet ic  systems). In order  to 
reproduce the properties of  real systems more correct ly .  
terms describing an adtnixture o f  mononuc l ea r  comp lex  
(without initial splitting) and in te rmolecu la r  isotropic 
exchange were introduced in the theorel ical  expression 
for magnetic susceptibility. In the molecular  field ap-  
proximation,  the isotropic exchange  parameter  has the 
fonnt0,ms 

-2<~)J'. (6) 

where .',z) is the number  of  nearest  neighbors,  Min imiza -  
tion o f  expression <5) was pe r fo rmed  using the N e w -  
ton- -Raphson  method,  17 whose eff ic iency for this class 
of  problems has been established experimental ly.  The  
hypotheses were tested using the Fisher  test. 18,19 Since  
N ~ 20 and p << N in our studies,  then,  according to the 
Fisher test. the replacement  or  addi t ion  of  varied pa-  
rameters is significant if ,-s,, decreases  by a factor o f  1.5 
tO 2 .  

Mononuc]ear  complex Ni (NH2CoHs)4 (OOCCMe3)  2 
(3) and binuclear complexes  with different  structure o f  
the metal framework, viz.., the three-br idged c lus ter  
Ni2(g-OH2)(p.-OOCCMe3)2(OOCCMe3)?(dipy)  2 (4) and 
four-bridged cluster Ni2(p . -OOCCMe3)4py ? {5). were 
chosen as examples. 

Mononuc|ear complex Ni(NH2C6Hs)4(OOCCMe3) 2 
(3) has four N atoms from four  coordinated  ani l ine  
molecules in the equatorial  p lane  o f  the nickel a tom.  
whereas the axial positions are occup i ed  by two terminal  
O O C C M e  3 fragments. Thus, the local env i ronment  o f  
the Ni II atom is a distorted oe t ahed ron .  3,4 The magnet ic  
behavior  of complex 3 is typical o f  mononuc lea r  Ni I1 
complexes in which the Ni II a t o m  is in the octahedral  
environment .  The effective magne t i c  moment  of  c o m -  
plex 3 (3.09 a B) is t empe ra tu r e - i ndependen t  down to 

.ueC/)t o I 

a 

3 .  . . . . .  2 . . . . . .  

" .3 .,<"" 

b 

Q =: r-.~" 
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0 o'l 0.'2 o:3 014 k r,,'12.4 

Fig. I .  Theoretical dependences of the effective magnetic 
inoment (aer) on kT/12./] lbr the model binuclear cluster with 
s t = s 2 = I, g,: = g~ = g~, = 2 and parallel local axes: a) - 2 J  < 0" 
b) -2J  > 0: D = 0 (I), O = -0.5!-2~ (+~, and O = 0.51-2a~ (3). 
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Fig. 2. Theoretical dependence of  the effective magnetic mo- 
ment (gel) on the angle 0 between local Z axes tbr lhe model 
binuclear cluster with s r = s2 = I, g: = gr = gr = 2 at kT/12J] = 
0.15 and O = 0.5i-2J1. 
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5 K. which cor responds  to S = I and g = 2.18 for the Ni 
atom. 
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The magnet ic  m o m e n t  monotonical ly  decreases  as 
temperature decreases  down to 2 K. v.hich can likely bc 
explained by weak an t i fe r romagnet ic  in termotecular  in- 
teraction I Fig. 3). 

Binuclear  n icke l  c o m p l e x  N i z ( t , - O t t z ) l r t -  
O O C C M e 3 ) 2 ( O O C C M e 3 ) z l d i p y ) z  14) has a th ree -  
bridged metal f ramework.  The  metal atoms in the mol -  
ecules are located at nonbond ing  distances (Ni . . .Ni  

I , t i t : l / P B  

J 1 , ; [ ; i 

i) I00 

3.088 

1 A , I L [ L 1 
20O 7"/K 

Fig. 3. Magnetic characteristics of complex 3. 

3.513 A). As in complex 3, the ligand envi ronment  of  
the metal centers  is close to an octahedron.  3-4 The 
magnetic m o m e n t  of  complex  4 (per paramagnetic cen-  
ter) slowly increases from 3.077 to 3.134 it B in the 
temperatt,  re range from 20 to 2 K (Fig. 4). 

Several sets of  the parameters obtained are listed 
below to illustrate the calculat ion procedure. Based on 
the symmetry  considerat ions,  the one-cen te r  parameters 
fi)r molecule  4 were assumed to be equal and the angle 
between the local Z a x e s  was assumed to be 115 ~ (see 
below). 

Variant <g) D - 2 J  -~r ,, .%. 
c n l  - I  

I 1.809 O* -71.2 O* 0.059 
2 2.222 0.006 O" O* 0.0779 
3 2,202 0" O* -0.214 0.0674 
4 2.118 -10.1 - 4 4 4  0* t).O116 
5 2.131 0* - 3 7 7  0.526 0.0095 
6 2.199 -2.78 0* -0.410 0.064 

.'Vole. Asterisked are the parameters with fixed values;/~" = g_ 
a 
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5 - 
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1 1  0 0  
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4.316 
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, t i L I , , ! , i ~ T , ' K  I 
0 I O0 200 . 

Fig. 4. Magnetic characteristics of bmuclear complex 4 (Pet 
was calculated per entire molecule). 

pef,,"l.t B 

3.3 ~ ) ' , . ' ,  
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3.1 
I 0 20 30 ~." K 

Fig. 5. Low-temperature part of experimental pcl{73 cur,,'c (/) 
(Bef was calculated per paramagnetic ion) for complex 4 and 
theoretical best fit values calculated using versions 4 (2) and 
5 113). 
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Since the temperature dependence of the effective 
magnetic moment of the cluster has a maximum in the 
low-temperature region (Fig. 5), one of the interactions 
responsible for the temperature dependence of ].tel- was 
taken into account in the first stage of calculations. As 
can be seen {versions 1--3). the %. values obtained are 
much larger than the experhnental error (-!%}. Addi- 
tionally, the g-factor obtained Ibr version 1 is unsatisfac- 
t o u  (g = 2.1--2.2 for Ni II atoms). 14As Simultaneous 
consideration of two interaction parameters (see ver- 
sions 4 and 5) leads to appreciable decrease in ~z" 
Qualitatively, both curves (see Fig. 5) and the corre- 
sponding errors differ only slightly, so it is difficult to 
decide between the two versions. 

Since the c5~ value obtained in versions 4 and 5 is 
comparable with the experimental error, it is of no sense 
to increase the number of independent parameters even 
in the case of appreciable decrease in '~z" 

B i n u c l e a r  n i c k e l  c o m p l e x  N i z ( ~ t - O O C C M e 3 ) a p y  z ( 5 )  

has a *'lantern"-type four-bridged dinickel fragment. The 
metal atoms in the molecule are located at nonbonding 
distances (Ni...Ni 2.603 A). The ligand environment of 
the metal centers is close to the octahedral one with 
consideration of the second metal center to complete 
the coordination sphere. 4 The magnetic moment of 
complex 5 monotonically decreases over the whole tem- 
perature range l Fig. 6). 

Processing the Z(7) data for this compound using an 
analogous procedure gives the following best fit values: 

<g) = 2.175: D = 0"; -2 . /=  260: --2,~)J" = 0": ,-~:, :- 0.0062. 

Since both complexes 4 and 5 have a binuctear 
structure in which the Ni atoms are linked by bridges 
rather than bound by a direct metal--metal bond, the 
results obtained using version 4 of calculations can be 
accepted as "reliable" for complex 5 (taking into account 
that the negative sign of D is consistent with theoretical 
esthnatest3j4). 

V-cb/H B 

3 

l �9 0 0 0  

It" 
01 - -  , , ~ , , , 

0 II)o 200 T/K 
Fig. 6. Magnetic properties of complex 5 (}.tt: f WaS calculated 
per emire molecule). 

Irrespective of the accepted versions, the most in- 
triguing is transition from paramagnetism in 3 to weak 
antiferromagnetism in 5 and ferromagnetism in 4. Actu- 
ally, the antiferromagnetic behavior of 5 is typical of 
"lantern"-type dimers, t0 characterized by superexchange 
involving four carboxylate bridges. In complex 4, the 
number of these bridges reduces to 2. which should 
decrease the contribution of this mechanism to antifer- 
romagnetic exchange. In addition, this complex con- 
tains the bridging oxygen atom as a constituent, which 
makes possible transition from anti ferromagnetic to fer- 
romagnetic superexchange. By and large, the bridging 
geometry." is very' close to that of the dimeric fragment of 
strongly antiferromagnetic trinuclear transition-metal 
V-oxocomplexes. 20 Since the exchange parameters m 
Fe 111 trimers with the maximum number of exchange 
channels, but with different (carboxylate 2~ and sulthte 21) 
bridges are ve U close ( - 2 J  = 60 and 53 cm - l ,  respec- 
tively), it is possible to ebcus our attention on the 
bridging O atoms as the most effective exchange chan- 
nel. In the trimers, this is a monatomic ligand with an 
M--O- -M angle of ~120 ~ The Ni- -O--Ni  angle in the 
dimers under study is decreased to ~115 ~ and the bridg- 
ing O atom belongs to a water molecule, i.e., it forms 
strong bonds with two H atoms. A small decrease I~ in 
the angle far from the critical value (-105 ~ correspond- 
ing to ferromagnetic-to-antiferromagnetic transition 
seems to be insignificant. However, strong O--H bonds 
can substantially affect the magnitude and sign of the 
interaction. 10,z2 Low accuracy of the determination of 
the coordinates of H atoms in the X-ray diffraction 
experiment and small magnitude of the experimentally 
observed effect of "change over" of the interaction sign 
hampers a detailed consideration of this phenomenon. 
Mention may be made that consideration of p-orbitals 
of the monatomic bridge only leads to a critical angle of 
the ferromagnetic-to-antiferromagnetic transition of 90 ~ 
and that its increase to ~115 ~ is completely due to 
"interference" of the interactions through the p- and 
s-orbitals of the bridge. 10"22 Efficient competition of 
hydrogen atoms with the metal atoms for p-orbitals 
results in an increase in the relative contribution of 
s-orbitals to the exchange, thus increasing the critical 
angle. 

Thus. going from mononuclear  carboxylate complex 
3 to binuclear three-bridged and four-bridged complexes 
4 and 5. respectively, is accompanied by change in the 
magnetic behavior of the complexes from paramagnetic 
(for 3) to ferromagnetic (for 4) and antiferromagnetic 
(for 5). 

E x p e r i m e n t a l  

Measurements of static magnetic susceptibility were carried 
out at the International Tomography Center of the Siberian 
Bnmch of the Russian Academy of Sciences on an MPMS-50 
SQUID magnetometer (Quantum Design) in the temperature 
range 2--300 K. 
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