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The static magnetic susceptibility of mononuclear trimethylacetate nickel complex
Ni(NH,Pm (O0CCMey), (3) and binuciear complexes Niy(u-OHjyp-
OOCCMe;):{00CCMe;)y(dipy), (4) and Niy(u-O0CCMes),py, (3) was measured in the
temperature range of 2—300 K. The magnetic behavior of 3 is typical of mononuclear
complexes with the Ni!l atom in the octahedral environment. Numerical calculations of the
temperature dependence of magnetic susceptibility with inclusion of isotropic exchange
interactions (/) and single-ion initial splitting parameters showed that the magnetic behavior
of complexes 4 and 3 can be interpreted in terms of ferromagnetic (for 4) and antiferromag-
netic (for 5) interactions.
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The problem of correlation between the magnetic
properties and structure of molecular complexes {espe-
cially those containing two or several magnetic centers,
¢.g., transition-metal atoms) is topical. Solving this prob-
lem makes it possible not only to simplify 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.
¢.g., magnetic properties of metal-containing enzvmes. !
However. these studies are hampered by the fack of the
detatled structures of at least the metal-containing frag-
ments of natural enzymes. For this reason, it may be
convenient to foilow an approach which includes mod-
eling using synthetic complexes — analogs of the metal-
containing fragment of the enzymes. Probabiy, such an
approach will help to answer the question of why Ni-
containing enzyme urease (urea amidohydrolase, EC
3.5.1.3) exhibits both antiferromagnetic and ferromag-
netic properties under different conditions.2 Recently,?
we synthesized and structurally characterized a series of
binuclear trimethylacetate Ni*! complexes, which simu-
late formally the dinicke! fragment ot urease. It was also
shown that the magnetic behavior of such complexes
can drasticaliy change despite a similar ligand environ-
ment of the metal center. 3

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

Van Vieck (HDVV) model.6—% 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 for
interpreting the magnetic properties.!9-11

It was found that the magnetic properties of bi-
nuclear Ni'l trimethvlacetates pyyNir(u-OH;) (-
O0CCMe;),(O0CCMes3), (1 and pyaNi(HOOC—
CMey)a(p-OH,)(u-00CCMe;),(00CMe;)y (2) with
similar geometric characteristics of the central metal
framework Ni>(u-OH5)(p-O0CCMes); (N1..Ni 3.513(1)
and 3.461(1) A, respectively) and differing only in com-
position of terminal ligands are strongly different.

Complex 1 appeared to be ferromagnetic, whereas
complex 2 exhibits antiferromagnetic properties. 34 We
also observed an antiferromagnetic exchange for the
series  of “lantern”-type carboxylates L,;Nis{u-
OOCCMe;y), (L = Py, 2,5-dimethylpyridine, Et;N).4

We failed-to interpret the tnagnetic properties of the -
complexes using the classical HDVV model.3# In this
case it was important to perform a detailed analysis of
the results obtained and take into account the 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(ir) 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; of paramagnetic ions equal |
are also presented.

Results and Discussion

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

H = (;”1"5—’./ i\ —U(ss}‘

Tsds 1»«s]+ADs! th
where B is the Bohr magneton %1} H is the vector of
the external magoetic field. g are the g-tensors of the
magnetic ions. 5, are the spin operators of the magnetic
ions, and the summation is performed over all ions (N
and pairs of ions (i = /).

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 Hamiltonian (1) can be used
tor reliable interpretation of experimental data only after
simplification.

The first term of expression (1) describes the interac-
tion with the external magnetic field. {t is this interac-
tion that makes it possible to detect magnetic properties.
Therefore, this term cannot be ignored even in the case
of weak fields.

The second term is the isotropic exchange operator
(negative and positive values of the ~2J constant 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!9.11;

wer = 7997, T - 2

The number of independent exchange parameters —2J;
can usually be reduced owing to symmetry 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. =12 [
the general case. thev include a large number of inde-
pendent parameters since dj; are tensors and Gy are
vectors. As a rule. the values of these parameters are
much less than }-219-12 apnd can be neglected in
routine experiments.

The last term includes the single-ion initial splitting
tensors, which should be taken into account only if s5; >
1/2. They are independent of the exchange parameters
and cannot be arbitrarily neglected because the D)
values can amount to several tens (in ecm™! units). 13-14
Precise measurements of the six components of D; 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
anisotropy. we can write the approximate expression for

the imtial splitting operatort314
- - 2
Dls; — sils, + INE (3)
where D; = D_ is the z-component of the D; tensor

reduced to the local axes.

In the local axial svmmetry approximation, it is also
reasonable to take into consideration only three compo-
nents of the g-tensor written in the system of local axes.
namely. £. £, and g, (g, = g). As a result. the spin
Hamiltonian of a polvnuclear complex containing high-
spin tons s simplifted and takes the form

/:/ = E{B[g:!fa”: * -g,n’(’g.rin + 5)"'”)'” B

nJ
S35, + DISL =56 D) )

where i and j are the summation indices and g and 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.! Gen-
erally, the compiex form of the reduced spin Hamilto-
nian makes it impossible to divide the spin Hamiltonian
matriv into blocks. Therefore, the energy levels were
determined by diagonalization of the spin Hamiltonian
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matrix written in a complete basis of all possible func-
tions (products of the spin projections). Then the tem-
perature dependences of the magnetic susceptibitity
(cm? g-atom™!) and/or effective magnetic moment (2)
were calculated as functions of the parameters of the spin
Hamiltonian using the Gerloch—McMeeking formula. 19-1

The theoretical dependences of the effective mag-
netic moment () on &7/J for a model dimer with 5; =
s = L g = g, = g = 2 and parallel local axes are

shown in Fig. 1. As can be seen, at low temperatures

(100 < kT the initial splitting effect can much exceed
the experimental error (~1%). At D > 0, this effect is
much stronger since positive 0 values correspond to
stabilization of the one-center states M, = [0) relative to
doublets M, = [£1) (see expression (3)). In the case of
dimers with ferromagnetic exchange (~2/ < 0). the
initial splitting always results in suppression of the
magnetic moment owing 1 a decrease in the effective
spin value. In the svstems with —2J/ > 0, the magnetic
moment increases due to partial disruption of the anti-
ferromagnetic ordering.

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

Experimental data were processed by fitting the theo-
retical (') values of the static magnetic susceptibility
(per g-atom of paramagnetic centers) to the measured
(%) values. The error functional was given as an expres-
sion dependent on the geometry of the Ni—O-—Ni
fragment. The root-mean-square error was calculated
using the formula

r 12

| ~ .
= N at =22 5
Sy {N~p',"u" /"')w’) . (5)
where N is the number of temperature points, p is the
number of independent parameters, w; are the weighting

factors, and summation is performed over all & points.

Hei/ 1B /
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Fig. 1. Theoretical dependences of the effective magnetic
moment (wy) on k7/12J for the modei binuclear cluster with
s =5 =1, g =g =g = 2and parallel local axes: a) =2/ < 0;
b =2>0: D=0(N. D=-03-24(D, and D= 0.51-2J (.

The w; values were given as w, = 1/y< for equally
significant 3 values or as w; = T, in the case of large
low-temperature errors (as a rule. this is due to low
susceptibility in antiferromagnetic systems). In order to
reproduce the properties of real svstems more correctly.,
terms describing an admixture of mononuclear complex
(without initial splitung) and intermolecular isotropic
exchange were introduced in the theoretical expression
for magnetic susceptibility. In the molecular field ap-
proximation, the isotropic exchange parameter has the
form10.15

X (6)

where /2 is the number of nearest neighbors. Minimiza-
tion of expression (3) was performed using the New-
ton— Raphson method,!” whose efficiency for this class
of problems has been established experimentally. The
hypothescs 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 addition of varied pa-
rameters is significant if 5,, decreases by a factor of 1.3
to 2.

Mononuclear complex Ni(NH>C H ;) (O0OCCMe;)»
(3) and binuclear complexes with different structure of
the metal framework, viz., the three-bridged cluster
Niy(n-OH:)(pu-00CCMes)-(O0CCMes),(dipy), (4) and
four-bridged cluster Niy(u-OOCCMes)py, (3). were
chosen as examples.

Mononuclear complex Ni(NH;CgHs),(O0OCCMes),
(3) has four N atoms from four coordinated aniline
molecules in the equatorial plane of the nickel atom.
whereas the axial positions are occupied by two terminal
OOCCMey fragments. Thus, the local environment of
the Nilt atom is a distorted octahedron.3* The magnetic
behavior of complex 3 is typical of mononuclear Nill
complexes in which the Ni't atom is in the octahedral
environment. The effective magnetic moment of com-
plex 3 (3.09 pg) is temperature-independent down to

3.05pua/us
3.00} //
//
295} g
2901 /
0 30 60 6/deg

Fig. 2. Theoretical dependence of the effective magnetic mo-
ment (u) on the angle 8 between ltocal Z axes for the model
binuclear cluster with s; =57 =1, g. = g, = g, = 2 at kT/2/ =
0.15 and D = 0.5-24 ’
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5 K. which corresponds to S = | and g = 2.18 for the Ni
atom.
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The magnetic moment monotonically decreases as
temperature decreases down to 2 K. which can likely be
explained by weak antiferromagnetic intermolecular in-
teraction (Fig. 3).

Binuclear nickel complex Niy(u-OHz)(p-
00CCMe;),(00CCMe,),(dipy); (4) has a three-
bridged metal framework. The metal atoms in the mol-
ecules are located at nonbonding distances (Ni...Ni

e/ g
L e o ® » o . L .
3 r.. e @ . 3088
2.746
[ T S I [ S SR
1] 100 200 /K

Fig. 3. Magnetic characteristics of complex 3.

3.513 A). As in complex 3, the ligand environment of
the metal centers is close to an octahedron.34 The
magnetic moment of complex 4 (per paramagnetic cen-
ter) slowly increases from 3.077 to 3.134 pg in the
temperature range from 20 to 2 K (Fig. 4).

Several sets of the parameters obtained are listed
below to illustrate the calculation procedure. Based on
the symmetry considerations. the one-center parameters
for molecule 4 were assumed to be equal and the angle
between the local Z axes was assumed to be 113° (see
below).

Variant (g D —2J =g’ a,
cm”!
1 1.869 0* -71.2 0* 0.059
2 2222 .006 0 0* 0.0779
3 2.202 0~ 0* -0.214 0.0674
4 2,008 =0t —4.43 0* 0.0116
3 2031 0 ~377 0.526 0.0093
6 2.199 -2.78 0* =0.410 0.064
Note. Asterisked are the parameters with fixed values: (g = ¢. =
S
Hei/Hgy
st
£
™ e
P4,47) ® 9 0o e e o o . P e
1316
4
L
. l ! A 1 L ¢ 1 l 4 ‘l
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Fig. 4. Magnetic characteristics of binuclear complex 4 (p¢
was calculated per entire molecule).
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Fig. 5. Low-temperature part of experimental p (7 curve (/)
(u s was calculated per paramagnetic ion) for complex 4 and
theoretical best fit values calculated using versions 4 (2) and
3 (3. -
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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. 3). one of the intcractions
responsible for the temperature dependence of i was
taken into account in the first stage of calculations. As
can be seen (versions 1—23). the o, values obtained are
much larger than the experimental error (~1%). Addi-
tionally, the g-factor obtained for version ] is unsatisfac-
tory (g = 2.1—2.2 for Ni'l aroms). 1415 Simultaneous
consideration of two interaction parameters (see ver-
sions 4 and 35) leads to appreciable decrease in o,.
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 o, value obtained in versions 4 and 3 is
comparable with the experimental error, it is of no sense
to tncrease the number of independent parameters even
in the case of appreciable decrease in o,.

Binuclear nickel complex Ni,(p-O0CCMes)py; (5)
has a “tantern”-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.? The magnetic moment of
complex 5 monotonically decreases over the whole tem-
perature range (Fig. 6).

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

(= 2075 D= 0% =20 = 2600 ~ X3S = 0%, T 0.0062.

Since both complexes 4 and 5 have a binuclear
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 S (taking into account
that the negative sign of D is consistent with theoretical

estimatest3 1),
et/
3 .
™
| .
'Y
2}— .
°
.
« ®
i .o'.
o=+ i ) l )
v 100 00 —

Fig. 6. Magnetic properties of complex 5 {p was calculated
per entire molecule).

{rrespective 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 ot 5 is typical of
"lantern”-type dimers. !9 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 oxyvgen atom as a constituent, which
makes possible transition from antiferromagnetic 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
p-oxocomplexes.®® Since the exchange parameters in
Fe!' trimers with the maximum number of exchange
channels. but with different (carboxylate?® and sulfate??)
bridges arc very close (—=2J = 60 and 53 em™!, respec-
tively), it is possible to focus 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—0O—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, ie., it forms
strong bonds with two H atoms. A small decrease!®-!tin
the angle far from the critical value (~105°) correspond-
ing to ferromagnetic-to-antiferromagnetic transition
seems 1o be insignificant. However, strong O—H bonds
can substantially affect the magnitude and sign of the
interaction.!%22 [ ow 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 ~113° is completely due to
“interference” of the interactions through the p- and
s-orbitals of the bridge 1922 Efficient competition of
hvdrogen 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
angie.

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

Experimental

Measurements of static magnetic susceptibility were carried
out at the International Tomography Center of the Siberian
Branch of the Russian Academy of Sciences on an MPMS§-39
SQUID magnetometer (Quantum Design) in tne temperature
range 2—300 K.
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