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Abstract

Three nickel(I) dinuclear oxalato (ox) bridged compounds: (u-ox)[Ni(dpt)(H,0)],(ClO,), (1), (n-ox)[Ni(Medpt)-
(H,0)](Cl10,),-2H,0 (2) and (p-ox)[Ni(ept)(H,0)],(CIO,), (3) have been synthesized and characterized where
dpt is bis(3-aminopropyl)amine, Medpt is 3,3’-diammno-N-methyl-dipropylamine and ept is N-(2-aminoethyl)-1,3-
propanediamine. The crystal structures of 1 and 2 have been solved Complex 1 crystallizes 1n the monochnic
system, space group [2/a, with FW=702.8, a =12 534(4), b =16.871(5), ¢ =13.450(4) A, B=95.28(7)°, V=2831(3)

3, Z=4, R=0.063 and R,=0.068. Complex 2 crystallizes in the monoclinic system, space group P2,/n, with
FW=1766.9, a =6.404(2), b=13.333(4), c = 18.687(4) A, B=97.67(8)°, V=1576(2) A*>, Z=2, R=0063 and R,, = 0.068
In both complexes the nickel atom 1s placed in a distorted octahedral environment. The magnetic properties of
these compounds have been investigated. The yuT versus T plots for 1-3 exhibit the typical shapes for
antiferromagnetically coupled nickel(II) dinuclear complexes. The J values for 1-3 were —24.7, —21.6 and —25.0
cm™ !, respectively. These values are significantly lower than those reported for mckel(II) dinuclear complexes
when the blocking ligands have four N atoms. The mnfluence of the change in the electronegativity of the
penpheral ligand atoms on the magnetic behaviour has been studied by means of extended-Huckel calculations
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Introduction

The published magnetic studies on dinuclear
nickel(IT) oxalato bridged compounds [1-8] show that
this ligand causes a relatively strong antiferromagnetic
coupling between two nickel(II} centres. The fully stud-
ied compounds are all octahedrally coordinated
nickel(II) complexes and can be classed into two types:
(i) NiNyox: the four coordinated atoms different to the
two O-(oxalate) atoms are N-amine atoms and the -J
values in all cases are in the 32.4-39 cm ™’ range [1,
3-6]. Four complexes of this kind have been structurally
characterized [4-7]. (ii) NiN;Oox: three of the four
coordinated atoms different to the O-(oxalate) are N-
amine atoms and the fourth is an O-(H,O) atom. Only
two compounds of this type [2, 8], (u-ox)[Ni(dien)-
(H,0)],(ClO,),, where dien is diethylenetriamine and
(pn-ox)[Ni(L)(H,O)}|(NOs), - 2H,0, where L is 1,4,7-tri-
azacyclononane (structurally characterized), have been
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magnetically studied, showing J values of —24.4 and
—25.5 cm™, respectively.

The lower coupling parameter J for these NiN;Oox
compounds is clearly anomalous compared with the
wide series of NiN,ox oxalato dimers, for which i the
most recent papers, J values near —35 cm™*! are con-
sidered routine results taking into account two factors:
first, the oxalato bridge is always planar and very rigid,
and no significant differences in the bond angles or
bond distances that may influence the superexchange
should be expected; second, the coordination environ-
ment of nickel(IT) ion in this kind of complex is always
octahedral and consequently a weak influence of the
electronic effects due to the orientation of the d orbitals
of the nickel(II) can be expected.

The aim of this work is to synthesize compounds of
the NiN,;Oox type and to perform structural, magnetic
and MO studies to determine the influence on the
magnetic coupling caused by the substitution of one
N-coordinated atom by one O atom in the peripheral
ligands. With this in mind, starting from triaza ligands,
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we synthesized the (u-ox)[Ni(dpt)(H,0)],(ClO,), (1),
(u-ox)[Ni(Medpt)(H,0)],(ClO.), 2H,O0 (2) and (p-
ox)[Ni(ept)(H,0)].(ClO,), (3) compounds, where dpt
is bis(3-aminopropyl)amine, Medpt 1s 3,3’-diamino-N-
methyl-dipropylamine and ept is N-(2-aminoethyl)-1,3-
propanediamine. The synthesis of 1 has been previously
described in the literature [9] but without any magnetic
or structural study The crystal structure of 1 and 2
was determined. Variable temperature magnetic sus-
ceptibility measurements werc performed 1n the range
3004 K: the resulting data show that these NiN;Oox
compounds are antiferromagnetically coupled, but thc
coupling is significantly lower than in the case of the
dinuclear analogous NiN,ox compounds and very close
to the two NiN,;Oox systems previously reported. This
series of five NiN;Oox complexes suggests that these
lower J values are characteristic of this nickel(Il) en-
vironment and not anomalous results. Extended-Huckel
MO calculations have been performed on the struc-
turally characterized dinuclear complexes 1n an attempt
to understand the vanation in the magnetic coupling
as a function of the resulting energy levels

Experimental

Caution: Perchlorate salts of metal complexes are
potentially explosive Only a small amount of material
should be prepared, and it should be handled with
caution.

Preparation of the new complexes
(p-ox)[N1(dpt)(H,0)],(C10,), (1) was synthesized by
the method reported by Curtis [9]. The new compounds
(1-0x)[Ni(Medpt)(H,O)L,(CIO,),-2H,0 (2) and (-
ox)[Ni(ept)(H,O)}].(ClO,), (3) were synthesized by the
same method but using Medpt or ept mstead of dpt.
Monocrystals suitable for X-ray diffraction were ob-
tamed by slow air evaporation of diluted aqueous
solutions of 1 and 2. All attempts to obtain monocrystals
of compound 3 were unsuccessful. Satisfactory analytical
results (C, H, N, Cl), were obtained for all the complexes.

Techniques

IR spectra (4000-200 cm ') were recorded from KBr
pellets in a Perkin—-Elmer 1330 IR spectrophotometer.
Magnetic measurements were carried out on polycrys-
talline samples with a pendulum type magnetometer
(MANICS DSMS8) equipped with a helium continuous-
flow cryostat working in the temperature range 300-4
K, and a Brucker BE1S electromagnet. The magnetic
field was close 15000 G. For all compounds, the in-
dependence of the magnetic susceptibility versus the
applied field was checked at room temperature until
1.8 T. Calibration of the instrument was made by a

magnetization measurement of a standard ferrite. Dia-
magnetic corrections were estimated from Pascal con-
stants

X-ray structure deternunation

Crystals (0.1 X0.1<0.1 mm) of 1 and (02x0.2x0.2
mm) of 2 were sclected and mounted on an Enraf-
Nonius CAD4 four-circle diffractometer equipped with
a graphite monochromator The unit-cell parameters
were obtained by least-squares refinement of the setting
angles of 25 reflections in the range §<6<15°. No
sigmificant change was detected 1n the intensity of the
three standard reflections. Lorentz, polarization and
absorption corrections were applied to the data (em-
pirical method, psi-scan). The crystallographic data are
shown 1n Table 1. The crystal structure was solved by
Patterson synthesis using the SHELXS computer pro-
gram. The two structures were refined by the full-matrix
least-squares method, using the SHELX76 [10], CRYS-
TAL [11] AND PLATON [12] computer programs.
The functions minimized were R=3X[|F,| —k|F [|/Z|F,|
and R, = [Ew(|F,| —k[F.])*/Zw|F /)2 f, f', and f" were
taken from International Tables of X-Ray Crystallog-
raphy [13]. Positions of H atoms were computed and
refined with an overall isotropic factor, using a riding
model. For 1 the final R factor was 0.063 (R,,=0.068).
Number of parameters refined=170 Max. shift/
e.s d.=0.15; max. peak in final difference synthesis was
0.5 e A~ *. For 2, the final R factor was 0 063 (R, =0 068)

TABLE 1 Crystallographic data for (u-ox)[Ni(dpt)(H,0)],(ClO,),
(1) and (p-0x)[N1{Medpt)(H,0)](ClO,), 2H.0 (2)

1 2

Formula CsHxCLNgN1L, Oy  CH;ClLNN1,O 4
Formula weight 702 8 766 9
Temperature (K) 293 293
Space group 12 fa P2 /n

a (A) 12 534(4) 6 404(2)
b (A) 16 871(5) 13 333(4)
¢ (A) 13.450(4) 18 687(4)
B (®) 95 28(7) 97 67(8)
v (AY 2831(3) 1576(2)
z 4 2

A (Mo Ka) (A) 0 71069 071069
D (g cm™?) 1 648 1598

# (Mo Ka) cm™) 15.94 14.39
Absorption correction  empirical empirical
Scan method 6/26 6/20
Reflections measured

range 1<f<28° 4911 5140
Reflections observed

1> 30(1) 2775 2460

+h, +k, +!/ +16, 22, 17 +8, 18, 26
R* 0063 0063
R, 0068 0068

R=Z|\Fo| —klFZIFo|  "Ru=[Sw(|Fo| —k|F)ZwF )"



for all observed reflections. The number of parameters
refined was 191. Max. shift/e.s.d. =0.1; max. peak in
final difference syntheses was 0.6 ¢ A~>. Final atomic
coordinates for 1 and 2 are given in Tables 2 and 3,
respectively.

TABLE 2 Fmnal atomic coordinates and equivalent sotropic

thermal parameters (A% and ther esds for (u-
ox)[Ni(dpt)(H,0)](C1O,), (1)
x/a y/b zlc U

Ni 0.09922(4) 0.07498(3) 035241(4) 00375(3)
CI(1) 0.2500 0.3368(1) 05000 0077(2)
Cl(2) 0.2500 —0.2071(1) 0 5000 0072(1)
0Q) 0.1166(2) 0.0568(2) 0.5098(2) 0.041(2)
0(2) —00372(3) 0.0074(2) 03723(2) 0045(2)
0(3) 0.2475(3) 01371(2) 03573(3) 0047(2)
0(10) 0.2967(9) 0.2922(6) 04358(8) 0167(4)
0(11) 0.185(1) 0.393(1) 0463(1) 0287(8)
0(20) 0.1567(5) ~01597(4) 04867(5) 0099(2)
0@z 0.2552(9) —02540(7) 04132(8) 0172(4)
N(1) 0 0250(4) 0 1806(3) 0 3850(4) 0057(3)
N(2) 0.1930(4) —00253(3) 03352(3) 0051(2)
N(3) 0.0681(4) 0.0878(3) 0.1992(3) 0055(3)
C(1) 0.0437(3) 00145(3) 0.5400(3) 0038(2)
C(2) —-0.016(1) 0.2380(7) 03115(9) 0114(4)
C(3) 0.007(1) 0.2269(6) 02138(7) 0.098(4)
C(4) —0.0155(8) 0.1486(7) 0 1690(6) 0094(3)
C(5) 0.1562(6) —0 0816(4) 0 2565(5) 0069(4)
C(6) 0 1401(9) ~0.0437(5) 0 1562(6) 0084(7)
(7 0 0485(7) 0.0140(5) 01442(5) 0077(4)

TABLE 3. Final atomic coordinates (X 10*) and equivalent 1so-
tropic thermal parameters (A?) and ther esds for (u
ox)[Ni(Medpt)(H;0)1(CIO,), 2H,0 (2)

x/a y/b z/c U
Ni 0.2449(1) 0.33262(6) 0.00703(4)  00246(3)
0(1) 0.5491(7) 0.3747(3) —0.0190(2) 0028(1)
02) 0.2557(7) 0.4887(3) 0 0319(3) 0031(1)
0@3) —0.0470(7) 0.3077(4) 0 0426(3) 0037(1)
0(10) 0.902(1) 0.3279(6) 0.1842(4) 0076(3)
N(1) 0.389(1) 0.3083(4) 0.1121(3) 0037(2)
N(2) 0.0945(9) 0.3812(4) —00927(3) 0033(2)
N(3) 0.2539(8) 0.1808(4) —0.0276(3) 0.032(2)
Cc(1) 0.584(1) 04671(5) —00144(3) 0028(2)
C(2) 0.375(1) 02103(7) 0.1476(4) 0044(2)
C(3) 0.421(2) 0.1248(7) 0 0994(5) 0052(3)
Cc4) 0.257(1) 0.1082(6) 0 0339(5) 0.044(2)
C(5) —0062(1) 0.3175(6) —01373(4) 0.039(2)
C(6) 0.020(1) 0.2141(6) —0.1477(4) 0.042(2)
C(M 0 063(1) 0.1526(6) —00786(4) 0041(2)
C(8) 0 443(1) 0.1640(6) —0.0634(5) 0045(2)
CI(1) 0.5789(4) 0.5520(2) 0.2489(1) 00512(7)
04 0.587(2) 0.6517(6) 0.2240(5) 0.095(4)
0(5) 0.773(2) 0.5030(9) 0.2578(8) 0136(5)
O(6) 0.420(2) 0.5014(8) 0.219(1) 0148(7)
o) 0.553(3) 0.563(1) 0.3209(6) 0152(7)
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Results and discussion

IR spectra

The IR spectra of the dinuclear complexes are very
similar: the bands attributable to the peripheral hgands
and the two strong characteristic bands attributable to
the ClO,” anion appear at normal frequencies. The
most characteristic band attributable to the central
bridging oxalato ligand, appears at 1640 cm ~! (vs, broad)
in all cases.

Descrniption of the structures

(p-0x)[Ni(dpt) (H;0) ] (ClO, ), (1)

The unit cell contains four dinuclear [NiNi] dications
and two symmetrically independent sets of perchlorate
anions Selected bond lengths and angles are listed in
Table 4. See also ‘Supplementary material’. A view of
the dinuclear unit with atom-labelling scheme is pre-
sented in Fig. 1(a) which shows the OH, ligands placed
in the NioxNi plane in trans configuration. The nickel
atom occupies a distorted octahedral environment: the
Ni(1)-N(1), Ni(1)-N(2), Ni(1)-O(2) and Ni(1)-N(3)

TABLE 4 Selected bond lengths (A) and angles (°) for (u-
ox)[Ni(dpt)(H,0)](ClOy), (1)

Ni(1)-0(1) 2131(3)
N1i(1)-O(2) 2.092(3)
Ni(1)-0O(3) 2.130(3)
Ni(1)-N(1) 2.075(5)
Ni(1)-N(2) 2.085(4)
Ni(1)-N(3) 2.072(4)
0O(1)-C(1) 1.255(5)
0(2)-C(1) 1.247(5)
N(1)-C(2) 1 446(9)
N(2)-C(5) 1 465(8)
N(3)-C(4) 150(1)
N(3)-C(7) 1.458(9)
c()-C(1)' 1 542(8)
0(2)-Ni(1)-0(1) 78.7(1)
0O(3)-Ni(1)-0(1) 91 8(1)
0(3)-Ni(1)-0(2) 170 2(1)
N(1)-Ni(1)-O(1) 85.4(2)
N(1)-Ni(1)-O(2) 93.0(2)
N(1)-Ni(1)-O(3) 88 7(2)
N(2)-Ni(1)-0(1) 89 2(2)
N(2)-Ni(1)-0(2) 92 8(2)
N(2)-Ni(1)-0(3) 84 4(1)
N(2)-Ni(1)-N(1) 171 2(2)
N(3)-Ni(1)-0(1) 174 6(2)
N(3)-Ni(1)-0(2) 95.9(2)
N(3)-Ni(1)-O(3) 93.6(2)
N(3)-Ni(1)-N(1) 94.2(2)
N(3)-Ni(1)-N(2) 91.7(2)
C(1)-O(1)-Nx(1) 113.1(3)
C(1)-0(2)-Nx(1) 114.1(3)
0(2)-C(1)-0(1) 126 0(4)
C(1)-C(1)-0(1) 116.5(4)
C(1)-C(1)-0(2) 117 5(5)




142

Fig. 1 Molecular structure of (a) (u-ox)[Ni(dpt)(H,0)];**, and
(b) (u-ox)[Ni(Medpt)(H,0)],**, showing the atom labelling
scheme.

distances are similar, and shorter than the other two
Ni(1)-O(1) and Ni(1)-O(3). The nickel atom is placed
0.143 A above the mean plane formed by the N(1),
N(2), O(2) and O(3) atoms. N(3) is placed 2.215 A
above this mean plane and O(1) 1.973 A on top. The
nickel atom is placed 0.009 A above the mean plane
defined by Ni(1), O(1), O(2) and C(1), the
nickel-oxalato—nickel fragment being planar. Dimeric
entities are related by hydrogen bonds between
0(1)-0(3)’, distance 2.715 A. The structure can be
envisaged as an infinite zigzag chain as shown in Fig.
2(a). The perchlorate anions are also at hydrogen bond
distances from O(3) (2.867 A). The trans arrangement
of the amine is different to that found in the related
trinuclear compound  {[Ni(dpt)(H,0)],Cu(pba)}**
(pba = 1,3-propylenebis(oxamato)) in which the coor-
dinated aquo ligands are placed in cis arrangement to
the central Ni,(pba)Cu plane [14].

(u-ox)[Ni(Medpt)(H,0)],(ClO,),-2H,0 (2)

The unit cell contains two dinuclear [NiNi] dications
and four perchlorate anions. Selected bond lengths and
angles are listed in Table 5. See also ‘Supplementary
material’. A view of the dinuclear unit with atom-
labelling scheme is presented in Fig. 1(b) which shows
the OH, ligands placed in the NioxNi plane in trans

.
& &

Fig 2 (a) Infinite zigzag chains of dimenc units of (u-
0x)[Ni(dpt)(H;0)];** (1) and (b) mnfimite double cham of (u-
ox)[Ni(Medpt)(H,0)],** (2). linked by hydrogen bonds which
are indicated by dotted lmes

TABLE 5. Selected bond lengths (A) and angles (°) for (u-
ox)[Ni(Medpt)(H,0)]o(ClO,), 2H,0 (2)

N1(1)-0(1) 2.147(4)
Ni(1)-0(2) 2132(5)
Ni(1)-O(3) 2095(5)
Ni{1)-N(1) 2078(6)
Ni(1)-N(2) 2.080(5)
Ni(1)-N(3) 2128(6)
O(1)-C(1) 1254(8)
0(2)-C(1) 1264(8)
N(1)-C(2) 147(1)

N(2)-C(5) 1479(9)
N(3)}-C(4) 150(1)

N(G3)-C(7) 1492(9)
C()—-C(1y’ 154(1)

0(2)-Ni(1)-O(1) 779(2)
O(3)-Ni(1)-O(1) 1722(2)
0(3)-Ni(1)-0(2) 951(2)
N(1)-Ni(1)-0O(1) 87.4(2)
N(1)-Ni(1)-O(2) 87.1(2)
N(D)-Ni(1)-O(3) 88 7(2)
N(2)-Ni(1)-O(1) 923(3)
N(2)-Ni(1)-O(2) 83 6(2)
N(2)-Ni(1)-O(3) 90 5(2)
N(2)-Ni(1)-N(1) 1705(2)
N(3)-Ni(1)-O(1) 96.7(2)
N(3)-Ni(1)-0(2) 1735(2)
N@3)-Ni(1)-O(3) 90 5(2)
N(3)-Ni(1)-N(1) 96 4(2)
N(3)-Ni(1)-N(2) 93 0(2)
C(1)-0(1)-Ni(1) 113 6(4)
C(1)-0(2)-Ni(1) 113 7(4)
0(2)-C(1)-0(1) 125.7(6)
C(1)-C(1)-0(1) 117.1(7)
C(1)-C(1)-0(2) 117.2(7)




configuration as was the case for 1. The nickel atom
occupies a distorted octahedral environment: the
Ni(1)-N(1), Ni(1)-N(2) and Ni(1)-O(3) distances are
similar, and shorter than the other three distances
Ni(1)-O(1), Ni(1)-O(2) and Ni(1)-N(3). The nickel
atom is placed 0.153 A above the mean plane formed
by the N(1), N(2), O(1) and O(3) atoms. N(3) is placed
2.277 A above this mean plane and O(2) 1.953 A on
top. As occurs in compound 1 the nickel-oxalato—nickel
system is practically planar. The nickel atom is placed
0.041 A out of the plane determined by Ni(1), O(1),
C(1) and O(2) and O(3). This plane is practically
perpendicular to the N(1), N(2), O(1) and O(3) plane
(86.5°). A hydrogen bond, distance 2.698 A is found
between O(3) and O(10). There is also a hydrogen
bond that relates two dinuclear entities: distance
O(3)-0(1), is 2.831 A. The structure can be seen as
an infinite octahedral double chain through O(1) and
O(3) using the hydrogen bonding (Fig. 2(b)). The
Ni-O(oxalate), C-C(oxalate) and Ni-N(amine) dis-
tances and the C(oxalate)-C(oxalate)-O(oxalate) angle
are similar in both structures to the published values
for NiN,O, compounds [4-7]. Only the Of(oxalate)-
Ni-O(oxalate) angle, 78.7(1)° for 1 and 77.9(2)° for 2,
is slightly lower than the analogous published values.

Magnetic properties

The y\ versus T plots for complexes 1-3 are shown
in Fig. 3. The y,, values first increase, reaching a
maximum at 32 K for 1, 29.4 K for 2 and 35 K for 3,
and then decrease. This behaviour is typical of an
antiferromagnetically coupled Ni(II)Ni(II) pair. Ap-
plying the isotropic spin Hamiltonian # = —JS,Ss
where J is the exchange integral and S,=Sg=1, the

Xy
3. 50E -02

3.00E 92 |
2.50E -92
2. 00F -02
1, 50F -02
1, 00E -02

5.00E -3

0.00E+°°4 : : : !
0 50 100 150 200 250 300

Fig.3. Experimental and calculated (—) temperature dependence
of xu for the dinuclear compounds (u-0x)[Ni(dpt)(H,0)],(ClO,),
(1) (2), (1-0x)[Ni(Medpt)(H,0)],(CIO,), 2H,0 (2) (O) and (u-
ox)[Ni(ept) (H:O):(ClO,)2 (3) (*)

Qo
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expression [15] for yu 1s:

_ (NBPPIKTY (2 exp(x) + 10 exp(3))
B 1+3 exp(x)+5 exp(3x)

M

In this expression N, B, K and g have their usual
meaning and x=J/kT.

The zero-field splitting, D, has not been considered
since the effect of D on the magnetic behaviour of this
kind of compound can be neglected due to the large
stabilization of the singlet ground state, and therefore,
the slight influence of D does not change the position
of the maximum and this position determines the J
value [1, 5, 16].

Least-squares fitting of the magnetic data leads to
the parameters given in Table 6. The minimized function
was R=2(xu""— xm™) 2 (xm)? and in all cases R
was less than 10~“. The J values show that the overlap
between the magnetic orbitals is efficient, but it is lower
than in the cases where the terminal ligands are two
bidentate or one tetradentate amine, as can be seen
in Table 6.

Two factors can contribute to these low J values:
first, the hydrogen bonds between oxygen atoms of the
coordination sphere of the nickel atoms and second,
the presence of a coordinated water molecule trans to
the oxalato bridge. The first factor has been studied
[17-20] in seres of copper(Il) compounds and moderate
—J values due exclusively to the hydrogen bond have
been found for short O-H-O distances (c. 2.4 A) and
for greater distances the [J| value decreases very quickly.

TABLE 6. Magneuc parameters (J in cm™!) for dinuclear
nickel(IT)-oxalato systems

Compound* J g Reference
NiN,ox environment

(n-0x)[N1(CTH)],(C10,), -368 219 1
(un-ox)[Ni(trien)],(ClO,), -352 220 1
(p-0x)[Ni(en),[,(ClO,), -3.8 227 3
(pn-ox)[Ni(tmd),]2(C1O,), -364 218 4
(-0x)[N1(nn"),],(ClO,), -324 219 4
(p-ox)[Ni(cyclam)[,(NOs), -39.0 233 5
(u-0x)[Ni(cyclen)],(NO5), -350 230 6
(un-0x)[Ni(Me,cyclen)],(ClO,), -340 215 6

NiN;Oox environment
(n-ox)[Ni(dien)(H,0)],(ClO,),
(1-0x)[N1(L)(H,0)1,(NOs),

-244 207 2
-255 210 8

(1-0x)[Ni(dpt)(H,0)]o(CIO,), —247 232 this work
(1-0x)[N1(Medpt)(H,0)],(CIO,); ~21.6 224 this work
(u-0x)[Ni(ept)(H,0)],(Cl0,), —25.0 2.19 this work

“‘Reference ligands are: (CTH) 2,4,4,9,9,11-hexamethyl-1,5,8,12-
tetraazacyclotetradecane, (trien) triethylenetetramine, (en) 1,2-
diaminoethane, (tmd) 1,3-diaminopropane, (nn') N,N’-quinolin-
ethylenediamine, (cyclam) 1,4,8,11-tetraazacyclotetradecane, (cy-
clen) 1,4,7,10-tetraazacyclododecane, (Me,cyclen) 1,7-dimethyl-
cyclen, (dien) diethylenetriamine, (L) 1,4,7-tnnazacyclononane.
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In our case, the O-H-O distances lie in the 2 7-2.8
A range and the magnetic orbitals of the nickel entities
are not coplanar and, consequently, the influence in
the magnetic behaviour should be negligible. The very
good fit at low temperatures of the plot of susceptibility
versus temperature (Fig. 3), confirms that the intradimer
superexchange should be due only to the intradimer
interaction. The second factor needs a wider inter-
pretation and extended-Huckel MO calculations to
correlate the magnetic behaviour are described below.

MO calculations

The influence of size and electronegativity of the
bridging ligand atoms on the intensity of the magnetic
coupling has been well established by Verdaguer et al.
[21, 22] for dinuclear systems of copper(Il) for the
series of bridging oxalate, oxamate and oxamidate li-
gands. In this study, good correlation was found between
the coupling J parameter and the mixing coefficients
of each orbital of the bridging atoms bound to the
copper, maintaining the coefficients of the peripheral
ligands as a constant. The conclusion is that less elec-
tronegative bridging atoms permit larger delocalization
of spin density on the bridge, better overlap between
magnetic orbitals and larger antiferromagnetic coupling.

Taking into account that the contribution to the total
energy of the resuiting molecular orbitals 1s similar for
bridging and peripheral ligands, a possible explanation
for the lower J values in the NiN;Oox systems compared
with the N1IN,0x analogous systems can be given in the
same way, but in our case the constant parameters are
those related with the oxygens of the oxalato group,
and the variable parameters are those related with the
ligands placed trans to the bridging bonds (xy plane).

To check this explanation, extended-Huckel MO cal-
culations were performed on the structurally charac-
terized dinuclear complexes using the CACAO program
[23]. The atomic parameters used for nickel, C, O, N
and H were the standards of the program.

In order to centre this analysis on the coordination
environment of the nickel(1I) cations, according to the
two structural examples available, the geometry was
modelized placing the nickel atoms in a slightly distorted
octahedral environment, as shown below:

NH3 NH3
o] o] 3
\ / T~ — \ /
Ni | Ni
[o] o] X
NHy
Y NHy X = NH3, Hy0 NH;
}—X NeN =210A  C-ONi= 113
z Ni-O =207 A C-C-0 =117
Ni-X =210 A O-N1-0 = 80
CO =126A

For a dimeric nickel(II) system with two unpaired
electrons on each metal atom, four molecular orbitals
b1, b2 ¢ and ¢, (¢, and ¢, with z* and 5 and ¢,
with xy as main contribution), are expected. The MO
diagram for the four significant orbitals 1s shown n
Fig. 4. For this system with spin states $=0, 1, 2,
E,~E,=—-2Jand E,-E,= —J, inwhich 2/ =K -V, where
K is a ferromagnetic term of bielectronic integrals and
I an antiferromagnetic term, which can be described
[24] as a function of the splitting of the pairs of molecular
orbitals as follows:

V=1/2(e - fz)z/(]aa —Jo) +1/2(e5— 54)2/(]bb ~Joa)

J.. being bielectronic integrals, all assumed to be
constant in a series of complexes of similar geometry.

The calculated square gaps (A*=3(¢,—¢)?, €V?), for
the 22 and xy pairs of molecular orbitals are 3.7X 107
and 1.4 X 1072 for the NiN,ox environment and 1.9 X
107* and 7.2x 1073 in the NiN,Oox environment. The
smaller z* splitting compared with the xy splitting can
be attributed to the more favourable xy ligand overlap
and, as expected, the maimn contribution to the anti-
ferromagnetic couphng 1s due to the gap between the
xy pair of molecular orbitals. By using this semiempirical
model, the absolute values of these splittings are not
significant and their importance lies in their gradation
when some parameters are changing. If we assume all

IN1p(NHy)g(0x))2 + [Ny (NH3)6(H0)y (o2 +

~10- Y ~ 2 Y --10
O l (5 2%(s)
NIN, fragment NIN3O fragment
1 @10 1
%I& xy(s}
AP
114 F-11
1099
12 -11 82 QJ\‘ N Lxyta) 14 44 L 12
oo /L@ 4SS
« .
Q:L“ szyz(s) 1491 e
-15 95
) 1 \ s Uzi(s)-is
[N FR S
ev |

Ao oxalato fragment
P2

Fig. 4. Interaction diagram for selected metal and oxalato fragment
lone pair orbitals for (u-0x)[Ni(NH;),],>* system (left) and (u-
ox)[Ni(NH,);(H,0)],>* system (right). The four resulting MOs
are schematized indicating the main oxalato contribution. Energy
of the corresponding levels are —10.10, — 1016, —10.44 and
—1056 eV for the (u-ox)[Ni(NH;),],>* system and —1017,
—1022, —10.81 and — 10.90 ¢V for the (p-0x)[Ni(NH,)-(H,0)1,**
system



the other factors as constant, 3A? is 9.2x 1073 for
NiN,Oox, and 1.7Xx 1072 for NiN,ox. These results
indicate larger antiferromagnetic values of the coupling
lV| parameter as a function of the electronegativity of
peripheral ligands, in the order O <N, that is to say,
it is the same result as that reported by Verdaguer et
al. [21] when the electronegativity changes are located
in the bridging ligand. This approach corresponds to
the experimental decrease of [/| when an N-amine atom
is substituted by an O-atom of a water molecule, and
shows a new example of tuning the magnetic properties
of dinuclear nickel complexes. In this way, maintaining
the oxalate bridging ligand, the calculations for a limit
case in which the four peripheral ligands are less
electronegative, such as sulfur atoms (taking a distance
Ni-S$ of 2.25 A), gives a 3A? value of 0.097. This value
must indicate a very high antiferromagnetic coupling
for an S;Ni-ox-NiS, system, and current efforts are
being made in our laboratory to synthesize Ni(Il) din-
uclear p-oxalate compounds with terminal S-ligands to
corroborate this approach.

Supplementary material

Further data (atomic fractional coordinates, complete
distances and angles, etc.) can be obtained on request
from the Crystallographic Data Centre, University
Chemical Laboratory, Lensfield Road, Cambridge CB2
1EW, UK.
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