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Two new dinuclear nickel(n) complexes of formula [Ni,(H,0).(bipym)]J[NO;], 1 and [Ni,(H,0),-
(bipym)][S0,],:2H,0 2 (bipym = 2,2'-bipyrimidine) have been synthesised and their crystal structures
determined by X-ray crystallographic methods. Crystals of 1 and 2 are monoclinic, space group P2,/n with
a =10.020(2), b =10.521(2), c = 11.019(2) A, B = 90.27(1)° and Z = 2 for 1 and space group P2,/c
with a = 8.094(2). b =11.550(3). ¢ =11.719(2) A B =91.85(1)° and Z = 2 for 2. Both structures
consist of centrosymmetrical dinuclear cations [Ni,(H,0)4(bipym)]** with nitrate counter ions for 1 and
water of crystallization and sulfate counter ions for 2. Each nickel atom is six-co-ordinated in a slightly
distorted octahedral NiN,O, chromophore: the average Ni"-N distance is 2.094 Ain1 and 2.115(2) Ain 2,
whereas the mean Ni"-O distance is 2.094(3) Ain 1 and 2.056(2) A in 2. The bipyrimidine group joins two
adjacent nickel atoms acting as a bis(bidentate) ligand. The C-C bond between the pyrimidine rings of
bipym is perpendicular to the Ni - - - Ni vector giving two five-membered chelate rings. The intramolecular
Ni- -« Ni separation is 5.569(1) A for 1 and 5.660(1) A for 2. Intramolecular antiferromagnetic spin-
exchange coupling between the two nickel(11) ions is observed in both complexes with J = -14 and -12
cm! for 1 and 2, respectively (J is the intradimer exchange parameter in the isotropic Hamiltonian H =
-JS,S,). The efficiency of bipym to transmit electronic effects is compared to that of related
bis(chelating) ligands such as oxalate and oxamidate in the parent oxalate- and oxamidate-bridged

nickel (1) complexes.

2,2"-Bipyrimidine (hereafter bipym) can act as a chelating or
bis(chelating) ligand toward transition-metal ions to yield
mono- and poly-nuclear complexes, respectively.!”® Consider-
able attention has been paid to this kind of ligand and analogues
containing n-electron delocalization because they can be seen
as potential electron propagating components in (i) electron-
transfer reactions between metal centres, (if ) magnetic exchange
interactions in polynuclear systems, (iii) model systems for
biological studies and (iv) the design of light-capturing antennas
via charge-transfer transitions.” Our current research work
concerns the second field and in this respect we have under-
taken a systematic study dealing with the synthesis, structural
characterization and magnetic properties of polynuclear com-
plexes between bipym and first-row transition-metal ions. As a
first step, we restricted ourselves to the Cu"-bipym system. The
presence of only one unpaired electron per metal centre, the
lack of orbital contribution to the magnetic moment and the
rich stereochemistry of Cu" ensuing from the plasticity of its co-
ordination sphere are the main reasons for this choice. A large
antiferromagnetic contribution (singlet-triplet energy gap from
—236 to —191 cm™!) was found in the series [Cu,(bipym)X,]
(X = Cl, Br or NO;)**/ which is due to the large c-in plane

t Supplementary data available: see Instructions for Authors, J. Chem.
Soc., Dalton Trans., 1993, Issue 1, pp. xxiii—xxviii.

Non-SI unit employed: emu = SI x 10%/4n. B.M. = 9.27 x 107%*
IT

overlap of the d,:_,: magnetic metal orbitals through the
bipym bridge. More recently, it was shown how the Cu" : bipym
molar ratio can be used as a suitable tool to prepare mono-,
di-nuclear and one-dimensional compounds by reaction of
copper(1) perchlorate and bipym in aqueous solution.® Our
last attempt dealt with the design of one-, two- and three-
dimensional networks {compounds of formula [Cu(bipym)-
(NCS),], [Cu,(bipym)(NCO),] and [Cu,(bipym)(NCS),],
respectively} playing on both the Cu":bipym molar ratio and
the nature of the counter ion X.®

Structural data for bipym-containing complexes of first-row
transition-metal ions other than Cu! are scarce. At this respect,
the structures of only three complexes, one mononuclear
[Co(bipym),Cl,],%*and twodinuclear [ Co,(hfacac),(bipym)] *
and [Fe,(bpm),(bipym)(NCS),],%¢ {hfacac = hexafluoroace-
tylacetonate and bpm = bromoazepam([7-bromo-1,3-dihydro-
5-(2-pyridyl)-2H-1,4-benzodiazepin-2-one]}, are known. Vari-
able-temperature magnetic data for these dinuclear species as
well as of related bipym-bridged complexes of Mn!! and Ni"
revealed weak coupling constants.

In the present work we report on the preparation, structural
determination and spectroscopic and magnetic characterization
of two new bipym-bridged nickel(n) complexes of formula
[Ni,(H,0)(bipym)][NO;], 1 and [Ni(H,O)g(bipym)]-
{SO,],-2H,0 2.

Experimental
Materials.—2,2'-Bipyrimidine, nickel(i1) nitrate hexahydrate
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and nickel(11) sulfate heptahydrate were purchased from
commercial sources and used as received. Elemental analyses
(C, H, N) were conducted by the Microanalytical Service of the
Universidad Autonoma de Madrid (Spain).

Preparation of {Ni,(H,0)g(bipym)][NO;], 1 and {Ni,-
(H,0)g(bipym)][SO,],-2H,0 2.—Both complexes were syn-
thesised by mixing an aqueous solution of the corresponding
nickel(m) salt (1 mmol, 50 cm?®) and an ethanolic solution of
bipym (0.5 mmol, 10 cm?). Polyhedral pale blue-green crystals
of 2 separated after a few days upon slow evaporation at room
temperature. Complex 1 is very soluble in water and chunky
pale blue crystals were obtained when nearly all the solution
was evaporated. Crystals of it suitable for X-ray analysis were
obtained by cutting some of these (Found: C, 13.95; H, 3.20; N,
16.20. Calc. for CgH,,NygNi,0,, 1: C, 14.40; H, 3.30; N, 16.80.
Found: C, 14.60; H, 4.10; N, 8.40. Calc. for CgH,¢N,Ni,0,4S,
2: C, 14.85; H, 4.05; N, 8.65%).

Physical Techniques.—The infrared spectra were taken on a
Perkin Elmer 1750 spectrophotometer as KBr pellets in the
4000-300 cm™! region and the electronic spectra with a Perkin
Elmer Lambda-9 UV/VIS spectrophotometer as Nujol mulls
on filter-paper. Variable-temperature magnetic susceptibility
measurements were carried out in the range 4.2-300 K with
a fully automatized AZTEC DSMS5 pendulum-type suscep-
tometer equipped with a TBT continuous-flow cryostat and a
Briiker BE15 electromagnet, operating at 1.8 T. The apparatus
was calibrated with Hg[Co(NCS),]. Corrections for the
diamagnetism of complexes 1 and 2 were estimated from
Pascal’s constants as —308 x 10 and —339 x 10 emu
mol™, respectively. Experimental susceptibilities were also
corrected for the temperature-independent paramagnetism
(=100 x 107 emu per Ni").

Crystal Structure Determination and Refinement.—Diffrac-
tion data for complexes I and 2 were collected at 298 K with
a Siemens R3m/V automatic four-circle diffractometer using
graphite-monochromated Mo-K« radiation (A = 0.710 69 A).
Crystal parameters and pertinent refinement results are
summarized in Table 1. The unit-cell parameters were
determined from least-squares refinement of the setting angles
of 25 reflections in the range 26 14-30°. A total of 3136 (1) and
2845 (2) reflections were collected by the variable-speed ©-20
scan method in the range 26 3-55° with index ranges
0<h<13,0<k<13,-14< /< l4forland0 < h <10,
0 <k <15 —15 <1< 15for2;2688 (1) and 2533 (2) of them
were unique, and of these 2249 (1) and 2062 (2) were assumed as
observed [/ > 3o(/)] and used for the refinement of the struc-
tures. Examination of three standard reflections, monitored
after every 100, showed no sign of crystal deterioration. The
usual corrections for Lorentz and polarization effects were
carried out. y-Scan absorption correction 1° was also applied to
the intensity data. The maximum and minimum transmission
factors were 0.401 and 0.361 for 1 and 0.637 and 0.580 for 2.

The structures were solved by Patterson methods with the
SHELXTL PLUS program!! followed by successive Fourier
syntheses and full-matrix least-squares refinements based on
|F,]. All non-hydrogen atoms were refined anisotropically. The
hydrogen atoms of the water molecules were located on a AF
map and refined with constraints. The hydrogen atoms of
bipym were set in calculated positions and refined as riding
atoms. A common fixed isotropic thermal parameter was
assigned to all hydrogen atoms. The final full-matrix least-
squares refinement, minimizing the function Iw(|jF,| — |F.|})?
with w = 1/[6XF,) + q(F,)*] and ¢ = 0.002000 (1) and
0.000 347 (2) [with 6*(F,) from counting statistics], converged
at R and R’ indices of 0.0454 and 0.0560 for 1 and 0.0273 and
0.0295 for 2. The number of reflections/number of variable
parameters was 11.5 and 11.2 for 1 and 2, respectively. In the
final difference map the residual maxima and minima were 1.05
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and —0.68 ¢ A3 for 1 and 0.44 and —0.49 ¢ A3 for 2. The
largest and mean A/c are 0.140 and 0.006 for 1 and 0.313 and
0.014 for 2. Atomic scattering factors and corrections for
anomalous dispersion for Ni and S atoms were taken from ref.
12. All calculations were carried out on a MICRO-VAX 1II
computer, using the SHELXTL and PARST!® program
package. The graphical manipulations were performed using
the XP utility of the SHELXTL PLUS system. The final atomic
coordinates for non-hydrogen atoms and selected interatomic
bond distances and angles around nickel() together with
the hydrogen bonding for compounds 1 and 2 are given in
Tables 2-5.

Additional material available from the Cambridge Crystal-
lographic Data Centre comprises H-atom coordinates, thermal
parameters and remaining bond lengths and angles.

Results and Discussion

Structures of Complexes 1 and 2.—The structures of
complexes 1 and 2 are made up of p-(2,2"-bipyrimidine-
N,N',N",N")-bis[tetraaquanickel(i1)] dinuclear cations with a
crystallographically imposed inversion centre located halfway
between the halves of the bipym molecule, and unco-ordinated
nitrate (1) and sulfate (2) anions. Two water molecules of
crystallization are also present in 2. The molecular geometry
and the atom labelling scheme for the cation of 1 (identical
labelling was adopted for 2) is illustrated by Fig. 1. The nitrate
and sulfate counter ions contribute to the packing by forming
an extensive network of hydrogen bonds involving oxygen
atoms and co-ordinated and unco-ordinated water molecules

Fig. 1 A perspective view of the cationic unit [Ni,(H,0)s(bipym)]**
of complex 1 showing the atom labelling. Thermal ellipsoids are drawn
at the 30%; probability level

Fig. 2 Hydrogen-bonding interactions (dashed lines) in complex 2
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2
CsH,N,Ni, 0,48,
647.9
Monoclinic
P2/c
8.094(2)
11.550(3)
11.719(2)
91.85(1)
1095.0(4)

2

1.965

668

0.11 x 0.18 x 0.25
20.0

184

0.0273

0.0295

Table 1 Crystallographic data for [Ni,(H,0)s(bipym)][NO;], 1 and [Ni,(H,0)(bipym)][SO,],-2H,0 2
Compound 1
Formula CgH,,NgNi,0,,
M 667.8
Crystal system Monoclinic
Space group P2,/n
a/A 10.020(2)
b/A 10.521(2)
c/A 11.019(2)
B/° 90.27(1)
U/A3 1161.6(4)
V4 2
D kgm 1.909
F(000) 684
Crystal size/mm 0.32 x 0.39 x 0.51
u(Mo-Ka)/cm™ 17.3
No. of refined parameters, N, 196
R=Z(JiF,] — IF/EIF,0 0.0454
R{=[Z(IF,| — IFIDEwIF,21Y) 00560
s* 1.52

* Goodness of fit = [Zw(||F,| — [FI)*/(N, — N1

1.31

Table 2 Final atomic coordinates for complex 1 with estimated
standard deviations (e.s.d.s) in parentheses

Atom Xla Y/b Zlc

Ni(l) 0.1902(1)  0.1944(1) 0.0109(1)
Oo(l) 0.1704(3)  0.3879(3) 0.0086(2)
0(2) 0.3958(3)  0.2057(3) 0.0103(3)
0(3) 0.1980(3)  0.1987(2) 0.1962(2)
0O(4) 0.2036(3)  0.1947(3) —0.1744(3)
O(5) 0.4790(3)  0.3709(3) —0.1690(3)
0O(6) 0.3790(3)  0.5306(3) —0.0890(3)
o(7) 0.5507(4)  0.5600(3) —0.2014(4)
0O(8) 0.3883(4)  0.0265(4) 0.2865(4)
0(9) 0.5593(4)  0.0866(5) 0.2771(4)
0O(10) 0.5635(6)  0.1042(6) 0.2057(5)
N(I) —0.0167(3)  0.1688(2) 0.0029(3)
N(2) —0.1780(2)  0.0046(3)  —0.0115(2)
N(3) 0.4689(3)  0.4884(3) —0.1544(3)
N(4) 0.5090(4)  0.0173(4) 0.2555(3)
C(1) —0.1145(3)  0.2562(3) —0.0032(3)
C(2) —0.2455(4)  0.2202(3) —0.0142(3)
C(3) —0.2748(3)  0.0922(3) —0.0185(3)
C4) —0.0539(3)  0.0479(3) —0.0024(3)

Table 3 Final atomic coordinates for complex 2 with e.s.d.s in
parentheses

Atom Xia Y/b Zle

Ni(l) 0.1812(1) 0.1041(1) 0.1833(1)
S(1) 0.7290(1) 0.2844(1) —0.0199(1)
o) 0.4149(2) 0.1764(2) 0.2103(2)
0O(2) 0.1177(3) 0.1389(2) 0.3467(2)
0O@3) 0.1078(2) 0.2683(2) 0.1433(2)
0O4) 0.2722(2) —0.0549(2) 0.2365(2)
O(5) 0.8416(2) 0.2297(2) —0.1002(2)
O(6) 0.6040(3) 0.3551(2) —0.0834(2)
o) 0.8264(2) 0.3627(2) 0.0554(2)
O(8) 0.6476(3) 0.1964(2) 0.0471(2)
0O(9) 0.3233(3) 0.4074(2) 0.0310(2)
N(1) 0.2041(3) 0.0615(2) 0.0081(2)
N(2) 0.0506(2) —0.0286(2) —0.1445(2)
C(1) 0.3278(3) 0.0803(2) —0.0631(2)
C(2) 0.3169(3) 0.0470(2) —0.1769(2)
C@3) 0.1760(3) —0.0087(2) —0.2137(2)
C(4) 0.0701(3) 0.0088(2) —0.0375(2)

(see the end of Tables 4 and 5). As shown in Fig. 2, a
crystallization water molecule in 2 links two co-ordinated
water molecules from two dinuclear entities through hydrogen

Table 4 Selected interatomic distances (A) and bond angles (°) for
complex 1 with e.s.d.s in parentheses

Nickel environment

Ni(1)}-0(1) 2.045(3) Ni(1)-0(2) 2.063(3)
Ni(1)-0(3) 2.044(3) Ni(1)-04) 2.047(3)
Ni(1)-N(1) 2.092(3) Ni(1)-N(2a) 2.097(3)
O(1)-Ni(1)-0(2) 92.3(1) O(1)-Ni(1)-N(2a) 171.0(1)
O(1)-Ni(1)-N(1) 91.8(1) O(1)-Ni(1)-O(3) 89.6(1)
O(1)-Ni(1)-0(4)  89.6(1) OQ)-Ni(1-N(2a)  96.7(1)
OQ)}-Ni(1)-N(1)  175.2(1) OQ)}-Ni(1-0(3)  88.2(1)
O(2)-Ni(1)-04) 85.8(1) N(1)-Ni(1)-N(2a) 79.2(1)
OG)-Ni(1)-N(2a)  91.2(1) O@4)-Ni(1)-N(2a)  90.5(1)
O(3)»Ni(1)-N(1) 94.5(1) O(4)-Ni(1)-N(1) 91.6(1)
OQ3)»Ni(1)-04) 173.9(1)

Hydrogen bonds®

A D H A...D A...H-D
0(8b) ol H(lw) 2.75(1) 159(2)

0O(6) o(1) H(2w) 2.79(1) 166(3)

0(5) oQ) H(4w) 2.76(1) 175(3)

o) 0(3) H(5w) 2.81(1) 167(3)

O(5¢) 0Q3) H(6w) 2.76(1) 165(3)

7 Symmetry codes: (a) —x, —y, —z;(0) 3 — x, 3 + y, 3 — 5 (©) 5 + x,

3 —y, 3+ z.° A = Acceptor, D = donor.

bonding, the resulting intermolecular Ni(1) - - Ni(1d) separ-
ation being 6.760(1) A.

The geometry around the nickel atoms in both compounds is
almost identical: the environment of the metal ion is slightly
distorted from that of a regular octahedron with two nitrogen
atoms from bipym and four oxygen atoms from water
molecules. The bipym ligand joins two adjacent co-ordination
polyhedra with its nitrogen atoms occupying two cis positions
in both polyhedra. The four nickel to oxygen bonds average
2.050(3) (1) and 2.056(2) A (2), and the mean values for the
nickel to nitrogen bonds are 2.094(3) (1) and 2.115(2) A (2).
There is slight evidence of distortion along the O(2)-Ni(1)-N(1)
axis in 1 as the nickel-oxygen bond is lengthened to 2.063(3) A
from 2.045 A for the other nickel-oxygen bonds. The occurrence
of three different nickel-oxygen distances in 2 [2.082(2), 2.067(2)
and 2.039(2)-2.037(2) A] makes more evident this distortion.
The average Ni"-N(bipym) distance is shorter than those
reported for bipym-bridged iron(r) (2.32 A)>¢ and cobalt(ir)
(2.16 A)>® but greater than that of copper(i) (2.06 A)5/8
in agreement with the decreasing ionic radii in the series
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Table 5 Selected interatomic distances (A) and bond angles (°) for
complex 2 with e.s.d.s in parentheses®

Nickel environment

Ni(1)-O(1) 2.082(2) Ni(1)-0(2) 2.039(2)
Ni(1)-0(3) 2037(2) Ni(1)-0(4) 2.067(2)
Ni(1)}-N(1) 2.125(2) Ni(1)-N(2a) 2.105(2)
O(1)>-Ni(1)-0(2) 91.9(1) O(1)-Ni(1)-N(2a) 176.1(1)
O(I-Ni(1)-N(1)  97.6(1) O(1}-Ni(1)-0(3)  85.3(1)
O(1)-Ni(1)-O(4)  89.9(1) OQ)-Ni(1)-N(2a)  92.0(1)
OQ)-Ni(1)-N(1)  170.3(1) OQ)»-Ni(1-0(3)  87.X1)
O(2)-Ni(1)-O(4) 89.5(1) N(1)-Ni(1)-N(2a) 78.5(1)
O(3)-Ni(1)-N(2a)  94.9(1) O@)-Ni(1)-N(2a)  90.2(1)
O(3)-Ni(1)-N(1) 91.6(1) O(@)-Ni(1)-N(1) 92.5(1)
OG)-Ni(1-0(4)  1740(1)

Hydrogen bonds®

A D H A---D A-.-H-D
0(6) o(1) H(1w) 2.84(1) 1733)

O(8b) o(1) H(Rw) 2.74(1) 1673)

0(5¢) oQ) H(Gw) 2.79(1) 162(2)

0O(7d) 0(3) H(5w) 2.70(1) 174(2)

O(5¢) 0(4) H(Tw) 2.72(1) 169(3)

o7t o) H@Bw) 2.76(1) 174(3)

0(6b) 009) HOOw) 2.74(1) 171(3)

¢ Symmetry codes: (a) —x, —y, —z;(b) 1 —x, 1 —y, —z () —x,
3+ pi-nd-x1-y-z@x-1+yz0x}-ri+z
® A = Acceptor, D = donor.

Fe" > Co" > Ni" > Cu". Significant deviations from idealized
orthogonal geometry are found at the nickel atom in the five-
membered Ni(1)N(1)C(4)C(4a)N(2a) chelate ring [79.2(1)
and 78.5(1)° for N(1)-Ni(1)-N(2a) in 1 and 2, respectively]
as expected due to the short bite distance of the free bipym
(2.63 A).1*

The pyrimidyl rings of bipym are planar as expected with
deviations from the mean planes not greater than 0.006 A in
complex 1 and 0.012 A in 2. The bipym ligand as a whole is
also planar. The carbon—carbon and —nitrogen intra-ring bonds
compare favourably with the parent values observed in unco-
ordinated,'* chelating,>*%"8:> and bis(chelating) 3*-<-¢"8.
bipym. The carbon—carbon inter-ring bond length (1.47 A) is
somewhat shorter than the classical value of 1.54 A for the C—C
bond distance. The nickel atom is 0.070 (1) and 0.034 A (2) out
of the bipym plane. Atoms O(1), O(2), N(1) and N(1a) fallin a
plane (maximum deviations of 0.024 and 0.020 A for 1 and 2,
respectively). With respect to this plane, the nickel atom is
pulled toward O(4) by 0.024 A in 1 and 0.016 A in 2. The
dihedral angle between the bipym and O(1)O(2)N(1)N(la)
plane is 3.6° for 1 and 1.8° for 2. The nickel-nickel separation
through bipym, Ni(1) - - « Ni(1a), is 5.569(1) A in 1 and 5.660(1)
A in 2, whereas the shortest intermolecular metal-metal
distance is somewhat larger [7.439(1) and 6.686(1) A in 1 and 2,
respectively].

The nitrate and sulfate anions have their expected trigonal
and tetrahedral geometries, respectively. The nitrate group is
planar with no deviations greater than 0.011(3) A from the
mean plane of the four atoms. The nitrogen—oxygen bond
lengths and the intra-anion bond angles average 1.234 A and
120°, respectively. However, the values of two of the bond angles
deviate significantly from the ideal value {114.2(4) and 125.5(5)°
for O(8)-N(4)-O(9) and O(9)-N(4)-O(10), respectively]. The
average values of the sulfur—oxygen bond distance and intra-
ion bond angle for the sulfate group are 1.471 A and 109.5°.

Electronic and Infrared Spectra—The absorption spectra of
complexes 1 and 2 are typical of octahedral nickel(ir)
complexes,!® exhibiting the three-spin allowed transitions from
3A,, to Ty, *T,, and *T,, (P) at 9300 (v,), 15 750 (v;) and
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26 600 (v3) cm™ (1) and at 9220 (v,), 15 670 (v,) and 25 980 (v;)
cm™! (2), as expected for a d® configuration in a near-octahedral
ligand field. The values of 10Dgq for 1 (9300 cm™') and 2 (9220
cm™') are very similar due to the occurrence of the same
chromophore with only slight differences in the bond lengths
and angles at the metal ion. For the octahedral case, by
calculation in the strong-field coupling scheme with a d8
configuration, the Racah parameter B is found to be 914 (1) and
898 cm™! (2) leading to a nepheulauxetic ratio of 0.866 (1) and
0.850 (2) [considering that 158 has a value of 15 840 cm™! for
the gaseous ion (°P) for Ni2*]. With the g values of 1 and 2,
obtained from the best fit of the magnetic susceptibility
measurements (see below), and through the equation g = 2 —
8)1/10Dg, an average value of —122 cm™ is calculated for the
spin—orbit coupling constant. A shoulder is observed on the
middle band at 13 700 (1) and 13 600 cm™! (2). This splitting is
due to spin-orbit coupling which mixes the *T,, (F) and 'E,
states, :vhich are very close in energy for 10Dgq values of ca. 9000
cmL.!

The most important aspect of the IR spectra of complexes 1
and 2 concerns the bands of bipym. The occurrence of a very
asymmetric doublet at 1585s and 1563w cm™! (ring-stretching
modes of bipym) is proof of the bridging role of this organic
ligand as observed in bipym-bridged copper(i1) complexes.>*/+?
It was pointed out that these two stretching modes of bipym
appear as two sharp features of nearly equal intensity at the
above-mentioned wavenumbers when it acts as an end-cap
ligand.®/. Another ring-stretching mode which appears as a
strong feature at 1400 cm™ for unco-ordinated bipym is also
observed at 1420 cm™! for compounds 1 and 2.

Magnetic Properties—The thermal dependence of the molar
magnetic susceptibility x, of complexes 1 and 2 is characteristic
of an antiferromagnetic interaction between the two single-ion
triplet states: the value of y, at room temperature is in the range
expected for two S = 1 states [u.; = 4.14 (1) and 4.10 (2)],
increases as the temperature is lowered until a maximum is
reached (T,,, = 20.5K for 1 and 18 K for 2) and finally exhibits
a rapid decrease (see Figs. 3 and 4).

The ground state of a nickel(11) in an octahedral environment
is orbitally non-degenerate and as such it is possible to represent
the intradimer magnetic interaction (J) with the isotropic spin
Hamiltonian I = —JS,-Sg. The molar magnetic susceptibility
for a nickel(11) dimer (S, = Sy = 1) is thus given by equation
(1) where N, B, k, g and T have their usual meanings and it is

3 2NB2g2[ exp(J/kT) + 5exp(3J/kT) ] )
™ ZTT |1+ 3expUkT) + 5 exp(3J/kT)

assumed that g, = g, = g, = g. Although nickel(11) in axial
symmetry can have a large zero-field splitting, D, the magnetic
behaviour of nickel(i1) dimers closely follows equation (1) when
a relatively strong antiferromagnetic interaction is operative. If
the antiferromanetic coupling is weak or the coupling is
ferromagnetic, the effect of D can be relevant to describe the
magnetic behaviour at low temperatures.

Ginsberg et al.!7* and Journaux !7® have considered the effect
of D on the magnetic susceptibility of nickel(ir) dimers (A=
—JS8a:8Ss — D(S.4% + S.32)). In this case, the molar magnetic
susceptibility for a nickel(i1) dimer is given by expression (2)

INB2g? ([ F, 2F 6b%F,
=A_ﬁg(;+~2 + “) ®
3a kT D 3J+ A

6a*F,
3/ - A

Am

where F; = 1 + exp(2x) + 4exp(2x + y),F, = —1 + 2exp(2x +
y) + exp(y) — 2exp(2x), F; = exp(2x) — exp(3 + 2),
Fy = exp(2x) —exp(3 — z),  « =2+ exp(y) + exp(3 —2)
+ exp(3 + 2) + 2exp(2x) + 2exp(2x + y), x = JkT, y =
DIkT, z = AJKT, A = [(3J + D)* — 8JDJ%, a= (9J — D +
3A)/[(97 — D + 3A)* + 8D*]* and b = 2./2D/[(9J — D +
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Fig. 3 Thermal dependence of the molar magnetic susceptibility (O)
and p; (@) for complex 1. The solid line corresponds to the best
theoretical fit (see text)
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Fig. 4 Thermal dependence of the molar magnetic susceptibility (O)
for complex 2. Curve (a) corresponds to the best theoretical fit with
J= —12cm™’, g =210 and D = —14 cm™. The remaining curves
illustrate the influence of D on the magnetic curve [D = 0 (b), 20 (¢),
—20(d), 10(e) and — 10 cm™ (f)] for the same J and g values as for (a)

3A)? + 8D?)%. Least-squares analysis of all data for complexes
1 and 2 using equation (2) led to / = —14cm™, g = 2.11 and
D= —-17cm!(1)andJ = —12cm™!,g = 2.10and D = — 14
cm™ (2). The agreement factor R defined as T,[(%p)ons(i) —
(eate() ] /ZL(Xmors()]* is equal to 3.2 x 107* for 1 and
1.9 x 10 for 2.

Ginsberg has also treated interdimer interactions in the
context of the molecular field approximation (—z'J ’.§,<.§Z),
where ' is the dimer lattice co-ordination number, J’ is the
effective interdimer coupling and S, is the operator for the z
component of the total dimer spin). When we take into account
this interdimer interaction, very small values of z'J’ were found
for complexes 1 and 2 and they do not improve the quality of
the fit. The large interdimer separation in both compounds
(>6.6 A) accounts for this weak intramolecular exchange
interaction.

A good fit is also obtained for the experimental data of
complex 1 through equation (1), whereas it is not good for
compound 2, revealing that it is necessary to take into account
the zero-field splitting effects in this latter case. In order to
analyse the influence of D on the magnetic susceptibility of 2, we
have kept constant its J and g values and varied D as shown in
Fig. 4. The effect of D on 7, only consists of displacing the
curve versus T along the susceptibility axis, the position of the
maximum being essentially unchanged. Since the temperature
of the maximum of y,, determines the value of J, it can be
concluded that the value of D has no influence on the J value.
Analogous considerations can be made regarding the z'J’ value.

The difficulty in obtaining accurate D values from powder
susceptibility data merits comment. This is apparent from an
inspection of Fig. 4. The value of D can be seen to be significant
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only in the low-temperature region and is of minor importance
at temperatures above the peak; D is the only parameter that
influences the susceptibility curve to any extent in the low-
temperature region. Moreover, it is not possible to determine
the sign of D. A similar fit was found for positive values of D[3.1
(1) and 17 cm™! (2)]. Values of D of 3-10 cm™! for dinuclear
nickel(t1) complexes 1# and about 20 cm™! for nickel(u) chains '°
have been reported. The greater |D| value of 2 with respect to
that of 1 cannot be ascribed to the somewhat greater distortion
of the NiN,O, chromophore in 2. Our feeling is that this
parameter has been overestimated in the fit. However, the
experimental susceptibilities of 2 cannot be fitted for a | D] value
similar to that of 1 except if the intermolecular interactions z'J’
attain a value of ca. —4 cm™!, This value is clearly unreal in the
light of the structure of 2. If the presence of paramagnetic
impurities is taken into account the fit is not improved.
Therefore, our conclusion is that the | D| value of 2 must be much
smaller than 14 cm™! and its influence is illustrated by Fig. 4.

As the symmetry of each nickel(11) in complexes 1 and 2 is
roughly C,, we have investigated the possible influence of the
rhombic distortion parameter (E) on the magnetic suscepti-
bility. When this parameter [E(S,,2 + S,5%) — (S;a? + S,5%)]
is introduced in the above-mentioned Hamiltonian, the energy
matrix becomes very complicated and no analytical expression
for y can be obtained. In this case only a numerical solution is
available.!”® Given that the values of E are in general very small
(=1 cm™) we have analysed its influence on y,, once the values
of the other adjustable parameters (J, g and D) were known. We
found that the fit was not significantly improved and that the J,
g and D values were not affected.

No polycrystalline powder ESR spectrum could be detected
for complexes 1 and 2 because of the large zero-field splitting of
the nickel(ur) ions.

The values of J for complexes 1 and 2 are very close to those
previously reported for other bipym-bridged nickel() com-
plexes of formula [Ni,(hfacac),(bipym)], [Ni,(tfacac),(bipym)]
and [Ni,(tfpacac),(bipym)] (J ranging from —13 to —11.2
cm™!) % where tfacac and tfpacac are trifluoroacetylacetonate
and its phenyl derivative, respectively. No structure was
reported for these complexes because the unavailability of
single crystals. The magnitude of the exchange coupling can be
classified as intermediate taking into account that the spin
coupling occurs between nickel(1r) ions separated by distances
greater than 5.5 A. This efficiency of bis(bidentate) bipym to
transmit electronic effects at such distances was analysed in a
previous contribution,> and it is mainly due to the strong
overlap between the d,:_,: magnetic orbitals centred on the
metal ions [x and y axis being roughly defined by the
Ni-N(bipym) bonds] through the symmetry-adapted highest-
occupied molecular orbital (HOMO) of the bipyrimidine
bridge. The fact that the Ni(bipym)Ni fragment is practically
planar favours the overlapping and increases the magnitude of
the coupling.

Finally, concerning the spin coupling in dinuclear nickel(11)
complexes, we would compare the relative efficiency of bis-
chelating) C,XYZW-type ligands such as bipym (X =Y =
Z = W = N),oxalate(X = Y = Z = W = O) and oxamidate
(X=W=N, Y =7Z = 0). The observed J values for the

X IY
- W

complexes [Ni,(cyclam),(0x)][NO,]1,2° (cyclam = 1,4,8,11-
tetraazacyclotetradecane, ox = oxalate) and [Ni,{(O,CCH,-
NCO),}(H,0)¢]-4H,02! are —39 and —25 cm ™!, respectively.
The trend exhibited by the J values, |J|,caae > Vloxamidate >
[/ Iipyens 18 @t first sight somewhat surprising. Extended-Hiickel
calculations have shown that the less electronegative the atoms
of the bridge the higher is the delocalization of the spin density
on them, and consequently the greater is the antiferromagnetic
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coupling 2224 everything being equal. The expected trend in
this context would be just the opposite, |/ |oxatate < W loxamidate <
[/ lbipym- Three factors allow us to account for this un-
expected trend: (7) the stabilization by resonance of the HOMO
of bipym, (ii) the difference in the planarity of the Ni(bridge)Ni
fragment and (iif) the intramolecular metal-metal separation.
The resonance which is operative in bipym stabilizes its
symmetry-adapted HOMO which overlaps with the in-phase
and out-of-phase combinations of the d,:_,: magnetic orbitals
of nickel(11), and reduces the spin density at the bridging atoms.
Moreover, the intramolecular nickel-nickel separation in the
bipym complexes is 5.569(1) in 1 and 5.660(1) A in 2, values
which are greater than those of the oxamidato (5.368 A) and
oxalato (5.395 A) compounds. These two factors reduce the
efficiency of the bipym to transmit electronic effects with respect
to oxalate and oxamidate. As far as the last point is concerned,
the Ni(bipym)Ni and Ni(ox)Ni entities are practically planar,
whereas the metal ion is 0.228 A out of the Ni(oxamidate)Ni
mean plane. Such a significant distortion accounts for the
lowering of the efficiency of oxamidate with respect to oxalate.
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