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[Ni3(C 2H 3 0 2 )2 (CH 3 0 H) 2L2] [L = l,3-bis(5-chlorosalicylideneamino)propan-2-ol dianion,
(C 2 H 3 0 2 )_ = acetate, (CH3OH) = methanol] was synthesized and its crystal structure was
determined. It crystallizes in the monoclinic spaceeroup P2i /n with a = 12.694(2), b = 13.281 (4),
c = 15.420(3) Ä, ß = 111.25(2)°, V = 2422.9(9) A ? ,Z = 2 . The molecule is a “linear” trinuclear
complex with nearly octahedral coordination of each nickel ion. Adjacent nickel(II) ions are
bridged by the phenolic oxygen atoms of the ligands and the oxygen atoms of the acetato
ligands. The coordination sphere of the terminal nickel(II) ions is completed by the oxygen
atom of the methanol. Adjacent nickel(II) centers are separated by 3.043(1) A and weakly
antiferromagnetically coupled (J\ = -3 .4 cm -1 ). The terminal nickel(II) centers are separated
by 6.086( 1) A and very weakly antiferromagnetically coupled (J 2 = -0 .3 cm - 1) which follows
from temperature-dependent magnetic susceptibility measurements in the temperature range
4.5 to 318 K. The magnetic moment rises from 2.99 hb at 4.5 K to 5.42 /iß at 318 K. In the
X(T) curve no characteristic maximum was observed.

Introduction
The structural and magnetic properties of linear
trinuclear Ni(II) complexes have received consid
erable attention regarding the mechanism of the
super-exchange interaction between the Ni(II) cen
ters. The title compound is an interesting example of
a linear trinuclear compound with edge sharing octahedra. It contains nearly octahedrally coordinated
nickel(II) ions with two unpaired electrons per atom.
The magnetic properties of such an arrangement of
unpaired spins might exhibit at least two features:
(1) There can be two different non-zero antiferro
magnetic exchange integrals for a linear trinuclear
molecule, one between adjacent metal atoms and
the other one between the terminal metal atoms.
(2) The exchange integral between the adjacent Ni
atoms may be positive (ferromagnetic).
In a first paper on linear trimeric Ni(II) com
plexes, Ginsberg, Martin and Sherwood [1,2] char

acterised [Ni3 (acac)ö] both structurally and mag
netically. It exhibits a trinuclear structure with tri
angular faces shared by adjacent NiC>6 -octahedra.
The temperature dependence of the molar magnetic
susceptibility indicated that two adjacent octahe
dral Ni(II) ions which are linked by an oxygen
bridge whose angle is close to 90° interact ferromagnetically while the two terminal Ni(II) ions
interact antiferromagnetically. In the other complex
[Ni3 (C 2 H 3 0 2 )2 (C 3 H 8N 0 )2 L2] [(L = N,N'-l,3-propyl-disalicylaldimide), (C 3 H 8NO) = hydroxymethyldimethylamine], however, it was found that the ex
change integrals between the adjacent Ni atoms with
an Ni-O-Ni angle of «96° and between the termi
nal Ni atoms are negative (antiferromagnetic) [4].
In both complexes the exchange mechanisms were
explained in terms of the Goodenough-Kanamori
rules [3, 4].
In this study, we have synthesised a linear trinu
clear Ni(II) complex, [Ni3 (C 2 H 30 2 )2 (CH 3 0 H) 2 L2]
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Scheme 1. l,3-bis(5-chlorosalicylaldimino)propan-2-ol.

[L = l,3-bis(5-chlorosalicylideneamino)propan-2ol dianion], determined its crystal structure by Xray diffraction and measured magnetic susceptibil
ities in the temperature range 4.5 - 318 K using the
Faraday method. We report on the nature of both
magnetic interactions, between the adjacent and be
tween the terminal Ni atoms.
Experimental
Preparation
The Schiff base ligand [l,3-bis(5-chlorosalicylaldimino)propan-2-ol] was synthesized by reaction of 1,3-diam ino-2-hydroxypropane and 5-chlorosalicylaldehyde in
1:2 mol ratio at room temperature. The Schiff base was
obtained in form of pale yellow crystals.
For the preparation of the complex, 0.25 mmol o f the
ligand was dissolved in 60 ml of a methanol-water mixture
(5:1) and a solution o f 0.5 mmol of Ni(C 2H 3 0 2 ) 2 -4 H 2 0 in
20 ml of methanol was added. The mixture was refluxed
for 2 h. The solution was allowed to evaporate at room
temperature to give brown, prismatic crystals which were
collected and washed with ethanol. C ^ H ^ ^ O u C U N is
(1124.74): calcd. C 42.7, H 4.1, Cl 12.6, N 5.0, O 19.9,
Ni 15.7; found C 42.6, H 3.9, Cl 12.3, N 5.0, O 19.5, Ni
15.9.

Scheme 2. The linear trinuclear nickel complex.

Table 1. Summary of crystallographic data.
Sum formula
fw (g m o l-1 )
Space group
«[A ]
MA]
c [ A]
0 [ ° ] o,
Vol [A3]
Z
Dcalc (g-cm-3 )
p [cm !]

F(000)

Index ranges
Reflections collected
Independent reflections
Data / restraints / params
Goodness-of-fit on F 2
Final R indices [I > 2cr(I)]

C 4o H 4 6 N 4 0 i 4 C l4 N i3

1124.74
P2i/n
12.694(2)
13.281(4)
15.420(3)
111.25(2)
2422.9(9)

2
1.542
14.40
1156
-1 5 < h < 14 ,0 < k < 16,
0 < I < 19
6016
4721 [Ä(int) = 0.0122]
4721 / 0 / 3 0 3
1.039
R = 0.0561, wR = 0.1106

X-ray structure determination
X-ray data collection was carried out on an EnrafNonius CAD-4 diffractometer [8] using a single crystal
with dimensions 0.25 x 0.15 x 0.10 mm with graphite
monochromatized M o-K0 radiation (A = 0.71093 A).
The experimental conditions are summarized in Table 1.
Precise unit cell dimensions were determined by leastsquares refinement on the setting angles of 25 reflec
tions (2.81° < 0 < 13.78°) carefully centered on the
diffractometer. The standard reflections (002, 020, 120)
were measured every 7200 s and the orientation of the
crystal was checked after every 600 reflections. These
measurements (298 K) did not indicate any variations
in the experimental conditions but a decrease of 0.5%
in the intensity of the standard reflections indicated a
decay of the crystal. Data reduction and corrections
for absorption and decomposition were achieved using
the Nonius Diffractometer Control Software [8]. The
structure was solved by SHELXS-97 [9] and refined
with SHELXL-97 [10]. The positions o f H atoms bonded
to C atoms were calculated (C-H distance 0.93 A), and
refined using a riding model. H Atom displacement pa
rameters were restricted to be 1.2 Ueq o f the parent atom.
The hydrogen atoms of the water molecule were located
in the difference Fourier maps calculated at the end of
the refinement process as a small positive electron den
sity and were not refined. We could not determine hy
drogen atom of the methanol from the difference elec
tron density map. The final positional parameters are
presented in Table 2. Crystallographic data (excluding
structure factors) for the structure reported in this pa
per have been deposited with the Cambridge Crystallo-

E. Kavlakoglu et al. • A Linear Trinuclear Ni(II) Complex
Table 2. Atomic coordinates ( x IO4) and equivalent
isotropic displacement parameters (Ä2x 103). Equivalent
isotropic U(eq) is defined as one third of the trace of the
orthogonalized Uy tensor.
Atom
Cl
C2
C3
C4
C5
C6
Cl
C8
C9
CIO
C ll
C12
C13
C14
C15
C16
C17
C18
C19
C20
N1
N2
01
02
03
04
05
06
07
C ll
C12
N il
Ni2

X

J

z

U(eq)

8018(1)
8963(1)
9254(1)
10174(1)
10774(1)
10482(1)
9594(1)
9990(1)
8974(1)
8532(1)
9082(1)
10075(1)
10562(1)
7515(1)
6496(1)
8380(1)
10477(1)
6648(1)
6724(1)
6102(1)
7861(1)
7651(1)
9318(1)
10424(1)
8413(1)
7306(1)
9338(1)
11615(1)
5772(1)
8545(1)
10591(1)
8515(1)
10000

8246(1)
8163(1)
9049(1)
9038(1)
8162(1)
7315(1)
7271(1)
5100(1)
5628(1)
5957(1)
5762(1)
5259(1)
4908(1)
4670(1)
4031(1)
5615(1)
7348(1)
7945(1)
6568(1)
7337(1)
6087(1)
7622(1)
6445(1)
4845(1)
4438(1)
5409(1)
7291(1)
11447(1)
6583(1)
6216(1)
10141(1)
6330(1)
5000

4729(1)
4451(1)
4083(1)
3791(1)
3816(1)
4164(1)
4491(1)
2967(1)
2629(1)
1728(1)
1133(1)
1426(1)
2344(1)
4345(1)
3799(1)
7429(1)
6978(1)
5408(1)
6600(1)
5901(1)
6688(1)
5171(1)
4803(1)
3833(1)
4293(1)
4773(1)
6727(1)
11436(1)
5195(1)
-6(1)
3395(1)
5691(1)
5000

62(1)
57(1)
74(1)
70(1)
62(1)
60(1)
50(1)
46(1)
52(1)
58(1)
54(1)
54(1)
45(1)
61(1)
67(1)
53(1)
88(1)
82(1)
76(1)
80(1)
49(1)
58(1)
66(1)
68(1)
60(1)
61(1)
80(1)
130(1)
82(1)
91(1)
107(1)
52(1)
48(1)

graphic Data Centre as supplementary publication no.
CCDC-146604 [11],
Susceptibility measurements
Magnetic susceptibility measurements of the powdered
sample were performed on a Faraday-type magnetometer
consisting of a CAHN D-200 microbalance, a Leybold
Heraeus VNK 300 helium flux cryostat and a Bruker BE
25 magnet connected with a Bruker B-Mn 200/60 power
supply in the temperature range 4.5 - 318 K. Details of the
apparatus have already been described [12]. The diam ag
netic correction of the molar magnetic susceptibility of the
compound was estimated using Pascal’s constants [13].
The applied field was about 1.5 T. Experimental suscep
tibility data were corrected for the underlying diamag-
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Table 3. Selected bond lengths [A] and angles [°] char
acterizing the inner coordination sphere o f the nickel(II)
centre (see Fig. 1 for labelling scheme adopted).
N i ( l ) . .. Ni(2)
N i(l)-0 (2
N i(l)-N (2
N i(l)-0 (5
N i(2 )-0 (2
0 (1 )-N i(l -N (l)
0 (1 )-N i(l -N(2)
N (l)-N i(l -N(2)
0 (2 )-N i(l -N(2)
0 (1 )-N i(l -0(2)
0 (2 )-N i(l -N (l)
0 (1 )-N i(l -0(5)
0 (5 )-N i(l -0 (2 )
0 (5 )-N i(l -N (l)
N i(l)-0 (1 -Ni(2)

3.043(1)
2.017(1)
2.038(1)
2.016(1)
2.066(1)
172.6(1)
90.1(1)
97.0(1)
170.9(1)
82.5(1)
90.3(1)
104.5(1)
96.7(1)
74.7(1)
96.8(1)

N i(l)-0 (1 )
N i(l)-N (l)
N i(l)-0 (4 )
N i(2)-0(1)
N i(2)-0(3)
0(5)-N i(l)-N (2)
0 ( l)-N i(l)-0 (4 )
0 (5 )-N i(l)-0 (4 )
0 (2 )-N i(l)-0 (4 )
N (l)-N i(l)-0 (4 )
N (2)-N i(l)-0(4)
0 (3 )-N i(2 )-0 (2 )
0 (3 )-N i(2 )-0 (l)
0 (2 )-N i(2 )-0 (l)

1.987(1)
2.021(1)
2.069(1)
2.082(1)
2.052(1)
80.2(1)
90.7(1)
163.6(1)
91.4(1)
91.1(1)
93.9(1)
90.9(1)
91.1(1)
79.0(1)

06

Fig. 1. View of the molecule (numbering of atoms corre
sponds to Tab. 2). Displacement ellipsoids are plotted at
the 50% probability level and H atoms have been omitted
for clarity.
netism and the temperature independent paramagnetism
(N q = 200 10_6cm3/mol per Ni(II)). Magnetic moments
w ere obtained from the relation ^ eff = 2 .8 2 8 (\T )1/2.

Results and Discussion
X -r a y crysta l stru ctu re

An ORTEP representation of the structure in
cluding the atomic numbering scheme is given in
Fig. 1 [14], Selected bond distances and angles are
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Fig. 2. The coordination of the nickel atoms.

Fig. 3. Molar susceptibility and effective
magnetic moment per nickel(II) vs. tem
perature curves.
T [ K]

listed in Table 3. The Ni(2) atom is situated on
an inversion center, forming a “linear” trinuclear
nickel complex. The Ni-Ni distance is 3.043(1) A
with nearly octahedral coordination of each nickel
ion (see Fig. 2) [14]. The distance between adja
cent nickel(II) centers is in the range reported for
similar linear trinuclear nickel(II) complexes [2, 4,
6 , 7]. Two adjacent nickel atoms are linked via two
oxygen atoms of the pentafunctional chelate ligand
and are additionally bridged by acetate. The nearly
octahedrally coordinated terminal nickel ions are
surrounded by two O and two N atoms of the lig
and and the oxygen atom of an acetate bridge. The
coordination sphere of the terminal nickel(II) ions
is completed by the oxygen atom of methanol.
The title compound contains intramolecular OH ... N and O -H ... O hydrogen bonds between 0 7 H. . .N l [2.888(1) A], 0 7 -H ...N 2 [2.767(2) A]
and 0 7 -H ... 0 4 [2.751(2) A]. The molecular struc
ture contains a water molecule. This and the com
plex are linked via weak intermolecular hydrogen
bond 0 6 -H ... 0 7 between the O atom of the water
molecule and the O atom of the alcoholic function
of the ligand (-x + 1/2 + 1 , y + 1/ 2 , -z + 1/2 + 1 )
3.165(2) A.

The N i-0 bond lengths show significant differ
ences between those bonds in which the oxygen is
connected to only one nickel atom or shared be
tween two nickel atoms. The differences in bond
lengths must be in part due to the change of
atomic radius of oxygen following rehybridization.
The Ni-N and N i-0 bond distances are in good
agreement with those of similar “linear” trinuclear
nickel(II) complexes with octahedrally coordinated
Ni ions [4]. All of the N-Ni-O and O-Ni-O angles
are bent from linearity, for example N l-N il-0 1 is
only 172.55(3)°
Magnetic properties
Magnetic susceptibility measurement for a pow
dered sample of the Ni complex was performed by
the Faraday method in the temperature range 4.5 318 K. The magnetic susceptibility and the mag
netic moment o f the complex are shown as a func
tion of temperature in Fig. 3.
The effective magnetic moment per Ni atom de
creases from 5.42
at 318 K to 2.99 /jb at 4.5 K,
clearly indicating the presence of an antiferromag
netic exchange interaction. However, the curve of
magnetic susceptibility as a function of temperature
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does not show a characteristic maximum, so, this in
teraction is not very pronounced. Accordingly, the
molar susceptibility at room temperature is within
the Curie law limit. To explain the magnetic be
haviour of the present compound the structure can
be reduced to a central Ni 3 core (see Fig. 2).
The molar magnetic susceptibility is calculated
by using the isotropic Hamiltonian which was first
used for this purpose by Kambe [15], H = -2J Si -S2.
In the case of antiferromagnetically coupled
polynuclear Ni(II) complexes, the intra-dimer ex
change terms J,j are dominant in the spin-Hamiltonian. Consequently, the overall magnetic behaviour
is not markedly influenced by the value of either the
zero-field splitting parameter D or the inter-dimer
interactions [16]. The magnetic super-exchange in
tegrals J1 and J2 are defined in the following scheme.
* J1 M J1 y

Ni— N i— Ni
For an isolated linear trinuclear compound the
Hamiltonian then is

H = - 2 J 1 [S 1 • S 2 + S 2 • S3] - 2J2[Si • S3].

(1)

Two different exchange interactions are consid
ered. One of them is the exchange integral between
adjacent nickel atoms (Jj) and the other is the ex
change integral between the two terminal nickel
atoms (J2) and Si = S 2 = S 3 = 1. The susceptibility
can be expressed by
Mono

X = (1 - xp)x Tn + 3xpx Mono + N q

(2 )

.Mono = N L g j B S ( S + j ) w k h S _ J

jK 1

Tri NLg2/ 4 2 A + B + C + D + E + F
X "
kT 9 G + H + I + J + K + L + M
using
A = 42 exp(2(2x + y));
C = 15 exp(2(x - y));
E = 3 exp(-2(x + y));
G = 7 exp(2(2x + y));
I = 5 exp(2(x - y));
K = 3 exp(-2(x + y));
M = exp(-2(2x + y));

B = 15 exp(2(y - x));
D = 3 exp(2(y - 3x));
F = 3 exp(-4y);
H = 5 exp(2(y - x));
J = 3 exp(2(y - 3x));
L = 3 exp(^4y);
x = Jj/kT; y = J2/kT.
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The best-fit parameters which were obtained by
using a standard least-squares program were g =
2.22; Ji = -3 .4 cm-1 ; J2 = -0.3 cm -1 and xp = 1.8%.
Magnetic moments were obtained from the relation
/ieff = 2.828 (xT )1/2.
It is instructive to compare the nature of the ex
change coupling constants J 1 and J2 and the struc
tural properties of the title compound with those of
other linear trinuclear Ni complexes [2, 4, 5]. In
[Ni3(acac>6] the major contribution to the exchange
interaction is ferromagnetic, and Ji and J2 are found
to be 26 and -7 cm-1 , respectively [2]. The two ex
change pathways in [Ni3(acac)ö] can be explained
by the Goodenough-Kanamori rules [17 - 19] for
super-exchange: When partly occupied eg and filled
p orbitals of the bridging oxygen atoms interact
between adjacent nickel ions according to the type
eg I|px - py I|eg, situated orthogonally, intramolecular
ferromagnetic super-exchange coupling occurs be
tween the nickel ions. Since the angles of the oxygen
bridges between two Ni(II) centers in [Ni3 (acac)6]
are close to 90°, the pathways can be accurately de
scribed by the 90° Ni-O-Ni situation as discussed
below. The antiferromagnetic coupling of the two
terminal Ni(II) ions is transmitted through the 7r
orbitals of the two acectylacetonate groups which
bridge them: The negative J2 value corresponds to a
finite overlap between the perpendicular 7r orbitals
of the ligands and the half filled dx2_y2 orbitals of
the terminal Ni(II) centers. Similar super-exchange
interactions have been observed in {L°Nin} 2N in
[L°H3 = l,4,7-tris(4-te/t-butyl-2-mercaptobenzyl)1,4,7-triazacyclononane], whose adjacent Ni atoms
are linked with a ^90° Ni-O-Ni angle [5].
Qualitative rules allow the prediction of the na
ture of interaction (ferromagnetic or antiferromag
netic) between adjacent Ni(II)-spin centers. When
two nickel(II) ions are linked by an oxygen bridge
whose angle is close to 90°, according to Goode
nough-Kanamori rules, the ferromagnetic pathway
egl |px - Py Ileg is realized, oppositely when the anal
ogous Ni-O-Ni angle is far away from 90°, the fer
romagnetic coupling is ruled out.
In the case of the title compound, since Ni-O-Ni
bridging angles markedly exceed 90°, the ferromag
netic pathway eg| |px - py| |eg cannot be realized and
Ji will be negative. A similar relationship of the
bridging oxygen angle and the exchange integral
J has been found for other linear trinuclear Ni(II)
compounds [4]. In summary, the exchange integral
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is expected to be positive if the magnetic orbitals
of the type eg||px - py||eg are orthogonal, and nega
tive if the angle becomes larger. On the other hand,
the Ni-Ni-Ni angle is not markedly different for the
present species from that in [N 13 (acac)6]. There
fore, the arguments which can explain the antifer
romagnetic exchange interaction h in this complex
between terminal Ni(II) ions are also valid in the
case of the title compound.
In summary, in the present work weak antifer
romagnetic super-exchange interactions have been
observed both between the adjacent and between
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