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Abstract—The magnetic behaviour of the S = 1 alternating chain [{Ni,(dpt),(u-N3)(¢'-
N;),1,J(ClOy), [dpt = bis(3-aminopropyl)amine] has been studied. The alternance in the J
parameters is derived from the regular alternance in the structure of double and single
bridges between the nickel(II) atoms along the chain. The susceptibility measurements
between 4 and 300 K show strong antiferromagnetic coupling. The magnetic behaviour
of this compound is correlated to the bond parameters by using MO extended-Hiickel
calculations and it is postulated that, in the title compound, the single bridge is more
effective in propagating magnetic exchange than the double bridge.

The azido ligand provides an efficient super-
exchange pathway between paramagnetic ions such
as nickel(Il) in dinuclear,'® tetranuclear,’
one-dimensional'®'* or two-dimensional'> com-
pounds. As a general trend, the polymeric com-
pounds in which the azido ligand is coordinated in
the end-to-end mode are always antiferro-
magnetically coupled. From the structural point of
view and centring our scope in the one-dimensional
nickel-(end-to-end) azido systems, a great variety
of structural forms has been characterized
recently. (a) Compounds with the generic formula
trans-[{Ni(L)(z-N3)},]1(ClO,),, in which L is
cyclam, hexamethylcyclam (meso-CTH) or open
tetra-amines.'''* These compounds are uniform
trans-(—Nz—NiL—N;—), chains. (b) cis-[{Ni(333-
tet)(u-N)}J(PFy),  333-tet = N,N’-bis(3-amino-
propyl)-1,3-propanediamine, another uniform
(—N;—NiL—N;—), system but with the unpre-
cedented c¢is coordination of the azide bridging
ligand.'* (c) trans-[{Ni(333-tet)(u-N;)},](C10,),,"*
which  presents the extremely  unusual
(—NiL—(N;)—NiL—(N;)*—),, scheme along the
chain axis, in which the azido ligand presents two

* Author to whom correspondence should be addressed.

sets of bond distances and angles for azido—azido*,
being the first example of a structurally alternating
monobridged p-azido chain. (d) [{Niy(dpt),(p-
N3)(1'-N;),},)(ClO,),  [dpt = bis(3-aminopropyl)
amine], also a structural and magnetic alternating
(—(N;)—NiL—(N;),—NiL—), chain.' These
structural possibilities are summarized in Fig. 1.

Recently, a model to correlate the magnetic
properties of the antiferromagnetic end-to-end
nickel-azido systems has been proposed by the authors
and successfully applied to cases (a)—(c).*'*"
For the title compound, previously reported from
the crystallographic point of view,'® the alternation
in the single-double azido bridge implies an alter-
nation in the J coupling parameters and this chain
should be analysed by a theoretical model which
takes into account this feature in the study of the
magnetic interactions along the chain. The theor-
etical treatment for this kind of system based on
the Hamiltonian H = —JZ(S5;°Ss- 1+ 2S5:54,41)
15 well known for local S =1/2 Heisenberg
chains,'® but has only recently been reported"’
for local S =1 analogous systems. At this point,
the analytic expression and the magneto-structural
correlations can be applied to fill the lack of global
magnetic characterization of the alternating
single-double azido bridged compound [{Ni,
(dpt)2(u-N3) (1'-N3),} ] (ClOy),,.
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Fig. 1. Structural kinds of end-to-end 1-D nickel-azido systems reported to date. From the magnetic

point of view, compound types a and b are homogeneous chains, whereas compounds ¢ and d

correspond to alternating systems. Alternance for ¢ is due to different bond parameters for neigh-
bouring azido—azido* bridges.

EXPERIMENTAL

Synthesis

[{Nix(dpt)(u-N3)(1'-N3),},J(ClO,), was pre-
pared and characterized as described previously.'°
Magnetic measurements

Magnetic measurements were carried out in the

4-300 K temperature range, as described
previously.'°
RESULTS AND DISCUSSION

Description of the structure

The structure of [{Ni,(dpt),(u-Ny)(u'-N;),},]
(C10,), was published previously,” but some
relevant aspects closely related with the super-
exchange pathways should be described. The struc-
ture consists of a 1-D —Ni—(N;),—Ni—(N3;)—
system, isolated by ClO; anions. The
[{Ni, (dpt), (u-N;)('-N3), },];F chains can be con-
sidered as a built up from dinuclear Ni,(1-N;),(dpt),
units joined by p-Nj; bridging ligands (Fig. 2.). The
main bond parameters that influence the magnetic
properties can be summarized as follows:
Ni—N(1) = 2.194(4) A, Ni—N@3) = 2.153(4) A,
Ni—N(4) =2.1434) A, Ni—N(1)—N(@2) =
128.2(3)°, Ni—N(3)'—N(2)" = 124.4(3)°, Ni—
N@)—N(5) = 119.2(3)°, torsion angles Ni—N(1)—
N(2)—N(3)—Ni’ = 57.4° and Ni—N(4)—N(5)—
N(4)y—Ni = 180.0°.

The most interesting feature of this structure is
the relative position of the two azido bridges in the
Ni—(u-N;),—Ni fragment. For pseudo-halogen—
nickel(II) systems, in all the reported structures
with double azido, cyanato, thiocyanato or seleno-

Fig. 2. Perspective view of [{Ni,(dpt),(u-N3)(i'-Ns),} ] *
showing the double-single azido bridge alternation and
the cell packing of the nickel-azido skeleton of the chains.

cyanato bridges the two pseudo-halides are always
parallel with the metalions in the same plane, giving
a pseudo-planar eight-membered ring, or it exists
in a chair arrangement derived from a symmetric
out-of-plane displacement of the metallic centres as
is schematized in Fig. 3a (distortion type J), in
which § is defined as the dihedral angle between
the xy plane and the N—Ni—N plane. In the §
distortion the position of the six nitrogen atoms of



Magneto-structural correlations for nickel(II) complexes

the azido bridges remains invariable. In the case of
the compound [{Ni,(dpt),(u-N3) (1'-N3),},](ClO,),
the structure of the Ni—(u-N;),—Ni fragment
derives from the symmetric rotation of the coor-
dination polyhedra of the nickel atoms around the
x-axis, as shown in Fig. 3b. As a result of this
movement, the nickel atoms and the central nitro-
gen atoms of the azido groups, N*, are always
maintained in the plane xy, whereas the N(azido)
atoms linked to the nickel atoms, N, go out of the
original plane (distortion type 1), T being the angle
defined for the N*—N axis and the xy plane. For
the title compound the corresponding mean 1 angle
is roughly 20°.

Magnetic measurements

The molar magnetic susceptibility for a poly-
crystalline  sample of  [{Niy(dpt),(u-N;)(i'-
N3),}J(ClO,), is plotted vs the temperature in Fig.
4. The yu value (6.28 x107* ¢cm® mol™' at room
temperature) increases as the temperature

a
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decreases, reaching a broad maximum at ca 115 K,
with a yy value of 8.10x 1072 cm® mol~'. This
maximum  clearly indicates strong anti-
ferromagnetic coupling between the Ni(II) ions
through the N5 bridge. Below this temperature, the
susceptibility decreases continuously and reaches
the minimum value of 1.12x 107* ¢m?® mol™' at
7K.

In a first approach, experimental data were fitted
up to near the maximum (110 K) to the Weng
equation'® for uniform chains, based in the Hamil-
tonian H = —JS;*S,,,. The best parameters so
obtained were J = —62.4 cm™! and g = 2.39. The
high J value indicates a good mean superexchange
pathway.

The coupling parameters have been optimized up
to 45 K from the equation'” for an alternating chain
based on the Hamiltoman H= —JX(S,;"
APTIRE - APIRN P

I = @Ng*pi/3kTD)/(X. T))

in which

b

Fig. 3. Schematic representation for the two types of distortion found from planar (u-N,),[Niy(L),]
entities : d type (left) and z type (right).
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Fig. 4. Molar magnetic susceptibility (cm® mol™") vs T

(K) plot of polycrystalline sample of [{Ni,(dpt),(u-

N3 (¢'-N3)»}1(ClO,),. Solid line shows the best fit
obtained from the equation for an alternating chain.

(X, T)=(A"T:+B-T,+0C)/
(FP4+D-T>+E-T.+F),

with 7, = kT/|J] and A-F polynomial expressions
of the a alternance parameter with the general form
Z = zpu+ 0+ z0°. Two sets of parameters 4-F
for 0 <2<0.5 and 0.5 <a <1 should be used.
This equation can reproduce the experimental data
up to the temperature k7/|J| =~ 0.4. For the o = 0
value, dimeric behaviour is obtained, whereas for
o = | uniform chain behaviour is observed.

The values corresponding to minimum in the
regression are J = —84.6 cm™', J' = —41.4 cm™'
(2 =0.49), g =236 with R=4.23x10"° being
the quality factor defined as R = Z(Xmcuic — AMobs)/
Z(Xmons)’- The generated curve of yy vs T for this
set of values can be seen in Fig. 4. The assignment
of each of the two different J values at the two
different kinds of bridges present in the chain is not
immediately apparent and will be analysed in the
next section.

Magneto-structural correlations

The chain [{Ni, (dpt), (u-N;)(#'-N3), },]F can be
considered as being built up from dinuclear Ni,(u-
N;),(dpt), units joined by u-N; bridging ligands
(Fig. 2). Consequently, the magnetic behaviour can
be studied as the result of the behaviour of two
different fragments : one monobridged Ni—N,;—Ni
and one bibridged Ni—(N5),—Ni entity.

For an [NiNi] system, the antiferromagnetic
component of J is a function of A*(xy) = |E®xy,—
E®xy,|* and A% = |E®z}, — E®z,)|, with
TA* = A*(xy)+ A*(z%) directly related to the anti-
ferromagnetic component of J.'° The previously
reported model showed that the antiferromagnetic
component of J is strongly dependent on the
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Ni—N—N and the Ni—N—N—N—Ni torsion
angles, whereas it is only slightly dependent on the
Ni—N bond, with distances typically in the 2.12—
2.18 A range. For the monobridged fragment of the
title compound, MO calculations were performed
on the same model used in previous works'> '* (a
dimeric [N;(NH;),Ni—N;—Ni(NH;),N,]* frag-
ment) by using the experimental structural data:
Ni—N distances 2.10 A, N—N distances 1.17 A,
Ni—N—N angle 119.2” and Ni—N;—Ni torsion
angle 180°, allowing one to calculate TA* = 0.314
eVa.

The dinuclear Ni—(N;),—Ni fragment of the
[{Ni,(dpt), (u-N;)(u'-N3),} .1, chain needs specific
MO extended-Hiickel calculations to correlate the
structural and magnetic data. Very recently, mag-
neto-structural correlations between the dihedral
angle ¢ and the magnetic coupling for dinuclear
complexes of nickel(IT) with two azides as bridging
ligands and é distortion have been reported.® In this
model (Fig. 5a), the two nickel atoms rotate freely
around the axis determined by the two terminal
nitrogen atoms of the two bridging azide ligands,
from planar to chair conformation.

The results of this study cannot be extrapolated

to the dinuclear entity Ni—(N,;),—Ni in
z
X
Y

a

z
X
Y b

Fig. 5. Model of the (u-N;),[NiNi] fragments used in the

MO calculations. Black balls schematize NH; groups.

Constant parameters: all the Ni—N, 2.10 A; N—N

(azido), 1.17 A. Variable parameters : Ni——N—N angle

and Ni—N—N—N—Ni torsion as a function of the cor-
responding 4 and t parameters.
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[{Niy(dpt),(u-N3) (1'-N3).},1(ClO,),,  since its
geometry arises not from the 6 distortion but from
the t distortion. Thus, extended-Hiickel MO cal-
culations have been performed by means of the
CACAO program® on a dinuclear fragment
modelled as in Fig. 5b. The calculations were made
by varying the t angle, defined as the N*—N—(xy
plane¢) angle, and maintaining as constant the dis-
tances: Ni—NH, = 2.10 A, Ni—N(azido) = 2.10
A and N—N = 1.17 A. For t = 0, the Ni—N—N
angle is 135° and the N*—N* distance 2.96 A.
Atomic parameters used were standard for the pro-
gram. The corresponding Walsh diagram for t
angles between 0 and 60° is shown in Fig. 6a. For
comparative purposes, the Walsh diagram for 6
angles varying between 0 and 60" (6 distortion
model) is plotted in Fig. 6b.

The values of ZA? vs the § or T angles for the two
possible patterns are plotted in Fig. 6c. For the ¢
distortion, ZA? has a maximum at t = 0, decreases
quickly with increase in 1 reaching the TA> =0
value at T = 32", and subsequently increases slowly.
This behaviour is different from that found for the
& distortion, for which £A? decreases continuously
in the interval 4 = 0-60" to reach the zero value at
0 = 90°, which is chemically unlikely due to steric
hindrance. On the contrary, for the 7 distortion, the
geometry associated with the 1 angle of approxi-
mately 327 is reasonable.

The dinuclear entity Ni—(N;),—Ni in
[{Ni,(dpt),(u-N3)(1'-N3)o},](ClO,), is  slightly
asymmetric, and the mean t value is roughly 20"
For this angle, the calculated £A? value is 0.130.
The ratio of the £A? values for the dinuclear entities
Ni—(N;),—Ni and Ni—N;—Ni is consequently
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—84.6 cm™' J value to the single azido bridge and
the aJ value of —41.4 cm™' to the double azido
bridge.

The accuracy of this correlation can be under-
stood only as a qualitative approximation. Several
factors such as the method of calculation (extended-
Hiickel) and more complicated modelling may be
improved. On the other hand, the fit of the exper-
imental susceptibility data in which the number of
adjustable parameters is high can lead to different
sets of parameters in good agreement with the
experiment, even with absurd values for one or
more of them which should be discarded. The final
choice should be dictated by the agreement with
parameters for interactions in similar and unam-
biguously assigned compounds. In this way, pre-
viously reported nickel(Il) azido dinuclear species
or chains are a good reference. Values of LA® close
to 0.130 have been found for [Ni(L)(u-N5)],,(ClO,),
compounds, in which L is cyclam or 232-tet and the
corresponding low J values are —39.2 and —26.7
cm~!. For L = 323-tet, £A? is 0.207 and the cor-
responding J value is —62.7 cm ™.

Other possible references for comparison are the
dinuclear compounds with d distortion described in
the literature: according to the data of Fig. 6c,
the J parameter for the double bridge of the title
compound (t = 20”) should be equivalent to that
obtained for a dinuclear system with 35 of é distor-
tion. To our knowledge this compound has not
been reported to date, but the «J value for the
title compound (—41.4 cm'®) is intermediate, as
expected, between the data provided® for (u-
N;),[Ni(en),](PFy), (0 = 45°, J= —4.6 cm™") and
(1-N,)o[Ni(tren),](PFe), (6 =207, J=-70

0.130/0.314 = 0.42, in good agreement with the « cm™").
value of 0.49 found in the fit of the experimental The agreement with the published values
data. This result permits the assignment of the reinforces the result obtained previously
(a) (b) (c)
0.6
XY ) XY
-9.95 -9.95
041
 -10.35 -10.35
02}
T
OXY(R)
-10.75 ‘ ‘ ' -10.75 ‘ L L L L
0 15 30 45 60 0 15 30 45 60 0 15 30 45 60

Fig. 6. (a) MO correlation diagram for a (u-N;),[NiNi] system as a function of the symmetrical
variation of the 7 angle. (b) MO correlation diagram for a (u-N;),[NiNi] system as a function of the
symmetrical variation of the 4 angle. (c) Plot of ZA? vs 7 or J for a (u-N;),[NiNi] system.
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for  [{Ni,(dpt)2(u-N3)(1'-N3)},](ClO,),  from
extended-Htickel MO calculations, in which the
most efficient superexchange pathway is assigned
to the single bridge and the less efficient to the
double bridge due to the corresponding structural
parameters.
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