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Abstract: Pentacoordinate complexes
in which Ni" is chelated by the triden-
tate macrocyclic ligand 1,4,7-triisoprop-
yl-1,4,7-triazacyclononane (iPrtacn) of
formula [Ni(iPrtacn)X,] (X=Cl, Br,
NCS) have relatively large magnetic
anisotropies, revealed by the Ilarge
zero-field splitting (zfs) axial parame-

The spin Hamiltonian parameters for
the three complexes were determined
by analyzing the FDMRS spectra at
different temperatures in zero applied
magnetic field in an energy window be-
tween 0 and 40 cm™'. The same param-
eters were determined from analysis of
HF-HFEPR data measured at different

frequencies (285, 380, and 475 GHz)
and at 7 and 17 K. The spin Hamiltoni-
an parameters D (axial) and E (rhom-
bic) were calculated for the three com-
plexes in the framework of the angular
overlap model (AOM). The nature and
magnitude of the magnetic anisotropy
of the three complexes and the origin
of the influence of the X atoms were

ters |D| of around 15 cm™ measured
by frequency-domain magnetic reso-
nance spectroscopy (FDMRS) and
high-field high-frequency electron par-
amagnetic resonance (HF-HFEPR).

macrocyclic

Introduction

Magnetic anisotropy is a very important property of magnet-
ic systems that shapes their magnetic behavior; the blocking
temperatures of magnetic systems based on coordination
compounds (magnetic coordination nanoparticles, single-
molecule magnets, single-chain magnets) are controlled at
the microscopic level by the anisotropy of the single metal
jons.! Ni" is a versatile metal ion able to coordinate four,
five, or six atoms in different geometries. Within the formal-
ism of crystal-field theory, the ground spectroscopic term
(*A,) of hexacoordinate Ni" complexes with strictly O,, sym-
metry is triply degenerate and this degeneracy cannot be
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analyzed by performing systematic cal-

] culations on model complexes.
magnetic

lifted by spin—orbit coupling (the three Mg=0 and +1 suble-
vels of the S=1 spin state are pure and have the same
energy) and hence magnetic anisotropy is absent. When the
symmetry is lower than O, and the ground term is orbitally
nondegenerate, it can be shown that the orbital degeneracy
of the excited states is lifted. Coupling between the ground
term and the excited terms via the spin—orbit operator
(second-order spin-orbit coupling) leads to a situation in
which the three spin sublevels (Mg=0, +1) no longer have
the same energy; this form of magnetic anisotropy, known
as zero-field splitting (ZFS), is expressed by the D and E pa-
rameters of the spin Hamiltonian.” Thus, in the case of hex-
acoordinate complexes which have symmetry lower than O,
and a ground term with no first-order spin—orbit coupling,
the magnitude of the magnetic anisotropy depends mainly
on two parameters: 1) the energy difference between the
ground and excited terms 4; and 2) the degree of splitting of
the excited terms 6j.[3] To induce a large magnetic anisotropy
(i.e., large D value), 4; must be small and J; must be large.
For hexacoordinate Ni"" complexes, it is very difficult to act
on 4,, which is generally larger than 10000 cm™'; 6;, which
depends on the amount of distortion, can be more easily
controlled by introducing chelating ligands (geometrical dis-
tortion) and/or by inducing dissymmetry in the coordination
sphere of the metal ion by simultaneous use of pure o-do-
nating and o/m-donating ligands (electronic distortion), for
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example. However, apart from a few exceptions, splitting of
the Mg sublevels is scarcely larger than a few wavenum-
bers.!l A simple way to decrease 4, is to reduce the number
of ligands around the metal ion. This has the effect of in-
creasing the value of J;, since the symmetry is reduced on
going from hexacoordinate to penta- or tetracoordinate
complexes and thus, everything being equal, of increasing
the magnitude of the magnetic anisotropy. Tetracoordinate
complexes of formula [Ni(PPh;),X;] and [Tp*NiX] (where
Tp* is the tridentate hydrotris(3,5-dimethylpyrazolyl)borate
and X=Cl, Br, I) have been studied, and large magnetic
anisotropies have been found.! Unfortunately, the [Ni-
(PPh;),X,] complexes cannot be used as building blocks in
coordination systems since substitution reactions with other
ligands will deeply affect their electronic structure and thus
their magnetic anisotropy. The [Tp*NiX] complexes are
more suitable for this purpose thanks to the presence of the
chelating Tp* ligand, which is not easily substituted by other
ligands. However, a thorough study on these complexes
showed that their magnetic anisotropy is highly dependent
on the nature of the substitutable X ligand.

An alternative approach consists of using pentacoordinate
complexes, which, to the best of our knowledge, have not
been explored for their magnetic anisotropy behavior yet.
Pentacoordinate Ni" complexes can span the geometries be-
tween square-pyramidal (SPy) and trigonal-bipyramidal
(TBP). The SPy complexes are expected to have a non-neg-
ligible anisotropy, while TBP species are expected to have a
huge magnetic anisotropy because their D5, symmetry leads
to an orbitally degenerate ground spectroscopic term (’E) in
which first order spin—orbit coupling occurs.

Here we show that the tridentate macrocyclic ligand 1,4,7-
triissopropyl-1,4,7-triazacyclononane (iPrtacn) leads on reac-
tion with Ni" salts to pentacoordinate complexes of formula
[Ni(iPrtacn)X,] (X=Cl, Br, NCS). The presence of the
three bulky isopropyl groups precludes the formation of
hexacoordinate complexes of the types [Ni(iPrtacn),]*" or
[Ni(iPrtacn)X;]~ (X=Cl, Br, I) and thus stabilizes penta-
coordination. Furthermore, the macrocyclic nature of the
ligand bestows considerable thermodynamic stability on the
Ni(iPrtacn) moiety that fixes its structural parameters with
respect to substitution of the X ligand. The structures of the
three complexes were solved and their magnetic properties
were studied by routine magnetization measurements. The
axial and rhombic magnetic anisotropy parameters D and E
corresponding to the spin Hamiltonian H=D(S>—S(S+1)/
3)+E(S:—S’) were determined by high-frequency high-field
electron pdramagnetic resonance (HF-HFEPR) and fre-
quency-domain magnetic resonance spectroscopy
(FDMRS). The experimental spin Hamiltonian parameters
were analyzed and rationalized by using the angular overlap
model (AOM).
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Results and Discussion

Synthesis and crystal structures:
Syntheses of the iPrtacn ligand

pared by the same procedure as

and [Ni(iPrtacn)Cl,] (1) can be N N
found elsewhere.[! </ \7
[Ni(iPrtacn)Br,] (2) was pre- N
/k iPrtacn
for 1 by using NiBr, 6 H,O.
[Ni(iPrtacn)(NCS),] (3) was

prepared from 2 (see Experimental Section). Microcrystal-
line solids were obtained for the three complexes in yields
exceeding 70 % based on metal content. These solids were
subsequently used for all the magnetic studies. Single crys-
tals of the chloride and bromide complexes were obtained
by diffusion of THF into a methanolic solution of the parent
complex. Single crystals of [Ni(iPrtacn)(NCS),] were ob-
tained by mixing equimolar methanolic solutions of [Ni(iPr-
tacn)Br,] and NaNCS and leaving the mixture to stand un-
disturbed for two hours. The structures of the three com-
plexes are very similar; the Ni atom is pentacoordinate and
is surrounded by the three nitrogen atoms (N1-N3) of iPr-
tacn and two X atoms (Figure 1 and Figure Sla,b in the

Figure 1. View of the molecular structure of 1.

Supporting Information). The molecular structure can be
described as a distorted square pyramid,” the base of which
is formed by N2 and N3 of /Prtacn and X1 and X2, while
the third nitrogen atom N1 of the organic ligand occupies
the apical position. The four atoms Ni, N2, N3, and X1
belong to the same plane with X1N3N2Ni dihedral angles of
1.04, 0.44, and 0.53° for 1, 2, and 3 respectively. The N2-Ni-
N3 bite angles of /Prtacn within this plane are almost the
same for the three complexes and vary between 81.8 and
83.5°, while the N1-Ni-N2 and N1-Ni-N3 bite angles are
close to 86° for the three complexes. The N1-Ni-X1 angles
are around 93°. The N3-Ni-X1 angles are around 94.5° for
the three complexes, and the N2-Ni-X1 angles are almost
linear. The apical Ni—N1 bond length (2.08 A) varies by less
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than 0.01 A among the three complexes. Distortion from
SPy geometry comes from the position of the X2 atoms; the
N1-Ni-X2 angles are far from the 90° which would corre-
spond to SPy geometry. These angles are 121.5, 118.2, and
121.4° for 1, 2, and 3 respectively. Complex 2 has one impor-
tant difference to 1 and 3, that is, the N1-Ni-X2 angle, which
is smaller for 2 (118.2°) than for 1 and 3 (121.5°). Another
difference is that the shortest bond length corresponds to
the atom occupying the apical position (N1) for 1 and 2,
while it is the equatorial Ni-N2Ays bond in 3.

A space-filling drawing of complex 1 shows clearly that
the iPrtacn ligand acts as a cap on the metal ion that pre-
vents approach of more than two other monodentate ligands
(Figure 2). The position of the two X ligands around the

Figure 2. Space-filling view of the molecular structure of 1 showing the
steric hindrance imposed by the iPrtacn ligand.

metal ion is imposed to a certain extent by the presence of
the bulky isopropyl groups, and this leads to the observed
distortion from SPy geometry. Further distortion from SPy
geometry by increasing the N1-Ni-X2 angle to 135° would
lead to a geometry close to that of a distorted TBP with the
N2-Ni-X1 axis as the pseudo-trigonal axis. However, such an
increase of the N1-Ni-X2 angle cannot take place without a
major change in the conformation of the organic ligand,
which is unlikely to occur.

Magnetization studies: To gain preliminary insight into the
magnetic behavior of the complexes, routine magnetization
studies [M =f(u,H)] at different temperatures were carried
out. Then, the data were fitted by full diagonalization of the
energy matrices for 120 orientations of each value of the
magnetic field by means of a homemade software based on
the following spin Hamiltonian: H :ﬂBS-g~B+D[S§—S(S +
1)/3]4+ E(S;—S’), where the first term is the Zeeman effect,
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and the second and the third terms express the axial and
rhombic anisotropy, respectively. The fit procedure was re-
peated several times starting from different values for g, D,
and E. For the Zeeman effect, only an isotropic g value was
taken into account. The fits were carried out simultaneously
at several temperatures for each complex, and the parame-
ters were extracted with agreement factors on the order of
10~° (Figure 3 and Figure S2a,b in the Supporting Informa-
tion). The values of the three parameters g, D, and E for
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Figure 3. M =f(u,H/T) at T=2K (2), 4K (g) and 6 K (0) for 1.

each complex corresponding to the best fits are (see
Table 1): gy,=2.06, Dy,=143cm™, E;,=27cm' (E;,/
D,,=0.19); g,,=2.13, D,,=11.0cm™, E,,=0cm™ (E,,/
D,,=0); and g;,=22, D;,=13.8cm™!, E;,=4.0cm™" (E;,/
D;,,=0.29), where the subscript m indicates that these pa-
rameters were derived from magnetization measurements).
The sign of D was found to be positive and no reasonable
fit could be obtained when imposing negative D values for
any of the complexes, although for complex 3 the sign of D
has almost no meaning due to its large rhombicity.

FDMRS studies: One of the most direct techniques to eval-
uate quite accurately the ZFS parameters of the spin Hamil-
tonian is FDMRS.®l The spectra of the three complexes
were recorded in the 0-40 cm™' energy range between 1.8
and 50 K in zero applied magnetic field. For 1, two lines are
observed at ¢;=(12.7+0.2) and e,=(19.1£0.1)cm™’
(Figure 4). This is the signature of splitting of the S=1 spin

Table 1. Experimental data for the spin Hamiltonian parameters obtained from the three different techniques.

Magnetization FDMRS HF-HFEPR
D, [cm™] E./D, &m Dr:[cm™'] E./D. Dg [em™] E./Dg g, g g
1(X=Cl) 14.0 0.19 2.06 15.9 0.20 15.70 0.216 2.10 2.05 2.15
15.80 0.202 2.12 2.05 2.15
2 (X=Br) 11.0 0 2.13 13.8 0.24 13.93 0.25 2.13 2.00 2.00
3 (X=NCS) 13.8 0.29 2.20 15.9 0.31 16.12 0.324 2.25 2.22 2.23
16.35 0.319 2.25 2.22 2.23
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Figure 4. FDMRS spectra of 1 at various temperatures.

state into its three components described by the wave func-
tions |0), |1)o (|1)—]—1)), and |1)g (]1)+]|—1)) in order of
increasing energy. The temperature-dependence studies
showed an increase in the in-
tensity of the two bands on
cooling, which indicates that

D+E " [1>g the two transitions occur from a
ground level to two excited
b-& A 1= ones. Since the selection rules
12.7 em-! 191em~ impose AMg==1, the ground
level is then Mg=0. This leads

0 10>

to the energy levels depicted in
Scheme 1.

When the ground level is
M;=0, the axial zfs parameter
D is considered to be positive and the following values can
be extracted from the experimental data (see Table 1): Ejz=
(e,—¢)2=32cm™' and Dy=(e,+e)2=159cm™' (E;/
D;z=0.20). The other two complexes have similar spectra
with two lines as well (see Figure S3a,b in the Supporting
Information). The same temperature dependence was
found, that is, D is positive for 2 and 3: E;x=3.3 cm ™!, Dyr=
13.8 cm™ (Ey/Dy;z=0.24) and E;z=4.9 cm™, D3z=159 cm™!
(E3p/D3=0.31).

Scheme 1. Energy levels in 1.

HF-HFEPR studies: HF-HFEPR studies were carried out
for the three complexes at different frequencies (285, 380,
and 475 GHz) between uyH =0 and 12 T on powder samples,
pressed into pellets to avoid orientation effects by the ap-
plied magnetic field, in a previously described apparatus.”
For 1, the spectrum at 285 GHz and T=7 K exhibits one
central intense feature with two bands around 52T and
three other weaker features around 1.5, 3, and 8 T. The fea-
ture at 8 T is doubled like the intense one at 5.2 T (Figure 5,
top). The spectrum at 380 GHz has two large bands at 1.6
and 2.5 T (Figure 5, middle), and the spectrum at 475 GHz
has two very weak bands at 2.5 and 5.5 T and two intense
bands, one around 1T and the other centered at 85T
(Figure 5, bottom). This last band seems to be doubled, like
those observed in the spectrum at 285 GHz. Since the mag-
netization and FDMRS studies suggest that the sign of D is
positive for 1 and these data give a good estimation of the
anisotropy parameters, we calculated the variation of the
spin energy levels versus uoH [E(Ms)=f(u,H)] along the
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Figure 5. HF-HFEPR spectrum of 1 at T=7 K; experimental (—) and
calculated (-----) at v=285 (top), 380 (middle), and 475 GHz (bottom);
* corresponds to the 380 GHz harmonics, and # to an artefact.

three canonic directions x, y, and z for D=4159 cm™' and

E/D=0.2; the g value was taken as isotropic and equal to
2.1 (Figure 6). Examination of the three plots allows us to
assign the observed bands for the spectrum at 285 GHz. The
features around 5.2T correspond to transitions from a
ground level (Mg=0) to a first excited level (|1>,) along
the z direction; the feature at 8 T corresponds to the transi-
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Figure 6. E(Ms)=f(u,H) for D=159cm™', E=3.2 (E/D=02), and g=
2.1 along the directions x (top), y (middle), and z (bottom). The expected
transitions for four different frequencies are shown: allowed (—) and
“forbidden” (-----).

tion between two excited levels along the x direction. At
low temperature, the relative intensities of the two transi-
tions agree with a positive D value; the band at 5.2 T must
be more intense than that at 8 T, since it corresponds to a
transition from a ground level, as observed experimentally.
The sign of D was confirmed by recording the 285 GHz
spectrum at T=17 K; the intensity of the transitions at 5.2 T
decreases on heating, while that of the transition at 8T
slightly increases (see Figure S4 in the Supporting Informa-
tion). Along y no allowed transition is expected at 285 GHz
within the examined field range. The two remaining bands
at 1.5 and 3T are probably due to contamination of the
main 285 GHz wave by higher harmonics (380 GHz).
Indeed, two bands stemming from the ground level are ex-
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pected at 380 GHz along the z and x directions around 0
and 3 T, respectively. The assignment of the bands for the
other two frequencies is straightforward based on the above
analysis. A last important point is the doubling of some of
the bands in the different spectra. The only reasonable hy-
pothesis was to assume the presence of two species in the
compound that differ very slightly from the structural point
of view and lead to two distinct signals in the EPR spectra.
The EPR spectra were calculated by using a simulation pro-
gram provided by H. Weihe.'” A first simulation of the
spectra at 285 GHz shows that a slight change in the starting
D value, by less than 1%, may lead to two different signals.
Furthermore, preliminary simulations taking into account
two different species showed that their relative weight is
close to unity. Bearing these hypotheses in mind, the spectra
were simulated at the three different frequencies by using
two different sets (denoted a and b below) of D, E, g,, g,
and g, values. The calculated spectra for each set of parame-
ters were combined under the assumption of equal contribu-
tions. The results of the simulation with the best set of pa-
rameters are shown in Figure 5 as dashed lines (see Table 1):
Dip,=157cm™, E,=34cm™' (Ejg/Dia=0216), gi.=
210, g1,,=2.05, g1,,=2.15 and D,=15.8 cm™!, Egy=
32cem " (Epy/Digy=0.202), g1, =212, g1,,=2.05, g1.,=2.15.
The HF-HFEPR spectra are sensitive to very small structur-
al changes, since the difference in the D values for the two
species present in the compound is only around 0.6 %.

For complexes 2 and 3, similar spectra as for 1 were re-
corded. They were analyzed by the same procedure. For 3,
two species are observed, while for 2 only one species seems
to be present, since no doubling of the bands is observed.
The spectra for complexes 2 and 3 were simulated (see Fig-
ures S5 and S6 in the Supporting Information for 2 and 3,
respectively) and the following parameters were obtained:
Dy;:=139cm™, E,x=35cm™! (E;x/D,z:=025), g,,=2.13,
8,=2.00, g,=2.00; Ds,=1612cm™", E;,=523cm™
(E3pa/D3p,=0.32), 83,,=225, g3,=2.22, g5,=223 and
Dy, =1635cm™!, Eyr, =522 cm™ (Ejpy/Dsg,=0.32), g30=
2.25, g3, =2.22, g3,,=2.23.

Comparing the magnitude of the anisotropy parameters
obtained from the two different techniques HF-HFEPR and
FDMRS (Table 1) shows that the D values differ by less
than 1% and that the rhombicity is very well estimated
from FDMRS for the three complexes. While HF-HFEPR
studies reveal in a straightforward manner the presence of
the species that differ very slightly, careful examination of
the FDMRS spectra of complex 1 shows that it also exhibits
a very small doubling of the bands that indicates the pres-
ence of the two species observed in the EPR spectra.

Angular overlap calculations: The striking feature of these
results is that the spin Hamiltonian parameters are almost
independent of the nature of the X ligands linked to the Ni
atom. This is surprising since it has already been shown that
the nature of the halogen atoms has a dramatic effect on the
magnitude of the anisotropy parameters; D may change
from —11.43 to +3.93 cm™' when replacing Br by Cl in the
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tetracoordinate trigonal [Tp*NiX] complexes.’ The other
interesting feature is the relatively large D values experi-
mentally observed. In the following, we aim at answering
two main questions: 1) what is the origin of the relatively
large anisotropies in the three complexes and 2) why are the
anisotropy parameters very weakly dependent on the nature
of the X ligand. To do so, we performed calculations using
software based on the angular overlap model (AOM). Stan-
dard AOM parameters from the literature were adapted to
our complexes and used for the following calculations.']
The first step consisted of checking whether the calculations
can reproduce the experimental spin Hamiltonian parame-
ters for the three complexes. The following values were ob-
tained: D, =154 cm™ !, E;,=0.4 cm™!, (E,/D;.=0.03); D,.=
124cm™, E,=0.6cm™, (E,/Dy=005) and D, =
—19.0cm™, E;;=—4.0 cm™, (E;/D3.=0.23)."” The axial pa-
rameters are fairly well reproduced with ranking as found
experimentally, that is, D, <D, <D;. The rhombicities of
1, 2,and 3 are poorly reproduced; however, the calculations
do lead to higher rhombicity for complex 3 than for 1 and 2,
as for the experimental data. The sign of D for complex 3
was found to be negative, which is not surprising since the
experimental E/D value obtained by EPR is very close to
the maximum value of 0.33, where the sign of D has no
meaning (see Figure S7 in the Supporting Information).
From these results, one can assume that the AOM model
gives a good insight into the splitting of the ground spectro-
scopic term. Highly accurate D and E values are not to be
expected, but this model will allow different effects to be ex-
amined and general conclusions to be drawn on the varia-
tion of the anisotropy with some electronic and structural
parameters.

Before analyzing the experimental data of the three com-
plexes, we performed preliminary calculations on two model
complexes: one with SPy geometry (C,, symmetry) and the
other with a geometry very close to TBP (denoted TBP' in
the following, it corresponds to a TBP geometry with the
angles between the equatorial ligands set to 115, 115, and
130° instead of 120°). The model complexes have only o-
donor ligands with e, parameters taken as the average of
those of the amino groups of the iPrtacn ligand (e,=
4150 cm™"). The D value for the C,, complex was found to
be +6 cm™!, while that of the TBP’ species was negative and
larger than 100 cm™' in absolute value. This confirms the
qualitative argument stated in the introduction that a rela-
tively large anisotropy is expected for pentacoordinate SPy
complexes and a huge one for a structure very close to TBP.
Furthermore, these calculations give us the order of magni-
tude of the axial anisotropy for the two extreme geometries.

In the following, the influence of different factors will be
examined for model complexes. Since the crystallographic
data showed that the structural parameters of the Ni(iPr-
tacn) moiety vary very little for the three complexes and
that the Ni—Np,.., bond lengths are not very different, we
assumed an averaged e, parameter (4150 cm ™) for the three
amine atoms for all the model complexes used below. The
three Npraen-Ni-Nipraen angles and the three Nipae,-Ni-X1
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angles were each taken as the average of those of the three
complexes. We then examined the influence of different ef-
fects while keeping the other structural and electronic pa-
rameters unchanged.

To analyze the experimental anisotropy parameters deter-
mined above and to answer the questions concerning the
magnitude of the D parameters and the quasi-independence
on the nature of the X ligands, we proceeded in several
steps.

Influence of the NI1-Ni-X2 coordination angle: The first step
consisted of calculating the D values versus the N1-Ni-X2
angle 6 for a model complex with the structural parameters
taken as the average of those of 1-3 and considering that
the X ligands have only o-donor effects of the same intensi-
ties as the amino groups, and thus allowing the influence of
0 alone to be studied. The results depicted in Figure 7 show

D/cm’ —=

110 115 120 125
6/ degree —>

Figure 7. D=1£(0) for a model complex presenting the average structure

of the three complexes, where the same o-donor effect is considered for

the five ligands: e,=4150 cm ™.

that as expected |D| increases when 6 increases and a |D |
value of around 23 cm™! is calculated for §=120° (this is the
average value of 0 for the three complexes). This calculation
on a very simple model in which the X ligands are consid-
ered as amino groups already leads to a reasonable magni-
tude for |D|. However, at this level, the calculations give
negative D values and overestimate the magnitude of the
absolute value of D.

Influence of the o-donor effect of the X ligands in model
complexes: To refine our theoretical calculations, we first in-
troduced a distinction in the o-donor effects between the X
atoms and the amino groups. The three curves in Figure 8
show the same general result already observed in Figure 7,
that is, | D| increases with increasing 6. The interesting fea-
ture of the plots in Figure 8 is that the difference between
the |D| values for the three complexes increases with in-
creasing 6. For geometries close to SPy, the |D| values of
the three complexes are very close, while for 6=124° the
nature of the X ligand has a significant influence on the
magnitude of |D|. For #=120°, which corresponds to the
average N1-Ni-X2 value of the three complexes, the model
predicts a maximum variation of about 20% for |D|, which
is in good agreement with the 16 % variation observed for
the experimental D values. Furthermore, the model predicts
that | Dycs|>| D¢ | > | Dg, |, as found experimentally. At this
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Figure 8. D=f{(0) for three model complexes each exhibiting the average
structure of the three complexes; the amine ligand field is set to the aver-
age value of e,(amine)=4150cm™" and ey (X) is varied: e (Cl)=
3410 cm™' (0), e,(Br)=2858 cm™" (), and ¢,(NCS)=4970 cm™" (2).

level of approximation, the calculations always lead to nega-
tive D values for the three complexes with a relatively large
rhombicity (E/D=0.22, very close to the experimental
data).

Influence of the m effect of ligands in model complexes:
When the & effect of the X ligands is introduced (Figure 9),
three important observations can be made. Firstly, the sign
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Figure 9. D=£(0) for three model complexes with the same parameters
as for Figure 8 and considering in addition an average o effect: ¢,(Cl)=
1573 cm™ (0), e,(Br)=1311 cm™ (1), and e,(NCS)=637 cm™"' ().

of the axial parameters is now found to be positive for 1 and
2, as observed experimentally, and the experimental rhom-
bicity is very well reproduced (the calculated E/D value for
the three complexes is around 0.23). Secondly, a decrease of
around 20% in the |D| values for the three complexes is
observed, and agreement with the experimental data is very
good for 1 and 2 (D =163 and D,.=14.8cm™" for 6=
121.5 and 118.2°, respectively, in comparison to experimen-
tal values of 15.7 and 13.9cm™! for 1 and 2, respectively).
However, the value for complex 3 is still negative and over-
estimated in absolute value (—20cm™' as opposed to
16.2cm™ found experimentally for 3). Thirdly, the m effect
of the ligands does not significantly affect the difference be-
tween the | D| values of the three complexes.

To gain more insight into the variation of the anisotropy
with the structural and electronic parameters 6, e, and e,
we carried out a series of calculation in which 0 and e, /e,
were varied.'” The results are illustrated in the 3D plot in

Chem. Eur. J. 2008, 14, 1169-1177

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

Figure 10. This plot has three regions. The first region (A) is
a quasiplateau with positive D values; the results for model
complexes corresponding to 1 and 2 belong to this area
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Figure 10. D=f(0,e,/e;) for a model complex exhibiting the average
structure of 1-3 with e (amine) =4150 cm™' and e,(X)=3746 cm™'.

where changes in the parameters do not dramatically affect
the magnitude and nature of the magnetic anisotropy. The
second region (B) is much steeper than A with negative D
values, and the third region (C) corresponds to the area
where D changes its sign. The result corresponding to the
parameters of complex 3 belong to region B and is very
close to the border between B and C; thus, a very slight
change in the structural parameters will induce a large
change in the calculated anisotropy parameters. That ex-
plains why for complex 3 the AOM parameters must be esti-
mated very accurately to reproduce the sign of D.

This theoretical study predicts that for a e /e, ratio larger
than 0.22, a positive D value of around 17 cm™' is expected
for angles 0 varying between 110 and 125°. On the other
hand, for a e,/e, ratio smaller than 0.15, Ising-type (negative
D value) anisotropy is expected, and its magnitude increases
with increasing 6.

Influence of the position of the X ligands in a model SPy
complex: The last issue to be rationalized is the relatively
small difference in the D values between complexes 1 and 2
when compared to the tetracoordinate Ni complexes
[Ni(PPh;),X,] and [Tp*NiX]. Our hypothesis is that, for the
general case of pentacoordinate complexes with a geometry
close to SPy and halogen atoms in the coordination sphere
of the metal ion, the position of the halo ligands (apical or
equatorial) may have a large effect on the magnitude of the
axial anisotropy. To check this assumption, we carried out
two series of calculation on SPy model complexes. In the
first we considered a complex of formula Nil.;X, where the
two X ligands were fixed in equatorial positions and their e,
values were varied (the e, value of the L ligands was set to

www.chemeurj.org — 1175


www.chemeurj.org

CHEMISTRY—

T. Mallah et al.

A EUROPEAN JOURNAL

D/em™ —>
>
|

PR PP L I MO TP T IS P
2000 2500 3000 3500 4000 4500 5000 5500

eu(X) fem™ —o

Figure 11. D=fle,(X)] for square pyramidal complexes NiL,X and
[NiL;X,] with e,(L)=4150 cm*: X at the equatorial positions for NiL;X,
(@) and at the apical position for NiL,X (m).

4150 cm™!, corresponding to that of the amine ligands in
model complexes). The results depicted in Figure 11 show
that doubling e,(X) (from 2500 to 5000 cm™") leads to an in-
crease of 20% for D. This is in line with the difference ex-
perimentally found for 1 and 2. The second series of calcula-
tions was carried out on a SPy complex of formula NiL,X
where X is the apical ligand. In such a case, a decrease of
60% in the D value occurs. Thus, a change in the o-donor
effect of the apical ligand has a dramatic effect on the mag-
nitude of the axial anisotropy, while in the case of equatorial
ligands it has almost no effect. These results rationalize the
experimental data concerning the magnitude of the axial
anisotropy in complexes 1 and 2, and show that, for an SPy
geometry, the axial magnetic anisotropy is mainly governed
by the position of the X ligands in the coordination sphere
of the metal ion.

Conclusion

A macrocyclic tridentate triazacyclononane bearing isopro-
pyl groups (iPrtacn) imposes a structural environment
around Ni" that leads to pentacoordinate complexes of gen-
eral formula [Ni(iPrtacn)X,] with similar molecular struc-
tures. Despite the difference in the electronic nature of the
X ligands (X=ClI, Br, NCS), the axial anisotropy obtained
from FDMRS and HF-HFEPR studies is the same for the
three complexes to within about 10%. Analysis of the dif-
ferent effects induced by the ligands on model complexes
led to the conclusion that the axial anisotropy is expected to
be large for such complexes and depends mainly on the geo-
metrical structure and not much on the electronic structure
of the X ligands. This weak dependence on the nature of the
X ligand occurs mainly for geometries that are close to SPy
and only when these ligands are in the equatorial positions
of the square pyramid, as is the case for the present com-
plexes. These results mean that, for pentacoordinate Ni"
complexes, 1) iPrtacn imposes a structure that leads to axial
anisotropy confined in a narrow range of magnitude and
2) the nature of the ligands that can be chemically substitut-
ed has little effect on the magnitude of the anisotropy. Cal-
culations on a hypothetical complex with bidentate oxalate
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(C,045) ligand in place of the two X atoms gives a D value
of 20 cm™,™ while a value of 1.5 cm™" was obtained (exper-
imentally and by calculation) for the hexacoordinate [Ni-
(bpy)»(C,0,)] (bpy=2.2"-bipyridine)." Thus the Ni(iPrtacn)
moiety induces, in pentacoordinate complexes, a “stable”
magnetic anisotropy that is almost independent of the re-
maining two ligands. This makes complexes based on the
Ni(iPrtacn) unit ideal building blocks for introducing huge
local magnetic anisotropy into polynuclear species and/or
coordination networks.

Experimental Section

[Ni(iPrtacn)Br,] (2): NiBr,-6 H,0 (0.65 g, 2x10~* mol) was dissolved in
methanol (10 mL). DME (30 mL), THF (100 mL), and methyl orthofor-
mate (2 mL) were added to this solution, and the mixture was refluxed
for 10 min to give a deep purple solution. Then, a solution of iPrtacn
(0.5g, 2x10° mol) in THF (20 mL) was added dropwise. A change of
color from purple to yellow was observed just before a microcrystalline
solid precipitated. The vessel was left to cool and the powder was collect-
ed by filtration, thoroughly washed with THF, and dried under vacuum.
Purification can be performed by dissolution in chloroform, filtration to
remove impurities, and reprecipitation in THF. Elemental analysis (%)
caled for C;sHyBrN;Ni: C 46.79, H 7.02, N 8.87, Br 33.72, Ni 12.38;
found: C 46.45, H 7.27, N 8.87, Br 33.42, Ni 12.00.

[Ni(iPrtacn)(NCS),] (3): [Ni(iPrtacn)Br,] (0.1 g, 2x10*mol) was dis-
solved in methanol (20mL) and two molar equivalents of NaNCS
(32.4 mg) dissolved in methanol (10 mL) were added dropwise. The color
of the solution changed from yellow to blue and a microcrystalline solid
precipitated. It was collected by filtration, washed with small amounts of
cold methanol, and dried under vacuum. Elemental analysis (%) calcd
for C;;H;;NsNiS,: C 47.45, H 7.73, N 16.28, S 14.90, Ni 13.64; found: C
47.32,H 7.61, N 16.26, S 14.81, Ni 13.30.

Crystallographic studies: X-ray diffraction data for 1-3 were collected on
a Kappa X8 APPEX II Bruker diffractometer with graphite-monochro-
mated Moy, radiation (A=0.71073 A). The data were corrected for Lor-
entzian, polarization, and absorption effects. The structures were solved
by direct methods using SHELXS-97 and refined against F* by full-
matrix least-squares techniques using SHELXL-97 with anisotropic dis-
placement parameters for all non-hydrogen atoms.'” Hydrogen atoms
were located on a difference Fourier map and introduced into the calcu-
lations in a riding model with isotropic thermal parameters. All calcula-
tions were performed by using the Crystal Structure crystallographic soft-
ware package WINGX.!' The crystal data for the three complexes can
be found in the Supporting Information.

CCDC-656604, CCDC-656605 and CCDC-656606 contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Magnetization studies: Magnetization measurements were performed on
5 mg pressed pellets in the 0-5 T range at 2,3, 4 and 6 K using a Quantum
Design MPMSS SQUID magnetometer.

FDMRS: FDMRS measurements were performed on a spectrometer de-
scribed in the literature."® Spectra were recorded on a pressed powder
pellet of 155 mg with a diameter of 1 cm and a thickness of 1.82 mm at
various temperatures.

HF-HFEPR: EPR experiments were performed at the High Magnetic
Field Laboratory, Grenoble, France, using a previously described appara-
tus.”) Ground crystals (about 100 mg for EPR and 5mg for SQUID)
pressed to form a pellet in order to reduce torquing under high magnetic
fields were used. The simulation program is available from Dr. H.
Weihe; for more information see http://sophus.kiku.dk/software/epr/
epr.html.1"!
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