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Di- or Trinuclear 3d—4f Schiff Base Complexes: The Role of Anions

Jean-Pierre Costes,*/?! Bruno Donnadieu,'**! Ruxandra Gheorghe,!?!¥1 Ghenadie Novitchi,!"!
Jean-Pierre Tuchagues,!?! and Laure Vendier!®!

Keywords: Anions / Schiff bases / Transition metals / Lanthanides / Heterometallic complexes

We demonstrate through structural, spectroscopic, and mag-
netic studies that the main factors governing the nuclearity
of M-Gd (M = Cu, Ni) complexes derived from compartmen-
tal Schiff base ligands are the different affinities of the lan-
thanide ions for the potential ligands and anions present in
the reaction medium. In the eight examples studied, there is
competition between the tetradentate O,0O, coordination site
of the polydentate ligand and the anionic entities brought by

the gadolinium salts. The strong affinity of nitrato anions for
lanthanides yields dinuclear complexes and prevents forma-
tion of trinuclear entities, whereas the use of poorly coordi-
nating anions such as triflates may yield either dinuclear or
trinuclear complexes, depending on the 3d/4f ratio.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Bicompartmental Schiff base ligands differing by the na-
ture and size of their coordinating sites (N,O, and 0,0,)
have been of great interest for the synthesis of strictly hetero-
dinuclear 3d—4f complexes and for studying 3d-4f magnetic
interactions.!' 3 Because the lanthanide ion is devoid of any
orbital contribution, the interaction of copper with gadolin-
ium was studied first.*71 Moreover, as such Schiff base li-
gands are able to chelate several different 3d ions, other
couples are accessible.!®! Because these dinuclear entities are
well isolated from each other, they are good candidates for
studying the unique magnetic interaction that can be active
in such complexes, and ferromagnetic interactions have
been evidenced in a large majority of heterodinuclear Ni''—
Gd,P”1 Co™-Gd "% Fe'"-Gd,[" and VO-Gd'? complexes.
Few literature reports indicate that di- or trinuclear 3d-4f
complexes may be isolated by using a 3d complex as a li-
gand.[>13-1 In order to gain a more precise view of such
possibilities and a better understanding of the synthetic
pathways, we searched for the parameters that may influ-
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ence the nuclearity of the isolated complexes. Particular at-
tention was paid to the possible role of anions present dur-
ing the synthesis. They may be considered as auxiliary li-
gands in comparison to the main Schiff base ligand that
chelates the 3d and 4f ions, respectively, in a stepwise pro-
cess. Furthermore, it was reported that most Cu-Gd com-
plexes having a ferromagnetic interaction are characterized
by C,, symmetry,['”l whereas the only complexes exhibiting
an antiferromagnetic interaction are of lower symmetry.!'8]
In order to check the possible role of symmetry, it may thus
be of interest to isolate and study complexes of symmetry
lower than C,,. This contribution is focused on a series of
M-Gd complexes with copper and nickel ions for which the
magnetic interactions can be studied by using isotropic spin
Hamiltonians. Seven among the eight 3d-4f compounds
presented in this contribution are novel.

Results and Discussion

Preparation

The 3d-Gd complexes (3d = Cu, Ni) described in the
present work were prepared according to the building block
approach by using 3d Schiff base complexes as ligands able
to yield the expected heteronuclear complexes upon reac-
tion with Gd ions. In the case of copper, two Schiff base
complexes L'Cu-(H,0) and L>Cu+(H,0) were used to yield
the 1:1 complexes L'CuGd(trif);(H,O), (1) and
[L2CuGd(trif),(H,0),](trif)-H,O-acetone (2) and the 2:1
complex [(L!Cu),Gd(trif),](trif) (3) by reaction with gado-
linium triflate, depending on the Cu/Gd ratio. The molecu-
lar structure was determined for one complex of each nu-
clearity.
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Reaction of [L>Ni]-1.75H,0 (4) with lanthanide nitrate
salts in a 1:1 ratio in acetone yielded the expected complex
[L3NiGd(NO3);(H,0),] (6)! as a light-purple powder,
whereas the same reaction in a 2:1 Ni/Ln ratio produced a
beige precipitate formulated as (L*Ni),Gd(NO3);(H,0),
(7). The latter compound can also be obtained from the
reaction of 6 with 4 in a 1:1 ratio in acetone. Further reac-
tion of 6 with sodium dicyanamide in methanol allowed
partial removal of the nitrato anions for the resulting com-
plex analyses as L’NiGd(N;C,)>(NO;) (8). Sodium dicyan-
amide can also react with 4 to yield L’NiNa(N3C,) (5). Use
of lanthanide triflate in a 1:1 ratio yielded a practically col-
orless solution, which, upon addition of dichloromethane,
produced an off-white precipitate of L>NiGd(trif);(H,0),
(9). Unfortunately, we were not able to isolate crystals cor-
responding to the 2:1 Ni/Gd ratio by using either gadolin-
ium nitrate (complex 7) or gadolinium triflate. Nevertheless,
crystals were isolated for the equivalent europium complex
[{L*Ni(H,0)},Eu(H,0)(trif)s (10).

Infrared, FAB Data, and Electronic Spectra

The formulation of the different complexes resulting
from reaction with gadolinium salts is further supported by
mass spectrometry (FAB+). Indeed, the spectra of com-
pounds 1, 2, and 9 display the most intense signals at m/z
= 845, 899, and 882, which are respectively attributable to
[L'CuGd(trif),]*, [L*CuGd(trif),]*, and [L3NiGd(trif),]*
cations. The isotopic patterns, which are perfectly consistent
with the attributions, confirm the expected 1:1 Cu/Gd or
Ni/Gd ratio. For compound 3, the main signal corresponds
again to [L'CuGd(trif),]* (100) but two additional signals
appearing at m/z = 1236 (15) [(L'Cu),Gd(trif),]* and m/z
= 1085 (10) [(L'Cu),Gd(trif)]* are in agreement with the
existence of 2:1 Cu/Gd complex 3. Similar observations
were made with nickel complexes 6 and 7. In these two sam-
ples, the main signal corresponds to the [L3’NiGd(NOs),]*
cation, whereas the peaks at m/z = 1136 (11) [(L*Ni),Gd-
(NO3),]* and m/z = 1072 (9) [(L*Ni),Gd(NO3)]* agree with
the 2:1 Ni/Gd ratio for 7. Compound 8, with two different
anions, is characterized by a main peak at m/z = 712
[L3NiGd(C,N3)(NOs)]*, which confirms that the nitrato
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ion is involved in the coordination sphere of gadolinium.
Complex 10 behaves as complex 7, with main signals at m/z
= 877 (100) [L3’NiEu(trif),]* and other signals at m/z = 1303
(19) [(L3Ni),Eu(trif),]* and m/z = 1154 (16) [(L>Ni),Eu-
(trif)]*.

The FAB+ data of copper and nickel complexes 3 and 7
agree with the isolation of well-defined 2:1 M/Gd com-
plexes. If there is no ambiguity for 3, as confirmed by its
X-ray structural determination, the situation is more puz-
zling for 7. Indeed, infrared absorptions attributable to
L’Ni and L3NiGd(NO;);(H,0), entities are present for
complex 7. The decrease in the stretching frequency of the
O-H bond with a decrease in the number of water mole-
cules seems to indicate that hydrogen bonds are active. This
is corroborated by the color of complex 7 and its magnetic
behavior, which is similar to that of a dinuclear Ni-Gd en-
tity.

Additional information can be deduced from the infrared
spectra.l'”l The OH stretching vibrations of water molecules
present in complex 6, for which we know that the water
molecules are bonded to the nickel ion,! give two strong
bands at 3513 and 3430 cm!. Broad bands centered at 3500
and 3408 cm ™! characterize complex 4. The structural deter-
mination of 4 (see below) shows that water is not coordi-
nated to the nickel ion. These bands are absent in complex
8 containing dicyanamide. Three sharp bands correspond-
ing to V(CN), v(CO), and v(CC) of the ligand at around
1644, 1629 and 1608 cm™! are present in complexes 6 and 8
with a 1:1 Ni/Gd ratio, with additional v(CN) bands com-
ing from dicyanamide around 2200 cm™! for 8; only one
band is observed for 7. The N-O asymmetric (1473,
1470 cm™') and symmetric (1294, 1290 cm™!) stretching vi-
brations of NO; are very similar for complexes 6 and 7.
Bands assigned to ionic nitrato anions are not present in 6,
7, and 8. Two C-O stretching vibrations are observed for 4
and 7, whereas only one is present for 6. Three bands are
attributable to dicyanamide entities in 5, and five bands
characterize complex 8. Strong bands at 1284, 1221, and
1167 cm™! [v(S-0) and v,(CF3), v{(CF3) of the trifluorome-
thane sulfonate groups] show no significant variations in
the 1:1 and 2:1 copper or nickel complexes 1, 2, 3, and 9
and 10, respectively.

The solid-state electronic spectra confirm that faint-col-
ored nickel complexes 6, 8, and 9 are in an octahedral envi-
ronment, with [Ni""N,0,0’,] chromophores and two water
molecules occupying the axial positions.?) For example,
the UV/Vis spectrum of complex 9 shows three bands: a
large one at around 725 nm corresponding to the *A,, —
3T2g electronic transition, a second band with a maximum
at 580 nm, which is due to the 3A,, — T 4(F) transition,
and a shoulder at approximately 438 nm, which can be as-
cribed to the *A,, — T 4(P) transition (assuming the O,
point group). The presence of a large band at around
1100 nm for 4 is in agreement with a tetragonal defor-
mation of the NiN,O, chromophore, whereas the band at
512 nm indicates a square planar environment of the nickel
ion. The structural determination of 4 (see below) confirms
these observations. Compound 7 possesses bands attribut-
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able to nickel centers in octahedral and square planar envi-
ronments. This observation might indicate that 7 is not a
genuine trinuclear species. A mixture of independent L>Ni
and L’NiGd(NO;);(H,0), complexes in a 1:1 ratio may be
viewed, or because the compound seems homogeneous, the
free outer 0,0, site of the L3Ni unit may be a host towards
the aqua ligand coordinated to the nickel ion of the
L3NiGd(NO;);(H,0), complex. A very similar example
was recently published.?!1 As for complex 10, the two bands
at 936 and 632 nm differ from those observed for the octa-
hedral complexes. They correspond to a NiN,O,O' chro-
mophore with the nickel ions in a square pyramidal envi-
ronment, as confirmed hereunder by the structural determi-
nation of complex 10. Dark-green complex 5 is charac-
terized by an intense band at 621 nm.

Description of the Structures

The molecular plot of [L>?CuGd(trif),(H,0),](trif)-H,O-
acetone (2) sketched in Figure 1 confirms the dinuclear na-
ture of this structure. The copper and gadolinium ions are
triply bridged by the two phenoxido oxygen atoms of the
L? ligand and two oxygen atoms from a triflato anion. A
second triflato anion, which is linked to the Gd ion as a
monodentate ligand, experiences a weak contact with the
copper ion of a neighboring complex through another oxy-
gen atom of the RSO3 group (Figure 2). A similar contact
is established by the symmetry-related triflato anion linked
to the gadolinium ion of that neighboring entity. The third
triflate is hydrogen bonded by its three different oxygen
atoms to three water molecules coordinated to two different
gadolinium ions. Indeed, each Gd ion is coordinated to two
water molecules, as a consequence of the low coordination
power of the triflate anions. As a result of the presence of
a symmetry-related triflate, two dinuclear Cu-Gd com-
plexes are doubly hydrogen bonded. The net result of these
weak interactions is the presence of 1D chains based on
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two dinuclear Cu-Gd entities, in a head-to-tail arrange-
ment, hydrogen bonded by triflate anions through the water
molecules coordinated to the gadolinium ions (Figure 2).
The L? ligand is practically planar, except for the diami-
nocyclohexyl ring. The dihedral angle between the (OCuO)
and (OGdO) planes is equal to 4.0(1)°, and the gadolinium
ions are eight coordinate.

Figure 1. Structure of complex 2 at the 30% probability level. H
atoms and the noncoordinated triflate anion are omitted for clarity.
Selected bond lengths [A] and angles [°]: Cul-N1 1.900(7), Cul-
N2 1.912(7), Cul-Ol 1.903(5), Cul-O2 1.901(5), Cul-023
2.677(7), Gd1-01 2.299(5), Gd1-02 2.322(5), Gd1-O11 2.308(5),
Gd1-021 2.382(5), Gd1-O1W 2.425(5), Gd1-O2W 2.376(5), Gd1-
03 2.533(5), Gd1-04 2.547(5), Cul-O1-Gdl 106.2(2), Cul-O2-
Gd1 105.4(2), O2-Cul-0O1 82.5(2), O1-Gd1-02 65.7(2).

One distinctive feature in the structure of 3 is that the
trinuclear complex is not neutral but cationic. It corre-
sponds to the formula [(L'Cu),Gd(trif),]*. In addition to
two trinuclear entities, the unit cell contains two triflate
anions. A view of one of the two similar bimetallic cations

Figure 2. Intermolecular interactions responsible for the supramolecular 1D network in 2.
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is shown in Figure 3 with relevant bond lengths and angles
of the Cu'! and Gd™ environments reported in the figure
caption. There is a very small difference between the (L'Cu)-
Gd/2 moieties. Coordination of the gadolinium ion to two
L!Cu entities introduces a slight tetrahedral deformation of
the N,O, coordination sites of copper, which implies a A
deformation of the five-membered copper diamino rings.
The central gadolinium ion is linked to each copper ion by
two phenoxido bridges and by a triflato anion. The copper
ion adopts a square-based 4+1 coordination mode, and the
equatorial donors are provided by the L! ligand and the
axial position is occupied by the p-bridging SO, group of
the triflato anion. The related Cu--Gd separations are
3.379(1) and 3.384(1) A. The dihedral angles (a) between
the (OCuO) and (OGdO) planes are 5.8(1) and 5.0(2)° for
the Cul and Cu2 moieties, respectively, with an angle of
53.0(2)° between the two OGdO planes. The two OMe side
arms of each L! ligand are also coordinated to the Gd ion:
the gadolinium ion is thus ten-coordinate to four oxygen
atoms of each L'Cu entity and two oxygen atoms from two
triflato ligands. As previously noted, the Gd-O bond
lengths depend on the nature of the oxygen atoms: the
bonds involving the phenoxido [2.346(5)-2.382(4) A] and
triflato [2.393(5) and 2.413(5) A] oxygen atoms are shorter
than those involving the methoxy side arms [2.662(5) and
2.704(5) A], and two of them are even longer [2.801(5) and
2.957(5) A] as a consequence of the slight tetrahedral defor-
mations of the copper coordination sphere. Each copper
ion is in a usual square-pyramidal environment. The four

Figure 3. Structure of complex 3 at the 30% probability level. H
atoms are omitted for clarity. Selected bond lengths [A] and angles
[°]: N1-Cul 1.912(6), N2-Cul 1.933(6), O7-Cul 1.897(5), O8-Cul
1.922(5), O2-Cul 2.563(6), N3-Cu2 1.917(6), N4-Cu2 1.923(6),
09-Cu2 1.920(5), O10-Cu2 1.921(5), O5-Cu2 2.591(6), O1-Gd1
2.413(5), 04-Gd1 2.393(5), O7-Gd1 2.346(5), O8-Gdl1 2.377(5),
09-Gdl1 2.382(4), O10-Gd1 2.348(5), O11-Gd1 2.801(5), O12—
Gdl 2.704(5), O13-Gd1 2.663(5), O14-Gdl 2.957(5), Cul-Gdl
3.379(1), Cu2-Gd1 3.384(1), Cul-O7-Gd1 105.3(2), Cul-08-Gdl
103.3(2), O7-Cul-08 84.8(2), 08-Gd1-0O7 66.1(2), Cu2-09-Gd1
103.0(2), Cu2-010-Gd1 104.2(2), 09-Cu2-010 85.6(2), 09-Gd1-
010 67.0(2).
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basal donors (N,O») originate from an L' ligand, whereas
an oxygen atom of the triflato bridge occupies the apical
position. As usual, the apical Cu-O bonds [2.467(6),
2.610(8) A] are longer than the equatorial ones (mean
value: 1.915 A). Other intermolecular Gd--Cu, Gd---Gd,
and Cu--Cu separations are larger than ca. 6.4 A, whereas
the Cul-+Cu2 distance within the trinuclear entity is
6.010(2) A.

The unit cell of 4 includes two neutral L>Ni entities,
L3Ni, and L°Ni,, and three and a half unbound water
molecules. A view of the L>Ni, entity is shown in Figure 4,
whereas relevant bond lengths and angles of the Ni'l envi-
ronment of the two L3Ni species are reported in the figure
caption. If the bond lengths do not differ in these two neu-
tral L3Ni complex molecules, the tetrahedral deformation
of the central Ni ion is larger in L3Ni,. The six-membered
ring formed by the diamino moiety chelating the Ni'! ion is
in a J twist-boat form in L3Ni, (Figure 4). The & twist-boat
conformation is also observed in the L>Ni, unit. Because
the compound crystallizes in a centrosymmetric space
group, it is clear that the enantiomeric A form is also pres-
ent in the crystal.

Figure 4. Structure of complex 4 at the 30% probability level. H
atoms are omitted for clarity. Selected bond lengths [A] and angles
[°] for the L3NiA unit: NiA-O2A 1.852(2), NiA-O1A 1.860(2),
NiA-N1A 1.862(2), NiA-N2A 1.873(2), O1A-H11W 2.352(5),
O3A-HI1IW 2.079(5), O2A-HI12W 2.318(5), O4A-HI12W 2.114(5),
O2A-NiA-OI1A 85.94(8), O2A-NiA-N1A 162.41(9), O1A-NiA—
NIA 93.74(9), O2A-NiA-N2A 94.55(9), OlA-NiA-N2A
161.20(9), N1IA-NiA-N2A 91.37(10); and for the L3NiB unit:
NiB-O1B 1.857(2), NiB-O2B 1.862(2), NiB-N2B 1.868(2), NiB—
NIB 1.877(2), O1B-H31W 2.239(5), O3B-H31W 2.200(5), O2B-
H32W 2.426(5), O4B-H32W 2.023(5), O1B-NiB-O2B 85.03(9),
O2B-NiB-NI1B 169.96(9), O1B-NiB-NI1B 92.67(9), O2B-NiB-
N2B  93.31(9), OIB-NiB-N2B 170.06(9), N2B-NiB-N1B
90.59(10).

The structural determination of complex 10 evidences a
trinuclear cationic Ni-Eu-Ni complex, as shown in Fig-
ure 5. The green platelets we isolated were not pure single
crystals, so we kept carbon atoms in isotropic thermal mo-
tion and we obtained a low-resolution structure with a low
value of 6 and an elevated value of R;,,.. Nevertheless, X-
ray structure determination of 10 confirmed the existence

Eur. J. Inorg. Chem. 2008, 5235-5244
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of a trinuclear Ni-Eu-Ni complex. Comparison with com-
plex 3 highlights several differences. The formula of the cat-
ion is [{L*Ni(H,0)},Eu(H,0)]**. A water molecule is coor-
dinated to each metal ion, whereas the three triflate anions
act as counterions. The europium center is nine-coordinate
to the four phenoxido and the four methoxy oxygen atoms
of the two L? ligands and to the water molecule. Surpris-
ingly, the nickel ions are five-coordinate, and they are linked
equatorially to the N,O, coordination site of the ligand and
axially to a water molecule. Complexation of the lanthanide
induces a conformational change in the six-membered di-
amino ring from a twist-boat to a chair. The L’Ni moiety
is not planar, as it adopts an umbrella shape with the water
molecule pointing above the plane. The related Ni-+-Eu sep-
arations are equal to 3.522(3) and 3.534(3) A. The angle
between the two OEuO planes containing the phenoxido
oxygen atoms bridging the Ni and Gd ions is 53.0(2)°.

Figure 5. Structure of the [(L’NiH,0),Eu(H,0)]** cation 10 at the
30% probability level. H atoms are omitted for clarity.

Magnetic Data

The magnetic susceptibilities of Cu—-Gd complexes 1, 2,
and 3 were measured in the 2-300 K temperature range
with an applied magnetic field of 0.1 T. The thermal varia-
tion of the ym7T product for complex 1 is shown in Fig-
ure 6a, where yy; is the molar magnetic susceptibility of the
dinuclear species corrected for the diamagnetism of the li-
gands. At 300 K, T is equal to 8.25 cm?Kmol ™!, which
corresponds to the value expected for the two uncoupled
metal ions (8.3 cm*Kmol™). Upon lowering the tempera-
ture, ym7 increases up to 10.1 cm*Kmol ! at 5 K. This
value compares well with that (10 cm? K mol!) expected for
an S = 4 spin-state resulting from ferromagnetic coupling
between Cu'" (S = 1/2) and Gd™ (S = 7/2), assuming gc,
= gga = 2.0. A quantitative analysis was performed on the
basis of an expression derived from the spin-only Hamilto-
nian:['¢!

H = —JcugaScuSad
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© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

—
NS}
|

(=
Na?

—
—_
L

8 T T T
0 100 200
T[K]

Figure 6. Thermal variation of the y\ 7 product for complexes (a)
1 and (b) 3. The solid line corresponds to the best-fit data (see
text). The inset shows the field dependence of the magnetization
for each respective compound.

Least-squares fitting to the experimental data leads to
Jeuga = 8.0(2) em™!, gey = 2.18(2), and ggq = 1.98(1) with
a good agreement factor R = Z(¢mDobs — [ Dearc)”’
S[OomDops)? (R = 1X107%). In order to take into account
the constant yy7 values at very-low temperatures, a Weiss
constant 6 of —0.03 K was introduced into the theoretical
expression. Complex 2 is characterized by very similar pa-
rameter values, Jouga = 8.6(2) ecm™!, gcy = 2.2(2), gGa =
1.98(1), 0 = —0.01 K, and R = 1x10* (Figure S1). The
temperature-dependent magnetic susceptibility of trinuclear
complex 3 was modeled with the expression derived from
the isotropic spin Hamiltonian:

H= 7JCulGdSCu1SGd - JCuZGdSCUZSGd 7qulCu2SCulSCu2

Least-squares fitting yields Jcuiga = Jowgad =
52(12)ecm™, g = 2.02(2), 0 = -0.45(1)K, and R = 1 xX10™*
with jcuicu2 = 0 (Figure 6b). In these three complexes, the
ferromagnetic Cu—Gd interaction is definitely supported by
the field dependence of the magnetization M at 2 K. The
experimental values are correctly fitted with the Brillouin
function for an S = 4 spin state (complexes 1 and 2) and
an S = 9/2 spin state (complex 3; see insets of Figure 6).

The room-temperature yy7 product of 0.55 cm?*mol 'K
for the [L3Ni]-1.75H,O (4) nickel precursor complex is
lower than that expected for a paramagnetic high-spin Ni'!
cation (1 cm®mol!'K). Indeed, the two L3Ni conformers
present in the solid state have different tetrahedral defor-
5239
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495 , ) 9Jica 105 5 —8Jiaa
. Nﬁz . ) -g%+126-g_gexp kT + > "g5 exp T
3k(T - 0) 10+8.6XPM+6.6XPM
2kT kT
where g.=—_10g.+£g ) g =ig.+§g ;and g :%g.+zg
3 35 Ni 35 Gd » % 63 Ni 63 Gd » % 9 Ni Gd

mations, which yield different contributions to the magnetic
moment. Surprisingly, the nickel ion in complex 5 with the
sodium ion in the outer coordination site of the ligand is
low spin and diamagnetic, whereas it is high spin when a
gadolinium ion occupies the same location as the sodium
ion. Indeed, the ym7 value at room temperature
(8.80 cm?*mol ' K) for complex 9 corresponds to that ex-
pected for noninteracting S = 1 and S = 7/2 ions
(8.87 cm®*mol ' K). The thermal dependence of y\7 for 9
is shown in Figure 7a. Following a minute increase from
300 to 70 K, the ym T product increases sharply below 70 K
and reaches a value of 11.35 cm*Kmol ! at 2 K. This be-
havior is reminiscent of the one for the previously published
heterodinuclear Ni-Gd complex.’ The use an exact diago-
nalization of the E matrix for an S} = 1, S, = 7/2 dinuclear
system with the MAGPACK program and by taking into
account a zero-field splitting (zfs) parameter, D, for the
nickel ion yields nice agreement between the experimental
and calculated values for the parameter values: Jnigg =
27cm™!, D = 129cm™!, and g = 1.99. These data were
also fitted with the conventional expression given above and
obtained from the Hamiltonian H = —JnigaSniSGa.P?

In this case, an intermolecular interaction term is consid-
ered to account for the zfs of Ni'l. The corresponding re-
sults are then Jniga = 2.7(1)em™, g = 1.99(1), and 0 =
-0.36(1) K. For complex 8, these values are Jniga =
24(1)em™!, ggq = gni = 2.0(1), and 0 = —0.14(1) K (Fig-
ure S2). By using the MAGPACK program and by taking
into account a D parameter for 8 the following values were
obtained: Jnigg =2.2cm ™!, D =6.5cm ™!, and g = 1.99.

At first sight, the magnetic behavior of complex 7 is more
puzzling. The considered formulation indicates that two
nickel and one gadolinium ions are present, whereas the
amT value of 9.08 cm?*Kmol! at 300 K is similar to that
observed for dinuclear complex 9. Fitting these data as a
dinuclear entity yields nice agreement and evidences that
one nickel ion does not contribute to the magnetic suscep-
tibility (Figure 7b). The results, Jniga = 2.5(1)cm ™!, D =
10.8 cm™!, and g = 2.01(1), are in complete accordance with
those found for complexes 6 and 8. A fit considering inter-
molecular interactions yields similar results with Jyigq =
24(1)em™, ggq = gni = 2.02(1), and 0 = —0.25(1) K. The
magnetization value of 8.65 Nf at 5T (insert of Figure 7b)
is in complete agreement with such a behavior.

The magnetic study of complex 10 is trickier due to the
orbital contribution of the europium ion. Nevertheless, it
confirms that the two nickel ions are clearly in a high-spin
state, at variance with complex 7. The yy T product of com-
plex 10 at room temperature is 4.1 cm*mol 'K, a value
5240
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Figure 7. Thermal variation of the yy 7T product for complexes (a)
9 and (b) 7. The solid line corresponds to the best-fit data (see
text). The inset shows the field dependence of the magnetization
for compound 7.

slightly larger than that expected for two nickel and one
europium®!  jons  without  magnetic  interaction
(3.74 cm®*mol ' K). The slight 7T decrease followed by a
sharp decrease below 50 K is probably the consequence of
at least two magnetic phenomena: the depopulation of the
Stark levels of the lanthanide ion, along with the zero-field
splitting of the nickel ions at very low temperatures (Fig-
ure S3).

Discussion

The structural determinations of complexes 2 and 3
clearly demonstrate that the nuclearity of the Cu-Gd com-
plexes prepared with Schiff base compartmental ligands is
only a function of the LCu/Gd ratio when poorly coordi-
nating anions such as triflates are used in the presence of a
poorly coordinating solvent such as acetone. Indeed, pre-
vious X-ray studies of Cu-Ln complexes involving ni-
trato,[-°-1?) thiocyanato,?’! and diketonato®¥ anions or li-
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gands have always evidenced heterodinuclear Cu-Ln com-
plexes. Even the chloride anions,'! which are not good li-
gands for lanthanide cations, have yielded dinuclear entities.
Until now, only the acetatel” and trifluoroacetate!'3! anions
have yielded dinuclear Cu-Ln and trinuclear Cu-Ln-Cu
Schiff base complexes. In order to confirm these results, we
studied the more intricate case of Ni-Ln complexes. In ad-
dition to the change in nuclearity, the ligand field may gen-
erate a spin change of the nickel cations. Because only low-
spin complexes are formed with Schiff base ligands able to
yield a five-membered chelate ring including the nickel(IT)
ions and the ethylene-bridged diamino moiety, we used 2,2-
dimethyl-1,3-diaminopropane as the diamino precursor. We
previously showed that the nickel ion is high spin in the
L3NiGd(NO3)3(H,0), (6) complex,P! with a ferromagnetic
Ni—-Gd interaction of 3.6 cm™!, which is the largest found
until now in heteronuclear Ni-Gd complexes.*>?¢! For a
better understanding of the behavior of these nickel com-
plexes, we solved the structure of the precursor complex
[L3Ni]-1.75H,0 (4). The first surprise arose from the obser-
vation of uncoordinated water molecules in this nickel com-
plex. Furthermore, there are two L3Ni molecules in the unit
cell, with different tetrahedral deformations. This most
probably explains the reduced magnetic moment of 4, and
both [L3Ni] molecules contribute with a different weight to
the magnetic moment. Introducing one gadolinium ion
yields complex 6 in which the nickel ions are high spin in
an octahedral environment, with two axially coordinated
water molecules. Indeed, the y\ 7 value for 6 at room tem-
perature (9.0 cm*mol ' K) corresponds to what is expected
for noninteracting S = 1 and S = 7/2 ions
(8.87 cm*mol 'K). The behavior of complex 7, obtained
through two different experimental procedures, either by
treating 6 with 4 in a 1:1 ratio or by treating 4 with
Gd(NO3)5-5H,0 in a 2:1 ratio is more puzzling. The analyt-
ical results correspond to the formulation (L3Ni),Gd(NO3)s-
(H»0),. The FAB+ data confirm that the main signal corre-
sponds to the [L3NiGd(NOs3),]* cation (100) and that sec-
ondary signals at m/z = 1136 (11) [(L’Ni),Gd(NOs),]* and
mlz = 1072 (9) [(L*Ni),Gd(NO3)]" are in agreement with a
2:1 Ni/Gd ratio. At variance with this result, the y7 prod-
uct at 300 K (9.1 cm*mol ' K) suggests that one nickel ion
is in the high-spin state (S = 1), whereas the second nickel
ion is low spin (S = 0), in accordance with the presence of
only two water molecules in the formulation of 7 and the
absence of ionic nitrate in its infrared spectrum. It is worth
noting that the nickel ion in complex 5, which is devoid of
a water molecule, is also in the low-spin state. Indeed, chela-
tion of three nitrato anions (confirmed by IR spectroscopic
data) along with the coordination of four oxygen atoms
from L3Ni prevents coordination of a second L3Ni unit
around the gadolinium ion. Fitting the theoretical expres-
sion for a dinuclear Ni-Gd complex to the magnetic data
of 7 yields a very nice result (Figure 7b) with a Jy;gq value
(2.5 cm™) slightly smaller than that obtained for complex
6. This result confirms that complex 7 is not a genuine tri-
nuclear Ni-Gd-Ni complex and that the low-spin L3Ni
complex is not directly linked to the gadolinium ion.
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The L3NiGd(N;C,)>(NO3) complex (8) is obtained
through partial exchange of the nitrato anions of 6 with
dicyanamido anions. The FAB+ data do confirm that the
remaining nitrato anion is chelated to the Gd'! cation. This
complex, analyzed as a dinuclear unit, yields a Jyigq value
of 2.2 cm™!, which is very similar to that found for 7. Very
recently, the structural characterization of a novel trinuclear
Ni-Pr—Ni complex obtained through a different experimen-
tal procedure confirmed the absence of a nitrato anion in
the coordination sphere of Pr'''.?”l The magnetic study evi-
dences that the two nickel ions of this latter trinuclear com-
plex are high spin, which is in agreement with the observa-
tion made for complex 10. Indeed, the room-temperature
amT product of complex 10 confirms again that the two
nickel ions are clearly in the high-spin state. From these
observations, we can firmly conclude that the presence of
nitrato anions in complex 7 prevents formation of a trinu-
clear entity. Data dealing with trinuclear Ni-Gd-Ni com-
plexes are scarce,?>2%291 and there are no examples of a
structurally characterized Ni-Gd-Ni complex prepared
with H,L Schiff base ligand (formulae, second page).

Concerning the interpretation of the magnetic data, the
meaning of the # parameter necessary to fit the slight de-
crease in yy\7 at very low temperatures is not fully under-
stood. This slight yy;7 decrease may result from weak inter-
actions between heterodinuclear entities through the hydro-
gen-bond network or more probably may depend on partial
saturation of the large magnetic moment in the magnetic
field at low temperature, as previously observed.['dl In the
case of complexes containing nickel ions, it is possible to
introduce an axial zero-field splitting parameter D. Surpris-
ingly, the different fits yield rather large D values. A recent
review indicates that D values compiled for hexacoordinate
nickel compounds span the —22 to +12 cm™! range and that
positive D parameters are associated with a weakening of
the axial bonds.3”! Although these arguments are subject to
debate, it is clear that the Jy;gq and g values are well deter-
mined by the fitting procedures, whereas the D values are
not; then, a general parameter like 6 seems to be more ap-
propriate in the present case.

Conclusions

The results presented in this report clearly demonstrate
that the high affinity of the lanthanide cations for nitrato
anions does not allow trinuclear Cu-Ln-Cu or Ni-Ln-Ni
complexes to be prepared from symmetrical Schiff base
compartmental ligands if the latter anions are present in
solution. Such complexes can be prepared only if the affin-
ity of the lanthanide cations for the anions present in the
reaction medium is lower than their affinity for the 0,0,
coordination site of the 3d ligand complex, L*Cu or L*Ni.
Indeed, competition between the main and auxiliary ligands
or anions to enter the lanthanide coordination sphere deter-
mines the nuclearity of the resulting complex. We must em-
phasize that the role of solvent has not been taken into
account, for these 3d-4f complexes have been prepared by
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using acetone, which is a poorly coordinating and dissociat-
ing solvent. It is also clear that the ligand field strength is
modulated by the coordination of the lanthanide cation in
the case of nickel complexes, which thus allows introduction
of auxiliary ligands in the axial position of the nickel coor-
dination sphere. At variance, the less positive sodium ion,
which yields only 1:1 3d/alkali metal complexes, is not able
to produce such a change. Eventually, the seven 3d-Gd
complexes considered in the present report display a ferro-
magnetic interaction between the two metal ions, in conson-
ance with a large majority of the previously reported dinu-
clear 3d-Gd complexes and, moreover, with fairly large
Jmaa values. Furthermore, the trinuclear Cu—Gd—Cu entity
is a new example of a 3d-4f compound without C,, sym-
metry that yields ferromagnetic Cu—Gd interactions.

Experimental Section

Materials: The different metal aldimine complexes, L!'Cu-H,O,®!
L2Cu-2H,0,""1  [L3NiGd(NO3)3(H,0),,®7  [H,L':  N,N’-ethyl-
enebis(3-methoxysalicylideneimine); H,L?: N,N’-cyclohexanebis(3-
ethoxysalicylideneimine); H,L3?: N,N’-2.2-dimethylpropylenebis(3-
methoxysalicylideneimine)], were prepared as described previously.
Gd(NO3);*5H,0 and Gd(CF;S03); (Aldrich) were used as pur-
chased. High-grade solvents were used for preparing the complexes.
The CF3SO; anion is abbreviated “trif” throughout this contri-
bution, whereas C>N; corresponds to the dicyanamide anion.

L!CuGd(trif);(H,0), (1): A mixture of L'CuH,O (0.21g,
5X10%mol) and Gd(trif); (0.30g, 5X10*mol) in acetone
(20 mL) was stirred for 30 min and then filtered. Addition of di-
ethyl ether whilst stirring yielded a red precipitate that was filtered
off after 30 min and dried. Yield: 0.31 g (60%). IR (KBr): ¥ = 3414,
1642, 1608, 1474, 1456, 1442, 1283, 1224, 1175, 1077, 1029, 954,
855, 739, 638, 517 cm!'. MS (FAB+, 3-nitrobenzyl alcohol matrix):
mlz = 845 (100), [L'CuGd(trif),]*. CyHyCuFoGdN,0;5S;3
(1030.40): caled. C 24.5, H 2.2, N 2.7; found C 24.7, H 2.5, N 2.7.

[L2CuGd(trif),(H,0),]-trif-H,O-acetone (2): The same experimental
procedure used with L>Cu-H,O yielded complex 2 (0.38 g, 65%).
IR (KBr): v = 3400, 2947, 2867, 1714, 1636, 1608, 1558, 1472, 1393,
1306, 1284, 1223, 1175, 1087, 1029, 991, 888, 749, 637, 575, 517,
428 cm™!. MS (FAB+, 3-nitrobenzyl alcohol matrix): m/z = 899
(100) [L>)CuGd(trif),]*. C30H33CuFoGdN,04S5 (1170.62): caled. C
30.8, H 3.3, N 2.4; found C 30.5, H 3.2, N 2.3. Slow crystallization
of the microcrystalline powder from acetone yielded crystals suit-
able for X-ray diffraction study.

[(L'Cu),Gd(trif),|(trif) (3): A mixture of L'Cu-H,O (0.1g,
2.5% 10*mol) and Gd(trif); (0.075 g, 1.25X 10* mol) in acetone
(10 mL) was stirred for 15 min and then filtered. Slow diffusion of
diethyl ether into the acetone solution yielded crystals suitable for
X-ray diffraction study. The crystals were isolated by filtration and
air dried. Yield: 0.12 g (71%). IR (KBr): ¥ = 1636, 1609, 1472,
1457, 1443, 1284, 1221, 1167, 1078, 1030, 1028, 953, 857, 739, 637,
516 cm™'. MS (FAB+, 3-nitrobenzyl alcohol matrix): m/z = 1236
(15) [(L'Cu),Gd(trif),]*, 1085 (10) [(L'Cu),Gd(trif)]*, 845 (100)
[L'CuGd(trif),]*. C3oH3sCuFoGdAN4O4S; (1384.26): caled. C
33.8, H 2.6, N 4.0; found C 33.5, H 2.5, N 3.9.

[L3Ni]-1.75H,0 (4): Orthovanillin (1.52 g, 1X 102 mol) and 2,2-
dimethyl-1,3diaminopropane (0.51 g, 0.5X102mol) were dis-
solved in ethanol (100 mL), and the solution was stirred for 15 min.
Addition of Ni(Ac),»4H,O (1.24 g, 0.5X102mol) and triethyl-
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amine (2.02 g, 2 X 102 mol) with stirring yielded a red precipitate
that was filtered off after 2 h. The solid was washed with cold etha-
nol and air dried. Yield: 2.0 g (87%). IR (KBr): ¥ = 3502, 2935,
1646, 1612, 1473, 1451, 1319, 1245, 1231, 1082, 1071, 860, 739,
730, 650, 526, 489 cm™!. UV/Vis: 4 = 450 (sh.), 512, 628, 1100 nm.
C;,H,; sN,NiOs 55 (458.65): caled. C 55.0, H 6.0, N 6.1; found C
54.7, H 6.0, N 6.1. Slow crystallization of the microcrystalline pow-
der from methanol yielded crystals suitable for X-ray diffraction
study.

L3NiNa(C,N3) (5): Addition of NaC,N; (0.09 g, 1 X 1073 mol) to a
stirred solution of [L3Ni]-1.75H,0 (0.46 g, 1 X 107> mol) in meth-
anol (20 mL) yielded a dark-green precipitate that was filtered off,
washed with methanol, and air dried. Yield: 0.4 g (77%). IR (KBr):
v = 2932, 2251, 2208, 2144, 1617, 1474, 1448, 1313, 1245, 1233,
1082, 1070, 860, 745, 652, 524, 492 cm™!. UV/Vis: A = 450 (sh.),
621 nm. C,3H,4NsNaNiO, (516.16): caled. C 53.5, H 4.7, N 13.6;
found C 53.2, H 4.6, N 13.3.

IL3NiGd(NO3)3(H,0),] (6): Compound 6 was prepared as de-
scribed previously.”! IR (KBr): ¥ = 3513, 3430, 2949, 1644, 1629,
1608, 1476, 1466, 1330, 1294, 1223, 1068, 1030, 928, 852, 746, 738,
644, 482 cm™'. MS (FAB+, 3-nitrobenzyl alcohol matrix): m/z =
708 (100) [L3NiGd(NOs),]*". UV/Vis: A = 442 (sh.), 568, 686 nm.

(L3Ni),Gd(NO3)3(H,0), (7): Addition of [L*Ni]-1.75H,0 (0.46 g,
1 X 1073 mol) to a stirred solution of L3NiGd(NO3);(H,0), (0.80 g,
1 X103 mol) in acetone yielded a beige precipitate that was filtered
off after 30 min. The solid was washed with acetone and air dried.
Yield: 0.97g (78%). Addition of Gd(NO;);6H,O (0.23 g,
5X10*mol) to a stirred solution of L3Ni-2H,O (0.46 ¢,
1 X103 mol) yielded the same compound. IR (KBr): ¥ = 3408,
2954, 1623, 1473, 1450, 1319, 1290, 1245, 1225, 1067, 1028, 974,
855, 740, 645, 482 cm~'. MS (FAB+, 3-nitrobenzyl alcohol matrix):
m/z = 1136 (11) [(L>Ni),Gd(NO3),]*, 1072 (9) [(L>Ni),Gd(NO5)]*,
708 (100) [L3NiGd(NO;3),]*. UV/Vis: 1 = 450 (sh.), 508, 612,
690 nm. C4,Hs5,GdN;Ni,O,9 (1233.55): caled. C 40.9, H 4.2, N 8.0;
found C 414, H4.2, N 7.8.

L3NiGd(C,N3),(NO3)  (8):  Addition of NaC,N; (0.10 g,
1.1 X103 mol) to a stirred solution of L3NiGd(NOs);(H,0),
(0.30 g, 3.7 10~* mol) in methanol (15 mL) yielded a violet pre-
cipitate that was filtered off. The solid was washed with methanol
and air dried. Yield: 0.28 g (90%). IR (KBr): v = 2909, 2306, 2262,
2238, 2189, 2169, 1643, 1632, 1606, 1469, 1291, 1225, 1071, 973,
852,745, 737, 645, 483 cm™'. MS (FAB+, 3-nitrobenzyl alcohol ma-
trix): m/z = 712 (100) [L3NiGd(N;C,)(NO3)]*. UV/Vis: A = 450
(sh.), 550, 640 nm. C,sH,4,GdNgNiO; (778.47): caled. C 38.6, H
3.1, N 16.2; found C 38.3, H 2.9, N 15.9.

L3NiGd(trif);(H,0), (9): A mixture of [L3Ni]-1.75H,0 (0.23 g,
5X10%#mol) and Gd(trif); (0.30 g, 5X10*mol) in acetone
(20 mL) was stirred for 30 min and then filtered. The solution was
concentrated to 2-3 mL. Addition of CH,Cl, (15 mL) and stirring
at room temperature yielded an off-white precipitate that was fil-
tered and dried. Yield: 0.42 g (79%). IR (KBr): ¥ = 3494, 2961,
1631, 1481, 1472, 1435, 1293, 1283, 1234, 1224, 1194, 1169, 1068,
1030, 743, 646, 636, 521 cm™!. MS (FAB+, 3-nitrobenzyl alcohol
matrix): m/z = 882 (100) [L3NiGd(trif),]*. UV/Vis: 4 = 438 (sh.),
580, 725 nm. C,4H,3FoGdN,NiO,5S; (1067.62): caled. C 27.0, H
2.6, N 2.6; found C 26.5, H 2.4, N 2.5.

(L3Ni),Eu(trif)3(H,0)3 (10): [L>Ni]-1.75H,0 (0.23 g, 5% 10~* mol)
and Eu(trif); (0.15 g, 2.5X 10# mol) in acetone (15 mL) by using
the experimental procedures described above for 9 yielded light-
green crystals that were filtered and dried. Yield: 0.23 g (61%). IR
(KBr): ¥ = 3322, 2957, 1622, 1470, 1438, 1286, 1242, 1220, 1162,
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Table 1. Crystallographic data for complexes 2, 3, 4, and 10.

European Journal
of Inorganic Chemistry

2 3 4 10
Formula C30H38CUF9GdN201683 C39H36CUZF9GdN4017S3 C42H55N4Ni201 1.5 C45H54EUF9N4Ni2020$3
Fw 1169.59 1384.23 917.29 1507.48
Space group P1 C2/c P1 P2,/c
a[A] 9.173(2) 24.4395(19) 11.204(5) 16.7230(10)
b [A] 13.747(3) 13.6355(11) 12.097(5) 16.2780(8)
¢[A] 16.855(3) 30.102(2) 16.360(5) 24.1980(5)
a ] 88.03(3) 90 81.02(3) 90
B°] 79.80(3) 101.059(6) 85.45(3) 102.802(3)
1l 87.49(3) 90 76.40(3) 90
VA 2089.1(7) 9845.0(13) 2126.7(9) 6423 .4(5)
VA 2 8 2 4
Peaiga [2em 7] 1.859 1.868 1.431 1.559
A[A] 0.71073 0.71073 0.71073 0.71073
T[K] 180(2) 100(2) 180(2) 100(2)
1(Mo-K,) [mm™] 2342 2.423 0.951 1.736

R obsd., all 0.0450, 0.0509
R, obsd., all 0.1065, 0.1099

0.0506, 0.1078
0.1034, 0.1183

0.0457, 0.1063
0.0893, 0.1022

0.1448, 0.2627
0.3336, 0.3935

[a] R = Z||F| — [FVZIFo. [b] Ry = [Ew(F? | — [FZ DYE wiF P>,

1063, 1029, 970, 851, 743, 636 cm'. MS (FAB+, 3-nitrobenzyl
alcohol matrix): m/z = 1303 (20) [(L*Ni),Eu(trif),]*, 1154 (17)
[(L*Ni),Eu(trif)]*, 877 (100) [L3NiEu(trif),]*. UV/Vis: A = 632,
936 nm. Cy4sHs,EuFoN,Ni,050S; (1507.47): caled. C 35.8, H 3.6,
N 3.7; found C 35.8, H 3.5, N 3.6.

Physical Measurements: Elemental analyses were carried out at the
Laboratoire de Chimie de Coordination Microanalytical Labora-
tory in Toulouse, France, for C, H, and N. IR spectra were recorded
with a GX system 2000 Perkin—Elmer spectrophotometer; samples
were run as KBr pellets. Solid-state (diffuse reflectance) spectra
were recorded with a Perkin—Elmer Lambda 35 UV/Vis spectrome-
ter in the 400-1100 nm range. Mass spectra (FAB+) were recorded
in dmf as solvent and 3-nitrobenzyl alcohol matrix with a Nermag
R10-10 spectrometer. Magnetic data were obtained with a Quan-
tum Design MPMS SQUID susceptometer. All samples were 3-mm
diameter pellets molded from ground crystalline samples. Magnetic
susceptibility measurements were performed in the 2-300 K tem-
perature range in a 0.1 T applied magnetic field, and diamagnetic
corrections were applied by using Pascal’s constants.!l Isothermal
magnetization measurements were performed up to 5 T at 2 K. The
magnetic susceptibilities were computed by exact calculations of
the energy levels associated to the spin Hamiltonian through diago-
nalization of the full-matrix with a general program for axial sym-
metry,??! and with the MAGPACK program package®3 in the case
of magnetization. Least-squares fittings were accomplished with an
adapted version of the function-minimization program MIN-
UIT.B4

Crystallographic Data Collection and Structure Determination for 2,
3, 4, and 10: Crystals of 2, 3, 4 and 10 (Table 1) were kept in the
mother liquor until they were dipped into oil. The chosen crystals
were mounted on a Mitegen micromount and quickly cooled down
to 180 or 100K. The selected crystals of 2 (green,
0.37%0.16 X0.12 mm), 3 (light pink, 0.30x0.18X0.07 mm), 4
(orange, 0.45X%0.26 X 0.10 mm), and 10 (green) were mounted on
a Stoe Imaging Plate Diffractometer System (IPDS) (for 2, 4) or
an Oxford-Diffraction XCALIBUR (for 3, 10) by using a graphite
monochromator (4 = 0.71073 A) equipped with an Oxford Cryosy-
stems cooler device. The data were collected at 180 (for 2, 4) or
100 K (for 3, 10). The unit-cell determination and data integration
were carried out by using the CrysAlis RED package for the data
recorded with the Xcalibur and the Xred package for the
STOE.[?>:3¢1 9369 reflections were collected for 2, of which 4470
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were independent (R;, = 0.0672), 36415 reflections for 3, of which
10056 were independent (R;,, = 0.0848), 21969 reflections for 4, of
which 12887 were independent (R, = 0.0502), and 45340 reflec-
tions for 10, of which 11730 were independent (R;,, = 0.3309). The
structures were solved by direct methods by using SIR92B7N and
refined by means of least-squares procedures on a F> with the aid
of the program SHELXL9738! included in the software package
WinGX version 1.63.131 The atomic scattering factors were taken
from International Tables for X-ray Crystallography.*?l All hydro-
gen atoms were geometrically placed and refined by using a riding
model. All non-hydrogen atoms were anisotropically refined, and
in the last cycles of refinement a weighting scheme was used, where
weights were calculated from the following formula: w = 1/[c*(F,?)
+ (aP)> + bP), where P = (F,> + 2F2?)/3. Although several data
sets were recorded on selected crystals of 10, their poor quality
precluded the obtainment of good refinement. Drawings of mole-
cules are performed with the program ORTEP32*!! with 30% prob-
ability displacement ellipsoids for non-hydrogen atoms. CCDC-
696284 (for 2), -696285 (for 3), -696286 (for 4), and -696287 (for
10) contain the supplementary 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.

Supporting Information (see footnote on the first page of this arti-
cle): Magnetic susceptibility data for complexes 2, 8, and 10 in
terms of thermal variation of the y,,T products.
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