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The crystal structure and the magnetic properties of a heterodinuclear complex,
[LCu(Me,CO)Gd(NO3)3]2  (L=N,N’-bis(2-hydroxy-3-methoxybenzylidene)-1,3-diaminopropane)
are reported: [(C19H20N204)Cu(C3HgO)Gd(NO3)3]2, triclinic, space group P1, with
a=12.118.3(9), b = 13.562(3), ¢ = 9.391(3) A, o = 93.03(3), B = 107.65(2), y = 73.07(2)°,
V = 1406.0(7) A%, Z = 1. The crystal structure consists of two independent binuclear Cu!'Gd'"!
complexes and two non-coordinating acetone molecules in the asymmetric unit. The central region
of the complexs is occupied by Cu'' and Gd'"" ions which are bridged by two phenolato oxygen
atoms of the ligand. The Cu'! ion is in a square-planar geometry and coordinated by four donor atoms
of the ligand (N»0,). The Gd""! ion is deca-coordinated. In addition to the two phenolate oxygen
atoms, its coordination sphere contains two oxygen atoms of the OMe side arms of L and six oxygen
atoms from the three bidentate nitrate ions. The average Cu---Gd separation is 3.375(2) A. The yT
versus T plots, x being the molar magnetic susceptibility per Cu''Gd'"" unit and T the temperature,
has been measured in the 4—347 K range. The values of the intrachain interaction parameters have
been deduced from the magnetic data: J = 7.4 cm™ 2, goy = 2.12, ggg = 2.06. This indicates a weak
ferromagnetic spin exchange interaction between Cu' and Gd'"! ions. The nature of the magnetic
super-exchange interaction of the title compound is compared with similar Cu''Gd"'! heterodinuclear

complexes.
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Introduction

Crystal structures and magnetic properties of het-
eropolymetallic complexes simultaneously comprising
d and f transition metal ions have been the subject of
several investigations in the last few years. The studies
of these compounds have often been performed either
in relation to the modeling of some metalloenzymes
containing various kinds of metal ions, or with the per-
spective to design novel molecular materials, in partic-
ular molecule-based magnets, with tailored the mag-
netic properties [1]. In particular the Cu''Gd'" couple
has been extensively studied both from a structural as
well as from a magnetic point of view, in a number of
binuclear Cu''-Ln""" ploynuclear systems, bridged by
phenoxo or multidentate ligands with donating hetero
atoms [2-12]. As most of the complexes presenting an
isolated Cu''Gd"" couple show a ferromagnetic cou-
pling, a behavior so general led some authors to pro-

pose it to be an intrinsic property of the copper(ll)-
gadolinium(l11) couple [12]. However, there are also
few examples in the recent literature where an antifer-
romagnetic coupling has been detected [12—14], so no
conclusive evidence on the particulars is available so
far. The issue of an eventual link between magnetic
behavior and structural properties in the copper(ll)-
gadolinium(l11) system is thus still an open question.
Very recently, we studied the crystal structure and
magnetic properties of heterodinuclear Cu''-Ln"" com-
plexes; Cu''Ce'"!, LCu(Me,CO)Ce(NO3)3 (L=N,N’-
bis(2-hydroxy-3-methoxybenzylidene)-1,3-diamino-
propane ) [15] and Cu''Nd"!, L2Cu(Me,CO)Nd(NO3)3
(L?=N,N’-bis(2-hydroxyl-3 methoxybenzylidene)
ethylenediamine) [16]. In this study, we have syn-
thesized a new heterodinuclear Cu''Gd"' compound,
[LCu(Me,CO)GA(NO3)3]2  (L=N,N’-bis(2-hydroxy-
3-methoxybenzylidene)-1,3-diaminopropane ) and
determined its crystal structure by X-ray diffraction.
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We have also measured magnetic susceptibilities in the
temperature range 4-347 K using a SQUID magne-
tometer in an attempt to gain more information on the
magnetic properties of Ln'!" polynuclear complexes.

Experimental Section

Preparation

The hetero-dinuclear Cu''Gd""" complex [LCu(Me,CO)
Gd(NO3)3]2 (L=N,N’-bis(2-hydroxy-3-methoxybenzyl-
idene)-1,3-diaminopropane) was prepared in two steps.
In the first step, the Schiff base ligand was synthesized
by reaction of 1,3-diaminopropane and 2-hydroxy-3-
methoxybenzaldehyde in a 1:2 molar ratio at r.t. The Schiff
base ligand (L) was obtained in the form of yellow crystals.
For the preparation of the monomeric copper(ll) complex,
LCu, to a hot methanol solution (50 ml) of the ligand
(1 mmol) a hot methanol solution (40 ml) of copper(ll)
acetate monohydrate (1 mmol) was added dropwise. The
mixture was stirred and then cooled to r.t. give a green
precipitate which was collected by suction filtration and
washed with cold methanol and finally dried in air.

In the second step, for the preparation of the Cu''Gd'!
complex, an acetone solution (10 ml) of Gd(NOg3)3 - 6H,O
(1 mmol) was added to a suspension of the copper(ll) com-
plex, LCu (1 mmol), in acetone (40 ml). Soon, the suspension
became clear and light green crystals began to precipitate,
which were collected by suction filtration and washed with
cold acetone and finally dried in air. C44H55N19O28Cu>Gd,
(1611.1): calcd. C 32.8, H 3.3, N 8.7, Cu 7.9, Gd 19.5; found
C 33.5,H3.6,N9.2,Cu 8.0, Gd 20.1.

Table 1. Summary of crystallographic data.

Sum formula [(C19H20N204)Cu(C3Hs0)Gd(NO3)3]2
fw (g-mol~1) 1611.1
Space group P1
a=12.118(3) A o = 93.03(3)°
b=13.562(3) A B =107.65(2)°
c=9.391(3) y=T73.07(2)°
Vol [A3] 1406.0(7)
VA 1
Dealc (g'cmis) 1.903
u[em~1] 0.854
F(000) 796
Index ranges —17<h<16,-19<k<19,0<I1<13
Reflections collected 8232
Independent reflections 8191
Data / restraints / 8191/3/776
parameters
Goodness-of-fit on F2  1.182

Final Rindices
I'>20(1)]

Flack parameter
(Flack, 1983 [31])

Largest diff.
peak and hole

R=0.0405, wR = 0.1101
0.018(9)

0.0686 and —0.917 e A3

X-ray structure determination

X-ray data collection was carried out on an Enraf-Nonius
CAD-4 diffractometer [14] using a single crystal with di-
mension 0.05 x 0.15 x 0.20 mm?3 with a graphite monochro-
matized Mo-K,, radiation (A = 0.71073 A) Experimental
conditions are summarized in Table 1. Precise unit cell di-
mensions were determined by least-squares refinement on
the setting angles of 25 reflections (2.16° < 6 < 10.53°)
carefully centered on the diffractometer. The standard re-
flections were measured every 7200 s and the orientation
of the crystal was checked after every 600 reflections. Data
reduction and corrections for absorption and decomposition
were achieved using the Nonius Diffractometer Control Soft-
ware [14]. The structure was solved by SHELXS-97 [15] and
refined with SHELXL-97 [16]. All nonhydrogen atoms were
treated anisotropically. The positions of the H atoms bonded
to C atoms were calculated (C-H distance 0.96 A) and re-
fined using a riding model, and H atom displacement parame-
ters were restricted to be 1.2 Ueq of the parent atom. Selected
bond lengths and angles are summarized in Table 2. Crystal-
lographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary pub-
lication no. CCDC-228975 [17].

Susceptibility measurements

Magnetic susceptibility data were collected on a pow-
dered sample of the compound with use of a SQUID-
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Table 2. Selected bond lengths [A] and angles [°].

Cul-02 1.955(5) Gdl-03 2.347(%)
Cul-03 1.948(5) Gd1-02 2.349(4)
Cul-N2 1.958(8) Gd1-01 2.400(5)
Cul-N1 1.970(5) Gd1-011 2.451(6)
Cu2-014 1.925(5) Gd1-04 2.455(5)
Cu2-015 1.936(5) Gd1-N5 2.853(6)
Cu2-N7 1.985(5) Cu2-N6 1.959(7)
Gd2-015 2.360(6) Gd2-014 2.369(6)
Gd2-017 2.570(4) Gd2-016 2.571(5)
Gd2-N9 2.879(4)

Cul-02-Gd1 107.3(2) Cul-03-Gd1 107.6(2)
Cu2-014-Gd2 107.7(2) Cu2-015-Gd2 107.7(2)
03-Cu1-02 79.4(2) 03-Cul-N2 89.9(3)
02-Cul-N2 168.0(3) 03-Cul-N1 169.9(2)
02-Cul-N1 90.5(2) N2-Cul-N1 100.1(3)
014-Cu2-015 79.5(2) 014-Cu2-N6 91.6(2)
015-Cu2-N6 171.1(2) 014-Cu2-N7 171.1(3)
015-Cu2-N7 91.8(3) N6-Cu2-N7 97.1(3)
03-Gd1-02 64.2(2) 03-Gd1-01 126.1(2)
02-Gd1-01 64.9(2) 03-Gd1-04 65.27(2)
02-Gd1-04 125.9(2) 01-Gd1-04 143.6(2)
03-Gd1-N5 95.4(2) 02-Gd1-N5 94.4(2)
01-Gd1-N5 72.1(2) 04-Gd1-N5 25(2)
015-Gd2-016 63.9(2) 014-Gd2-016 122.3(2)
017-Gd2-016 142.5(2) 015-Gd2-N9 125.8(2)

based sample magnetometer on a QUANTUM Design Model
PPMS (Physical Properties Measurement System) instru-
ment in the temperature range 4-347 K. Diamagnetic
corrections of the molar magnetic susceptibility of the com-
pound were applied using Pascal’s constant [18]. The applied
field was 10 KOe.

Results and Discussion
X-ray crystal structure

The complex consists of dinuclear molecules in
which Cu'' and Gd"! ions are bridged by two pheno-
lato oxygen atoms of the ligand. The ORTEP view [19]
of the molecular structure is shown in Fig. 1. The dis-
tances Cul---Gdl and Cu2---Gd2 are 3.473(2) and
3.477(2) A, respectively.

The Cu" ion is coordinated by two imine N atoms
and two phenolate O atoms from the imine-phenolate
ligand in a slightly distorted square-planar coordina-
tion geometry. The atoms with the greatest deviation
from the coordination planes Cul, N1, N2, 02, O3 and
Cu2, N6, N7, 014, 015 are O2 at 0.06(1) A and O14
at —0.02(1) A. The average distance Cu-N 1.964(6) A
in the first molecule is slightly smaller than the com-
parable distance of 1.972(6) A (average Cu-N) in the
other molecule. The average Cu-O distance in the for-
mer is 1.952(5) A while in the other molecule, the av-

Fig. 1. View of the molecule (numbering of atoms corre-
sponds to Table 2). Displacement ellipsoids are plotted at the
50% probability level and H atoms are presented as spheres
of arbitrary radii. The two Me,CO solvent molecules and the
H atoms are omitted for clarity.

erage Cu-0 distance is 1.931(5) A, respectively. These
distances are in the range of those of conventional
Schiff-base Cu'' complexes of square-planar coordina-
tion [20-24].

The Gd"" ion is deca-coordinated. In addition to the
two phenolate oxygen atoms, the coordination sphere
contains two oxygen atoms of the OMe side arms
of L and six oxygen atoms of three bidentate nitrato
ions. The average distance between the Gd'"! ion and
the O atoms of the nitrate ions is 2.507(6) A. The
range of the Gd-O bond lengths is rather large (from
2.451(6) to 2.607(7) A) with significant differences
between the phenolic, methoxy, and nitrato oxygen
atom. The shortest Gd—O bond (2.369(6) A) is related
to the phenolic oxygen atoms while the largest bond
(2.607(7) A) involves the oxygen atom of a nitrate ion.
The Gd1-02-Cul and Gd1-0O3-Cul bridging angles
in the first molecule are 107.3(2) and 107.6(2)°, re-
spectively. In the other molecule, the Gd2-014-Cu2
and Gd2-015-Cu2 bridging angles are both 107.7(2) °.
The maximum deviation from the bridging planes de-
fined by atoms Cul, 02, O3 and Gd1 is 0.10(1) A
for the Cul atom and for Cu2, O13, O14 and Gd2
it is 0.26(1) A for the Gd2 atom. The dihedral an-
gle between the Gd10(2)Cul and Gd10(3)Cul planes
is 13.9(1)°. In the second molecule, the dihedral an-
gle between the Gd20(13)Cu2 and Gd20(14)Cu2
planes is 10.9(1)°. The average dihedral angle be-
tween the two halves (OCuO and OGdO) of the bridg-
ing cores is 11.6(2)° [O(2)CulO(3) and O(2)Gd10(3)
planes: 11.5(2)°, O(14)Cul0O(15) and O(14)Gd10(15)
planes: 11.6(2)°]. The torsion angles N1-Cul-O2-
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Fig. 2. Plot of ¥ T versus temperature.

Gd1, N2-Cul-03-Gd1, N6-Cu2-014-Gd2 and N7-
Cu2-015-Gd2, are —169.8(2), 164.3(2), 168.0(2),
and 166.2(2)°, respectively.

Magnetic properties

The temperature dependence of the magnetic sus-
ceptibility in the range 4-347 K is shown in Fig. 2
in the ¥ T vs T form, the applied magnetic field be-
ing equal to 10 KOe. At 347 K, xT is equal to
9.23 cm® Kmol~! which roughly corresponds to the
value expected for the two uncoupled metal ions.
When the temperature is lowered, ¥ T increases and
reaches a maximum of 10.67 cm® Kmol ! at 4 K.

The effective magnetic moment at 347 K is 8.59 ug
(Fig. 3.) This value is close to the spin-only value
(8.12 ug) calculated from the equation uefr = (U2, +
ugq)Y/? in the absence of magnetic interactions for
the present spin-system (Scy = 1/2, Sgg = 7/2). As
already noted, the ground state of Gd'" is 8S;, and
the next excited state is well separated in energy, so
that e of Gd'!' can be approximated by the spin-only
equation, uerr = [4S(S+ 1)]/2. As the temperature is
lowered the magnetic moment increases gradually and
reaches the maximum value 9.24 ug at 4 K. Such
an increase indicates the onset of ferromagnetic spin-
coupling between Cu'' and Gd'"", because the spin-
only value for the spin state S= 4 resulting from the
ferromagnetic interaction between Cu'' and Gd" is
8.94 up.

The profile of the curve indicates that the Cu''-Gd'"!
interaction is ferromagnetic, with an S= 4 ground state
and an S= 3 excited state. In order to understand quan-

Mo (5]

0 I50'1(I)0I1tl'>0'2(IJOI2éO'3(IJO.3éO
TIK]

Fig. 3. Plot of the effective magnetic moment, per molecule

LUeff, VErsus temperature.

titatively the magnitude of the spin-exchange interac-
tion between Cu'' and Gd"" ions, an analysis was per-
formed with the susceptibility equation based on the
Heisenberg spin-exchange operator:

H = —J%u- Sad o))

where J is the magnetic exchange integral between
cu' and Gd"' ions. The Hamiltonian results in a
septet-nonet energy gap of 4J. The ratio between the
xT values at 4 and 347 K is equal to 1.16, which
closely corresponds to the ratio (¥ T).r/(xT)uT be-
tween low-temperature and high temperature limits of
x T for such a ferromagnetically coupled Cu''Gd'"" pair
[(xT)ur/(xT)ur = 40/33 if the local Zeeman factors
Oad an gey are assumed to be equal]. The theoretical
expression of the magnetic susceptibility is easily de-
rived from operator (1):

_ 4NB? 7g5 + 15g3exp(4d/KT)

AT = T T T Gexp(A3KT)

)

where gz and g, are the Zeeman factors associated with
S= 3 and S= 4 low-lying states, respectively; gs and
04 are related to the local Zeeman factors through [25]

93 = (996d —9cu)/8 (3)

94 = (796d +9cu)/8 4)

x denotes the molecular susceptibility per binuclear
complex, and the other symbols have their usual mean-
ings. Least-squares fitting of the experimental data
leads to J = 7.4 cm~1, goy = 2.12, ggq = 2.06 with
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Table 3. Structural and magnetic data for a series of related
compounds.

Compound Cu---Gd [A] Cu-O-Gd J(cm™1) gey gog ¢

a 3.428 106.7 7.01 211 201 129
b 3.484 107.8 6.8 199 20 125
c 3.5623 108.1 4.8 196 2.0 16.6
d 3.306 99.1 1.88 212 228 245
This work  3.375 107.6 7.4 212 206 11

a8 [CULGd(NO3)3]-Me,CO (Costes et al. [3]); P [L2Cu(MeOH)Gd-
(NO3)3] (Costes et al. [4]); ¢ [L*Cu(OCMe;)Gd(NO3)s] (Costes et
al. [4]); 9 [CuGd(H,O)(NO3)(ems)] (Atria et al. [26]); ¢ Dihedral
angle between coordination planes (OCuO and OGdO).

the agreement factor defined as R(x) = [Z(Xobsd —
Keated)?]/ [Z(xobsd)?] is 9-10~° which indicates an ex-
cellent agreement between observed and calculated
values.

Interestingly the variation of J still parallels that of
the dihedral angle ¢ between the two halves (OCuO
and OGdO) of the bridging core. In the present work,
it appears that the highest exchange parameter (J =
7.4 cm~1) correspond to ¢ angles of 11.5(2) and
11.6(2)°. Increasing the angle ¢ to 16.6° [4] and
24.5° [26] causes a decrease of J to 4.8 and 1.88 cm 1,
respectively (Table 3). Also, when we compare these
data with those previously reported for CuGd clusters
with similar ligands (Table 3), we see that the present
coupling constant is similar to most of them, i.e the
coupling between Cu'' and Gd""" ions is ferromagnetic.
This is surprising because the Gd"" ion has unpaired
electrons in all seven f orbitals and at least one of them
or one linear combination can give a non-zero overlap
with the corresponding orbitals of Cu'! to give an anti-
ferromagnetic coupling [27].

The fact that the coupling between Cu'' and Gd'"
in many CuGd clusters is ferromagnetic may be due to
the spin polarization [27, 28] that occurs when the sin-
gle 3d-type magnetic orbital on Cu'' overlaps with the
empty 6sorbital of Gd'!!. The fraction of unpaired elec-
trons that is thus transferred from Cu'! to Gd'!" keeps

the f electrons parallel as required by Hund’s rule, de-
termining a ferromagnetic coupling between the two
metal ions [28]. The facts that the 4 f orbital is shielded
by the outer filled 5s and 5p orbitals, and lanthanide
ions generally form complexes using 6s, 6p and/or 5d
orbitals, support the spin-polarization mechanism [29].

The mechanism of the interaction between Cu'! and
Gd'" jons by coupling between the 4f — 3d ground
configuration and the excited configuration arising
from the 3dcy — 5dgq electron transfer and leading
to ferromagnetic character has been suggested first by
Goodenough [30]. In such a mechanism, J is given by

5
Z[ﬁSd 30/ (4U% — A%)], (5)

where Bsq_3q is a transfer integral involving the singly-
occupied copper orbital and a 5d gadolinium orbital,
A is the energy gap between S= 3 and S= 4 excited
states arising from the 4 f 75d? electron transfer config-
uration, and U is the energy cost of such a transfer. The
summation applies to the five 5d gadolinium orbitals.
The largest Bsq_3q integrals (in absolute values) prob-
ably involve the gadolinium 5d orbitals oriented along
the Gd — O bridging directions. If this is so, one easily
understands why bending the bridging network results
in a decrease of those |Bsq_3q]| integrals and therefore
in a decrease of the Cu'' — Gd"" interaction. Indeed,
ferromagnetic coupling between Cu"' and Gd'" is pos-
sible only through a super-exchange interaction medi-
ated by bridging oxygen ligands. In other words, the
orbitals centered on Cu'' to Gd"' must have a fairly
large overlap density on the oxygen atoms, which can
be obtained only through a fairly substantial covalency
of the Gd-O bond [2].
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