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Slow sorption of atmospheric CO, yielded a [Ni"4Gd"4] complex with a significant

magnetocaloric effect in the 1-20 K temperature range.
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ABSTRACT: Two original heterooctanuclear [Ni'4Ln'",] complexes (L™ = Sm"™, Gd™)
have been obtained starting from the [NiH(Valpl’l)(Hzo)z] mononuclear precursor [Hyvalpn =
1,3-propanediylbis(2-iminomethylene-6-metoxy-phenol)] and the corresponding lanthanide
nitrates, in the presence of azide anions, through slow capture of atmospheric CO,. Three
weak and competitive exchange interactions, JGdgd, Jadni> Jnini, make the ground state of this
magnetic system degenerate at cryogenic temperature and zero field. This, along with the
high spin of Gd", lead to a significant magnetocaloric effect spread in the temperature range

1t020 K (ASp[0-7 T, 3.5 K] =19 T Kg' K™.

Introduction

An important research topic in molecular magnetism is represented by the synthesis of
heterometallic complexes containing both paramagnetic 3d and 4f ions. The interaction
between d and f spin carriers within the same molecular entity leads to interesting magnetic
properties. Moreover, 3d-4f complexes have been intensively studied in order to reveal the
factors governing the nature and magnitude of the exchange interaction between lanthanides
and various 3d metal ions.' The interest for 3d—4f heteronuclear complexes grew rapidly after
Gatteschi’s report on the ferromagnetic interaction between adjacent Cu" and Gd™ ions in
trinuclear Cu"Gd™Cu" complexes.> Nowadays, the revival of 3d-4f combined chemistry
arises from to the discovery of molecular nanomagnets (single-molecule magnets, SMM:s,

and single-chain magnets, SCMs),“"b’3

and from their significant magnetocaloric effect
(MCE).* On one hand, the design of 3d-4f molecular nanomagnets requires the use of
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lanthanide ions exhibiting a high anisotropy, the best candidates being Tb", Dy"", and Ho™
ions.” On the other hand, in order to generate molecular compounds with a large
Magnetocaloric Effect,* ions with high spin and low magnetic anisotropy are necessary, such
as the isotropic Gd"" ion. MCE is an intrinsic property to any magnetic material and is related
to the change of the magnetic entropy, -ASy, once it is exposed to a magnetic field. When the
magnetic field is switched off, if the demagnetization process occurs without any heat flow
from the environment, a drop (AT,s) of the temperature of the system is observed. This
behaviour can be exploited for magnetic refrigeration.” A prerequisite for achieving a large
MCE is a highly degenerate magnetic ground state and an easy lift of this degeneration by the
application of an external magnetic field which, in turns, induces a large variation of the
entropy.® Although attention of chemists was mostly oriented towards lanthanide compounds
and alloys, due to their large magnetic entropy changes,” heterometallic 3d-4f polynuclear
complexes were also shown to exhibit a magnetic refrigerant behaviour.’

In previous papers we have shown that binuclear [Ni"(valpn)Ln™]

complexes, apart
from their interest for the investigation of the Ni'-Ln"™ exchange interactions,® can be
employed as precursors for obtaining high-nuclearity clusters and coordination polymers with
interesting magnetic properties (valpn” is a Schiff-base compartmental ligand resulted from
the condensation of o-vanillin with 1,3-propanediamine).” Herein we present two novel
octanuclear clusters, [Ni"4Ln"'4], which are obtained by reacting the binuclear [Ni'"Ln™]
precursors with sodium azide and through the simultaneous fixation of atmospheric CO, (Ln
= Sm, Gd). The magnetothermal properties of the gadolinium derivative have been
investigated. The reaction between coordination compounds and atmospheric CO, was first
observed with several transition metal complexes,'’ resulting in carbonato-bridged

complexes. More recently, several 4f,'" and 3d-4f complexes'? have been shown to be able to

capture atmospheric CO,, resulting in a quite rich variety of carbonato-complexes.

Experimental

Materials

The chemicals used, o-vanillin, 1,3-diaminopropane, sodium azide, Sm(NO3):6H,0,
Gd(NO;);6H,0, as well as all the solvents were purchased from commercial sources. The
mononuclear complex, [Ni(valpn)], was prepared as follows: 10 mmol 1,3-propylenediamine

and 20 mmol triethylamine were added under stirring to 50 mL THF solution containing 20
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mmol o-vanillin. After 30 minutes, an aqueous solution (50 mL) containing 10 mmol
Ni(NOs)-6H,0 is added. The resulting mixture is stirred for an hour, then 500 mL H,O were
added to facilitate the precipitation of the mononuclear complex. The light green solid
obtained is filtered and dried. In order to synthesize [Ni"Ln"] (Ln"™ = Sm, Gd), the method
we have previously described®® was used: 4 mmol of Ln(NO3)3:6H,O are added to a
suspension containing 4 mmol [Ni(valpn)] in 20 mL acetonitrile. The reaction mixture is
stirred for about 20 minutes and then let to slowly evaporate at room temperature.
[[(N3)15(H20)0.sNi(valpn)Sm(H,0)3(n-CO3)Sm(H>0)3(valpn)Ni(N3)(p1 3-N3)o.s]2]

(N3)2:12H20 1 and [[(N3);5(H20)0 sNi(valpn)Gd(H20);(pu-CO3)Gd(H20)3(valpn)Ni(N3) (i 3-
N3)o.5]2](N3)2:10H,O-CH3CN 2 were prepared as follows: a solution containing 0.1 mmol
NaNj dissolved in 10 mL H,O was added to a solution containing 0.1 mmol of the
corresponding [Ni"(valpn)Ln"'] (Ln"™ = Sm, Gd) heterodinuclear complex dissolved in 20
mL acetonitrile. The reaction mixture was stirred for 30 minutes and then filtered. Several
days later, the slow vaporization of the solvent yielded green crystals of the octanuclear
complexes. Yields: 20% for 1, and 22% for 2. Caled: 30.05 C; 4.20 H; 14.82% N. Found:
30.1 C; 4.1 H; 14.8% N for 1. Caled: 30.64 C; 4.14 H; 14.73% N. Found: 30.4 C; 3.9 H;
14.5% N for 2.

X-Ray Structure Determination

Single crystals suitable for X-ray diffraction studies were obtained by slow vaporization, as
described above. Data were collected at 293 K on a STOE IPDS 1I diffractometer using
graphite-monochromated Mo Ko radiation (A = 0.71073A). The structures were solved by
direct methods and refined by full-matrix least squares techniques based on F°. The non-H
atoms were refined with anisotropic displacement parameters. The crystallographic data are

collected in Table 1. CCDC reference number: 986980, 986981.

Physical measurements
The IR spectra were recorded on KBr pellets on a JASCO FTIR 4100 spectrophotometer in
the 4000-400 cm™' range.

The magnetic characterization was performed on microcrystalline powders of 2 by
means of a Quantum Design PPMS-7T. Susceptibility measurements were performed with an
ac excitation field of 10 Oe and frequency 90, 1730 and 9300 Hz. Magnetization
measurements were carried out with a 7 T superconducting coil and dc extraction technique.

3
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Heat capacity was measured in the temperature range of 0.3—20 K by means of a Quantum
Design “He refrigerator, using the relaxation method and two-tau fitting. In this case,

microcrystalline samples were pressed in thin pellets having a mass of about 2 mg.

Results and discussion

The aim of this work is to check whether our strategy for designing high-nuclearity
clusters and coordination polymers, starting from heterodimetallic complexes, can be applied
in order to organize binuclear high spin [Ni"'Ln"] species into complexes with an important
magnetocaloric effect. The self-assembly processes between preformed [Ni'Ln"™] complexes
(Ln = Sm, Gd) and the azide anion, in the presence of carbonate anions (resulted from the
fixation of atmospheric CO;), afforded two novel octanuclear clusters
[[(N3)1.5(H20)0.sNi(valpn)Sm(H,0)3(1-CO3)Sm(H>0)3(valpn)Ni(N3)(p1,3-N3)o.s]2](N3)2:
12H,O 1 and [[(N3);5(H20)0sNi(valpn)Gd(H20);(u-CO3)Gd(H20)3(valpn)Ni(N3) (i 3-
N3)os]2](N3)2'10H,O-CH3CN 2. The carbonato ligand is formed during the slow
crystallization process, a phenomenon observed with other 3d-4f complexes as well.'? The
infrared spectrum of 2 (Figure S1) gives some useful information. First of all, we notice
characteristic bands of the carbonato ligand at 1467 and 1074 cm™; the absorption band at
1528 cm™ is assigned to the v(C—-O) stretching vibrations, while the n(C—O) out-of-plane
bending vibration appears as a weak absorption band at 852 cm'."* The intense band located
at 2033 cm™ is due to the azido ligands. We also mention that the characteristic bands of the
nitrato ligands are no more observed and this confirms that the nitrato groups from the

binuclear precursors have been replaced by the azido and carbonato ligands.

Description of the structures

X-ray diffraction measurements indicated the two complexes are isomorphous and crystallize
in a monoclinic space group (Table 1). Their structure consists of octanuclear cationic units
(Figure 1), uncoordinated azide anions, and solvent molecules (H,O in crystal 1, respectively
H,0 and CH;CN in crystal 2). The gadolinium derivative is particularly interesting from the
magnetic point of view, while the first compound was synthesized in order illustrate that the
absorption of the CO, from the air is a general reaction within this system. They have the
following compositions: [[(N3)1.5(H20O)p.sNi(valpn)Sm(H,0)3(p-
CO3)Sm(H,0)3(valpn)Ni(N3)(11.3-N3)o.5]2](N3)2 12H,0 1 and
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[[(N3)1 5(H20)0.5Ni(valpn)Gd(H,0);(n-CO3)Gd(H20)3(valpn)Ni(N3)(w 3-
N3)o.5]21(N3)2:10H,0-CH;3CN 2. Since the two structures are very similar, only the one of the
gadolinium derivative, 2, will be discussed here.

The construction of the centrosymmetric octanuclear complex can be described as
resulting by connecting two {Ni,Gd,} moieties through the 1,3-azido bridge that links the
nickel ions; each tetranuclear moiety is constructed from two binuclear {Ni(valpn)Gd}
entities bridged by a carbonato ligand, which interacts solely with the gadolinium ions.
Within the octanuclear unit, there are two types of Ni"' ions, Nil and Ni2, both being
hexacoordinated. The equatorial plane of the Nil ion is occupied by donor atoms of the valpn
ligand [Nil — N1 =2.027(7), Nil — N2 =2.023(9), Nil — 02 =2.043(6), Nil — O3 =2.050(6)
A], while two azido ligands are coordinated into the axial positions. One of them behaves like
a terminal ligand [Nil — N6 = 2.093(10) A], while the second one forms a ;3-N3 bridge
between two Nil ions [Nil — N9 = 2.211(9) A]. The intermetallic Nil--Nil' separation has a
value of 6.007 A (' = -x, 2-y, 1-z). The axial positions of Ni2 ions are occupied by one
nitrogen atom coming from a terminal azido ligand [Ni2 — N12 = 2.220(9)] and by one
nitrogen atoms coming from another terminal azido ligand or the oxygen atom of one aqua
ligand [Ni2 — N15/032 = 2.191(9) A, the N15 and 032 were restrained in the crystal
structure refinement to occupy the same crystallographic position with site occupancies
factors of 0.5 each]. The equatorial coordination sites are occupied by four atoms of the
valpn® Schiff-base ligand [Ni2 — N3 = 2.024(9), Ni2 — N4 = 2.006(10), Ni2 — 06 = 2.032(7),
Ni2 — 07 =2.031(6) A]. The two Ni2 ions within the octanuclear unit are placed at a distance
of 24.459 A.

The gadolinium ions are located in the outer compartment of the valpn® ligand and
are nine-coordinated by oxygen atoms. The Gd1 ions are surrounded by four oxygen atoms of
the Schiff-base ligand [Gdl — O1 = 2.544(6), Gd1 — O2 = 2.360(6), Gd1 — O3 = 2.389(6),
Gdl — 04 = 2.556(6) A], three oxygen atoms belonging to aqua ligands [Gdl — O12 =
2.439(8), Gd1 — 013 = 2.467(8), Gdl — O14 = 2.460(7) A], and two oxygen atoms coming
from a carbonato bridge [Gd1 — 09 = 2.486(7), Gd1 — 010 = 2.415(7) A].

The Gd2 ion is coordinated to four oxygen atoms of the valpn® ligand [Gd2 — O5 =
2.560(7), Gd2 — 06 = 2.370(6), Gd2 — O7 = 2.398(7), Gd2 — O8 = 2.545(7) A], three aqua
ligands [Gd2 — O15 = 2.424(8), Gd2 — 016 = 2.432(8), Gd2 — 017 = 2.461(7) A}, and two
oxygen atoms from the bridging carbonato ligand which displays a two-(n’ chelation) [Gd2 —
09 = 2.465(7), Gd2 — O11 = 2.456(6) A]. The separation between the carbonato-bridged

5
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Gd" ions is Gd1-+-Gd2 = 4.942 A. The distances between the metal ions within the binuclear
{NiGd} units are: Nil--Gdl = 3.538 and Ni2:~-Gd2 = 3.523 A. The intramolecular
Gd1--Gd1' and Gd2--Gd2' (' = -x, 2-y, 1-z) separations, are 10.016 and 19.610 A,
respectively. Selected bond distances and angles for 1 and 2 are given in Tables 2 and 3,

respectively.

Magnetic properties
The ac susceptibility of 2 have been measured between 2 and 300 K (Figure 2). The room
temperature value of the 7 product, 36.8 cm’ mol™ K, corresponds to the one expected for
the eight non-interacting ions (four Ni" and four Gd™): 36.3 cm’ mol™ K, assuming gy; = 2.2
and ggq = 2. The ymT product is constant down to 50 K, then it increases, reaching ~37.5 cm’
mol™ K at 8 K. Below this temperature, 7 decreases abruptly reaching ~33 cm’ mol™ K at
1.8 K. The spin Hamiltonian for this system should include three exchange parameters (J/xiGd
JGdcd, Jnini) and this, together with the high spin value of Gd, leads to the huge dimension of
the matrix and does not make possible to solve the problem numerically. However, the
magnetic behaviour of 2, depicted in Figure 2, can be understood, having in mind that: (i) the
exchange interaction between phenoxo-bridged N™ and Gd" ions is in most cases weak
ferromagnetic, with J values ranging from 0.2 to ~5 em™;* ™ (ii) the exchange interaction
between the carbonato-bridged Gd™ ions, if any, is very weak;'2 (iii) the magnetic coupling
between Ni' ions connected by 1,3-azido bridges is, in most cases, antiferromagnetic, with J
values as large as -114.5 cm™;" rarely, it was showed to be ferromagnetic.'® In case of
complex 2, the values for Nil-N9-N10, Nil'-N9'-N10, and t dihedral angles are 121.53,
121.53, and 0°, respectively, which suggests a moderate antiferromagnetic coupling between
Ni" jons."** Consequently, the increase of the yw7 product below 50 K is probably due to
dominant ferromagnetic interactions (characteristic for the Ni'-Gd" pair); below 10 K, a
superposition of the antiferromagnetic interactions mentioned above with the zero field
splitting effect associated to the Ni" ions is likely to occur as shown by the drop of the yuT
product in Figure 2.

The field dependence of magnetization M(H) was measured at different temperatures

as shown in Figure 3. At high field and low temperature M(H) tends to reach a value of ~35

Naup although saturation is not completely achieved at 7 T. This is compatible with the 4
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spins S =7/2 of Gd" and 4 spins S = 1 of Ni"" per formula unit and indicates that the magnetic
field overcomes the weak (anti-)ferromagnetic interactions.

To get more insight we have also measured the specific heat C(T,H) at low
temperature in different applied magnetic field (Figure 4). The C(7T) curve in zero field shows
a Schottky anomaly with a maximum at 1 K. This anomaly reflects the degeneracy of the
ground state due to both the small - but finite - anisotropy of the single Ni" and Gd" ions and
to the weak and competitive interactions. The Schottky anomaly is progressively shifted
towards higher temperatures with the application of magnetic field of increasing strength. For
highest fields (i.e. 5, 7 T) the maximum disappears but at 15 K the specific heat is higher than
in zero field, indicating that a significant amount of magnetic entropy is present at that
temperature.

Starting from the specific heat, the change of entropy in magnetic field is evaluated by
using the relation: S(7)z = ,[ (C/T)B)dT + So, where Sy is an additive constant that accounts for
the specific heat curve for 7 < 0.3 K. According to the Maxwell equation, the entropy
variation can also be estimated using the magnetization data: ASy(T)as= f(@M(T ,H)/0H)g dB.
In Figure 5, the AS,, values obtained with the two different methods compare very well one to
another. The peak of AS,,(7)is found at about 3.5 K with a maximum value of AS,,[0-7 T] =
19 T Kg"' K. This peak results not particularly pronounced but the entropy variation AS;,[0-7
T] is still large (>5 J Kg" K™') at 20 K. Thus while AS,, value is comparable to those reported
for other molecular Gd™ complexes,4 it turns out that the process of entropy removal is

spread over a wider temperature range (1-20 K) in this complex.

Conclusions

In conclusion, we have obtained two novel octanuclear [Ni'4Ln"4] [Ln = Sm, Gd] molecular
clusters through fixation of atmospheric CO,. The eight metal ions are held together by three
different types of bridge: phenoxo, carbonato and azido. The increasing number of such
complexes shows that slow crystallization processes in the presence of a basic reagent (e. g.
triethylamine) favor the absorption of the CO,, with the formation of carbonato bridged
species. The investigation of the magnetic proprties of the [Ni'4Gd"™,] complex reveals a

significant magnetocaloric effect (AS,[0-7 T] =19 Jkg'K™).
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Table 1. Crystallographic data, details of data collection and structure refinement parameters

for compounds 1 and 2

Compound 1 2
Chemical formula C78H130N33047Ni4Sm4 C80H129N33045Ni4Gd4
M (g mol™) 3104.38 3136.83
Temperature, (K) 293 293
Wavelength, (A) 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P2/n P2/n
a(A) 13.1410(4) 13.1507(7)
b(A) 23.4741(8) 23.5171(14)
c(A) 19.0068(5) 18.9619(10)
ao(®) 90.00 90.00
A°) 91.216(2) 91.06
n°) 90.00 90.00
V(A% 5861.8(3) 5863.3(6)
Z 2 2
D, 1.759 1.764
4 (mm™) 2.696 2.953
F£(000) 3116 3092
Refinement on F* F’
Goodness-of-fit 1.068 0.850

Final R1, wR; [I>nc(])]

R1, wR; (all data)

Largest diff. peak and hole (eA™)

0.0600, 0.1490
0.0768, 0.1589
2.448, -1.883

0.0521, 0.0893
0.1134, 0.1023
1.482,-0.775
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Table 2. Selected bond distances and angles for compound 1

Nil-N1
Nil-N2
Nil-N6
Nil-N9
Nil-02
Nil-03
Ni2-N3
Ni2-N4
Ni2-N12
Ni2-N15
Ni2-06
Ni2-07
Ni2-032
Sm1-O1
Sm1-02
Sm1-03
Sm1-O4
Sm1-09
Sm1-010
Sm1-012
Sm1-013
Sm1-0O14
Sm2-05
Sm2-06
Sm2-07
Sm2-08
Sm2-09
Sm2-0O11
Sm2-015
Sm2-016
Sm2-017

2.016(5)
2.032(6)
2.111(6)
2.190(6)
2.059(4)
2.049(4)
2.014(7)
2.020(6)
2.196(6)
2.206(7)
2.042(5)
2.025(5)
2.206(7)
2.556(5)
2.382(4)
2.398(4)
2.562(5)
2.500(5)
2.445(5)
2.435(6)
2.455(5)
2.477(5)
2.570(5)
2.381(5)
2.414(4)
2.560(6)
2.476(5)
2.462(5)
2.445(6)
2.424(6)
2.467(6)

N2-Nil-N1
N2-Nil-02
NI1-Nil-O02
N2-Nil-03
N1-Nil-O3
02-Nil-03
N2-Nil-N6
N1-Nil-N6
02-Nil-N6
03-Nil-N6
N2-Nil-N9
N1-Nil-N9
02-Nil-N9
03-Nil-N9
N6-Nil-N9
N4-Ni2-N3
N4-Ni2-06
N3-Ni2-06
N4-Ni2-O7
N3-Ni2-07
06-Ni2-07
N4-Ni2-032
N3-Ni2-032
06-Ni2-032
07-Ni2-032
N4-Ni2-N12
N3-Ni2-N12
06-Ni2-N12
O7-Ni2-N12
032-Ni2-N12
Nil-02-Sm1
Nil-O3-Sml
Ni2-06-Sm2
Ni2-07-Sm2

97.0(3)
170.0(2)
91.2(2)
91.3(2)
171.4(2)
80.34(18)
92.0(3)
92.0(3)
93.4(2)
90.1(2)
89.6(3)
88.7(2)
84.9(2)
88.9(2)
178.2(3)
97.7(3)
171.0(3)
91.1(3)
89.6(2)
172.6(2)
81.52(19)
92.2(3)
86.8(3)
90.1(2)
93.7(2)
89.0(2)
92.2(3)
88.9(2)
87.2(2)
178.5(3)
106.20(19)
105.95(19)
105.9(2)
105.23(19)

02-Sm1-03
02-Sm1-010
03-Sm1-010
02-Sm1-012
03-Sm1-012
010-Sm1-012
02-Sm1-0O14
03-Sm1-0O14
010-Sm1-0O14
012-Sm1-014
02-Sm1-013
03-Sm1-013
010-Sm1-013
012-Sm1-013
014-Sm1-013
02-Sm1-09
03-Sm1-09
010-Sm1-09
012-Sm1-09
014-Sm1-09
013-Sm1-09
02-Sm1-0O1
03-Sm1-01
010-Sm1-01
012-Sm1-01
014-Sm1-0O1
013-Sm1-01
09-Sm1-01
02-Sm1-0O4
03-Sm1-0O4
010-Sm1-04
012-Sm1-04
014-Sm1-04
013-Sm1-04
09-Sm1-0O4
01-Sm1-O4

67.34(15)
109.20(17)
148.35(18)
72.4(2)
73.9(2)
75.2(2)
76.91(16)
73.52(16)
137.76(18)
141.70(19)
131.49(18)
130.76(18)
76.4(2)
148.2(2)
70.08(17)
143.12(16)
109.95(15)
52.73(16)
71.8(2)
139.30(17)
79.73(18)
62.88(15)
126.65(15)
69.59(17)
107.0(3)
77.73(19)
75.87(19)
121.05(16)
127.99(16)
63.05(15)
121.01(17)
106.8(3)
75.18(18)
76.26(19)
71.53(16)
146.27(19)

06-Sm2-07
06-Sm2-015
07-Sm2-015
06-Sm2-016
07-Sm2-016
015-Sm2-016
06-Sm2-011
07-Sm2-011
015-Sm2-011
016-Sm2-0O11
06-Sm2-017
07-Sm2-017
015-Sm2-017
016-Sm2-017
011-Sm2-017
06-Sm2-09
07-Sm2-09
015-Sm2-09
016-Sm2-09
011-Sm2-09
017-Sm2-09
06-Sm2-08
07-Sm2-08
015-Sm2-08
016-Sm2-08
011-Sm2-08
017-Sm2-08
09-Sm2-08
06-Sm2-05
07-Sm2-05
015-Sm2-05
016-Sm2-05
011-Sm2-05
017-Sm2-05
09-Sm2-05
08-Sm2-05

67.26(16)
133.7(2)
129.4(2)
79.02)

70.07(19)
144.4(2)

146.07(18)

114.76(16)
73.4(2)
71.12)

76.49(19)

74.10(17)
70.6(2)

142.22(19)
137.4(2)

104.72(16)

144.95(16)
81.8(2)

74.92(19)

52.66(16)

139.26(17)

127.75(17)

62.73(17)
74.5(2)
97.12)

72.76(17)
76.4(2)

124.73(17)

62.86(17)

125.49(17)
77.3(2)
118.2(2)

118.67(17)
74.3(2)

70.80(17)
144.6(2)

13

Page 14 of 18



Page 15 of 18

Table 3. Selected bond distances and angles for compound 2

Dalton Transactions

Nil-NI  2.028(7) N2-Nil-NI _ 96.7(3) _ 02-GdI-O3  67.49(18) 06-Gd2-07  67.5(2)

Nil-N2  2.0238) N2-Nil-02 169.8(3) 02-Gd1-010  108.8(2) 06-Gd2-O015  133.1(2)

Nil-N6  2.093(10) NI-Nil-02  91.5(3)  03-Gd1-010  147.4(3) 07-Gd2-015  129.2(3)

Nil-N9  2213(9) N2-Nil-03  91.4(3)  02-GdI1-012  72.1(2) 06-Gd2-016  78.1(2)

Nil-02  2.043(6) NI-Nil-03 171.7(3) 03-Gd1-012  73.6(3)  07-Gd2-016  70.2(2)

Nil-03  2.051(6) O2-Nil-O3  80.3(2) 010-Gd1-O12  745(3) 015-Gd2-016 145.7(2)

Ni2-N3  2.0259) N2-Nil-N6  92.9(4)  02-Gd1-O14  77.1(2)  06-Gd2-O11  145.3(2)

Ni2-N4  2.0049) NI-Nil-N6  93.1(4)  03-Gd1-O14  74.02) 07-Gd2-Ol11  114.02)

Ni2-NI2  2221(9) O2-Nil-N6  92.7(3)  010-Gd1-O14  138.2(2) OI15-Gd2-011  74.9(2)
Ni2-NI5  2.191(9) O3-Nil-N6  88.6(3) O12-GdI1-O14  141.8(2) 016-Gd2-011  70.9(2)
Ni2-06  2.032(7) N2-Nil-N9  89.1(3)  02-GdI-O13  132.12) 06-Gd2-017  76.5(2)

Ni2-07  2.032(6) NI-Nil-N9  88.7(3)  03-GdI-O13  130.52) 07-Gd2-017  73.9(2)

Ni2-032  2.191(9) O02-Nil-N9  85.1(3) 010-GdI1-O13  77.4(3) O015-Gd2-017  70.2(2)
Gd1-01  2.545(6) O3-Nil-N9  89.3(3) 0I12-GdI-O13  148.2(3) 016-Gd2-017  141.8(2)

Gd1-02  2360(6) N6-Nil-N9  177.2(4) 014-GdI1-O13  70.02) O11-Gd2-017  138.2(2)

Gd1-03  2.389(6) N4-Ni2-N3  97.7(4)  02-Gd1-09 142.5(2)  06-Gd2-09  104.4(2)

Gdl1-04  2.557(6) N4-Ni2-06  170.5(3)  03-Gd1-09 108.82)  07-Gd2-09  145.2(2)

Gd1-09  2.485(7) N3-Ni2-06  91.6(3)  010-GdI-09  532(2)  0O15-Gd2-09  82.02)

Gd1-010  2414(7) N4-Ni2-O07  89.3(3)  0I12-Gd1-09  71.2(2)  016-Gd2-09  75.0(3)
Gd1-012  2.440(8) N3-Ni2-O07  172.9(3)  O14-Gd1-09  139.52) O11-Gd2-09  53.2(2)
Gd1-013  2.469(8) 06-Ni2-O07  81.3(3)  OI3-GdI-09  80.2(2)  O17-Gd2-09  139.1(2)
Gd1-014  2461(7) N4-Ni2-032  91.6(4)  02-Gd1-Ol 63.4(2)  06-Gd2-08  127.9(2)
Gd2-05  2.561(7) N3-Ni2-032  87.54)  03-Gd1-O1 127.3(2)  07-Gd2-08  62.7(2)
Gd2-06  2.370(6) O6-Ni2-032  90.5(3)  010-Gd1-O1 69.72)  015-Gd2-08  74.6(3)
Gd2-07  2.399(6) O7-Ni2-032  932(3)  OI12-GdI-O1  107.2(3) 016-Gd2-08  98.2(3)
Gd2-08  2.545(7) N4-Ni2-NI12  89.33)  014-Gd1-O1 77.6Q2)  O11-Gd2-08  72.8(2)
Gd2-09  2.466(6) N3-Ni2-NI2  91.53)  013-Gd1-O1 76.02)  017-Gd2-08  76.2(2)
Gd2-011  2.456(6) O6-Ni2-N12  88.8(3)  09-Gd1-Ol1 121.5(2)  09-Gd2-08  125.1(2)
Gd2-015  2.425(7) O7-Ni2-NI12  87.73)  02-Gd1-O4 1284(2)  06-Gd2-05  63.2(2)
Gd2-016  2.432(8) O32-Ni2-N12 178.8(4)  03-Gd1-O4 63.62)  07-Gd2-05  125.92)
Gd2-017  2.461(7) Nil-02-Gdl  106.7(2)  010-Gd1-04  121.0(2) 015-Gd2-05  76.5(3)
Nil-03-Gdl  105.4(2)  012-Gd1-04  107.7(3)  016-Gd2-05  117.6(3)

Ni2-06-Gd2  106.1(3)  014-Gd1-04  74.8(2)  O11-Gd2-05  118.9(2)

Ni2-07-Gd2  105.0(3)  O13-Gd1-04  74.8(2)  O17-Gd2-05  74.4(2)

09-Gd1-04 71.42)  09-Gd2-05  70.2(2)

01-Gd1-04 1452(2)  08-Gd2-05  144.2(3)
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FIGURES
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Figure 1. View of the octanuclear cationic species

[[(N3)1.5(H20)0 sNi(valpn)Gd(H,0)3(1-CO3)Gd(H0)3(valpn)Ni(N3)(1 3-Na)osla] in 2 (' = X, 2-y, 1-2)
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Figure 2. Temperature dependence of the T product for 2
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Figure 3. Isothermal magnetization curves for 2 from 0 to 7 T.
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Figure 4. Temperature dependence of specific heat measured at different applied magnetic fields.
The Schottky anomaly at zero field has a maximum at 1 K and it is spread towards higher temperature

with increasing magnetic field.
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calculated from magnetization (markers) and specific heat (lines) data.
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