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ABSTRACT: Carboxylato (R = tBu and Et) and carbonato bridges
have been utilized for nickel(II)-based aggregates [Ni4(μ-H2L)2(μ3-
OH)2(μ1,3-O2CBu

t)2](NO3)2·H2O·2DMF (1·H2O·2DMF),
Ni4(μ-

hyHL)2(μ3-OMe)2(μ1,1-N3)2(μ1,3-O2CEt)2]·4H2O (2·4H2O),
and Ni6(μ4-L)(μ3-L)2(μ6-CO3)(H2O)8](ClO4)·9H2O (3·9H2O).
Building blocks [Ni2(μ-H2L)]

3+, [Ni2(μ-
hyHL)]3+, and [Ni2(μ-L)]

+

originating from [Ni2(μ-H2L)]
3+ have been trapped in these

complexes. The complexes have been characterized by X-ray
crystallography, magnetic measurements, and density functional
theory (DFT) analysis. In 1, the magnetic interactions are
transmitted through the μ3-phenoxido/μ3-hydroxido/syn−
syn-tBuCO2

−, μ3-phenoxido/μ3- hydroxido, and double μ3-phenox-
ido/double μ3-hydroxido bridges with J = +11.4 cm−1, J1 = −2.1
cm−1, and J2 = −2.8 cm−1, respectively. In 2, the interactions are
ferromagnetic, with J1 = +27.5 cm−1, J2 = +20.62 cm−1, and J3 = +1.52 cm−1 describing the magnetic couplings through the μ-
phenoxidoo/μ3-methoxido, μ-azido/μ3-methoxido, and μ3-methoxido/μ3-methoxido exchange pathways, respectively. Complex 3
gives J1 = −3.30 cm−1, J2 = +1.7 cm−1, and J3 = −12.8 cm−1 for exchange pathways mediated by μ-phenoxido/μ-carbonato, μ-
alkoxido/μ-alkooxido/μ-syn−syn-carbonato, and the μ-phenoxido/μ-carbonato, respectively. Interestingly, 1 and 3 below 20 K
and 35 K, respectively, show an abrupt increase of the χMT product to reach a magnetic-field-dependent maximum, which is
associated with a slightly frequency-dependent out-of-phase alternating-current peak. DFT calculations have also been performed
on 1−3 to explain the exchange interaction mechanisms and to support the magnitude and sign of the magnetic coupling
constants between the NiII ions.

■ INTRODUCTION

The synthetic multinuclear coordination chemistry of 3d metal
ions based on guided and controlled aggregation via the self-
assembly of mono- or dinuclear building units has become of
contemporary interest because of their relevance from
bioinorganic chemistry to new magnetic materials.1 The roles
of phenoxido donors in bridging two or more metal ions and in
fine-tuning reaction conditions with added and in situ
generated ancillary ligands are decisive to understanding and
controling the varying structures obtained through self-
aggregation processes. Solution-based room temperature syn-
thesis of tetranuclearity and other higher nuclearity nickel
complexes has become a promising class of aggregative
coordination complexes in which variation of the metal salt,
coordinating ligand, ancillary groups, and added bases leads to a
variety of structural motifs showing characteristic magnetic
properties.2 The guiding factor for the coordination aggregate
formation is “spontaneous self-assembly”, in which all of the
components are simply mixed in solution with magnetic stirring
at room temperature and the powdered sample thus obtained is

left to crystallize. Several of these self-aggregates based on the
NiII ion can behave as single-molecule magnets (SMMs)
because of the blend of a large ground-state spin (S) with a
large magnetic anisotropy that originates from a negative and
axial zero-field-splitting (ZFS) parameter (D).3

Thus, the demand for new synthetic approaches is there for
high-spin multimetallic coordination complexes with promise
for SMM behavior.7,8 The phenol-bearing “dinucleating
ligands” able to bind simultaneously two metal ions would be
the most promising choice for newer self-aggregation routes
using dinuclear building motifs. Bearing two adjacent imine
arms, this type of ligand can afford M2L-type building units.9

Such a strategy can also offer novel structures and properties in
the assembly of transition-metal aggregates from two or more
Ni2L units.4c,5,6,10,11 Along with the metal-bound ligand unit,
small bridges like hydroxide, methoxide, oxide, phenolate,
carboxylate, carbonate, azide, etc., can result in the growth of a
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variety of topologies, e.g., cubane,12 fused defective dicubane,13

pentanuclear vertex-shared open dicubane,11,14 and hexanuclear
chairlike form.15 With their versatile bridging modes (Scheme
S1 in the Supporting Information, SI), the anionic groups also
can propagate magnetic interactions between the paramagnetic
metal centers. Among various bridging modes of azide, μ1,1-
(end-on, EO, c) favors ferromagnetic coupling,16 whereas μ1,3-
(end-to-end, EE, e) transmits antiferromagnetic interactions.17

Carboxylate groups can adopt numerous coordination modes
such as terminal, chelating, and bridging syn−anti in μ-1,1
mode (l), syn−syn, syn−anti, and anti−anti in μ-1,3 mode (m-
o), anti−syn−syn and anti−syn−anti in μ3-1,1,3 mode (p), and
syn−anti−syn−anti in μ4-1,1,3,3 mode (q) (Scheme S1 in the
SI), satisfying the coordination requirement and charge
demand of the transition-metal ions.18−20 The syn−syn and
anti−anti coordination results in antiferromagnetic interaction,
whereas the syn−anti mode mediates either weak ferromagnetic
or antiferromagnetic interaction.21 The carbonate ion can
bridge two to six metal ions with its diverse coordination modes
(r−w). Among these bridging-cum-nucleating modes, r,22−27

s,28 and v29 led to very strong antiferromagnetic behavior for
nickel(II) compounds.22,23,27,28 However, the mode w respon-
sible for trapping six metal ions is less common and shows
strong ferromagnetic interactions (Scheme S1 in the SI).30−32

In this context, we have been interested in exploring the
reactivity of multinucleating Schiff base ligand H3L (Scheme 1,

left) and nickel(II) salts in three different reaction conditions.
The use of this ligand in transition-metal cluster complexes is
relatively new, although some noteworthy results of [Cu6] have
been reported.33 The aggregating ability of H3L, together with
the cage-forming potential of hydroxide, methoxide, azide,
carboxylate, and carbonate, has now been explored here with
the preparation of cubane and fused-dicubane cages [Ni4(μ3-
OH)2(μ-H2L)2(μ1,3-O2CBu

t)2]·(NO3)2·H2O·2DMF (1·H2O·
2DMF), [Ni4(μ-

hyL)2(μ3-OMe)2(μ1,1-N3)2(μ1,3-O2CEt)2]·
4H2O (2·4H2O), and the novel hexanuclear aggregate Ni6(μ4-
L)(μ3-L)2(μ6-CO3)(H2O)8](ClO4)·9H2O (3·9H2O). The for-
mation of 2·4H2O revealed a coordination-driven partial
hydrolysis reaction of the parent Schiff base ligand (Scheme
S3 in the SI). The used ligand has been proven to be versatile
and used to cap the specific faces of the cubane, partial
dicubane, and hexanuclear aggregate. Apart from the bridging
capacity of the central phenoxido group of the ligand, the
aggregating potential of the alcohol side arms of H3L
contributes differently during the formation of three different
aggregates, 1−3 (Scheme 2).
We were unable to isolate any form of the dinuclear

precursor most probably because of the spontaneous self-
assembly reactions.

■ EXPERIMENTAL SECTION
Materials. The solvents and chemicals used were obtained from

commercial sources like SRL, India, Sigma-Aldrich, and Loba Chemie
Laboratory Reagents & Fine Chemicals, India. Nickel perchlorate
hexahydrate was freshly prepared by treating nickel carbonate (11.8 g,
0.1 mol) with 12.03 mL of perchloric acid (1:2) and crystallized after
concentration on a water bath. Sodium salts of pivalic acid and
propanoic acid are prepared by treating pivalic acid (15.3 g, 0.15 mol)
and propanoic acid (11.22 g, 0.15 mol) with solid sodium hydroxide
(6.0 g, 0.15 mol), followed by concentration and crystallization on a
water bath. All other chemicals and solvents were reagent-grade
materials and were used as received without further purification.

Caution! Azide and perchlorate salts of metal ions involving organic
ligands are potentially explosive. Only small quantities of the complexes
should be prepared, and these should be handled with proper care.

Synthesis. H3L Ligand. The ligand 2,6-bis[[2-hydroxy-(1,1-
dimethylethyl)imino]methyl]-4-methylphenol used in the present
work is prepared from the single-step condensation of 2,6-diformyl-
4-methylphenol (0.328 g, 2 mmol) and 2-amino-2-methyl-1-propanol
(0.381 g, 4 mmol) in methanol (MeOH; 25 mL) under reflux for 1 h,
followed by solvent evaporation to get a gummy mass as reported
previously.33 The ligand is washed with toluene, and recrystallization
from ethyl acetate yields orange crystals of the ligand (Scheme S2 in
the SI).

[Ni4(μ3-OH)2(H2L)2(μ1,3-O2CBu
t)2](NO3)2·H2O·2DMF (1·H2O·2DMF).

To the yellow MeOH solution (20 mL) of H3L (0.306 g, 1.00 mmol)
is added slowly a MeOH solution (10 mL) of Ni(NO3)2·6H2O (0.580
g, 2.00 mmol), followed by the dropwise addition of NEt3 (0.558 g, 4
mmol) with stirring at room temperature in air. The brown solution
formed initially changes to green during complete addition of NEt3.
The resulting green solution is stirred for ca. 30 min, and an aqueous
solution of tBuCO2Na (0.123 g, 1 mmol) is added dropwise to the
reaction mixture. The stirring is continued for another 30 min. The
solvent is evaporated in air to give a green solid, which is isolated by
filtration, washed with cold MeOH, and dried under vacuum over
P4O10. The green plate-shaped single crystals suitable for X-ray analysis
are obtained from a N,N-dimethylformamide (DMF) solution of the
powdered solid after 1 month. Yield: 0.442 g, 64.5%. Anal. Calcd for
C50H88N8Ni4O21 (1374.06 g mol−1): C, 43.71; H, 6.60; N, 8.15.
Found: C, 42.90; H, 6.50; N, 8.22. Selected FT-IR bands (KBr, cm−1; s
= strong, vs = very strong, m = medium, br = broad): 3485 (br), 1652
(s), 1567 (vs), 1388 (m), 1384 (vs). Molar conductance, ΛM (DMF
solution): 149 S m2 mol−1. UV−vis spectra [λmax, nm (ε, L mol−1

cm−1); MeOH solution]: 663 (120), 372 (8184), 254 (39273).
[Ni4(μ-

hyHL)2(μ3-OMe)2(μ1,1-N3)2(μ1,3-O2CEt)2]·4H2O (2·4H2O). To a
green solution of Ni(NO3)2·6H2O (0.580 g, 2.00 mmol) in MeOH
(20 mL) is added another MeOH solution of H3L (0.306 g, 1 mmol),
and the resulting solution is stirred for 15 min, during which time an
aqueous solution of EtCO2Na (0.096 g, 1 mmol) is added dropwise.
The light-green solution is stirred for 5 min, and then an aqueous

Scheme 1. Drawings of Ligands H3L and hyH2L

Scheme 2. Observed Ligand-Bonding Modes of H2L
−,

hyHL−, L3−, HO−, MeO−, N3
−, RCO2

−, and CO3
2−

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b00039
Inorg. Chem. 2015, 54, 4709−4723

4710

http://dx.doi.org/10.1021/acs.inorgchem.5b00039


solution of NaN3 (0.065 g, 1 mmol) is slowly added in small portions,
resulting in the formation of a dark-green solution. This is stirred for a
further 30 min and filtered, and the filtrate is allowed to stand
undisturbed at room temperature. After about 1 week, green needle-
shaped crystals suitable for X-ray study are obtained. Yield: 0.212 g,
40%. Anal. Calcd for C34H46N8Ni4O14 (1062.11 g mol

−1): C, 39.82; H,
4.52; N, 10.93. Found: C, 39.86; H, 5.19; N, 10.83. Selected FT-IR
bands: 3464 (br), 2066 (s), 1649 (s), 1559 (s), 1458 (m), 1406 (m),
1044 (m). Molar conductance, ΛM (MeOH solution): 21 S m2 mol−1.
UV−vis spectra [λmax, nm (ε, L mol−1 cm−1); MeOH solution]: 674
(400), 405 (9743), 246 (27613).
[Ni6(μ4-L)(μ3-L)2(μ6-CO3)(H2O)8](ClO4)·9H2O (3·9H2O). Method A

via CO2 Fixation. A MeOH solution (10 mL) of H3L (0.306 g, 1
mmol) is added to an aqueous solution of NaOH (0.04 g, 1 mmol),
and the mixture is stirred for 30 min. The addition of a solution of
Ni(ClO4)2·6H2O (0.73 g, 2 mmol) in MeOH (15 mL) to the previous
solution resulted in a change of solution color from light to dark green
during 1 h stirring of the reaction mixture at laboratory temperature.
The solution is next filtered through a G4 sintered-glass bed and
allowed to evaporate slowly for supersaturation. After 7 days, green
single crystals of 3·9H2O suitable for X-ray diffraction are isolated.
Yield: 0.159 g, 27.8%. Anal. Calcd for C53H69ClN6Ni6O33 (1711.88 g
mol−1): C, 36.48; H, 5.12; N, 4.91. Found: C, 36.73; H, 5.32; N, 5.01.
Selected FT-IR bands: 3429 (br), 1639 (s), 1449 (m), 1058 (m), 836
(m), 622 (m). Molar conductance, ΛM (MeOH solution): 94 S m2

mol−1. UV−vis spectra [λmax, nm (ε, L mol−1 cm−1); MeOH solution]:
673 (415), 400 (2389), 258 (61561).
Method B Using Carbonate Salt. Solid K2CO3 (0.27 g, 2 mmol) is

added to a stirred MeOH solution of H3L (0.306 g, 1 mmol), and
stirring is continued for 2 h. To this yellow solution is added a MeOH
solution (10 mL) of Ni(ClO4)2·6H2O (0.73 g, 2 mmol), and the
resulting solution is stirred for 1 h to get a dark-green solution. The
solution is then filtered and kept for crystallization. After 1 week, the
obtained crystals are collected, washed with a small amount of MeOH,
and dried under vacuum. Yield: 0.398 g, 69.7%.
Physical Measurements. Elemental analyses (C, H, and N) were

performed with a PerkinElmer model 240C elemental analyzer. FT-IR
spectra were recorded on a PerkinElmer 883 spectrometer. The
solution electrical conductivity and electronic spectra were obtained
using a Unitech type U131C digital conductivity meter with a solute
concentration of about 10−3 M and a Shimadzu UV 3100 UV−vis−
near-IR spectrophotometer, respectively. The purity of powder
complexes for all three samples was determined by PXRD using a
Bruker AXS X-ray diffractrometer (40 kV, 20 mA) using Cu Kα
radiation (λ = 1.5418 Å) over the 5−50° (2θ) angular range and a
fixed-time counting of 4 s at 25 °C. Variable-temperature magnetic
susceptibility and magnetization measurements were carried out with a
Quantum Design SQUID MPMS XL5 magnetometer on polycrystal-
line samples of complexes 1−3 under an applied field of 1000 Oe.
Alternating-current (ac) susceptibility measurements under different
applied static fields were performed using an oscillating ac field of 3.5
Oe and ac frequencies ranging from 1 to 1500 Hz. The experimental
susceptibilities were corrected for the sample holder and diamagnetism
of the constituent atoms by using Pascal’s constants.
Theoretical Methods. Calculations have been carried out using

density functional theory (DFT) combined with the broken-symmetry
approach34,35 by means of the Gaussian 09 package.36 The level of
theory used in this study is B3LYP/6-31+G*, which is a good
compromise between the size of the system and the computational
demands. For these calculations, we have used the crystallographic
coordinates. It should be mentioned that the widely and successfully
used37−39 broken-symmetry DFT approach is not a unique method-
ology to compute and interpret the magnetic properties in quantum
chemistry. For instance, ab initio methods based on difference
dedicated configuration interaction40 (e.g., CASSCF/DDCI) give
excellent results and offer the possibility to finely analyze the
mechanisms and origin of the magnetic properties, taking advantage
of access to the wave function of all spin states of interest. However,
this methodology was not used for systems studied herein for

computational reasons because some complexes have more than 100
atoms.

X-ray Crystallography. X-ray diffraction data on suitable single
crystals of 1·H2O·2DMF, 2·4H2O, and 3·9H2O were collected using a
Bruker SMART APEX-II CCD diffractometer, equipped with a fine-
focus 1.75 kW sealed tube with Mo Kα radiation (λ) 0.71073 Å at 298
K, with increasing ω (width of 0.3° frame−1) at a scan speed of 5 s
frame−1. SMART software was used for data acquisition. Space group
determination and data integration and reduction were performed with
XPREP and SAINT software.41 Structures were solved by direct
methods using SHELXS-9742a and refined with full-matrix least squares
on F2 using the SHELXL-9742b program package. All non-H atoms
were refined anisotropically. Multiscan empirical absorption correc-
tions were applied to the data using the program SADABS.43 The
locations of the heaviest atoms (Ni) were easily determined, and the
O, N, and C atoms were subsequently determined from the difference
Fourier maps. The non-H atoms were refined anisotropiclly (except
O59 in complex 3). The H atoms were introduced in calculated
positions and refined with fixed geometry with respect to their carrier
atoms. A summary of the crystal data and relevant refinement
parameters is given in Table 1. CCDC 922994 (1), 922993 (2), and
922995 (3) are given as crystallographic data in the SI. These data can
also be obtained free of charge at www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre,

Table 1. Crystal Parameters and Refinement Data for 1·H2O·
2DMF, 2·4H2O, and 3·9H2O

1·H2O·2DMF 2·4H2O 3·9H2O

empirical
formula

C50H90N8Ni4O21 C34H54N8Ni4
O16

C52H87ClN6Ni6O33

fw (g mol−1) 1374.06 1062.11 1711.88
cryst syst triclinic triclinic monoclinic
space group P1̅ P1̅ P21/c
cryst color green green green
cryst dimens
(mm3)

0.32 × 0.27 × 0.22 0.34 × 0.29 ×
0.25

0.33 × 0.29 × 0.24

a (Å) 11.2454(16) 9.522(2) 16.9227(6)
b (Å) 14.308(2) 14.168(3) 24.5016(8)
c (Å) 21.196(3) 17.741(4) 23.0290(7)
α (deg) 77.757(4) 91.600(7) 90.00
β (deg) 81.451(4) 102.804(7) 127.462(2)
γ (deg) 75.416(4) 94.272(6) 90.00
V (Å) 3209.1(8) 2324.9(8) 7579.3(4)
Z 2 2 4
T (K) 298(2) 298(2) 298(2)
μ (mm−1) 1.231 1.668 1.580
ρcalcd (Mg
m−3)

1.420 1.528 1.500

F(000) 1448 1104 3488
no.of reflns
collected

41706 31446 73696

no. of unique
reflns

12938 11235 12508

no. of param 768 559 893
R1a [I >
2σ(I)]

0.0560 0.0744 0.0557

wR2b (all
data)

0.1541 0.2465 0.1667

R(int) 0.0664 0.0641 0.0713
GOF (F2) 1.044 1.013 1.024
largest diff
peak and
hole (e Å−3)

0.593 and −0.623 0.949 and
−0.804

1.660 and −0.525

CCDC no. 922994 922993 922995

aR1 = ∑(||Fo| − |Fc||)/∑|Fo|.
bwR2 = [∑w(|Fo| − |Fc|)

2/∑w(Fo)
2]1/2,

where w = 0.75/[σ2(Fo) + 0.0010Fo
2].
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12 Union Road, Cambridge CB2 1EZ, U.K.; fax +44-1223/336-033; e-
mail deposit@ccdc.cam.ac.uk).

■ RESULTS AND DISCUSSION
Synthetic Considerations. The phenol-bearing ligand 2,6-

bis-[[2-hydroxy-(1,1-dimethylethyl)imino]methyl]-4-methyl-
phenol (H3L) has been synthesized via a standard Schiff base
condensation reaction (Scheme S2 in the SI) following a
literature procedure,33 and its reactions with nickel(II) salts
have been methodically explored to obtain a new family of
coordination aggregates (Scheme S4 in the SI). The reaction of
Ni(NO3)2·6H2O with H3L and tBuCO2Na in MeOH and in the
presence of base NEt3 in 2:1:2 stoichiometry led to the
formation of compound 1 as a green powder from the reaction
mixture in 64% yield. The synthesis of 1 can be summarized by
eq 1:

· + + +

⎯ →⎯⎯⎯

· + + +

4Ni(NO ) 6H O 2H L 4 BuCO Na 4NEt

[Ni (H L) (OH) ( BuCO ) ](NO )

2DMF 4(NHEt )NO 2NaNO 21H O ...

3 2 2 3
t

2 3
DMF

4 2 2 2
t

2 2 3 2

3 3 3 2
(1)

Room temperature evaporation of a DMF solution of 1 gave
a suitable crystal of 1·H2O·2DMF for X-ray structure
determination. The elemental analysis and molar conductivity
d a t a a r e c o n s i s t e n t w i t h t h e c om p o s i t i o n
[Ni4(H2L)2(OH)2(

tBuCO2)2](NO3)2·H2O·2DMF. The use of
Ni(ClO4)2·6H2O or NiCl2·6H2O in place of Ni(NO3)2·6H2O
results in a green gummy mass not suitable for thorough
physical characterization. Interestingly, when sodium prop-
anoate is used in place of sodium pivalate along with sodium
azide (2:1:1:1 molar ratio) in a reaction protocol similar to that
of eq 1 in MeOH, complex 2 is obtained. The synthesis of 2
can be summarized by eq 2:

· + + +

⎯ →⎯⎯⎯⎯⎯ ·

+ +

+ +

4Ni(NO ) 6H O 2H L 2NaN 4EtCO Na

[Ni ( HL) (OMe) (N ) (EtCO ) ] 4H O

2EtCO H 2[NH C(Me) CH OH]NO

6NaNO 20H O ...

3 2 2 3 3 2
MeOH

4
hy

2 2 3 2 2 2 2

2 3 2 2 3

3 2 (2)

In this reaction condition, the parent ligand H3L undergoes
single imine arm hydrolysis in the presence of metal ions to
provide hyH2L.

44,45 Green needlelike single crystals of 2·4H2O
were obtained from room temperature slow evaporation of the
reaction mixture. Establishment of the composition of 2·4H2O
as [Ni4(

hyHL)2(OMe)2(N3)2(EtCO2)2]·4H2O is done from
standard elemental analysis and molar conductivity studies. The
reaction with an excess amount of azide anion did not lead to
the substitution of methoxido bridges in 2·4H2O, indicating the
strong affinity and stability of two MeO− supports in this
system. Next we carried out another reaction in a strong
alkaline medium by using NaOH as the base. The reaction of
H3L with a double molar amount of Ni(ClO4)2 in the presence
of a strong base (NaOMe or NaOH) in MeOH leads to crystals
of 3·9H2O in relatively low yield (27%) following CO2 uptake
from the atmosphere, according to eq 3:

· + + +

→ · +

+

6Ni(ClO ) 6H O 3H L 11NaOH CO

[Ni (L) (CO )(H O) ]ClO 9H O 11NaClO

29H O ...

4 2 2 3 2

6 3 3 2 8 4 2 4

2 (3)

This also indicates that the formation of 3·9H2O constitutes
a significant driving force toward the capture of CO2 from the
atmosphere in the basic conditions. In the presence of a strong
base, in situ generation of a single carbonate ligand is
responsible for the self-assembly of three dinuclear fragments
for the formation of a novel [Ni6O6] cluster. Bases like NEt3
and NaN3 did not facilitate the trapping of CO2 from the
atmosphere. On the other hand, CO3

2− may be added in the
form of a metallic salt to the reaction mixture, which also leads
to the generation of complex 3·9H2O. Thus, the addition of
Ni(ClO4)2·6H2O to a stirred MeOH solution of H3L and
K2CO3 leads to the formation of a hexanuclear aggregate (as
described in eq 4) at high yield (69%) compared to the
previous procedure.

· + +

→ · +

+ + +

6Ni(ClO ) 6H O 3H L 6K CO

[Ni (L) (CO )(H O) ]ClO 9H O 11KClO

KOH 5CO 23H O ...

4 2 2 3 2 3

6 3 3 2 8 4 2 4

2 2 (4)

Elemental analysis and molar conductivity data agree with
the formula for 3 as given above and further confirmed by
molecular structure determination.

Roles of Carboxylato and Carbonato Ancillary
Ligands for Different Molecular Self-Assemblies. Subtle
changes in the reaction conditions deliver three different types
of aggregation reactions for the self-assembly of ligated
dinuclear nickel(II) building units. In the reported reaction
conditions, μ1,3-bridging modes of tBuCO2

− and EtCO2
−

groups play the decisive role in trapping the solvent-derived
HO− and MeO− selectively within tetranuclear nickel(II)
cubane and open-dicubane assemblies in 1 and 2. The use of
tBuCO2

− could not trap MeO− for a cube structure similar to 1
and EtCO2

− for the entrapment of HO− for an open-dicubane
structure like 2. The R groups attached to the carboxylate
functions thus can modulate the metal−ligand aggregation
routes from the pool of small ancillary linkers of varying
bridging potential. Thus, two different carboxylate-group-
bound [Ni2] motifs self-assemble in two different ways to
produce 1 and 2. The carbonate ion encapsulated within
complex 3 is presumably derived from the fixation of
atmospheric CO2 and has attracted renewable interest in this
area because of the formation of a clusterlike coordination
complex. Fixation of atmospheric CO2 did not lead to any
HCO3

− for carboxylate-like bridging to provide either a cube or
an open-dicubane molecular assembly. In the presence of
carboxylates and carbonates, the parent ligand system H3L
showed different levels of deprotonation, hydrolysis, and
coordination. In all three cases, carboxylato and carbonato
bridges support the phenoxido bridges in hitherto nonisolable
dinuclear nickel(II) precursor motifs.

FT-IR Spectra. The presence of nickel-bound terminal
alcohol and bridging HO− groups and lattice water molecules
in 1·H2O·2DMF, 2·4H2O, and 3·9H2O is manifested by one
broad band of medium intensity at 3485, 3464, and 3429 cm−1,
respectively, for the three complexes and assigned to ν ̅OH
stretching frequencies (Figure S1 in the SI). The νC̅N and
ν ̅CO stretching frequencies from the phenol-deprotonated bis-
Schiff base H2L

−, hydrolyzed and phenol-deprotonated mono-
Schiff base hyHL−, and fully deprotonated L3− are observed
within 1639−1652 cm−l for the three complexes. For 1,
asymmetric (ν ̅as(COO)) and symmetric (ν ̅s(COO)) stretching
vibrations of the two pivalate groups are detected at 1567
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and 1388 cm−1, respectively, with a difference (Δν ̅ = νa̅s(COO) −
ν̅s(COO)) of 179 cm−1. This difference is in agreement with the
presence of μ1,3-carboxylato bridges between the NiII sites in 1
to sustain the clusterlike assembly of metal ions and ligands. At
this point, it is worth noting that nonbridging monodentate
carboxylate coordination would lead to a greater separation of
ca. 350 cm−1.46 The very strong band at 1384 cm−1 for 1 is
attributed to the ν3(E′) mode of the NO3

− group, indicating
the presence of two ionic nitrates required for fulfilling the
dicationic charge of the complex.47 For 2, the corresponding
positions in the FT-IR spectrum are at 1559 (ν ̅as(COO)) and
1406 cm−1 (ν̅s(COO)) for bound propanoate groups in μ1,3 mode
with a Δv ̅ value of 153 cm

−1.29,30 In addition, complex 2 shows
a strong band at 2066 cm−1, which is assigned to the
asymmetric stretching vibration, νas(NNN), of the end-on
azide group needed for the sustainability of the dicubane
structure.48 The FT-IR spectrum of 3 exhibits a strong band at
1058 cm−1 and a medium band at 622 cm−1, due to the ν3(F2)
(νClO) and ν4(F2) (δdOClO) modes, respectively, of the
uncoordinated tetrahedral ClO4

− ions.47 The IR stretching
bands characteristic of a coordinated carbonate ion are
observed at 1449 and 836 cm−1, which are typical for ligand
binding metal ions in the μ6 form.49 The identical composition
in the solid state of the powder and single-crystalline products
of the three compounds has been well monitored and
compared for their characteristic band positions using FT-IR
spectroscopy and powder X-ray diffraction (PXRD). The
PXRD data have been taken to identify and characterize the
individual phases of solid crystalline 1·H2O·2DMF, 2·4H2O,
and 3·9H2O. The PXRD patterns of the three compounds are
shown in Figures S2−S4 in the SI. These patterns are well
consistent with those of the simulated ones obtained from the
single-crystal X-ray diffraction data. Both the 2θ values
corresponding to lattice spacing and the relative intensity of
the diffraction lines are indicative of the particular phase of the
compounds.
Electronic Spectra. All of the compounds are moderately

soluble in MeOH, and the solutions suitable for recording the
electronic absorption bands in the UV−vis region allowed us to
record from 200 to 800 nm. Broad absorption bands (λ), with
maxima at 663 nm (ε = 120 L mol−1 cm−1), 674 nm (ε = 400 L
mol−1 cm−1), and 673 nm (ε = 415 L mol−1 cm−1) for 1·H2O·
2DMF, 2·4H2O, and 3·9H2O, respectively, can be assigned to
the spin-allowed 3A2g(F) →

3T1g(F) transition consistent with
their slightly distorted octahedral configurations. The 3A2g(F)
→ 3T2g(F) transition that usually appears above 700 nm is
systematically missing for all three complexes.50 The
absorptions at 372 nm (ε = 8184 L mol−1 cm−1), 405 nm (ε
= 9743 L mol−1 cm−1), and 400 nm (ε = 2389 L mol−1 cm−1)
correspond to the 3A2g(F) →

3T1g(P) transitions for the three
complexes, respectively.51 The intense absorptions below 300
nm at 254 nm (ε = 39273 L mol−1 cm−1), 246 nm (ε = 27613
L mol−1 cm−1), and 258 nm (ε = 61561 L mol−1 cm−1) are the
result of NiII-bound ligand-based absorptions.
Description of the Crystal Structures. Single crystals of

1·H2O·2DMF were obtained after 1 month from a saturated
DMF solution. For 2·4H2O and 3·9H2O, suitable single crystals
for X-ray structure determination were obtained by the slow
evaporation of saturated MeOH solutions of these two
compounds after 1 week.
1·H2O·2DMF. The crystal structure of compound 1 is shown

in Figure 1, and important bond lengths and angles are
provided in Table S1 in the SI. Compound 1·H2O·2DMF

crystallizes in the triclinic P1 ̅ space group with two molecules in
the unit cell. The structure consists of a tetrametallic dicationic
part, [Ni4(μ3-OH)2(H2L)2(μ1,3-

tBuCO2)2]
2+, and the corre-

sponding nitrate counteranions. The tetranuclear complex
consists of two deprotonated H2L

− ligands, each of them
delivering a set of N2O3 donor atoms to the [Ni4] complex that
assembles around two μ3-OH groups at two vertices of the
cube. Two pivalate groups complete the coordination environ-
ments around each NiII site (Figure 1). Two HO− anions, O8
and O9, at the corner of the cube help to organize the four NiII

ions in a distorted tetrahedral geometry, with the Ni···Ni
distances varying from 2.895 to 3.297 Å (Figures S6 and S7 in
the SI; these distances are longer than the known double
phenoxido- and phenoxido−hydroxido-bridged nickel
dimers52). The Ni−O distances vary within the 1.992−2.253
Å range versus the Ni−N distances at 2.001−2.011 Å. The
identification of two short (2.040 and 2.092 Å) Ni−Oph bonds
and one long (2.222 Å) bond, forming a dimer-of-dimer
aggregation, in the structure clearly indicates the formation of
complex 1 through the aggregation of two dinuclear fragments
(Figure S5 in the SI).
While the HO− bridging modes present in this complex are

quite common, the μ3-phenoxido feature observed in 1 for
growth of the cubane complex is rather exceptional. Two types
of μ3-bridges by phenoxido and hydroxido groups show
different magnitudes of Ni−O−Ni angles in the 88.93−
106.31° range. Two of the six faces of the [Ni4O4] cube are
distinctly different, being spanned by capping pivalates. The
Ni···Ni distances on the pivalate bridging faces are 2.895 and
2.922 Å. The double phenoxido-bridged face registers a Ni···Ni
separation of 3.297 Å, which is different from the double
hydoxido-bridged face at 3.122 Å. In the remaining two faces,
the Ni···Ni nonbonding distances are 2.895 and 3.233 Å
(Figure S7 in the SI). In the case of μ3-phenoxido bridging, one
Ni−O−Ni angle is close to 90° (Ni1−O1−Ni4, 88.93°; Ni1−
O10−Ni4, 89.30°), whereas the other two are well above the
same (95.50−101.25°). The same is true for the μ3-hydroxido
template holding the cubane structure (Ni−Ohy−Ni angles vary
between 92.11 and 106.31°). The side-by-side presence of

Figure 1. View of the tetranickel cubane unit [Ni4(μ3-
OH)2(H2L)2(μ1,3-O2CBu

t)2]
2+ in 1 with a partial atom-numbering

scheme. H atoms (except two bridging hydroxido groups), non-
coordinated nitrate ions, and solvent molecules are omitted for clarity.
Color code: Ni, green; N, blue; O, red; C, cyan; H, gray.
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octahedral Ni and tetrahedral O atoms is mainly responsible for
the cubane distortion.
The cationic complex crystallizes with two nitrate anions, one

water, and two DMF molecules, which are hydrogen-bonded to
ligand alcohol arms. These hydrogen-bonding interactions
provide an aesthetically pleasing crystal packing (Figure S8 in
the SI).
2·4H2O. The molecular structure of 2·4H2O is shown in

Figure 2, and selected bond lengths and angles are listed in

Table S2 in the SI. Complex 2 crystallizes in the triclinic P1 ̅
space group, and the asymmetric unit contains only half of the
tetranuclear complex, with the second half being generated by
the (1 − x, −y, 1 − z) symmetry transformation. The formula
of 2·4H2O contains two hyHL− ligands (Scheme 2), which
originate from the hydrolysis of one of the arms of H2L

−, as
assisted presumably by the coordination of NiII ions followed
by the aggregation of two such fragments. There are two
crystallographically inequivalent, but nearly identical, tetranu-
clear complexes per unit cell. The three-dimensional arrange-
ment of the [Ni4N2O4] core has the shape of a defective face-
shared dicubane where one vertex is missing from each cube. A
similar [Ni4] unit having dicubane topology was found in other
nickel complexes with phenol-based ligands.53 The tetranuclear
dicubane complex consists of two hydrolyzed and singly
deprotonated hyHL− ligands, each of them delivering a set of
NO3 donor atoms to the [Ni4] complex that assembles on two
μ3-MeO− centers with peripheral supports from two μ-N3

− and
two μ-EtCO2

− in a centrosymmetric arrangement (Figure S10
in the SI). Two types of octahedral NO5 and N2O4
coordination spheres are found around Ni1, Ni1* and Ni2,
Ni2*, respectively. In the case of the first type, Ni1 and Ni1*
form a Ni2O2 diamond unit with bridging methoxido O atoms
(O4 and O4*), together with coordination from phenoxido
(O1), carboxylato (O6), and aldehydo (O2) O and azido (N2)
N atoms. The latter environment is completed by methoxido
(O4), phenoxido (O1), carboxylato (O5), and alcohol (O3) O
atoms and azido (N2) and imine (N1) N atoms. The Ni···Ni
distances in five faces of the dicubane are different. Two of the
five faces of the partial dicubane are triply bridged and spanned
by the capping of propanoates, which result in somewhat
different bond lengths and angles for the involved atoms
compared to those at the three remaining faces (Figures S9 and
S10 in the SI). Within these faces as well as for the terminal

ligations, the Ni−O distances in the 2.004−2.060 Å range are
close to the Ni−N separations at 2.011−2.149 Å.
For unsymmetrical azide coordination, the identification of

one short (2.096 Å) and one long (2.149 Å) Ni−Naz bond in
the structure clearly indicates the formation of the tetranuclear
complex through the aggregation of two [Ni2] fragments
supported by the μ3-bridge extension of two methoxido groups
(Scheme S5 in the SI). The distorted octahedral environments
around each NiII ion are reflected from variation of the cis and
trans angles in the 79.3−102.7 and 169.4−177.9° range,
respectively (Table S2 in the SI). The adjacent Ni−O−Ni
angles around μ3-methoxido bridges show considerable
variation within the 92.3−102.9° range. Both metal-bound
aldehyde and alcohol functions of the ligand are engaged in
hydrogen-bonding interactions with the lattice water molecule
per formula unit of the complex (Figure S11 in the SI).

3·9H2O. The block-shaped crystal used in molecular
structure determination crystallizes in the monoclinic P21/c
space group with four molecules in the unit cell. The
asymmetric unit contains the entire cluster as well as one
perchlorate anion and eight lattice water molecules. The
molecular structure of 3 is shown in Figure 3, and selected

bond lengths and angles are listed in Table S3 in the SI. The
cationic complex features six NiII ions disposed in a planar
quasi-ideal hexagonal arrangement around a central carbonato
anion. The [Ni6] complex results from the assembly of three
[Ni2(μ-L)]

+ fragments around the central CO3
2− group with

support from terminal alkoxido O atoms (Figure S12 in the SI).
Each L3− unit binds two metal ions, and three such [Ni2L]

+

units assemble around the CO3
2− group, which adopts a rare

μ6:η2:η2:η2 bridging mode. It may best be described as an
octahedron with four nearly coplanar NiII ions (Ni1, Ni3, Ni4,
and Ni6), with the remaining two ions (Ni2 and Ni5) lying
above and below the Ni4 plane (Figure 4).
The most important feature of the structure is the μ6-

carbonato bridge situated near the center of the [Ni6] core,
which helps to assemble and aggregate three binuclear

Figure 2. View of [Ni4(μ-
hyHL)2(μ3-OMe)2(μ1,1-N3)2(μ1,3-CO2Et)2]

in 2 with a partial atom-numbering scheme. Water molecules and H
atoms are omitted for clarity. Symmetry operation: *, 1 − x, −y, 1 − z.
Color code: same as that in Figure 1

Figure 3. View of the [Ni6(μ4-L)(μ3-L)2(μ6-CO3)(H2O)8]
+ unit in 3

with a partial atom-numbering scheme. H atoms, perchlorate ion, and
water molecules are omitted for clarity. Color code: same as that in
Figure 1
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fragments with an overall cationic charge to the complex. All six
NiII ions within the [Ni6O10] core are in a distorted octahedral
NO5 coordination environment. In the case of Ni2, Ni3, Ni4,
and Ni5, the octahedral coordination sphere is assembled from
carbonato, phenoxido, alkoxido, and water O and imine N
atoms. The NiII atoms at the open edge of the pentagon (Ni1
and Ni6) have different types of O atom environments
compared to the other four atoms. Within these environments,
the Ni−O distances in the 1.999−2.269 Å range are close to the
Ni−N separations at 1.962−1.993 Å. The distorted NO5
octahedral environment around each NiII ion is reflected
from variation in the cis and trans angles from 78.9 to 105.3°
and from 162.8 to 175.3°, respectively (Table S3 in the SI).
The hexanuclear complex consists of three completely
deprotonated L3− ligands, each of them delivering a set of
N2O3 donor atoms to the [Ni6] complex that assembles on and
around the central μ6-CO3

2− ion (Figure S12 in the SI). The
Ni···Ni distances within the [Ni2(μ-L)]

+ fragments fall in the
3.080−3.142 Å range, which are longer than the double
alkoxido-bridged interdimeric Ni···Ni separations within
2.909−2.925 Å. Interestingly, the former units are doubly
bridged in a phenoxido support, whereas the latter show triple
bridge support from two alkoxido groups and one carbonato
unit. The open edge of the nonplanar hexagon records the
longest Ni···Ni distance of 4.535 Å (Figure S13 in the SI). The
six Ni−O bonds from the encapsulated carbonato group are
within the 1.999−2.133 Å range, while the C−O bond lengths
of the group remain within 1.270−1.297 Å. The different
coordination environments lead to subtle differences in the
Ni−O bonding distances, leading to elongation of the O−Ni−
O axes made from aqua and alkoxide coordination
perpendicular to the Ni2O2 diamond cores formed from
phenoxido and carbonato bridging. Interestingly, intermolecu-
lar hydrogen-bonding interactions are found between the
crystallizing water molecules and the counterion (Figure S14 in
the SI).
Magnetic Properties. The temperature dependence of the

magnetic properties of powdered polycrystalline samples of 1−
3 under a constant magnetic field of 0.1 T in the 2−300 K
range is represented in the form of χMT versus T plots (χM
being the molar paramagnetic susceptibility of the compound)
in Figures 5−7, respectively. At room temperature, the χMT
values for complexes 1−3 (5.40, 5.48, and 7.44 cm3 mol−1 K,
respectively) are significantly higher than that expected for
uncoupled NiII ions (S = 1) with g = 2.0 (4.0 cm3 mol−1 K),
which is mainly because of the orbital contribution of the NiII

ions.
As can be observed in Figure 5, the χMT product of 1 slightly

increases with decreasing temperature to reach a rounded
maximum at 50 K (5.62 cm3 mol−1 K) and then decreases to

attain a minimum at 20 K with a value of 5.20 cm3 mol−1 K.
This behavior clearly indicates the existence of both
ferromagnetic and antiferromagnetic interactions in this
compound. Below 20 K, the χMT product undergoes an abrupt
increase to reach a maximum at 15 K (5.36 cm3 mol−1 K) and
then sharply decreases to a value of 2.32 cm3 mol−1 K at 2 K. It
should be noted that the intensity of the maximum increases
when the applied magnetic field decreases, which could be due

Figure 4. (A) Central carbonato support for the hexanuclear arrangement and (B) side chair view of the same.

Figure 5. Temperature dependence of χMT for 1 at different magnetic
fields. The red solid line is generated from the best fit magnetic
parameters. Inset: coupling scheme for 1. Temperature dependence of
the molar out-of-phase ac susceptibility (χM″) for 1 under zero dc
applied field at different frequencies.

Figure 6. Temperature dependence of χMT for 2. The solid line is
generated from the best fit magnetic parameters. Inset top: Field
dependence of the magnetization for 2. The red and blue solid lines
represent Brillouin functions for an S = 4 ground state and for the sum
of four NiII ions with S = 1, respectively. Inset bottom: Coupling
scheme for 2.
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to either spin-canting antiferromagnetism or spin-glass
behavior. It should be highlighted at this point that we have
carried out several preparations of 1 and all of the crystalline
samples exhibited the same behavior. Dynamic ac measure-
ments under zero applied magnetic field reveal the presence of
a slightly frequency-dependent out-of-phase signal (χM″) with
maxima in the temperature range of 10.9−11.5 K. We have
analyzed the frequency-dependent shift of the maxima using the
Mydosh empirical parameter γ = (ΔTf/Tf/Δ(log f), where Tf is
the temperature corresponding to the maximum in the χM″
versus T curve for each frequency ( f) and ΔTf is the difference
between the highest and lowest temperatures corresponding to
the extremes of the frequency range under exploration.54 The
calculated shift parameter γ = 0.042 falls in the range expected
for spin glasses and rules out the SMM behavior for 1. In fact,
in all of the Ni4O4 cubane complexes that show relaxation of
the magnetization and SMM behavior, the out-of-phase signal
presents maxima that appear at much lower temperatures than
those in 1.55 It should be noted that the out-of-phase signal
vanishes when a magnetic field of 1000 Oe is applied. This
behavior is compatible with spin-canted systems as well as with
spin glasses. Nevertheless, the presence of an inversion center
and the parallel alignment of the pseudo-2-fold axis of the
cubane molecules in the structure of 1, as well as the frequency
dependence of the out-of-phase signal, seem to discard the
spin-canting mechanism. It is worth mentioning that, to
observe the spin-glass collective behavior, considerable
intercluster interactions are mandatory. However, the Ni4O4
clusters in 1 are rather well separated (the smaller Ni···Ni
distance is 9.575 Å), and no exchange pathways are apparent
from the crystal structure, so that only weak dipole−dipole
interactions are possible. Nevertheless, these weak interactions
are hardly expected to be responsible for the spin-glass
behavior. An alternative explanation to the origin of the
surprising low-temperature magnetic behavior of 1 could be
found in the existence of a trace amount of either an extended
metal complex or a disordered structure with nonnegligible
intercluster interactions obtained by the loss of crystallization
solvent molecules in the structure of 1. Interestingly, the
presence of possible impurifying metal complexes was not
detected from PXRD (see Figure S2 in the SI). It should be
noted that a similar magnetic behavior was also observed for
other discrete nickel(II) complexes.11,56 In some cases, it was
ascribed to spin-glass behavior56a,b and in other cases to the

additional presence of trace amounts of either desolvated
compounds with disordered structures11 or NiO nano-
particles.56c

In keeping with the cubane structure of 1, the experimental
susceptibility data were analyzed by using the following
isotropic spin-Heisenberg Hamiltonian:

= − + − +

− +

H J S S S S J S S S S

J S S S S

( ) ( )

( )
1 Ni1 Ni3 Ni2 Ni4 2 Ni1 Ni2 Ni3 Ni4

3 Ni1 Ni4 Ni2 Ni3

where J1, J2, and J3 describe the exchange pathways through the
μ3-phenoxido/μ3-hydroxido/syn−syn-tBuCO2

−, μ3-phenoxido/
μ3-hydroxido, and double-μ3-phenoxido/double-μ3-hydroxido
bridging pathways, respectively. Only data above the minimum,
in the temperature range 25−300 K, were fitted with the above
Hamiltonian. The best fit led to the following set of parameters:
J1 = +11.4 cm−1, J2 = −2.1 cm−1, J3 = −2.8 cm−1, and g = 2.30
with R = 1.3 × 10−7 (R = ∑[(χMT)exp − (χMT)calcd]

2/
∑(χMT)exp

2).
As expected for the antiferromagnetic interaction operating

at low temperature, the field dependence of the molar
magnetization at 2 K for compound 1 (Figure S15 in the SI)
is well below the Brillouin function for the sum of the
contribution of four isolated NiII ions and does not achieve
saturation even at the highest applied field of 5 T.
The χMT product of 2 steadily increases when the

temperature is decreased, reaching a maximum at 15 K
(11.28 cm3 mol−1 K). Below the temperature of the maximum,
χMT decreases to reach a value of 8.84 cm3 mol−1 K at 2 K. This
behavior points out the existence of significant intramolecular
ferromagnetic couplings between the NiII ions, leading to a S =
4 ground state. The decrease in χMT at low temperatures is
more likely due to the ZFS effects of the ground state and/or
intermolecular antiferromagnetic interactions. The experimen-
tal susceptibility data for 2, with a centrosymmetric face-sharing
defective dicubane-like structure, were modeled with the
following three-J Hamiltonian (see the inset in Figure 6):

= − + − +

−
′ ′ ′ ′

′

H J S S S S J S S S S

J S S

( ) ( )

( )
1 Ni1 Ni2 Ni1 Ni2 2 Ni1 Ni2 Ni1 Ni2

3 Ni1 Ni1

where J1, J2, and J3 describe the exchange pathways through μ-
phenoxo/μ3-methoxide, μ-azide/μ3-methoxide, and μ3-meth-
oxide/μ3-methoxide, respectively. The D and zJ′ parameters
accounting for the local anisotropy of the NiII ions and the
intermolecular interactions, respectively, were not included in
the Hamiltonian to avoid overparametrization. As a conse-
quence, only data above 25 K that are not affected by the effects
of D and zJ′ were fitted with the above Hamiltonian. The best
fit led to the following set of parameters: J1 = +27.5 cm−1, J2 =
+20.62 cm−1, J3 = +1.52 cm−1, and g = 2.17 with R = 1.7 × 10−6.
The field dependence of the molar magnetization at 2 K for

compound 2 (inset in Figure 6) is above the Brillouin function
for the sum of the contribution of four isolated NiII ions (blue
line) and is almost coincident with the Brillouin function for a S
= 4 ground state (red line), which corroborates the existence of
ferromagnetic interaction between the NiII ions.
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Figure 7. Temperature dependence of χMT for 3 at different fields.
The solid red line is generated from the best fit magnetic parameters
above 45 K. Inset left: Coupling scheme for 3. Inset right:
Temperature dependence of the molar out-of-phase ac susceptibility
(χM″) for 3 under zero dc applied field (circles) and 1000 Oe (solid
lines) at different frequencies.
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The M versus H plot can be well reproduced with the
parameters extracted from the fit of the susceptibility data with
g = 2.23.
In order to know whether 2 exhibits slow relaxation of the

magnetization and SMM behavior, ac magnetic susceptibility
measurements as a function of the temperature and frequency
(between 10 and 1000 Hz) were performed under 0 and 1000
Oe direct-current (dc) fields. The results of these measure-
ments demonstrate that this compound does not exhibit a
frequency dependence of the out-of-phase (χ″M) signals above
2 K, and therefore it does not behave as a SMM magnet. This
could be due to either an almost negligible axial anisotropy (D)
of the ground state (in fact, the M vs H plot is almost
coincident with the Brillouin function for an isotropic S = 4
state) or a D > 0 value.
As can be seen in Figure 7, χMT for 3 steadily decreases with

decreasing temperature until a minimum at 35 K (6.5 cm3

mol−1 K) is reached, thus suggesting the existence of a
predominant antiferromagnetic interaction. Below this temper-
ature, χMT sharply rises to attain a maximum at 20 K (7.5 cm3

mol−1 K) and then brusquely decreases to a value of 1.54 cm3

mol−1 K at 2 K. The magnetic behavior below 35 K for 3 is
similar to that observed for 1, but the field-dependent
maximum (see Figure 7) appears at a higher temperature. ac
measurements under zero applied magnetic field point out that
the out-of-phase signal (χM″) exhibits a small frequency
dependence with maxima in the temperature range of 8.5−
9.25 K and shoulders at about 14.25 K. The Mydosh parameter
for the former is γ = 0.06. When a static magnetic field of 1000

Oe is applied, the out-of-phase signals (χM″) dramatically
decrease but do not fully vanish. Because the compound
exhibits a center of symmetry, this behavior would be, in
principle, only compatible with spin-glass behavior. In the case
of 3, there exists an extensive hydrogen-bonding network
involving the hexanuclear Ni6 molecules, crystallization water
molecules, and MeOH molecules, and the shortest Ni···Ni
intercluster distance (8.611 Å) is smaller than that found in 1.
Therefore, significant intercluster magnetic interactions are
expected in 3, which could be responsible for the observed
spin-glass behavior occurring at higher temperature than in 1.
Nevertheless, we consider as the most probable scenario the
existence, like in the case of 1, of a trace amount of either an
extended metal complex or a disordered structure with
nonnegligible intercluster interactions, obtained by the loss of
crystallization solvent molecules in the structure of 3, which
would be responsible for the observed magnetic behavior at low
temperature.
Evaluation of the coupling constant in 3 is a very complex

task because there are many exchange coupling pathways
including not only mixed ligand/carbonate bridges but also
those involving only the carbonato bridging ligand (Ni6/Ni3,
Ni1/Ni4, Ni2/Ni6, Ni1/Ni5/Ni2/Ni4, Ni3/Ni5, and Ni1/
Ni6). Among them, those connecting nonneighboring NiII

atoms usually transmit weak magnetic interactions.57 Morev-
over, the fact that the above-indicated exchange pathways
connect NiII atoms that are not in the plane of the carbonato-
bridging ligand reduces the extent of the overlap between the
magnetic orbitals of the NiII atoms, thus leading to very weak

Table 2. Magnetic Exchange Constant Values, J (cm−1), for Cubane-like Tetramers

compound
Ni−O−Ni angle

(deg) exchange pathway J g ref

[Ni4(μ3-OH)2(μ3- H2bpmp)2(μ1,3-O2CCF3)2]
2+ hydroxido 9.3 2.27 11

alkoxido 1.1
[Ni4(μ3-OMe)4(Q)4(MeOH)4] 95.9 methoxido 3.4 2.24 12b

100.0 alkoxido −1.8
[Ni4(MeOH)4L4] 93.1−97.4 alkoxido 8.0 2.22 compound 1 in12c

100.1−101.2 −3.0
[Ni4(μ3-OMe)4(L2)4(MeOH)4] 96.5−98.3 methoxido and alkoxido 5.6 2.2 compound 6 in12d
[Ni4(HL

1)3(HL
2)(H2O)(CH3OH)] [AcO]·2CH3OH·CH3CN 99 alkoxido 15.96 2.43 12e

phenoxido 4.11
[Ni4(cit)4] [C(NH2)3]8·8H2O 96.9 alkoxido 2.97 2.30 12f

99.7 −0.3
[Ni4(H4L)(H3L)(acac)2][OAc] 96.3 alkoxido 10.2 2.10 compound 1 in12g

98.1 phenoxido 2.4
[Ni4(L2)4(H2O)(MeOH)3] 96.7 alkoxido 7.35 2.06 12h

99.9 phenoxido −2.55
[Ni4(hfac)4(OMe)4(MeOH)4] 96.2 alkoxido 9.2 2.32 19b

98.2 phenoxido 4.4
[Ni4(L)2(HL)2(SeCN)2(H2O)2]·C3H7NO·4H2O 96.8 alkoxido 6.87 2.15 compound 2 in15b

98.0 alkoxido/phenoxido 4.62
103.4 phenoxido −5.14

[Ni4L4(MeOH)4]·H2O 96.5 alkoxido 8.90 2.22 12i
100.2 phenoxido −5.63

[Ni4(μ-OMe)4(O2CArTol)4(MeOH)6]1.5(MeOH)3 95.0−96.4 methoxido 17.4 2.22 12j
97.8−98.6 13.6

[Ni4(EtOH)3L4] 96.1 alkoxido 7.15 2.14 12k
98.5 phenoxido −0.34

[Ni4(μ3-OH)2(H2L)2(μ1,3-O2CBu
t)2]·(NO3)2·H2O·2DMF 90.7 alkoxido 11.4 2.30 compound 1 in this work

101.0 hydroxido −2.1
100.1 phenoxido −2.8
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magnetic exchange interactions, even in the case of the Ni1/N6
pathway. In view of this, we decided to analyze the
susceptibility data above 45 K for 3 with the following crude
three-J isotropic Hamiltonian (see the inset in Figure 7):

= − + − +

−

H J S S S S J S S S S

J S S

( ) ( )

( )
1 Ni1 Ni2 Ni5 Ni6 2 Ni2 Ni3 Ni4 Ni5

3 Ni3 Ni4

where J1, J2, and J3 describe the magnetic exchange pathways
through the double bridges μ-phenoxido/μ-carbonate, the
triple bridges μ-alkoxido/μ-alkooxido/μ-syn−syn carbonate,
and the double bridges μ-phenoxido/μ-carbonato, respectively.
In order to avoid overparametrization, the very weak
interactions between NiII ions belonging to different arms of
the ligand through the carbonato bridging group were not
considered. The best fit of the experimental susceptibility data
to the above Hamiltonian afforded the following parameters: J1
= −3.30 cm−1, J2 = +1.7 cm−1, J3 = −12.8 cm−1, and g = 2.24
with R = 3.4 × 10−7.
As for 1, the field dependence of the molar magnetization at

2 K for compound 3 (Figure S16 in the SI) is well below the
Brillouin function for the sum of the contribution of six isolated
NiII ions and is far from being saturaed at the highest applied
magnetic field of 5 T.
Magnetostructural Correlations. The key factor control-

ling the sign and magnitude of the magnetic exchange coupling
in planar Ni(O)2Ni dinuclear complexes (O belonging to
hydroxido, alkoxido, and phenoxido bridging groups) is the
Ni−O−Ni bridging angle (θ).58 Thus, a ferromagnetic coupling
is expected for θ values close to 90°. As the θ angle increases
from this value, the ferromagnetic coupling decreases and turns
into antiferromagnetic at values of ∼96−98°. Moreover, the
antiferromagnetic interaction increases when the τ (the out-of-
plane displacement of the phenyl C atom from the Ni2O2 plane
in alkoxido- and phenoxido-bridged complexes)26 and β (hinge
angle between the O−Ni−O planes in the bridging region)
angles decrease. The relationship between the Ni−O−Ni angle
and exchange constant for similar Ni4 cubane-like complexes is
summarized in Table 2. Moreover, it has been recently shown

that the syn−anti-carboxylate bridge promotes in diphenoxide-
bridged nickel(II) complexes enhanced ferromagenetic inter-
actions by a countercomplementarity effect.59 In view of these
magnetostructural correlations, the folded μ3-phenoxido/μ3-
hydroxido/μ-syn−anti-carboxylate triple-bridged fragments in
complex 1, described by the exchange coupling J1 and
possessing mean θ and τ angles of 90.7° and 52.0° and a β
of 27.4°, should transmit F interactions between the NiII ions.
This conclusion is in agreement with the ferromagnetic
interaction experimentally found for this magnetic pathway.
Moreover, the weak antiferromagnetic interaction found for the
double μ3-phenoxido/μ3-hydroxido bridges present in the
cubane structure of 1 is not unexpected because they have θ
angles of approximately 100° and almost planar Ni(O)2Ni
bridging fragments.
The tetranuclear Ni4 complex 2 has three different magnetic

exchange pathways between NiII ions: (i) a μ-phenoxido/syn−
syn-acetate/μ3-methoxido mixed triple bridge, (ii) a μ3-
methoxido/μ1,1-azide double bridge, and (iii) a double-μ3-
methoxido bridge, which are described by the magnetic
exchange parameters J1, J2, and J3, respectively. The magnetic
exchange pathway (i) has a mean Ni−O−Ni angle of 93.3°,
which, together with the countercomplementary effect of the
acetate group, should transmit a moderate ferromagnetic
interaction. Pathway ii shows mean Ni−Nazide−Ni and Ni−
O−Ni angles of 97.71° and 102.26°, respectively. It has been
recently shown by DFT calculations that the phenoxido and
μ1,1-azide bridges have countercomplementary effects on the
magnetic exchange coupling, so that the ferromagnetic
interaction increases with increasing Ni−Nazide−N/Ni−Nazide
ratio and decreases with decreasing Ni−Ophenoxido−Ni/Ni−
Ophenoxido ratio.60 Assuming the same behavior for the μ3-
methoxido/μ1,1-azide double mixed bridge, a ferromagnetic
interaction is expected through this pathway that would be
weaker than that occurring through the μ-phenoxido/syn−syn-
acetate/μ3-methoxido exchange pathway. Finally, for the
double-μ3-methoxido pathway with a mean Ni−O−Ni angle
of 97.7°, a weak ferro- or antiferromagnetic interaction is
expected. The observed J values for the magnetic exchange

Table 3. Magnetic Exchange Constant Values, J (cm−1), for Dicubane-like Tetramers

compound exchange pathway J1 J2 J3 g ref

[Ni4(μ2-N3)4(μ3N3)2(N3)2(enbzpy)2]·2H2O azido 15.8 15.8 14.6 2.15 17b
[Ni4(dpk·OH)3(dpk·CH3O)2(NCO)](BF4)2 ·3H2O hydroxido and methoxido 6.9 7.0 15.2 2.06 13b
[Ni4L2(μ3-OMe)2(H2O)2]·2H2O phenoxido, methoxido, and alkoxido 13.4 9.8 2.14 13c
[Ni4(H2O)2(PW9O34)2]

10− alkoxido 6.5 6.5 2.5 2.12 13d.
[Ni4(dpk·OH)4(N3)4] azido and alkoxido 18.8 6.9 1.8 2.13 13e
[Ni2(dpk·(O)(OH)(dpk·(O)(OCH3)(N3)2]2 alkoxido, azido, and hydroxido 7.07 7.08 11.4 2.1 13f
[Ni4(H2L)2(OCH3)2(CH3CO2)2(N3)2] phenoxido, methoxido, and azido 29.5 11.6 11.6 2.11 53a
[Ni4(μ-

hyHL)2(μ3-OMe)2(μ1,1-N3)2(μ1,3-O2CEt)2]·H2O phenoxido, methoxido, and azido 27.5 20.6 1.52 2.17 compound 2 in this work

Table 4. Magnetic Exchange Constant Values, J (cm−1), for Carbonate-Bridged Nickel(II) Complexes

compound exchange pathway J1 J2 J3 J4 g ref

[Ni8(μ-H2bpmp)4(μ4-CO3)4(ImH)8](NO3)4·2H2O phenoxido and carbonato 3.0 0.4 −7.5 2.24 4c
[Ni6(CO3)(N3)6{pyCOpyC(O)(OMe)py}3(MeOH)2(H2O)]
[Ni6(CO3)(N3)6{pyCOpyC(O)(OMe)py}3(MeOH)3](ClO4)2

alkoxido and carbonato 6.1 27.0 2.18 30

{K[Ni6(μ6-CO3)(μ1,1-N3)6(μ-OAc)3(dpkMeCN−H)3]}2[K2(H2O)2]·
3MeCN·7H2O

carbonato, azido, and
acetato

2.88 25.4 0 0 2.28 31

[NiII12(trans-tachH)6(OMe)12(OAc)9(CO3)](OAc)7·10MeOH·6H2O carbonato, acetato,
carbonato, oxo, and
methoxido

−17.5 9.5 1.9 22.0 2.21 compound 2
in 32

[Ni6(μ4-L)(μ3-L)2(μ6-CO3)(H2O)8](ClO4)·8H2O phenoxido and carbonato −3.3 1.7 −12.8 2.24 compound 3
in this work

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b00039
Inorg. Chem. 2015, 54, 4709−4723

4718

http://dx.doi.org/10.1021/acs.inorgchem.5b00039


pathways i−iii agree well with the above predictions and with
experimental results for analogous cubane complexes.61 The
magnetic exchange constants for other NiII-based defective
dicubanes found in the literature are summarized in Table 3.
In 3, the μ-phenoxo/μ-single carbonato bridges connecting

the Ni1/Ni2, Ni5/Ni6, and Ni3/Ni4 pairs have θ angles of
approximately 100°, and therefore the weak antiferromagnetic
interactions observed for these exchange pathways (described
as J1 and J2) are not unexpected. The μ-dialkoxo pathways
connecting the Ni2/Ni3 and Ni4/Ni5 pairs show small θ and
large τ angles with mean values of 89.5° and 60.1°, respectively.
Therefore, a ferromagnetic interaction is expected for this
exchange pathway, which agrees well with the experimentally
found J3 value. The magnetic exchange constants for other
carbonate-bridged nickel(II) complexes found in the literature
are summarized in Table 4.
Spin-Density Distribution Analysis for Possible Mag-

netic Interactions in 1−3. In order to provide the magnetic
coupling interactions theoretically, the spin-density distribution
is analyzed in compounds 1−3. According to the molecular
orbital theory, spin delocalization is the result of electron
transfer from the magnetic centers to the ligand atoms. For
compound 1, a spin-exchange model was generated for
theoretical studies using the crystal structure geometry. The
theoretical model has been simplified, i.e., H atoms instead of
methyl/tert-butyl groups have been used in order to keep the
size of the system computationally approachable (see Figure
8A).
Calculation of the individual pairwise exchange constants has

been performed by changing two Ni atoms by two Zn atoms.
This procedure not only saves computational time but also was
found to give accurate results (close to the experimentally fitted
values) compared to the tetranuclear models.62 Spin-unre-
stricted DFT calculations were performed on the model dimer
[Ni2] complex that presents the highest experimental J value
(+11.4 cm−1) using the B3LYP method and employing the 6-
31+G* basis set. The other two J values are very small (∼2
cm−1), and we have not performed theoretical calculations
using their corresponding model dimers because they fall
within the accuracy of the theoretical method and intrinsic

experimental error. Therefore, we have only examined the
magnetic coupling mechanism of JNi1−Ni3 = JNi2−Ni4, analyzing
the singly occupied molecular orbitals (SOMOs) and spin-
density distribution. The theoretical J value is 13.4 cm−1, which
is in good agreement with the experimental value (11.4 cm−1)
and confirms the ferromagnetic coupling between both metal
centers (see Table 5). Mulliken spin population analysis (see

Table S4 in the SI) indicates that a significant spin (ca. 0.45 e)
is delocalized through the ligands, and the rest (3.55 e) is
carried by the Ni atoms. The spin-density plot is shown in
Figure 8B for the high-spin state of 1. The spin-density
distribution shows a delocalization mechanism in which the Ni
atoms carry 84.5% of the net spin and the remaining part is
delocalized through coordinating atoms. The spin density is
slightly higher in the phenoxido (0.10 e) O atom compared to
the μ3-OH (0.07 e) O atom, which indicates that bridging
phenoxido O atoms are more effective for mediating magnetic
exchange. The spin density is even smaller in the carboxylate-
bridged (0.05 and 0.06 e) O atoms.
In octahedral nickel(II) complexes, each orbital (dx2−y2 and

dz2) contains an unpaired electron; consequently, these orbitals,
along with the local orbitals of the bridging ligands, are involved
in the superexchange pathway. This behavior is also observed in
the orbital analysis of complex 1. The SOMOs involving the dz2
and dx2−y2 (see SOMO to SOMO−3 in Figure 8) atomic
orbitals of NiII metal centers are represented in Figure 8, where
the participation of the p orbitals of the O atoms of phenoxide
and the μ3-OH bridge can also be observed. The contributions
of the dz2 and dx2−y2 orbitals are 21, 19, 23, and 22% for SOMO,
SOMO−1, SOMO−2, and SOMO−3, respectively.

Figure 8. Pictorial representation of the SOMO involving the dx2−y2 and dz2 orbitals of Ni
II of compound 1. (A) Theoretical model used for the

calculations. (B) Graphical representation of the spin density (contour 0.004 e Å−3) at the ground-state (high-spin) configuration of compound 1.

Table 5. Experimental and Theoretical Magnetic Coupling
Constants J (cm−1) Obtained for Complexes 1−3

J1 J2 J3

compound exp theor exp theor exp theor

1 +11.4 +13.4 +2.1 n.a. −2.8 n.a.
2 +27.5 +12.4 +20.6 +19.6 +1.52 n.a.
3 −3.3 −6.6 +1.7 n.a. −12.8 −22.5
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Similar to 1, compound 2 presents a ferromagnetic exchange
coupling inside its tetranickel dicubane unit. The spin-exchange
models were generated for theoretical studies using the crystal
structure geometry (see Figure 9A), and they have been
simplified (H atoms instead of methyl groups apart from the
methyl of the μ3-OMe ligand, which has been conserved) in
order to keep the size of the system computationally
approachable. The tetranuclear complex was split into two
[Ni2] dimer model complexes to calculate the individual
pairwise exchange constants by using the whole structure and
changing the corresponding Ni atoms by two Zn atoms. We
have not performed the DFT study for J3 because it is very
small (1.52 cm−1). The calculated values for the other two are
J1 = 12.4 cm−1 and J2 = 19.6 cm−1, which confirm the
ferromagnetic couplings. The value of J2 is in very good
agreement with the experimental value; however, J1 is slightly
underestimated by the theoretical method (see Table 5). In
order to further examine the magnetic coupling mechanism, the
spin-density distribution has been analyzed. For the [Ni2]
dimer that corresponds to the J1 coupling, Mulliken spin
population analysis indicates that a significant spin (ca. 0.60 e)
is delocalized through the ligands, and the rest (3.40 e) is
carried by the central Ni atoms. The spin-density plot is shown
in Figure 9 for the high-spin state of 2. The spin density (see
Table S5 in the SI) is much lower in the phenoxido (0.07 e) O
atom compared to the μ3-OCH3 (0.13 e) O atom, which
indicates that the μ3-OCH3 bridging is more effective for
mediating magnetic exchange. For the [Ni2] dimer that
corresponds to the J2 coupling, Mulliken spin population
analysis also indicates that a significant spin (ca. 0.53 e) is
delocalized through the ligands, and the rest (3.47 e) is carried
by the central Ni atoms. In contrast to the J1 coupling
mechanism, the spin density (see Table S5 in the SI) is much
lower in the μ3-OCH3 (0.09 e) O atom compared to the azide
(0.13 e), which indicates that the azide bridging is more
effective for mediating magnetic exchange.
The SOMOs involving the dz2 and dx2−y2 (SOMO and

SOMO−1) orbitals of NiII metal centers are represented in
Figure 9 for the model dimer that corresponds to J1, where the
participation of the p orbitals of the bridging O atoms of
phenoxide and the μ3-OCH3 ligand can be clearly observed.
This analysis confirms that both dx2−y2 and dz2 orbitals of Ni

II

and ligand local orbitals are responsible of the superexchange
phenomena. The orbital and spin-density plots are similar for
the other model dimer (J2), where the p orbitals of the azide
ligand are involved in the superexchange pathway instead of the
phenoxide.

As indicated above, compound 3 exhibits two antiferromag-
netic couplings (J1 and J3) and one weak ferromagnetic
exchange coupling (J2) inside its hexanickel core. Two spin-
exchange models were generated for theoretical studies using
the crystal structure geometry (see Figure 10), and they have

been simplified (H atoms instead of methyl groups in the L
ligand) in order to keep the size of the system computationally
approachable. The hexanuclear complex was split into two
[Ni2] dimer model complexes to calculate the individual
antiferromagnetic pairwise exchange constants by using the
whole structure and changing four Ni atoms by Zn atoms. The
calculated J values are J1 = −6.6 cm−1 and J3 = −22.5 cm−1,
which are in reasonable agreement with the experiment (J1 =
−3.3 cm−1 and J3 = −12.8 cm−1, which confirms the
antiferromagnetic coupling; see Table 5). In order to further
examine the magnetic coupling mechanism, the spin-density
distribution has been analyzed. For the [Ni2] dimer that
corresponds to the J1 coupling, Mulliken spin population
analysis indicates that a significant spin (ca. 0.62 e) is
delocalized through the ligands, and the rest (3.38 e) is carried
by the central Ni atoms. The spin-density plot is shown in
Figure 10 for the high-spin state of 3. The spin density (see

Figure 9. (A) Theoretical model used for the calculations. (B and C) Pictorial representation of the SOMO involving the dx2−y2 and dz2 orbitals of
NiII of compound 2. (D) Spin-density plot (contour 0.004 e Å−3) of the high-spin configuration of compound 2.

Figure 10. Pictorial representation of the SOMO involving the dx2−y2
and dz2 orbitals of Ni

II of compound 3. Right: spin-density plot of the
high-spin configuration of compound 3.
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Table S6 in the SI) is similar in both the phenoxido and
carboxylate O atoms (∼0.07 e), which indicates that both
bridging atoms are equally effective for mediating magnetic
exchange. The spin carried by both atoms is negligible in the
broken-symmetry state of complex 3, indicating a polarization
competition between the two Ni atoms with α and β spin
density, respectively.
For the [Ni2] dimer that corresponds to the J3 coupling,

Mulliken spin population analysis also indicates that a
significant spin (ca. 0.71 e) is delocalized through the ligands,
and the rest (3.29 e) is carried by the central Ni atoms. The
spin delocalization is higher in this dimer (Ni3−Ni4 coupling),
in agreement with its larger J value. In this case, the spin density
(see Table S6 in the SI) is slightly lower in the phenoxido (0.08
e) O atom compared to the carbonato (0.09 e) O atom.
In compound 3, only the dx2−y2 orbitals of the metal atom

along with the local orbitals of the bridging ligands are involved
in the superexchange pathways. The SOMOs involving the
dx2−y2 orbitals of Ni

II metal centers are represented in Figure 10,
where the participation of the p orbitals of the bridging O
atoms of phenoxide and the μ6-CO3 ligand can be clearly
observed.

■ CONCLUSIONS

Complexation of the phenolate-centered multidentate ligand
2,6-bis[(2-hydroxy-(1,1-dimethylethyl)imino]methyl]-4-meth-
ylphenol with nickel(II) nitrate and perchlorate led to three
types of self-assembled supradinuclear aggregates. Isolation of
two tetranuclear [Ni4] and one hexanuclear [Ni6] clusters
followed from in situ generated and trapped HO−, MeO−, and
CO3

2− ions from water, MeOH, and atmospheric CO2. These
three anions have been used to control the molecular topology
of the final products. The ligand H3L in its different forms is
initially able to trap two NiII ions, leaving behind available
coordinating sites for coordination of hydroxido, methoxido,
azido, and carbonato anios, which facilitate the assembly of two
or three ligand-bound NiII pairs. The composition of these
homometallic clusters was supported by X-ray crystallography,
elemental analysis, and magnetic susceptibility measurements..
Complexes 1 and 3 exhibit intramolecular antiferro- and
ferromagnetic interactions between the NiII ions, whereas in
compound 2, all of the magnetic exchange pathways transmit
ferromagnetic interactions, leading to a S = 4 ground state.
Complexes 1 and 3 show in the low-temperature region a
magnetic behavior that could be related either to spin glass or
to the existence of a trace amount of an extended metal
complex or a disordered structure with nonnegligible
intercluster interactions.
Analysis of the experimental and DFT-calculated sign and

magnitude of the coupling constants gives a complete
description of the magnetic properties of this kind of self-
assembled multimetallic system. The bridging atoms and
atomic orbitals of ligands and metal centers involved in the
superexchange pathways have been studied by the spin-density
and SOMO plots. We are currently working on other ancillary
bridges such as sulfido, nitrito, nitrato, thiocyanato, cyanato,
oximato, etc., in this reaction system to induce the formation of
new types of homo- and heterometallic self-assembled cage
complexes of higher nuclearity.
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