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ABSTRACT: The employment of 2-(β-naphthalideneamino)-2-(hydroxy-
methyl)-1-propanol (LH3) in cobalt, nickel, and copper chemistry has led to
the isolation of five new metallic complexes with interesting magnetic
properties. More specifically, the reaction of Co(OAc)2·4H2O with LH3 in
MeOH in the presence of NEt3 under solvothermal conditions forms the
complex [CoIII2Co

II
3(L)2(LH)2(L′)(OAc)]·8.5MeOH (1·8.5MeOH; L′ =

monoanion of 2-hydroxy-1-naphthaldehyde), while in nickel chemistry, a
similar reaction of Ni(OAc)2·6H2O with LH3 in MeCN in the presence of NEt3
under high pressure/temperature forms the complex [NiII(LH2)2]·2MeCN
(2·2MeCN). Repeating the same reaction in MeOH and switching from
Ni(OAc)2·4H2O to NiSO4·4H2O produces the complex [NiII4(HL)3(OMe)-
(MeOH)3](SO4)0.5·2MeOH (3·2MeOH) under solvothermal conditions.
Furthermore, in copper chemistry, the reaction of Cu2(OAc)4·2H2O with
LH3 in the presence of NEt3 in MeOH under solvothermal conditions affords the complex [CuII4(LH)4] (4), while the same
reaction under ambient temperature and pressure conditions forms [CuII4(LH)4] ·3.5MeOH·2.25H2O (5·3.5MeOH·2.25H2O).
Complex 1 is a mixed-valent [CoIII2Co

II
3] complex, consisting of three edge-sharing [Co3] triangles. Complex 2 is a nickel(II)

monomer in which the central metal is found in an octahedral geometry, while complex 3 describes a [NiII4] cubane. Complexes
4 and 5 may be considered as structural isomers because they possess the same formulas but different topologies: 4 describes a
highly distorted [CuII4(OR)4]

4+ eight-membered ring, while 5 consists of a distorted [CuII4(μ3-OR)4]
4+ cubane. In addition, 5

can be converted to 4 in excellent yield under solvothermal conditions. Direct-current magnetic susceptibility studies have been
carried out in the 5−300 K range for complexes 1 and 3−5, revealing the possibility of a high-spin ground state for 1, an S = 4
ground state for 2, and diamagnetic ground states for 4 and 5.

■ INTRODUCTION

The synthesis of metallic cluster compounds has advanced
greatly in recent years because of the potential that such
compounds display for new technological applications.1 For
example, in the field of Magnetic Ref rigeration, metallic clusters
with large magnetic spin ground states, S, are used to lower the
temperature of their surroundings, as dictated by the
magnetocaloric effect,2 and molecules are now able to retain
their magnetization above liquid-helium temperature once
magnetized.3 In the field of catalysis, oligonuclear and
polynuclear complexes display excellent catalytic functionalities,
and sustained water oxidation photocatalysis by a bioinspired
manganese cluster is now plausible.4 Finally, lanthanide-based
clusters find applications in optics as lasers and light-emitting

diodes, optical fibers, amplifiers, and near-IR-emitting materi-
als.5

We recently initiated a project toward the synthesis and
characterization of hybrid molecular species, i.e., molecules that
display two different physical properties, because such materials
would be at the interface of various scientific fields. More
specifically, we are interested in synthesizing complexes that
display both magnetic and optical/photoluminescent proper-
ties.6 In order to construct such hybrid species, one may follow
two main synthetic approaches: (i) start with molecules already
possessing one of the two desired properties and attempt to
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incorporate the second property7 or (ii) simply mix the
“carriers” of the two properties in the presence of a suitable
linker following the principles of serendipitous self-assembly.8

In this work, we present the results obtained upon employment
of the emissive ligand 2-(β-naphthalideneamino)-2-(hydrox-
ymethyl)-1-propanol (LH3; Scheme 1) in cobalt, nickel, and
copper chemistry, as well as the magnetic, optical, and thermal
properties of the clusters isolated. This ligand was previously
employed by our group in dysprosium(III) chemistry, leading
to a bright-blue-emissive [DyIII7] single-molecule magnet.9

■ EXPERIMENTAL SECTION
All manipulations were performed under aerobic conditions, using
materials as received. LH3 was synthesized by the reaction of 2-

hydroxy-1-naphthaldehyde with 2-amino-2-methyl-1,3-propanediol in
MeOH, as described in the literature.10

[CoIII
2Co

II
3(L)2(LH)2(L′)(OAc)]·8.5MeOH (1·8.5MeOH). Co-

(OAc)2·4H2O (125 mg, 0.5 mmol), LH3 (130 mg, 0.5 mmol), and
NEt3 (3.0 mmol) were added in MeOH (10 mL), and the resulting
mixture was transferred to a Teflon-lined autoclave and kept at 120 °C
for 12 h. After slow cooling to room temperature, red-brown crystals
of [CoIII2Co

II
3(L)2(LH)2(L′)(OAc)]·8.5MeOH were obtained in

∼30% yield, collected by filtration, washed with Et2O, and dried in
air. The complex analyzed as 1·2MeOH. Anal. Calcd for
C75H78Co5N4O18: C, 55.67; H, 4.86; N, 3.46. Found: C, 55.84; H,
5.03; N, 3.24.

[NiII(LH2)2]·2MeCN (2·2MeCN). Ni(OAc)2·4H2O (249 mg, 1
mmol), LH3 (259 mg, 1.0 mmol), and NEt3 (2.0 mmol) were added in
MeCN (10 mL), and the resulting mixture was transferred to a Teflon-
lined autoclave and kept at 120 °C for 12 h. After slow cooling to

Scheme 1. Structure of LH3 and Its Coordination Modes in 1−5

Table 1. Crystallographic Data for Complexes 1−5

1·8.5MeOH 2·2MeCN 3·2MeOH 4 5·3.5MeOH·2.25H2O

formulaa C81.50H102Co5N4 O24.50 C34H38N4NiO6 C102H136N6Ni8O34S C60H60Cu4N4O12 C63.50H78.50Cu4N4O17.75

Mw 1824.32 657.39 2491.91 1283.28 1435.96
cryst syst monoclinic triclinic monoclinic monoclinic monoclinic
space group P21/n P1̅ C2/c C2/c P21/c
a/Å 16.093(2) 8.7371(17) 19.5108(11) 19.720(2) 19.808(9)
b/Å 18.4290(14) 13.993(2) 24.3167(12) 14.6735(17) 26.728(9)
c/Å 29.824(4) 15.172(3) 23.3917(11) 18.5807(17) 13.601(7)
α/deg 110.521(13)
β/deg 91.442(11) 103.869(15) 104.115 93.943(8) 93.89(4)
γ/deg 103.934(14)
V/Å3 8842.1(17) 1575.3(5) 10762.8(10) 5363.7(10) 7184(5)
Z 4 2 4 4 4
T/K 180 180 180 180 180
λb/Å 0.71073 0.71073 0.71073 0.71073 0.71073
Dc/g cm−3 1.370 1.386 1.538 1.589 1.328
μ(Mo Ka)/mm−1 0.99 0.67 1.47 1.63 1.23
measd/indep (Rint) refl. 41941/15644 (0.117) 9682/5891 (0.044) 32038/10102 (0.026) 9755/4951 (0.123) 61516/13579 (0.201)
obsd reflns [I > 2σ(I)] 6434 3624 7633 2472 5209
wR2b,c 0.188 0.081 0.067 0.157 0.219
R1c,d 0.085 0.044 0.031 0.069 0.081
GOF on F2 1.010 0.953 1.046 0.949 1.004
Δρmax, Δρmin/e Å−3 0.62, −0.34 1.19, −0.30 0.55, −0.41 0.47, −0.69 1.22, −0.57

aIncluding solvate molecules, Mo Kα radiation, graphite monochromator. bwR2 = [∑w|Fo
2| − |Fc

2|)2/∑w|Fo
2|2]1/2. cFor observed data. dR1 =∑||Fo|

− |Fc||/∑|Fo|.
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room temperature, dark-yellow crystals of [NiII(LH2)2]·2MeCN were
obtained in ∼30% yield, collected by filtration, washed with Et2O, and
dried in air. Anal. Calcd for C30H32NiN2O6: C, 62.63; H, 5.61; N, 4.
87. Found: C, 62.49; H, 5.37; N, 4.61.
[NiII4(HL)3(OMe)(MeOH)3](SO4)0.5·2MeOH (3·2MeOH).

NiSO4·6H2O (372 mg, 1 mmol), LH3 (259 mg, 1.0 mmol), and
NEt3 (3.0 mmol) were added in MeOH (10 mL), and the resulting
mixture was transferred to a Teflon-lined autoclave and kept at 120 °C
for 12 h. After slow cooling to room temperature, dark-yellow crystals
of [NiII4(HL)3(OMe)(MeOH)3](SO4)0.5·2MeOH were obtained in
∼45% yield, collected by filtration, washed with Et2O, and dried in air.
The complex analyzed as solvent-free. Anal. Calcd for
C98H120Ni8N6O30S: C, 49.80; H, 5.12; N, 3.56. Found: C, 49.67; H,
4.89; N, 3.68.
[CuII

4(LH)4] (4). Cu2(OAc)4·2H2O (200 mg, 0.5 mmol), LH3 (259
mg, 1.0 mmol), and NEt3 (3.0 mmol) were added in MeOH (10 mL),
and the resulting mixture was transferred to a Teflon-lined autoclave
and kept at 120 °C for 12 h. After slow cooling to room temperature,
dark-blue crystals of [CuII4(LH)4] were obtained in ∼40% yield,
collected by filtration, washed with Et2O, and dried in air. Anal. Calcd
for C60H60Cu4N4O12: C, 56.16; H, 4.71; N, 4.37. Found: C, 56.28; H,
4.45; N, 4.25.
[CuII

4(LH)4]·3.5MeOH·2.25H2O (5·3.5MeOH·2.25H2O).
Cu2(OAc)4·2H2O (200 mg, 0.5 mmol), LH3 (259 mg, 1.0 mmol),
and NEt3 (3.0 mmol) were added in MeOH (10 mL), and the
resulting mixture was stirred for ∼1 h. The solution was filtered and
allowed to evaporate at room temperature. After 2 days, dark-blue
crystals of [CuII4(LH)4]·3.5MeOH·2.25H2O were obtained in ∼40%
yield, collected by filtration, washed with Et2O, and dried in air. The
sample was analyzed as 5·2MeOH·H2O Anal. Calcd for
C62H70Cu4N4O15: C, 54.54; H, 5.17; N, 4.10. Found: C, 54.67; H,
5.43; N, 3.96.
Physical Methods. Elemental analyses (C, H, and N) were

performed by the University of Ioannina microanalysis service.
Variable-temperature, solid-state direct-current (dc) magnetic suscept-
ibility data down to 2.0 K were collected on a Quantum Design
MPMS-XL SQUID magnetometer equipped with a 7 T dc magnet at
The University of Crete. Diamagnetic corrections were applied to the
observed paramagnetic susceptibilities using Pascal’s constants.
X-ray Crystallography and Structure Solution. Data collection

parameters and structure solution and refinement details are listed in
Table 1. Full details for 1−3 can be found in the CIF files provided in
the Supporting Information. Full details for 4 and 5 can be found in
the CIF files with CCDC 885411 and 885412, respectively. The
atomic coordinates for these structures have been deposited with the
Cambridge Crystallographic Data Centre. The coordinates can be
obtained, upon request, from the Director, Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.

■ RESULTS AND DISCUSSION

Synthesis. The reaction between Co(OAc)2·4H2O and LH3
in the presence of base (NEt3) in MeOH under solvothermal
conditions gives the pentanuclear mixed-valent cluster
1·8.5MeOH in good yield. The identity of the compound
was a surprise for us for three reasons: (i) almost half of the
cobalt atoms were found in the 3+ oxidation state, despite the
fact that the starting material contained exclusively cobalt(II)
and that the experiment was performed under mild reducing
conditions (high temperature and high pressure), (ii) a part of
the ligand employed was transformed to the monoanion of 2-
hydroxy-1-naphthaldehyde, and (iii) despite the excess of base
used in the reaction, an amount of the ligand employed was not
fully deprotonated. Therefore, we investigated all of the
parameters of the above synthetic scheme, e.g., the amount
and nature of the base employed and the temperature/time of
the reaction, but all of our attempts led to the same product, as
established by means of powder X-ray diffraction (PXRD). In

order to investigate whether the pentanuclear cluster is formed
only under solvothermal conditions, we repeated the same
reaction under normal bench conditions, but we only managed
to isolate a pink precipitate of unknown identity and different
PXRD to that of 1, indicating that indeed complex 1 forms only
under high temperature/pressure.
Given the similarity of nickel and cobalt chemistry, we

thought of employing LH3 in nickel chemistry as a means of
obtaining analogous nickel(II) clusters. The reaction between
Ni(OAc)2·4H2O and LH3 in the presence of base (NEt3) in
MeCN under solvothermal conditions gives the mononuclear
complex [NiII(LH2)2], which was crystallographically identified
as 2·2MeCN, according to eq1.

+

⎯ →⎯⎯⎯⎯⎯ + +

·Ni(OAc) 4H O 2LH

[Ni (LH ) ] 2OAcH 4H O

2 2 3
MeCN II

2 2 2 (1)

Again, even though an excess of base was used in the
reaction, only the monoanionic form of the ligand, LH2

−, was
formed. Therefore, we repeated the reaction by increasing the
amount of the base used, but we were not able to isolate a
different product than 2, as was evidenced by a IR and PXRD
comparison. Changing the metal salt to NiSO4 as a means of
affecting the system’s behavior and repeating the solvothermal
reaction led to a green-white insoluble powder, which could not
be identified. Then, by changing the solvent to MeOH and
keeping all other parameters the same, we were able to isolate
the tetranuclear complex 3, which was crystallographically
identified as 3·2MeOH, according to eq2.

+ +

⎯ →⎯⎯⎯⎯⎯

+

8NiSO 6LH 8MeOH

2[Ni (LH) (OMe)(MeOH) ](SO )

7H SO

4 3
MeOH II

4 3 3 4 0.5

2 4 (2)

Complex 3 is a tetranuclear [NiII4] cluster in which the ligand
is found in its dianionic form, LH2−. Furthermore, the metal-to-
ligand ratio is 4:3 compared to 1:2 in complex 2, even though
in both preparations the same metal-to-ligand ratio of 1:1 was
initially used, possibly indicating the role of the solvent in
deprotonation of LH3. Interestingly, for the formation of both 2
and 3, the solvothermal conditions are no prerequisites because
they also form under normal bench conditions in moderate
yield.
Finally, in copper chemistry, the reaction between

Cu2(OAc)4·2H2O and LH3 in the presence of base (NEt3) in
MeOH under solvothermal conditions gives the tetranuclear
complex 4, according to eq3.

+

⎯ →⎯⎯⎯⎯⎯ + +

·2Cu (OAc) 2H O 4LH

[Cu (LH) ] 8OAcH 4H O

2 4 2 3
MeOH II

4 4 2 (3)

Repeating exactly the same reaction but under ambient
temperature and pressure conditions yields dark-blue crystals of
5·3.5MeOH·2.25H2O in very good yield. Complexes 4 and 5
may be considered as structural isomers; that is, they possess
the same formulas (excluding the cocrystallized solvent
molecules) but different structures (vide infra), a “metal-
locyclic” structure for 4 versus the more “compact” cubane
structure for 5. More specifically, complex 4 can be thought of
as a structural rearrangement during the “breaking” of complex
5. Indeed, 5 can be transformed to complex 4 in excellent yield
by simply heating it in MeOH under solvothermal conditions,
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as confirmed by PXRD analysis (Figure 1). We also tried to
convert 4 to 5 by different methods, using a large variety of

solvents and changing a lot of synthetic parameters, but all of
our efforts were fruitless. Even though there are numerous
[CuII4] clusters reported in the literature (more than 1600
complexes in the CCDC) and the cubane topology is very
common with more than 400 examples, there are only a
handful of complexes presenting the eight-membered ring
topology of 4.11

Description of Structures. The structure of complex 1 is
shown in Figure 2 with selected bond lengths and angles given
in Table S1 in the Supporting Information. Complex 1
crystallizes in the monoclinic P21/n space group. It consists
of three edge-sharing [Co3(μ3-OR)] triangles, two of which are
scalene (the peripheral ones) and one isosceles (the central
one). Each peripheral triangle is held by one μ3-OR alkoxide
group belonging to a doubly deprotonated η3:η1:η1:η1:μ3 LH

2−

ligand and one μ2-OR alkoxide belonging to a fully
deprotonated η3:η2:η1:η1:μ3 L3− ligand. On the contrary, the
central triangle is held in position by the four μ3-OR alkoxide
groups belonging to the four ligands present in the structure.
The dimensions of the peripheral triangles fall in the 2.86−3.81
Å range, while for the central triangle, the dimensions fall in the

2.86−3.04 Å range. All metal centers are six-coordinate,
adopting slightly distorted octahedral geometries, while the
coordination environment is completed by the presence of one
acetate in bridging η1:η1:μ mode and one chelate, monianionic
2-hydroxy-1-naphthaldehyde. Charge considerations necessitate
for the presence of three cobalt(II) and two cobalt(III), and
based on bond distances, Co1 and Co5 are in the 3+ oxidation
state (all bond distances are in the 1.8−1.9 Å range), while
Co2, Co3, and Co4 are assigned to the 2+ oxidation state
(bond distances in the 2.0−2.2 Å range). In the crystal lattice,
the molecules of 1 pack in a “head-to-tail” fashion, forming
dimers via four MeOH solvent molecules through hydrogen
bonds (Figure 2, right).
Complex 2 crystallizes in the triclinic space group P1 ̅ (Figure

3 and Table S2 in the Supporting Information). The central

NiII atom is tightly bound with two mononionic LH2
− ligands,

through two six-membered and two five-membered chelate
rings. The coordination sphere of the NiII atom is O4N2, with
the complex adopting the trans conformation. In the lattice, the
complex forms hydrogen bonds through the nondeprotonated
−OH groups of the LH2

− ligands, linking neighboring
complexes in a “tape” fashion (Figure 3, bottom). Each cluster

Figure 1. PXRD diagram comparison between complexes 4 and 5 and
conversion of 5 to 4 under solvothermal conditions.

Figure 2.Molecular structure of complex 1 (left). Hydrogen-bond formation in 1 (right). Color code: CoII, pink; CoIII, pale blue; O, red; N, blue; C,
gray.

Figure 3. Molecular structure of complex 2 (top). Hydrogen-bond
“zig-zag” formation in 2 (bottom). Color code: NiII, green; O, red; N,
blue; C, gray.
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forms four hydrogen bonds to two neighboring complexes,
resulting in a “zig-zag” 1D arrangement of clusters.
Complex 3 crystallizes in the monoclinic space group C2/c

(Figure 4 and Table S3 in the Supporting Information). Its core
describes a [NiII4(OR)4]

4+ cubane, which is held by three
doubly deprotonated ligands, LH2−, and one methoxide group.
The three dianionic ligands are found in a η3:η1:η1:η1:μ3
coordination mode, while the methoxide serves as a monatomic
μ3 bridge. Each NiII center is six-coordinated, adopting
octahedral geometry, while the coordination environment is
completed by the three MeOH molecules. Furthermore, the
octahedral geometry for Ni1, Ni3, and Ni4 is axially distorted,
as evidenced by the elongated axial bonds, which are ∼0.18 Å
longer than the equatorial ones. In the crystal lattice, “dimers”
of clusters are formed (Figure.4, right) with the aid of the
SO4

2− group, which serves as the “linker”, forming four
hydrogen bonds to two neighboring clusters and three MeOH
solvate molecules. A detailed CCDC search according to the
algorithm reported by Kostakis et al.12 revealed the presence of
109 previously reported tetranuclear [NiII4] clusters adopting
the cubane metal topology.
Complex 4 crystallizes in the monoclinic space group C2/c

(Figure 5, left, and Table S4 in the Supporting Information). Its

core describes a severely puckered [CuII4(OR)4]
4+ eight-

membered ring of four square-planar four-coordinate CuII

centers linked via four alkoxide groups from four doubly
deprotonated LH2− ligands; the latter are all found in the
η2:η1:η1:μ coordination mode. The distances between neighbor-
ing CuII ions are in the 3.40−3.45 Å range, while the distances
between opposite CuII ions are 3.56 and 4.04 Å for Cu1−Cu1′
and Cu2−Cu2′, respectively. The Cu−O(R) distances are all in
the 1.90−1.92 Å range. Finally, all Cu−O(R)−Cu angles are
above 124°, while the puckering of the [CuII4(OR)4]

4+ ring is
evidenced by the dihedral angle of ∼40° between the two
{Cu2(OR)2} subunits of the wheel. In the crystal lattice,
complex 4 forms a “tape” through the c axis via the formation of
four hydrogen bonds (Figure SI1 in the Supporting
Information). Complex 5 (Figure 5, right, and Table S5 in
the Supporting Information) crystallizes in the monoclinic
space group P21/c. Its core consists of a distorted [CuII4(μ3-
OR)4]

4+ cubane assembled by four η3:η1:η1:μ3 doubly
deprotonated LH2− ligands. All CuII ions may be considered
as displaying essentially square-planar geometry, with an
additional weak axial interaction of ∼2.5−2.7 Å. The
dimensions of the metallic tetrahedron are in the range of
3.116−3.533 Å, with the shortest distance for Cu2···Cu4 and

Figure 4. Molecular structure of the cationic part of complex 3 (left). Hydrogen-bond formation in 3 (right). Color code: NiII, green; O, red; N,
blue; C, gray; S, yellow.

Figure 5. Molecular structures of complexes 4 (left) and 5 (right). Color code: CuII, brown; O, red; N, blue; C, gray.
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the longest for Cu1···Cu2. The two Cu2−(μ3-OR)−Cu4 angles
are 87.8 and 107.2°, while the corresponding ones for Cu1−
(μ3-OR)−Cu3 are 86.6 and 116.0°. Complex 5 in the crystal
forms a complicated network of hydrogen bonding, leading to
the formation of channels running through the c axis (Figure
SI2 in the Supporting Information).
A careful look at the structures of complexes 4 and 5 reveals

an interesting finding about the structures of 4 and 5; more
specifically, in complex 4, there are long contacts for Cu1···O2
(3.05 Å), Cu2···O5 (3.19 Å), and their symmetry-related
equivalents in the inorganic core, which when linked together,
form the distorted cubane structure of 5 (Scheme 2).

dc Magnetic Susceptibility Studies. dc magnetic
susceptibility studies were performed on polycrystalline samples
of complexes 1 and 3−5 in the 5−300 K range in an applied
field of 0.1 T. The results are plotted as the χMT product versus
T in Figures 6−8 for complexes 1, 3, and 4 and 5, respectively.

For complex 1, the room temperature χMT value of 8.82 cm3

K mol−1 corresponds to three noninteracting CoII ions with S =
3/2 and g = 2.50. Upon cooling, the χMT value increases to a
maximum value of 14.32 cm3 K mol−1 at 6.5 K, below which it
slightly drops to a minimum value of 14.16 cm3 K mol−1 at 5 K.
Given the presence of octahedral CoII ions with a 4T1g ground-
state term, which splits to a doublet ground state at low
temperature when in a distorted environment because of spin−
orbit coupling,13 it is very laborious and extremely difficult to
apply an exact theoretical model for fitting the magnetic
susceptibility data.14 For instance, the low-temperature χMT
value may be attributed to an S = 9/2 ground state, assuming a g

value of 2.15. Yet, this is a very risky statement because CoII is
highly anisotropic and the magnetic exchange interactions in
such systems are mainly dictated by the orientation of the local
magnetic moments.15 Furthermore, CoII ions, when in
octahedral geometry, may be treated as pseudo “Seff = 1/2”
systems at low temperature because of the splitting of the
Kramers doublets. In order to have a qualitative view of the
dominant interactions present in the system, we performed a
Curie−Weiss analysis of the high-temperature (50−300 K)
magnetic susceptibility data with θ = +11 K (Figure 6, inset).
For complex 3, the χMT value of 5.03 cm3 K mol−1 at 300 K

is very close to the spin-only (g = 2.17) value of 4.66 cm3 K
mol−1 expected for four high-spin Ni2+ ions. Upon cooling, this
value starts to increase to a maximum value of 11.39 cm3 K
mol−1 at 9 K and then decreases slightly to 11.28 cm3 K mol−1

at 5 K. This behavior is consistent with dominant ferromagnetic
interactions within the metallic cluster, with the low-temper-
ature χMT value suggesting a S = 4 ground state. The small drop
of the χMT value below 9 K may be attributed to zero-field
splitting and/or intermolecular interactions. Using the program
MAGPACK,16 we were able to successfully simulate the data
assuming a 1J model, and employing the spin Hamiltonian in
eq 4 allowed us to satisfactorily fit the data with the parameters

Scheme 2. Core of 4 Assuming the Long Contacts (Dashed
Lines) as Bonding Distances Yielding the Distorted Cubane
Core of Complex 5

Figure 6. Plot of χMT versus T for complex 1. Inset: Curie−Weiss plot
for complex 1 in the 50−300 K range.

Figure 7. Plot of χMT versus T for 3. The solid line represents a
simulation of the data in the temperature range 5−300 K (see the text
for details).

Figure 8. Plot of χMT versus T for complexes 4 (blue squares) and 5
(black squares). The solid line represents a simulation of the data in
the temperature range 5−300 K (see the text for details).
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J = +5.7 cm−1 and g = 2.16. The ground state of the complex
was found to be S = 4, with the first excited state of S = 3
located at 44 cm−1 above.

̂ = − ̂ · ̂ + ̂ · ̂ + ̂ · ̂ + ̂ · ̂ + ̂ · ̂ + ̂ · ̂H J S S S S S S S S S S S S2 ( )1 2 1 3 1 4 2 3 2 4 3 4
(4)

The ferromagnetic nature of 3 is not uncommon for a [NiII4]
cubane because so far many similar examples have been
reported.17 Given that (i) the nature of the magnetic exchange
interaction within a [NiII4] cubane cluster is strongly dependent
on the Ni−O−Ni angle and (ii) for Ni−O−Ni angles above
∼99° antiferromagnetic interactions are favored, while for Ni−
O−Ni angles below ∼99° ferromagnetic interactions are
established,18 it is not surprising to find the ferromagnetic
interaction in 3 because all Ni−O−Ni angles are lower than
99°.
For 4 and 5, the χMT values at room temperature are 1.21

and 1.83 cm3 K mol−1, respectively, with only the value of 5
being very close to the expected value for four noninteracting (g
= 2.20) CuII ions of 1.85 cm3 K mol−1. Upon cooling, the χMT
value of 4 rapidly decreases, indicating the presence of strong
antiferromagnetic interactions even at room temperature,
reaching zero at ∼40 K. On the contrary, upon cooling, the
χMT value of 5 slightly increases to a maximum value of 1.91
cm3 K mol−1 at ∼60 K, below which it starts to decrease and
reaches the minimum value of 1.59 cm3 K mol−1 at 5 K. For 4,
we were able to successfully simulate the data assuming a 1J
model, and employing the Hamiltonian in eq 5 allowed us to
satisfactorily fit the data with the parameters J = −74.7 cm−1

and g = 2.20. The ground state of the complex was found to be
S = 0, well-isolated from the first excited state of S = 1 located
∼150 cm−1 higher in energy.

̂ = − ̂ · ̂ + ̂ · ̂ + ̂ · ̂ + ̂ · ̂H J S S S S S S S S2 ( )1 2 2 3 3 4 1 4 (5)

The magnitude and sign of the magnetic exchange interaction
are due to the large Cu−O(R)−Cu angles (>125°) and Cu−
O(R) distances present in 4 and are in good agreement with
previously reported values in similar monobridged via an
alkoxide/hydroxide group copper complexes.19

For 5, we managed to simulate the data adopting a 2J model
assuming the tetranuclear complex as a “dimer-of-dimers”
(Figure 9).20 According to this model, there are two different

magnetic interactions: one intradimer (most commonly
antiferromagnetic) interaction J1, following a Hatfield and
Hodgson type correlation, and an interdimer (usually weakly
ferromagnetic) interaction depending only on the Cu···O
distance or the angle between the two dimeric Cu2O2 planes
but not on the Cu−O(R)−Cu angle. UsingMAGPACK and the
interaction scheme shown in Figure 9 and employing the

Hamiltonian of eq 6, we managed to successfully simulate the
data with the parameters J1 = −3.2 cm−1, J2 = +1.1 cm−1, and g
= 2.23. The ground state of the complex was found to be S = 0,
with the first excited state of S = 1 located at ∼6 cm−1 above.

̂ = − ̂ · ̂ + ̂ · ̂ − ̂ · ̂ + ̂ · ̂ + ̂ · ̂

+ ̂ · ̂

H J S S S S J S S S S S S

S S

2 ( ) 2 (

)
1 1 3 2 4 2 1 4 1 2 3 4

2 3 (6)

In an attempt to further determine the ground state of
complex 3, variable-temperature and variable-field dc magnet-
ization data were collected in the ranges 2−7 K and 1−7 T.
The magnetization data are plotted as reduced magnetization
(M/NμB) versus H/T in Figure 10. We were able to fit the 2−7

T field data, employing a matrix diagonalization method to a
model that assumes only the ground state is populated, includes
axial zero-field splitting (DŜz2) and the Zeeman interaction,
and carries out a full powder average. The corresponding
Hamiltonian is given by eq7

μ μ̂ = ̂ + ·̂H DSz g S H2
B 0 (7)

where D is the axial anisotropy, μB is the Bohr magneton, μ0 is
the vacuum permeability, S ̂z is the easy-axis spin operator, and
H is the applied field. The best fit gave S = 4, g = 2.16 (in
excellent agreement with the magnetic susceptibility simulation
parameters), and D = −0.30 cm−1.

Thermal Decomposition Properties. Thermogravimetric
analyses (TG/DTG) were carried out on polycrystalline
samples of 1·8.5MeOH, 3·2MeOH, 4, and 5· 3.5MeOH·2.25-
H2O in the 40−400 °C temperature range (Figure 11). The
thermal decomposition of complex 1·8.5MeOH starts with a
weight loss of ∼12% in the 40−240 °C region, corresponding
to the loss of 8.5 mol of MeOH per 1 mol of complex
1·8.5MeOH (theoretical loss of 14%), with the desolvated
product being thermally unstable because no plateau is
observed. The cluster continues to decompose, displaying
two weight losses of ∼9.5% and 27% in the 242−335 and 350−
415 °C temperature ranges, respectively, corresponding to the
loss of the L′H fragment (theoretical loss of 9.54%) and two
LH3 species (theoretical value of 28.4%), respectively. Complex
3·2MeOH starts with a weight loss of ∼12% in the 40−130 °C
region, corresponding to the loss of 5 mol of MeOH per 1 mol
of complex 3·2MeOH (theoretical loss of 12.8%), two of which
are the cocrystallized ones and the remaining three the

Figure 9. J-interaction scheme employed for 5 highlighting the two
dimers present in the structure (in gray and yellow).

Figure 10. Plot of reduced magnetization (M/NμB) versus H/T for 3
in 2−7 T fields and 2−7 K temperature range.
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terminally coordinated ones, with the desolvated product being
thermally stable because a plateau is observed in the 130−240
°C temperature range. Above this temperature, the product
decomposes rapidly in the 240−393 °C temperature range in a
two-step process of a total ∼45% weight loss corresponding to
the loss of two LH3 ligands and a half sulfate molecule
(theoretical loss of 45.2%).
Complex 4 shows no weight loss in the early temperature

range 40−80 °C, in good agreement with the absence of
solvent molecules. The complex remains stable until ∼221 °C,
above which it starts to dissociate. On the contrary, complex 5
starts with a weight loss of ∼7.5% in the 40−80 °C region,
corresponding to the loss of 3.5 mol of CH3OH and 2.25 mol
of H2O per 1 mol of complex 5·3.5MeOH·2.25H2O
(theoretical loss of 10.6%). The deviation between the
experimentally observed and theoretical loss values should be
attributed to the loss of MeOH solvent molecules (∼1.5 mol of
MeOH per 1 mol of complex 5·3.5MeOH·2.25H2O) while
standing on air before the start of the measurement. In the 90−
238 °C temperature range, the plateau indicates a thermally
stable product that decomposes rapidly above 238 °C.
Comparing the two complexes, we observe that both of them
display the same pattern above ∼80 °C (i.e., when 5 loses its
solvent molecules), and by comparing the thermal dissociation
points, we see that the “compact” cubane structure displays
higher thermal stability than the wheel because it starts to
decompose at higher temperature (238 vs 221 °C for 4). This is
in good agreement with the conversion of 5 to 4 under
solvothermal conditions because energy is required in order to
“force” the more stable complex 5 to form 4.
Optical Properties. The solid-state electronic absorption

spectra of complexes 1−3 are shown in Figure 12. For 1, the
peak at ∼430 nm, as well as the shoulders at 539 and 625 nm,
may be attributed to octahedral CoII ions and more specifically
to the 4T1g → 4T1g(P) and 4T1g → 4A2g transitions,
respectively.21 This complicated structure is due to spin−
orbit coupling effects and an admixture of spin-forbidden
transitions to doublet states. Complexes 2 and 3 display similar
spectra with small differences because of the different
coordination environments of the Ni ions in the complexes;
in 2, there is only one coordination sphere for the NiII ion
(O4N2), while for 3, Ni

II ions adopt two different coordination

environments, O5N for Ni1, Ni3, and Ni4 and O6 for Ni2. The
solid-state electronic spectrum of the compounds can be
assigned to d−d transitions in octahedral geometry. Assuming
Oh symmetry, the bands at 396 (25250 cm−1), 750 (shoulder)
(13335 cm−1), and 1150 nm (8695 cm−1) are assigned to the
three spin-allowed transitions 3A2g →

3T1g(P),
3A2g →

3T1g(F),
and 3A2g →

3T2g respectively. The shoulder at 570 nm (17545
cm−1) is tentatively assigned to the spin-forbidden 3A2g →

1Eg
transition, frequently observed in octahedral nickel(II)
complexes. For NiII in an octahedral field, the energies, E, of
the states 3T2g and

3A2g relative to the spherical field are given
by eqs 8 and 9.22

= −EFor T : 2Dq3
2g (8)

= −EFor A : 12Dq3
2g (9)

From eqs 8 and 9, it is seen that the energies of both 3T2g
and 3A2g are linear functions of Dq. For any ligand or ligand
combination that produces a spin-free octahedral nickel(II)
complex, the difference in energy between the 3T2g state and
the 3A2g state in the complex is 10Dq. Because the lowest-
energy transition 3A2g →

3T2g is a direct measure of the energy
difference of these states, Δ (or 10Dq) can be equated to the
transition energy, i.e., the frequency of this band (cm−1). Thus,
in our case, 10Dq = 8695 cm−1. This value is typical for
octahedral nickel(II) complexes with predominantly O ligation.
Finally, the emission properties for all complexes were

investigated in the solid state, but unfortunately no fluorescence
was observed. This is most probably due to the quenching of
the emissive organic ligand by the paramagnetic metal centers.
In order to fully investigate and understand the emission
properties of the complexes, the zinc analogues of the
complexes should be synthesized and their optical properties
investigated, and work is currently underway toward this goal.

■ CONCLUSIONS
In conclusion, the use of the new tripodal ligand 2-(β-
naphthalideneamino)-2-(hydroxymethyl)-1-propanol) in co-
balt, nickel, and copper chemistry has led to the synthesis of
five new homometallic complexes, which were analyzed with
regard to their magnetic, thermal, and optical properties. In

Figure 11. TG/DTG of complexes 1·8.5MeOH, 3·2MeOH, 4, and 5·
5·3.5MeOH.2.25H2O, in the 40−400 °C temperature range.

Figure 12. Solid-state UV−vis spectra (normalized) for complexes 1−
3 and LH3.
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cobalt chemistry, we were able to isolate a mixed-valent
pentanuclear complex that displays ferromagnetic interactions,
while in nickel chemistry, we isolated mononuclear and
tetranuclear ferromagnetic complexes. Finally, in copper
chemistry, we isolated two tetranuclear clusters that can be
considered as structural isomers. From our results so far, we are
confident that this new ligand may lead to the synthesis of
clusters with interesting structures and enhanced magnetic
properties. Work is in progress to extend this body of work to
heterometallic 3d−4f clusters, as a means of fully investigating
the abilities of this new tripodal ligand for the synthesis of
metallic clusters.
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