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Abstract: Tetranuclear hetero-metal MnIII
2NiII2 complexes, [Mn2Ni2(L)4(OAc)2] (1) and [Mn2Ni2(L)4

(NO3)2] (2) [H2L = N-(2-hydroxymethylphenyl)-5,6-benzosalicylideneimine], have been synthesized
and characterized by X-ray crystal structure analyses, infrared spectra, and elemental analyses.
The structure analyses revealed that the complexes have a defective double-cubane metal core
connected by µ3-alkoxo bridges. Complexes consist of two bis-µ-alkoxo bridged MnIIINiII

heteronuclear units making a dimer-of-dimers structure. The double-cubane cores are significantly
distorted due to an effect of syn–syn mode acetato or nitrato bridges. Magnetic measurements
indicate that weak antiferromagnetic interactions (Mn-Ni = −0.66 ~ −4.19 cm–1) are dominant in the
hetero-metal core.

Keywords: tetranuclear complex; hetero-metal complex; manganese; nickel; crystal structure;
double-cubane; Schiff-base ligand; magnetic property

1. Introduction

Molecular magnetism of discrete complexes with a cubane-based metal core structure have been
extensively studied over the past few decades [1–4]. The key focal points of the investigation on such
molecular magnetism are the following: (i) understanding of the basic correlation of spin coupling
and molecular structure based on the analyses of the concerned orbitals [5]; (ii) application of the
correlations in polynuclear systems that have several exchange pathways [6–8]; (iii) development of
magnetic materials that behave like single molecule magnets (SMMs) [1–4,9]. In the case of tetranuclear
complexes, two types of cubane-based structures are well known: cubane and double-cubane
structures. The cubane core structures are commonly obtained with homo-metal complexes, whereas
double-cubane structures are often formed by hetero-metal or mixed-valence complexes. This is due to
the difference of the coordination environments between the metal ions located on the diagonal
positions and those on the central positions, in the double-cubane structure. The hetero-metal
complexes that form such double-cubane structures are a very interesting research target because they
can be expected the synergy of hetero-metal ions, which may show unusual properties, such as selective
catalytic ability or a ferromagnetic ground state. The ONO-tridentate ligands are well-known as good
ligands for assisting the formation of cubane-like structures, as a result of the ability of their terminal

Magnetochemistry 2019, 5, 14; doi:10.3390/magnetochemistry5010014 www.mdpi.com/journal/magnetochemistry

http://www.mdpi.com/journal/magnetochemistry
http://www.mdpi.com
https://orcid.org/0000-0001-7918-6802
https://orcid.org/0000-0001-8710-2875
http://dx.doi.org/10.3390/magnetochemistry5010014
http://www.mdpi.com/journal/magnetochemistry
http://www.mdpi.com/2312-7481/5/1/14?type=check_update&version=2


Magnetochemistry 2019, 5, 14 2 of 11

oxygen atoms to act as good bridging groups [10,11]. The tridentate Schiff base ligands obtained
by a simple dehydration-condensation of salicylaldehyde and an aminoalcohol or aminophenol
are useful for the preparation of cubane-based complexes [12,13]. In our previous research, we
have reported that the Schiff base tridentate ligand, N-(2-hydroxymethylphenyl) salicylideneimine
(H2L1-H) [14] and its derivatives, can be used to produce cubane-like tetranuclear complexes via
simple one-pot reactions [15–17]. As expected, these ligands gave hetero-metal or mixed-valence
complexes characterized by a double-cubane metal core structure with a large high-spin ground state;
such complexes included, for instance, MnIII

2NiII2 (ST = 6) and CoIII
2CoII

2 (ST = 3) systems [16,17].
During our research work aimed at obtaining hetero-metal complexes, we found that the similar
Schiff-base ligand N-(2-hydroxymethylphenyl)-5,6-benzosalicylideneimine (H2L) produced novel
MnIIINiII complexes comprising syn–syn bridging co-ligands as shown in Figure 1. We report here the
syntheses, structures and magnetic properties of tetranuclear hetero-metal MnIII

2NiII2 complexes.

Figure 1. Chemical diagram of (a) ligand H2L and (b) [MnNi(L)2(OAc)]2 (1).

2. Results and Discussion

2.1. Synthesis and Characterization of [Mn2Ni2(L)4(OAc)2] ·H2O (1) and [Mn2Ni2(L)4(NO3)2]·2H2O (2)

Analytical data of the obtained complexes 1 and 2 gave 1:1:2:1 ratio of Mn, Ni, (L)2− ligand,
and acetate/nitrate. In the infrared spectra (Figure S1 and Figure S2), these complexes show intense
characteristic peaks at 1615 and 1619 cm−1. These peaks can be assigned ν(C=N) vibration which
shifted from free ligand H2L (1620 cm−1). A symmetric vibration (νsym) and an asymmetric vibration
(νasym) of the syn–syn bridging acetate were observed at 1456 and 1582 cm–1 in the spectrum of 1. For 2,
corresponding two signals of bridging nitrate were observed at 1456 and 1575 cm–1.

2.2. Single Crystal X-ray Diffraction

Single-crystal X-ray diffraction measurements for 1 and 2 were performed at 293 K. The crystallographic
data are summarized in Table S1. A molecular structure of 1 is shown in Figure 2 with atom numbering
scheme. Additionally, selected bond distances and angles are summarized in Table 1 and Table S2.

The obtained crystals of 1 were unstable and efflorescence due to the large voids with highly
volatile dichloromethane molecules. Many solvent systems were tested for recrystallization, but our
attempts were in vain. All measurements were terminated by the cracking of the single crystals.
Though the analytical results are insufficient to make a crystallographically accurate discussion,
they clearly reveal the molecular structures to confirm the geometries of metal ions. As shown
in Figure 2a, 1 has a tetranuclear structure with an inversion center. The final refined structural
model of 1 is characterized by an asymmetric unit containing a Mn(III) ion and a Ni(II) ion, two
(L)2− ligands, and one acetate anion. The Mn and Ni ions in the asymmetric unit of 1 rest on a
dinuclear plane defined by a [MnNi(L)2] unit with bis-µ-alkoxo bridges from two deprotonated
tridentate (L)2− ligands. Furthermore, an acetate anion is also present that act as syn–syn bridging
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ligand coordinating the hetero-metals (Mn and Ni) at their axial positions. The symmetrically-related
dinuclear units are linked to each other by two µ3-alkoxo (O1 and O1*) and two µ2-phenoxo (O4 and
O4*) bridging atoms. Consequently, the tetranuclear hetero-metal core in 1 is best represented as a
dimer-of-dimers. The metal atoms arrangement with bridging oxygen atoms in 1 can be viewed as the
distorted defective double-cubane core structure. The valence states of the metal ions are confirmed
by charge balance considerations, bond valence sum (BVS) calculations [18], and observations of
Jahn-Teller elongations. The calculated BVS values are 3.25 and 2.22 for the Mn(III) and Ni(II) ions,
respectively [19]. The coordination environment of Mn1 is a distorted octahedral geometry in which
the equatorial positions are occupied by three oxygen atoms (O1, O2, and O3) and one nitrogen (N1)
atom, whereas the axial positions are occupied by two oxygen atoms (O4* and O5). The bond distances
in the equatorial plane of Mn1 are in 1.882(8)–1.981(9) Å range. The axial bond distances [2.135(7) and
2.410(7) Å] are longer than their counterparts in the equatorial plane, due to Jahn-Teller distortions that
are typical for Mn(III) ions. The coordination geometry of Ni1 is also octahedral. The combination of
atoms coordinating Ni1 is the same as that coordinating Mn1. However, the deviation of coordination
bond distances [1.986(7)–2.141(7) Å] of Ni1 is within 0.155 Å, a substantially smaller value than in the
case of Mn1. These distances are in the normal ranges for Mn(III) and Ni(II) complexes with Schiff-base
ligands [16,20]. The syn–syn bridging acetate forces the structure to be folded with the value of the bent
angle of the Mn(µ-O2)Ni bridging fragment being equal to 15.8(2)◦. The intramolecular metal-to-metal
distances between Mn1···Ni1, Mn1···Ni1*, Ni1···Ni1*, and Mn1···Mn1* are 2.928(2), 3.255(2), 3.253(2),
and 5.286(3) Å, respectively. The bond angles subtended by the µ3-alkoxo are 91.5(3)◦ for Mn1–O1–Ni1,
106.1(3)◦ for Mn1–O1–Ni1*, and 99.3(3)◦ for Ni1−O1−Ni1*. The short Mn1···Ni1 distance and narrow
Mn1−O1−Ni1 angle is a common feature of syn–syn carboxylato bridging dinuclear structures [21].
The interdimer Mn1···Ni1* is much longer than the intradimer Mn1···Ni1 counterpart; additionally
the bond angles Mn1−O1−Ni1* and Ni1−O1−Ni1* are much larger than 90◦. Hence, the defective
double-cubane core of 1 is highly distorted in the rhombic direction. Notably, the distorted core
structure might be stabilized by intramolecular π−π stacking interactions as shown in Figure 2b
[C9···C36* = 3.197(15), C11···C28* = 3.565(18), C13···C32* = 3.88(2), and C15···C34* = 3.621(17) Å, (*)
−x + 1, −y, −z] between naphthyl groups belonging to the two asymmetric dimer units.

Figure 2. Cont.
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Figure 2. Crystal structure of 1. (a) molecular structure, (b) modeling view for the intramolecular
π−π stacking between naphthyl groups, (c) modeling view for the distortion of (L)2− in coordination.
Thermal ellipsoids of (a) are drawn with 50% probability, hydrogen atoms are omitted for clarity.
Symmetry code: (*) −x + 1, −y, −z.

Table 1. Selected bond lengths and angles of 1, 2,A, and 2B.

Bond/Angle 1 2A 2B
(Å)/(◦) (Å)/(◦) (Å)/(◦)

Mn1−O1 1.943(7) 1.956(5) 1.938(5)
Mn1−O2 1.882(8) 1.874(5) 1.871(5)
Mn1−O3 1.907(6) 1.897(6) 1.924(7)

Mn1−O4 * 2.410(7) 2.331(6) 2.250(6)
Mn1−O5 2.135(7) 2.244(6) 2.261(6)
Mn1−N1 1.981(9) 1.980(7) 1.985(8)
Ni1−O1 2.141(7) 2.109(6) 2.117(6)

Ni1−O1 * 2.127(6) 2.107(6) 2.111(5)
Ni1−O3 * 2.005(7) 1.999(5) 1.987(5)
Ni1−O4 * 1.986(7) 1.977(5) 1.976(5)
Ni1−O6 * 2.077(7) 2.129(6) 2.156(5)
Ni1−N2 * 2.028(8) 2.012(7) 1.996(8)
Mn1···Ni1 2.928(2) 2.939(2) 2.952(2)

Mn1···Ni1 * 3.255(2) 3.193(2) 3.182(2)
Mn1···Mn1 * 5.268(3) 5.248(3) 5.244(3)
Ni1···Ni1 * 3.253(2) 3.183(3) 3.192(2)

Mn1−O1−Ni1 91.5(3) 92.5(2) 93.3(2)
Mn1−O1−Ni1 * 106.1(3) 103.6(2) 103.5(2)
Ni1−O1−Ni1 * 99.3(3) 98.0(2) 98.0(2)
Mn1−O3−Ni1 96.9(3) 97.9(3) 98.0(3)

Ni1−O4−Mn1 * 95.0(3) 95.3(2) 97.5(2)

Symmetry code (*): −x + 1, −y, −z (1); −x + 2, −y, −z + 1 (2A); –x + 2, −y + 1, −z + 2 (2B).

The molecular structure of 1 is resembles quite closely the structure of [Mn2Ni2(L1-H)4(OAc)2]
[H2L1-H = N-(2-hydroxymethylphenyl)salicylideneimine] [22]. In our previously reported complexes
with L1-H ligand, the planarity of the ligand was considerably low because of the strain due to
two adjacent 6-membered chelate rings [15–17,22]. For the present complex 1, the deprotonated
ligand (L)2− is also distorted at the imino group connecting the benzyl and naphthyl groups as
shown in Figure 2c. The torsion angle of the C=N bond (C7−N1−C8−C9 ) is 164.6(8)◦. The C−N
bond of the aminobenzyl moiety is twisted, giving rise to a large dihedral angle [50.1(3)◦] between
the phenyl and naphthyl groups. Due to such distortions and stacking interactions, the complex
assumes a chair conformation like [Mn2Ni2(L1-H)4(OAc)2]. The crystal packing diagram of 1 is shown
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in Figure S3. Notably, the structural features of the complex indicate that there is no remarkable
intermolecular interaction.

The crystal structure of 2 comprises two crystallographically independent molecules. These two
molecules (2A and 2B) are shown in Figure 3, and selected bond distances and angles are summarized
in Table 1. Each molecule in 2 has a similar tetranuclear structure with an inversion center.
These complexes are comprised of two Mn and Ni ions, four (L)2− ligands, and two nitrate anions
(instead of the acetate anions present in 1). The difference between 2A and 2B is the intramolecular
π−π stacking between the naphthyl groups of H2L in each molecule. The molecular structure of 2A
is almost the same as that of 1. The small dihedral angle 5.0(2)◦ of naphthyl groups suggests the
existence of a π−π stacking interaction in 2A. The C···C distance between stacking naphthyl groups
are C9A···C36A’ = 3.145(12), C11A···C28A’ = 3.249(12), C13A···C32A’ = 3.457(13), and C15A···C34A’
= 3.367(12) Å [(’) −x + 2, −y, −z + 1], respectively. On the other hand, the corresponding dihedral
angle in 2B is very large [24.2(2)◦] and the C···C distance between naphthyl groups are too distant
[C9B···C36B” = 3.277(11), C11B···C28B” = 3.969(12), C13B···C32B” = 4.871(13), and C15B···C34B” =
3.898(12) Å; (”) −x + 2, −y + 1, −z + 2]. The reason for this difference in π−π stacking between the
naphthyl groups of 2A and those of 2B is assumed to have to do with crystal packing interactions.
Figure 4 shows the crystal packing view of 2 along the a-axis. The oxygen atom O7A of bridging
nitrate in 2A slightly overlapped at the gap between the naphthyl groups of 2B. Due to this steric
hindrance, it seems that the π−π stacking of the naphthyl groups was inhibited in 2B. The crystal
packing diagram for 2 is reported in Figure S4. As in the case of complex 1, there is no evidence of a
remarkable intermolecular interaction.

Similarly to 1, in 2 the metal ions have octahedral coordination geometries. The axial bond
distances between the nitrate oxygens and the Mn(III) ions, 2.244(6) Å for Mn1A−O5A and 2.261(6) Å
for Mn1B−O5B, are ~0.1 Å longer than their counterparts measured in 1. This evidence suggests that
the magnetic exchange interaction between Mn(III) and Ni(II) in 2 might be smaller than corresponding
parameter for 1. Hetero-metal complexes with a syn–syn nitrato bridge are rare, with only a few
examples reported in the literature [23]. To the best of our knowledge, complex 2 is the first example
of a hetero-metal MnIIINiII complex bridged by syn–syn nitrate anions. The coordination environment
of Ni(II) in 2 is almost the same as that of the same metal ion in 1, and the bond distances around
Ni(II) are in the 1.976(5)–2.156(5) Å range. The average intramolecular metal-to-metal distances within
2A and 2B are 2.946(2) Å for Mn···Ni, 3.188(2) Å for Mn···Ni*, 3.188(3) Å for Ni···Ni*, and 5.246(3)
Å for Mn···Mn*, respectively. The average bond angles around the µ3-alkoxo group are 92.9(2)◦ for
Mn−O−Ni, 103.6(2)◦ for Mn−O−Ni*, and 98.0(2)◦ for Ni−O−Ni*. Given the substantial Mn···Ni*
distance and the wide bond angles around the µ3-O center, the double-cubane core of 2 is distorted,
but the distortion is rather small compared to the case of 1.

Figure 3. Perspective views of 2A (a) and 2B (b). Hydrogen atoms are omitted for clarity. Symmetry
code: (’) −x + 2, −y, −z + 1; (”) –x + 2, −y + 1, −z + 2.
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Figure 4. Packing view along the a-axis of 2. Crystal solvents are omitted for clarity. Complex 2A and
2B are color coded with blue and orange, respectively.

2.3. Magnetic Property

Magnetic susceptibility measurements for 1 and 2 were performed with a SQUID (superconducting
quantum interference device) magnetometer within the 4.5–300 K temperature range for 1 and the
2–300 K range for 2. Figure 5 shows the temperature dependence of χm and χmT vs. T plots of 1 (a)
and 2 (b).

Figure 5. Temperature dependence of χm (blue triangles) and χmT (red circles) vs. T plots of 1 (a) and
2 (b). Solid lines are drawn with the best-fitted parameter values described in the text and in Table 2.

The χmT values at 300 K of 1 and 2 are, respectively, 7.98 and 7.55 cm3 mol−1 K, which are
slightly smaller than the spin-only value of 8.00 cm3 mol–1 K expected for magnetically uncoupled
two high-spin Mn(III) (S = 2) and two Ni(II) (S =1) system. With decreasing temperature, the χmT
values for 1 gradually decrease to reach 2.71 cm3 mol–1 K at 4.5 K, which suggests an S = 2 ground
state. This magnetic behavior closely resembles those previously reported for tetranuclear hetero-metal
MnIII

2NiII2 complexes with bis-µ-alkoxo and syn–syn acetato triple bridges [24]. The χmT values for
2 are virtually constant from 300 K to 80 K; they then start decreasing as the temperature decreases
below 80 K to reach 2.26 cm3 mol−1 K at 2.0 K. These magnetic behaviors indicate that for both 1 and
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2 antiferromagnetic interactions are dominant in the hetero-metal tetranuclear cores. The magnetic
analyses for 1 and 2 were simulated using the PHI program [25]. The Hamiltonian is written as:

Ĥ = −2JMnNi
(
Ŝ1Ŝ2 + Ŝ3Ŝ4

)
− 2JMnNi∗

(
Ŝ1Ŝ3 + Ŝ2Ŝ4

)
− 2JMnMn∗ Ŝ1Ŝ4 − 2JNiNi∗ Ŝ2Ŝ3

+DMn
(
Ŝ1

2 + Ŝ4
2)+ DNi

(
Ŝ2

2 + Ŝ3
2) (1)

where JMnNi is the exchange integral between the Mn and Ni ions in the asymmetric unit bridged by
acetate or nitrate, whereas JMnNi*, JNiNi*, and JMnMn* are the exchange integrals between the metal ions
located in the asymmetric units as defined in Scheme 1.

Scheme 1. Magnetic exchange coupling model for 1 and 2.

In complexes 1 and 2, the interaction JMnMn* can be ignored because the distance is too large
to make a spin exchange [16,24]. The obtained J, g, and D parameters are the following: JMnNi =
−4.19 cm−1, JMnNi* = −1.36 cm−1, JNiNi* = −4.03 cm−1, gMn = 2.14, gNi = 2.29, DMn = –0.22 cm−1,
and DNi = 0.54 cm−1 for 1; JMnNi = −0.82 cm−1, JMnNi* = −0.66 cm−1, JNiNi* = 0.79 cm−1, gMn = 1.93,
gNi = 2.01, DMn = –0.70 cm−1, and DNi = 0.37 cm−1 for 2. These results demonstrate that the magnetic
interactions between Mn(III) and Ni(II) are antiferromagnetic in both complexes. In both cases,
the absolute value |JMnNi| is larger than |JMnNi*|. The magnetic paths between Mn(III) and Ni(II) ions
go through µ2-, µ3-alkoxo, and syn–syn acetato or nitrato bridges. Among them, the antiferromagnetic
pathway through acetato bridges might be dominant. It is thought that the interaction JMnNi influence
most strongly the magnetic behavior of the complex. The interaction JMnNi of 1 is much larger than
its counterpart for 2. As mentioned in Section 2.2, one of the reasons for this observation is that
the metal–nitrate bonds in 2 are longer than the metal–acetate bonds in 1. Results thus suggest
that the acetato bridge is more effective than the nitrato bridge in assisting local spin-exchange
interaction. The interactions JMnNi*, are relatively small due to the large bridging angles. The value of
the metal-O-metal bridging angle is known to be one of the important parameters determining the
magnitude of magnetic exchange interactions through phenoxo/hydroxo/alkoxo bridges. Typically,
the cross-over angle in bridging 3d–3d systems lie in the 95–98◦ range [26,27]. The Mn−O−Ni* angles
in 1 and 2 are large enough to assume the existence of antiferromagnetic interactions. For the interaction
JNiNi*, the cross-over angle in dinickel(II) systems is 97.5◦ [28]. The Ni−O−Ni* angles in 1, 2a, and 2b
are 99.6(3),98.0(2), and 98.0(2)◦, respectively. The angle for 1 is larger than the cross-over angle known
to afford an antiferromagnetic interaction. However, those for 2 are close to the mentioned value of
97.5◦, leading to a weak ferromagnetic interaction. Hence, the difference in JNiNi* between 1 and 2 can
be explained by the values of the Ni−O−Ni* angles.
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Table 2. Best fitting magnetic parameters and µ3-O bridging angles of 1, 2, and related complexes.

Complex JMnNi (cm−1) JMnNi* (cm−1) JNiNi* (cm−1) Mn−O−Ni (◦) Mn−O−Ni*(◦) Ni−O−Ni*(◦) References

Type-I: without syn–syn bridging ligand
A 4.5 4.3 –7.9 97.3(2) 95.4(2) 101.6(2) [12]
B 3.62 = JMnNi –7.81 98.51(14) 99.95(14) 97.85(14) [24]
C 0.75 = JMnNi 10 96.2(2) 99.3(2) 96.1(2) [16]

Type-II: with syn–syn bridging carboxylate
D −1.80 = JMnNi –3.41 94.16(8) 103.61(8) 98.19(8) [24]
E –11.85 –6.44 0.34 95.7(1) 105.1(1) 100.4 av [29]
1 −4.19 −1.36 −4.04 91.5(3) 106.1(3) 99.3(3) This work

Type-III: with syn–syn bridging nitrate
2 −0.82 −0.66 0.79 92.9(2) av 103.5(2) av 98.0(2) av This work

A = [MnIII
2NiII2Cl2(salpa)2] (H2salpa: N-(2-hydroxybenzyl)-3-amino-1-propanol); B = [MnIII

2NiII2(sap)2(sal)2
(µ3-OMe)2(NO3)2(MeOH)2] (H2sap: N-(3-hydroxypropyl)salicylideneimine, Hsal: salicyl aldehyde); C =
[MnIII

2 NiII2Cl2(L1)4(H2O)2] (H2L1: N-(2-hydroxy-methylphenyl)salicylideneimine); D = [MnIII
2NiII2(sap)2(sal)2

(µ3-OMe)2(OAc)2]; E = [MnIII
2NiII2(HL)2L2(OAc)2(CH3OH)2] (H2L: N-(2-hydroxy-5-fluro-methylphenyl)-3-imine-

2-propanol); av = an average angle in the asymmetric unit.

The J values and µ3-O bridging angles of structurally related tetranuclear MnIII
2NiII2 complexes are

summarized in Table 2. Whether the overall magnetic behavior is ferromagnetic or antiferromagnetic
is strongly influenced by the presence of syn–syn bridging ligands. The reported complexes without
syn–syn bridging ligands (Type-I in Table 2) show totally ferromagnetic behavior, and in these
complexes the Mn−O−Ni angles are in the 96–98◦ range. Those angles are nearly equal in size
or smaller than the cross-over angle in phenoxo/alkoxo-bridged 3d–3d systems. In the case of
complexes with syn–syn carboxylato bridges (Type-II), the Mn−O−Ni angles are much smaller than
those of Type-I complexes. However, the bridging carboxylates provide a good magnetic exchange
pathway. In addition, those complexes are characterized by a distortion of the double-cubane metal
core that causes the large Mn−O−Ni* angles. These factors result in complexes 1 and 2 displaying
antiferromagnetic properties. Finally, complex 2 is the first example of a Type-III complex, which is
characterized by the presence of syn–syn nitrato bridges. Based on evidence gathered on other
hetero-metal complexes [23], the magnetic pathway through the nitrate ligand is considered to have a
small contribution to the magnetic exchange due to the weak coordination.

3. Materials and Methods

3.1. General

All chemicals were purchased and used as received, unless otherwise noted. Methanol was
purified by distillation over magnesium turnings. The ligand H2L was obtained by the literature
method [13]. Elemental analyses for C, H, and N were obtained at the Elemental Analysis Service
Center, Kyushu University. Analyses of Mn and Ni were made on a Shimadzu ICPS-8100 (Shimadzu
Co. Ltd., Kyoto, Japan) twin sequential high-frequency plasma emission spectrometer. Fluorescent
X-ray analyses were obtained on a Shimadzu Rayny EDX-700HS energy dispersive X-ray spectrometer
(Shimadzu Co. Ltd., Kyoto, Japan). Infrared spectra were recorded on a Bruker VERTEX70-S FT-IR
spectrometer on ATR (Attenuated Total Reflection) method at the Instrumental Analysis Center,
Saga University. Reflection spectra were recorded on a PERKIN ELMER Lambda19 UV/VIS/NIR
Spectrometer (PerkinElmer, Inc., Waltham, MA, USA) and Ocean Optics USB2000+ fiber optic
spectrometer (Ocean Optics, Inc., Dunedin, FL, USA). The magnetic susceptibilities were measured on
a Quantum Design MPMS-XL5R SQUID susceptometer (Quantum Design, Inc., San Diego, CA, USA)
under an applied magnetic field of 0.5 T in the temperature range 2–300 K. The susceptibilities were
corrected for the diamagnetism of the constituent atoms using Pascal’s constant [30].

3.2. Single Crystal X-ray Diffraction

X-ray diffraction measurements were made on a Rigaku AFC5S automated four-circle
diffractometer (Rigaku Corp, Tokyo, Japan) for 1 and a Rigaku Vari-Max Saturn CCD 724 diffractometer
(Rigaku Corp, Tokyo, Japan) for 2 with graphite monochromated Mo Ka radiation (λ = 0.71069 Å).
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Data were collected and processed using CrystalClear [31]. An empirical absorption correction was
applied. The data were corrected for Lorentz and polarization effects. The crystal data and experimental
parameters are summarized in Table S1. The structures were solved by direct methods (SIR92) and
expanded using Fourier techniques [32,33]. The nonhydrogen atoms were refined anisotropically.
All the hydrogen atoms, except those of the water molecule in 1 as crystal solvents which were
not included in the structural models because their positions could not be determined precisely,
were located on the calculated positions, and refined using the riding model. The final cycle of
full-matrix least-squares refinement on F2 using SHELXL-2016 [34] was based on observed reflections
and variable parameters, and converged with unweighted and weighted agreement factors of R and
Rw. All calculations were performed using the CrystalStructure [35] crystallographic software package
of Molecular Structure Corporation except for refinement, which was performed using SHELXL-2016.

3.3. Synthesis of [Mn2Ni2(L)4(OAc)2] ·H2O (1)

A methanol solution (20 mL) of Mn(OAc)3·2H2O (0.133 g, 0.5 mmol) and H2L (0.278 g, 1.0 mmol)
was added Et3N (0.210 g, 2.0 mmol) drop-by-drop with stirring for 60 min. To the resulted solution was
added a solution of NiCl2·6H2O (0.066 g, 0.5 mmol) in 5 mL methanol. After 60 min, brown precipitate
was obtained. The brown single crystals were obtained by recrystallization of CH2Cl2 /toluene mixed
solvent (9:1, 10 mL). [Mn2Ni2(L)4(OAc)2]·H2O; Yield: 17.8%. Anal. Calc. for C76H60Mn2N4Ni2O13: C,
62.30; H, 4.13; N, 3.83; Mn, 7.50; Ni, 8.01. Found: C, 62.02; H, 4.07; N, 3.85; Mn, 7.60; Ni, 7.92%. IR data
[ν̃/cm–1]: 3060 (w), 2857 (w), 1615 (m), 1603 (m), 1572 (m) 1531 (s) 1376 (s), 1025 (m), 860 (s), 779 (s),
710 (m) and 566 (s). UV–VIS [ν̃/103 cm–1]: 7.0sh, 12sh, 13sh, 16sh, 19sh, 22sh (sh = shoulder).

3.4. Synthesis of [Mn2Ni2(L)4(NO3)2]·2H2O (2)

A methanol solution (20 mL) of Mn(NO3)2·6H2O (0.080 g, 0.278 mmol) and H2L (0.278 g, 1.0 mmol)
was added Et3N (0.101g, 1.00 mmol) drop-by-drop and refluxed for two hours. The mixture was added
a methanol solution (5 mL) of Ni(NO3)2·6H2O (0.073 g, 0.250 mmol) further refluxed for two hours.
The resulting dark brown solution was evaporated to dryness under reduced pressure. The obtained
oily substance was dissolved in 10 mL of CH2Cl2 including small amount of Na2SO4 with stirring.
The dehydrated solution was filtered and left at room temperature. Dark brown crystals suitable for
X-ray crystallography were obtained after two weeks. [Mn2Ni2(L)4(NO3)2]·2H2O; Yield: 67.2%. Anal.
Calc. for C72H56Mn2N6Ni2O16: C, 58.10; H, 3.79; N, 5.65; Mn, 7.38; Ni, 7.89. Found: C, 57.76; H, 3.61; N,
5.65; Mn, 7.02; Ni, 7.93%. IR data [ν̃/cm–1]: 3056 (w), 2926 (w), 2852 (w), 1619 (m), 1601 (m), 1575 (m),
1540 (s), 1436 (m), 1387 (s), 1361 (w), 1284 (m), 1030 (m), 829 (s), 758 (s), 654 (w) and 577 (m). UV-VIS
[ν̃/103 cm–1]: 12sh, 13sh, 16sh, 19sh, 22sh.

4. Conclusions

New tetranuclear hetero-metal MnIII
2NiII2 complexes, [Mn2Ni2(L)4(OAc)2] and [Mn2Ni2(L)4

(NO3)2], were prepared by the simple one-pot reaction of metal sources with Schiff base ligand.
Single crystal X-ray analyses reveal that these complexes adopt defective double-cubane metal
cores with syn–syn bridging acetate or nitrate. The temperature dependent magnetic susceptibility
measurements showed that both complexes have antiferromagnetic behaviors and S = 2 ground state.
The obtained magnetic parameters indicate that all magnetic pathway in the hetero-metal core are
weak antiferromagnetic.

Supplementary Materials: The following are available online at http://www.mdpi.com/2312-7481/5/1/14/s1,
Figure S1. IR spectrum of 1 (ATR). Figure S2. IR spectrum of 2 (ATR). Figure S3. Molecular packing diagram of 1.
Figure S4. Molecular packing diagram of 2. Table S1. Crystallographic data of 1 and 2. Table S2. Bond angles in
the coordination spheres of 1, 2A, and 2B.
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