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Cobalt Clusters

Temperature-Sensitive Structural Speciation of Cobalt-
Iminodialcohol-(N,N′-Aromatic Chelator) Systems: Lattice
Architecture and Spectrochemical Properties
Sevasti Matsia,[a] Melita Menelaou,[a] Antonios Hatzidimitriou,[b] Vassilis Tangoulis,[c]
Nikolia Lalioti,[c] Nikolaos Ioannidis,[d] Laura Blömer,[e] Berthold Kersting,[e] and
Athanasios Salifoglou*[a]

Abstract: Temperature-sensitive crystalline phases, pertaining
to discrete clusters of binary and ternary Co(II,III):iminodi-
propanol:(N,N′-aromatic binder) systems, were prepared. The
rich structural speciation of such systems in alcoholic media
and their unique structural, magnetic, and spectroscopic pro-
files have been demonstrated. The need to understand the
chemical reactivity of such complex ternary Co(II)-(1,1′-iminodi-
2-propanol) systems, in the presence of N,N′-aromatic chelators
2,2′-bipyridine and 1,10-phenanthroline and aromatic binder
4,4′-bipyridine in methanol, led to the synthetic development
of well-defined hybrid metal-organic materials with discrete
spectroscopic, structural, electrochemical, and magnetic prop-

Introduction

Variable nuclearity clusters have been at the forefront of coordi-
nation chemistry due to their broad spectrum of applications
in catalysis,[1,2] nanoscience,[3–5] optoelectronics,[6,7] magneto-
optics[8–13] and the biological-environmental field.[14–17] Coordi-
nation compounds arising from the design and synthetic routes
between transition metal ions and appropriately-configured or-
ganic ligands are of great interest[18–20] in all of the above fields.
Advancements, in that respect, rely heavily on the nature of
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erties. The surprisingly plethoric family of the prepared mono-
nuclear-trinuclear-tetranuclear Co(II,III) clusters was character-
ized through elemental analysis, FT-IR, and X-ray crystallogra-
phy. Enrichment of their physicochemical profile originated
from electrochemical, optical (UV/Vis, luminescence), magnetic,
and EPR studies, unequivocally supporting their structural for-
mulation. Collectively, the experimentally and theoretically
(Bond-Valence-Sum, Hirshfeld) perused structures project the
influence of molecular stoichiometry and temperature on tar-
geted synthetic efforts toward crystal engineering of discrete
Co(II,III)-center assemblies, exemplifying structure-reactivity cor-
relations and magneto-optical-structural attributes.

organic ligands seeking interaction(s) with appropriately cho-
sen metal ions at the binary and/or ternary level. Among those
metal ions, cobalt attracts considerable attention, because of
the a) wide range of stable geometries it can assume in the
emerging clusters, b) high magneto-crystalline anisotropy char-
acterizing the generated assemblies, and c) diverse chemical
reactivity it can accommodate with a large pool of variable
structure and molecular mass ligands.[8,21] Complex assemblies
of different nuclearity, involving both cobalt oxidation states
(Co(II) and Co(III)) and multidentate ligands, have thus been
achieved and a wealth of magnetic properties have been unrav-
eled to project potential applications in fields such as Single-
Molecule Magnets (SMMs).[12,22–29]

Given the importance of ligand structure in the design of
such materials, amino alcohols possess key such reactivity
groups poised to seek metal ion complexation, thus promoting
assembly of oligonuclear clusters. Consequently, the chemical
reactivity of Co(II,III) ion toward neutral (O,N,O)-terminal con-
taining (amino)alcohol and carboxylic acid ligands stands as the
basis for the development of materials exemplifying the diver-
sity of structural motifs possessing specified physicochemical
attributes.[30–36] Among such attributes included are the a) nu-
clearity of the cluster assembly at the binary-ternary metal-or-
ganic level, b) structural composition of the arising metal ionic
assembly, c) molecular stoichiometry among the partners in the
investigated systems, and d) the defined solvent system (e.g.
alcohol) in which the chemical reactivity is probed into, with
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the oxidation state of the various metal centers playing a key
role in the formulation of optical and magnetic properties in
the emerging (oligo, multi)nuclear assemblies.

Often, serendipity or other ill-understood or defined factors
(such as thermodynamics) lead to the synthesis and isolation of
such clusters. To that end, the rational design of such assem-
blies and their associated lattice architectures remain a chal-
lenge, providing a well-defined impetus to synthesizing new
binary-ternary materials bearing distinctly differentiated elec-
tronic-magnetic properties.

Driven by the scarcely encountered rationale entering the
design and synthesis of such well-defined materials, research
was launched in our labs to pursue hybrid metal-organic mate-
rials bearing distinct structural and magneto-optical correla-
tions in the first transition metal ion series. The investigation
relied on the a) general ternary Co(II):(1,1′-iminodi-2-prop-
anol):(N,N′-aromatic chelator) system, and b) introduction of pa-
rameters-factors that could influence the chemical reactivity of
Co(II) toward select iminodialcohol ligands (Scheme 1) under
defined molecular stoichiometry and temperature-specific con-
ditions.

Scheme 1. Di-alcoholic 1,1′-iminodi-2-propanol ligand employed in the study.

The experimental and theoretical results exemplify the diver-
sity of the chemical reactivity studied and project distinct corre-
lations involving the aforementioned factors, all useful in a) ra-
tionalizing the importance of structural speciation in a ternary
metal-organic system linked to crystalline cluster synthesis and
isolation, and b) identifying the salient features entering the
design of new metal-organic hybrid materials with specific elec-
tronic and magnetic properties.

Results

Syntheses

All compounds 1–6 were synthesized through simple reactions
between a divalent metal ion (M(II) = Co) and a representative
(imino)alcohol 1,1′-iminodi-2-propanol (H3L), employing varia-
ble molar ratios. The diversity of Co(II,III) assemblies in the
emerging different compounds was investigated through the
properties of the different aromatic chelators. Specifically:

Dark red crystalline compound [CoII2CoIII2(OH)(CH3O)-
(C6H12.5NO2)2(C10H8N2)2(NO3)2](NO3)·3CH3OH·H2O (1) was syn-
thesized through a simple reaction between Co(NO3)2·6H2O,
1,1′-iminodi-2-propanol (H3L) and 2,2′-bipy in methanol with a
molar ratio of 1:1:1 or 2:1:1 at 25°C. The overall stoichiometric
reaction leading to 1 is shown below.

A dark red mixture of crystalline compounds [CoIICoIII2-
(H2O)(OH)(C6H13NO2)2(C10H8N2)3](NO3)3·2CH3OH (2) and
[CoIICoIII2(OH)2(C6H14NO2)2(C10H8N2)3](NO3)4·CH3OH (3) was ob-
tained through an analogous reaction between Co(NO3)2·6H2O,

Eur. J. Inorg. Chem. 0000, 0–0 www.eurjic.org © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2

1,1′-iminodi-2-propanol (H3L) and 2,2′-bipy in methanol with a
molar ratio of 1:1:1 at 4°C. The overall stoichiometric reaction
leading to 2 and 3 is shown below.

In an analogous reactivity pattern, dark brown crystalline
compound [CoII2CoIII2(OH)2(C6H12.5NO2)2(C12H8N2)3(NO3)](NO3)2·
3CH3OH (4) was synthesized through a reaction of
Co(NO3)2.6H2O with 1,1′-iminodi-2-propanol (H3L) and 1,10-
phen, in a molar ratio 1:1:1, in methanol solution at 25°C and
4°C. The overall stoichiometric reaction leading to 4 is shown
below.

Through the same line of thinking, the reaction between
Co(NO3)2.6H2O with 1,1′-iminodi-2-propanol (H3L) and 1,10-
phen in a molar ration 2:1:1 led to the isolation of a different
material compared to 4. The reaction below indicates the
stoichiometry leading to [CoII2CoIII2(OH)2(C6H13NO2)2(C12H8N2)2-
(NO3)2](NO3)2·2.5H2O (5).

In all cases, the aromatic chelator binders 2,2′-bipy (1, 2, and
3) and 1,10-phen (4, 5) were employed, with both ligands
proven crucial for the isolation of crystalline material(s) and fur-
ther characterization. Methanol was also a crucial point for
achieving a stable lattice. The arising mixed Co(II,III)-(1,1′-imi-
nodi-2-propanol) species were retrieved in pure crystalline form
upon slow evaporation.

In contrast to what had thus far been observed, the reactivity
between Co(NO3)2.6H2O with 1,1′-iminodi-2-propanol (H3L) and
4,4′-bipy shows a different coordination composition around
the metal ion, including the aromatic binder and nitrate ions.
The 1,1′-iminodi-2-propanol ligand, is not coordinated to Co(II).
The stoichiometric reaction leading to [CoII(C10H8N2)(NO3)2-
(H2O)2]n·nH2O (6) is shown below.
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It appears that the chemical reactivity of the different aro-
matic binders with the ligand (H3L) and cobalt ion is crucial for
the isolation of crystalline materials 1–6.

Elemental analysis on all reproducibly isolated crystalline
products suggested the molecular formulation 1, 4–6. In the
case of compounds 2 and 3, discrete phases were reproducibly
obtained and accounted for through FT-IR and X-ray crystallog-
raphy. Further spectroscopic evaluation of the crystalline prod-
ucts by FT-IR confirmed the presence of 1,1′-iminodi-2-propanol
ligand and the aromatic chelator bound to the metal ion(s) in
all materials except 6. Finally, X-ray crystallography confirmed
the analytical and spectroscopic results by providing the molec-
ular formulation of the crystalline materials 1–6.

Table 1. Summary of crystallographic data on compounds [CoII2CoIII2(OH)(CH3O)(C6H12.5NO2)2(C10H8N2)2(NO3)2](NO3)·3CH3OH·H2O (1), [CoIICoIII2(H2O)-
(OH)(C6H13NO2)2(C10H8N2)3](NO3)3·2CH3OH (2), [CoIICoIII2(OH)2(C6H14NO2)2(C10H8N2)3](NO3)4·CH3OH (3), [CoII2CoIII2(OH)2(C6H12.5NO2)2(C12H8N2)3-
(NO3)](NO3)2·3CH3OH (4), [CoII2CoIII2(OH)2(C6H13NO2)2(C12H8N2)2(NO3)2](NO3)2·2.5H2O (5), [CoII(C10H8N2)(NO3)2(H2O)2]n·nH2O (6).

Compound 1 2 3 4 5 6

Chemical formula C36H59Co4N9O19 C44H53Co3N11O17 C43H58Co3N12O19 C51H56Co4N11O18 2[C36H49Co4N10O20.50] C10H14CoN4O9

Mr 1157.65 1184.77 1223.80 1346.80 2 × 1185.57 393.18
Crystal system Orthorhombic Monoclinic Monoclinic Monoclinic Triclinic Orthorhombic
Space group Pccn C2/c P21 C2/c P1̄ Cccm
Temperature (K) 295 295 295 295 295 295
a (Å) 17.1261(6) 13.4628(5) 9.5944(12) 14.1241(6) 11.8990(10) 11.7615(9)
b (Å) 19.2572(7) 21.7564(8) 22.060(3) 19.3903(8) 12.3082(13) 19.4549(11)
c (Å) 16.2533(5) 18.8778(9) 13.1225(17) 23.3541(13) 19.890(2) 7.3905(5)
α (°) 90 90 90 90 103.127(3) 90
� (°) 90 100.695(2) 102.329(4) 106.306(2) 102.227(3) 90
γ (°) 90 90 90 90 104.604(3) 90
V (Å3) 5360.4(3) 5433.3(4) 2713.4(6) 6138.7(5) 2631.0(5) 1691.1(2)
Z 4 4 2 4 2 × 1 4
Radiation type Mo Kα Mo Kα Mo Kα Mo Kα Mo Kα Mo Kα

μ (mm–1) 1.29 0.98 0.99 1.14 1.32 1.07
Crystal size (mm) 0.16 × 0.19 × 0.28 0.24 × 0.23 × 0.10 0.22 × 0.17 × 0.07 0.14 × 0.19 × 0.22 0.15 × 0.17 × 0.25 0.16 × 0.24 × 0.26

Data collection

Diffractometer Bruker Kappa Bruker Kappa Bruker Kappa Bruker Kappa Bruker Kappa Bruker Kappa
APEX II APEX II APEX II APEX II APEX II APEX II

Absorption Numerical Numerical Numerical Numerical Numerical Numerical
correction
Tmin, Tmax 0.78, 0.81 0.72, 0.91 0.85, 0.93 0.81, 0.85 0.80, 0.82 0.77, 0.84

Reflections

No. of measured 28718 21725 42178 24177 59286 3555
independent 5307 5565 11029 6077 11027 902
observed [I > 2.0σ(I)] 3478 3575 7492 4275 8320 744
Rint 0.027 0.022 0.036 0.026 0.016 0.028
(sin θ/λ)max (Å–1) 0.621 0.628 0.627 0.618 0.640 0.619

Refinement

R[F2 > 2σ(F2)] 0.054 0.040 0.033 0.052 0.049 0.054
Rw (F2) 0.099 0.084 0.070 0.107 0.074 0.118
S 1.000 1.000 1.000 1.000 1.000 1.000
No. of reflections 3478 3575 7492 4246 8320 744
No. of parameters 318 343 695 390 649 71
No. of restraints 5 3 1 4 0 12
Δρmax, Δρmin (e Å–3) 0.56, –0.44 0.60, –0.37 0.60, –0.30 0.74, –1.01 0.77, –0.42 0.62, –1.03
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Description of X-ray Crystallographic Structures

Crystallographic data for all compounds 1–6 are presented in
Table 1.

Compound 1 crystallizes in the orthorhombic Pccn crystallo-
graphic space system. Crystallographic bond lengths and an-
gles are shown in Table 2 and Table S1. It is a mixed valence-
mixed ligand tetranuclear cluster. The moiety formula
C33H45Co4N8O12, 3(CH4O), ΝΟ3, H2O comprises a main singly
cationic tetranuclear core [Co4(OH)(CH3O)(C6H12.5NO2)2-
(C10H8N2)2(NO3)2]+ assembly (Figure 1A), one nitrate counter an-
ion, three solvate methanol molecules and one lattice water
molecule. The tetranuclear assembly consists of four cobalt ions
symmetrically generated with respect to the center of symme-
try in the mid distance Co(2)–Co(2)′, both sitting on special po-
sitions. These two cobalt ions are Co(II) centers, with the pair of
the remaining cobalt centers being Co(III). The oxidation state
assignments for the cobalt centers were made using charge
considerations, Bond Valence Sum (BVS) calculations, and inter-
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Table 2. Selected crystallographic data on compounds 1–6.

Bond lengths (Å)
1 2 3

Co(1)–O(1) 1.887(3) Co(1)–O(3) 2.151(2) Co(1)–N(1) 1.919(4)
Co(1)–O(3) 1.949(3) Co(1)–N(4) 2.126(3) Co(1)–O(2) 1.897(3)
Co(1)–N(1) 1.923(4) Co(1)–O(1) 2.086(2) Co(2)–O(3) 1.880(3)
Co(2)–O(4) 2.147(4) Co(3)–O(1) 1.878(2) Co(2)–O(4) 1.927(3)
Co(2)–O(3) 2.099(3) Co(3)–O(3) 1.911(2) Co(3)–O(6) 2.143(3)
Co(2)–O(5) 2.197(4) Co(3)–N(1) 1.931(3) Co(3)–N(7) 2.093(4)

4 5 6

Co(1)–O(3) 1.932(3) Co(1)–O(1) 2.055(2) Co(1)–O(2) 2.155(7)
Co(1)–O(1) 1.887(3) Co(2)–O(1) 1.896(2) Co(1)–N(1) 2.136(5)
Co(1)–N(2) 1.976(4) Co(2)–N(2) 1.986(3) O(2)–N(2) 1.262(8)
Co(2)–O(2) 2.071(3) Co(3)–O(7) 2.032(2) O(4)–N(2) 1.242(7)
Co(2)–N(4) 2.102(4) Co(4)–O(8) 1.915(2)
Co(3)–O(4) 2.150(3) Co(4)–N(4) 1.942(3)

Angles (°)
1 2 3

O(1)–Co(1)–O(2) 94.03(14) O(1)–Co(1)–O(3) 73.34(8) N(1)–Co(1)–N(3) 95.48(17)
O(2)–Co(1)–N(1) 87.25(15) O(1)–Co(1)–N(4) 95.33(11) N(1)–Co(1)–O(1) 85.81(14)
N(1)–Co(1)–N(2) 93.99(17) N(1)–Co(3)–N(2) 92.89(13) O(1)–Co(1)–O(2) 93.86(13)
O(1)–Co(2)–O(3) 76.27(12) O(3)–Co(3)–N(3) 93.20(11) N(2)–Co(2)–O(3) 87.32(14)
O(4)–Co(2)–O(5) 59.70(16) N(8)–Co(3)–O(3) 100.21(14)

O(3)–Co(3)–O(6) 74.07(11)

4 5 6

O(1)–Co(1)–O(2) 95.62(12) O(1)–Co(1)–O(3) 76.92(9) O(2)i–Co(1)–O(2)ii 95.3(4)
O(2)–Co(1)–N(1) 87.16(14) O(1)–Co(2)–N(1) 87.65(13)
N(1)–Co(1)–N(2) 92.85(16) N(1)–Co(2)–N(2) 94.43(14) O(2)i–Co(1)–N(1) 94.5(2)
O(3)–Co(3)–O(4) 106.14(11) O(1)–Co(2)–N(3) 174.55(11) O(2)–Co(1)–N(1) 85.5(2)

O(7)–Co(3)–O(10) 93.20(11) Co(1)–O(2)–N(2) 128.8(5)
O(7)–Co(4)–N(4) 86.86(15) (i) –x + 1/2, –y + 3/2, –z + 1
N(5)–Co(4)–N(6) 84.22(14) (ii) –x + 1/2, –y + 3/2, z

atomic distances (Co(II,III)–N and Co(II,III)–O). To that end, calcu-
lations revealed BVS values of 1.947 for Co(II) (Co(2)) and 3.125
Co(III) (Co(1)) centers. Of the two iminodipropanol ligands, one
is doubly deprotonated and the second one is triply deproto-
nated. Two 2,2′-bipyridine (2,2′-bipy) ligands are each coordi-
nated to one Co(III) center in a bidentate chelating mode
through both of their nitrogen atoms. The two nitrate anions
are each coordinated to one Co(II) ion in a bidentate chelating
fashion through both of their oxygen atoms. In the tetranuclear
core, there are also two more anions, one hydroxido and one
methoxido, both bridging two Co(II) and one Co(III) cations
though their oxygen anchors. The hydroxido and methoxido
bridges were found disordered with occupancy factors 0.5 over
two equivalent positions. The oxygen atom in both anions was
found being fully occupied with the hydrogen atom changing
position with the methyl group. The iminodipropanol ligands
were also found to be disordered. The imine hydrogen was
found with an occupancy factor 0.5, consequently rendering
the ligand doubly or triply deprotonated over two equivalent
positions.

The geometry around each cobalt ion is distorted octahedral.
Each Co(III) center (Co(1), Co(1)′) is coordinated to three nitro-
gen and three oxygen atoms. The nitrogen atoms originate in
the 2,2′-bipy and iminodipropanol ligands. One of the oxygen

Eur. J. Inorg. Chem. 0000, 0–0 www.eurjic.org © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4

atoms originates from a disordered hydroxido and/or a methox-
ido anion. The remaining two oxygens come from an iminodi-
propanol ligand. These oxygen atoms are bridging the Co(III)
and Co(II) ions of the asymmetric unit. Each Co(II) (Co(2), Co(2)′)
is connected to six oxygen atoms. Two of them come from one
of the bridging deprotonated alcoholic oxygens of the iminodi-
propanol ligand and its symmetry generated counterpart. Two
more come from the bidentate nitrato ligand. The remaining two
oxygens originate from the triply bridging disordered hydroxido
moiety and the symmetry generated methoxido anion.

Figure 1 A exhibits the tetranuclear singly cationic assembly
with iminodipropanolato, hydroxido and methoxido ligands oc-
cupying one of their two equivalent positions. The Co(III)–O dis-
tances vary from 1.887(3) to 1.949(4) Å, with Co(III)–N distances
varying from 1.923(4) to 1.957(4) Å as expected.[37] The Co(II)–
O distances vary from 2.026(3) to 2.197(4) Å, typical values for
Co(II)–O distances.[38,39]

Hydrogen-bonding interactions are either simply keeping
the lattice solvent molecules (O(11) to O(12)) together or bridg-
ing other lattice solvent molecules and the hydroxido and/or
methoxido anionic ligands of the core assembly (O(3), O(9),
O(10)). They finally form zig-zag chains parallel to the diagonal
of the a0b plane. The so formed lattice architecture (Figure 1B–
C) can be described as one dimensional (1D)..
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Figure 1. A. Diamond plot of cluster assembly [Co4(OH)(CH3O)(C6H12.5NO2)2(C10H8N2)2(NO3)2]+ in 1. B. Lattice of 1 in the ab plane. C. Lattice of 1 in the bc
plane.

Compound 2 crystallizes in the monoclinic C2/c space group.
Crystallographic bond lengths and angles are shown in Table 2
and Table S1. The moiety formula [CoIICoIII2(H2O)(OH)-
(C6H13NO2)2(C10H8N2)3](NO3)3·2CH3OH describes the existence
of one triply cationic trinuclear cobalt assembly (Figure 2A),
with three nitrates as counter anions and two severely dis-
ordered methanol solvate molecules (Figure 2B–C), with their
oxygen atoms occupying one special and four general posi-
tions. The total multiplicity of the site is four.

The trinuclear mixed ligand-mixed valence complex assem-
bly contains one Co(II) (Co(1)) sitting on a special position and
two Co(III) (Co(3), Co(3)′) ions placed on general positions, one
water ligand and one hydroxido ligand, two iminodipropanol-
ato doubly deprotonated dianions and three 2,2′-bipy ligands,
all symmetrically correlated with respect to the C2 symmetry
axis passing through Co(1) and the sigma bond mid-distance
of the 2,2′-bipy coordinated to Co(1). The 2,2′-bipy ligands are
coordinated in a typical bidentate chelate mode, one around
each metal ion. Doubly deprotonated iminodipropanol ligand
oxygen atoms are bound one to a Co(III) ion only, with the
second one bridging one Co(III) and the Co(II) center. The ligand
is also coordinated to Co(III) through the protonated nitrogen
atom. The oxidation state assignments for the cobalt centers
were supported through BVS calculations, revealing values of
1.853 for Co(II) (Co(1)) and 2.795 for Co(III) (Co(3)), respectively.
Finally, two oxygen atoms, one from the ligated water molecule

Eur. J. Inorg. Chem. 0000, 0–0 www.eurjic.org © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim5

and one from the hydroxido anionic ligand were found disor-
dered and alternating over the respective positions between
them, while bridging each Co(III) to the central Co(II) ion. All
metal ions have a distorted octahedral environment of coordi-
nated atoms. Each Co(III) center is connected to three nitrogen
and three oxygen atoms, with Co(II) being connected to two
nitrogen and four oxygen atoms.

Figure 2 A displays the trinuclear tricationic complex assem-
bly. The Co(II)–O distances vary from 2.086(2) to 2.151(2) Å,
whereas Co(II)–N distances were both found to be 2.126(3) Å
due to symmetry considerations. All distances have the ex-
pected values.[40] The Co(III)–O distances vary from 1.878(2) to
1.929(2) Å, with Co(III)–N distances varying from 1.931(3) to
1.938(3) Å, all typical values for Co(III)-(O,N) distances.[40]

Hydrogen-bonding interactions emerge between the bound
water and hydroxido anionic ligand to the oxygen atoms of one
nitrate counterion. A second interaction emerges as the imino
group interacts with O(8) and O(8)′ of the second nitrate coun-
ter anion, thus forming infinite chains parallel to the a crystallo-
graphic axis and gives rise to a final 1D lattice.

Compound 3 crystallizes in the monoclinic P21 space group,
with the multiplicity of the general site being two. Crystallo-
graphic bond lengths and angles are shown in Table 2 and
Table S1. In the asymmetric unit, there is one trinuclear tetraca-
tionic [Co3(OH)2(C6H14NO2)2(C10H8N2)3]4+ complex assembly
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Figure 2. A. Diamond plot of cluster assembly [Co3(H2O)(OH)(C6H13NO2)2(C10H8N2)3]3+ in 2. B. Lattice of 2 in the ac plane. C. Lattice of 2 in the ab plane.

Figure 3. A. Diamond plot of cluster assembly [Co3(OH)2(C6H14NO2)2(C10H8N2)3]4+ in 3. B. Lattice of 3 in the ac plane.

(Figure 3A), four nitrate counterions and one methanol solvate
molecule, all with full occupancy factors, placed on general po-
sitions.

The trinuclear mixed ligand-mixed valence cobalt assembly
is similar to that in compound 2, containing one Co(II) (Co(3))
and two Co(III) (Co(1), Co(2)) ions, with metal to metal distances
of 3.0609 and 3.0811 Å. The oxidation state assignments for
the cobalt centers were supported through BVS calculations,
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revealing values of 1.921 for Co(II) (Co(3)), and 2.765 and 2.811
for Co(III) (Co(1) and Co(2), respectively). There are three 2,2′-
bipy ligands, each coordinated to one metal center through
their nitrogen atoms. The difference from the corresponding
assembly in 2 is that the two iminodipropanolato ligands, coor-
dinated through their oxygen and nitrogen atoms, are singly
deprotonated only on one of the alcoholic groups each. Each
protonated alcoholic group is singly coordinated to a Co(III)
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center, with each deprotonated oxygen atom bridging Co(III)
and Co(II) ions. The octahedral coordination environment is ful-
filled with two hydroxido groups, each acting as a double
bridge between the Co(III) and Co(II) centers (Figure 3B).

Figure 3 A portrays the trinuclear tetracationic complex. The
Co(III)–O distances vary from 1.880(3) to 1.927(3) Å, with Co(III)–
N distances varying from 1.919(4) to 1.944(4) Å, as expected.[37]

The Co(II)–O distances vary from 2.089(3) to 2.143(3) Å, with the
Co(II)–N distances varying from 2.090(4) to 2.093(4) Å, all typical
values for Co(II)–O and Co(II)–N distances.[38,39]

A hydrogen-bonding network emerges as the imino moiety
of the iminodipropanolato ligands interacts with one of the lat-
tice nitrate counterions (containing O(7) and O(8)), thus forming
chains parallel to the c crystallographic axis. Chains also form
as the oxygen atoms of a second lattice nitrate anion interact
with the hydroxido anionic ligands of the core assembly con-
taining O(13) and O(14). These chains are parallel to the a crys-
tallographic axis. The interactions between the aforementioned
described chains form a final rigid 2D crystal lattice, with planes
parallel to the a0c crystallographic plane.

Compound 4 crystallizes in the monoclinic C2/c space group.
Crystallographic bond lengths and angles are shown in Table 2
and Table S1. It contains a mixed valence-mixed ligand tetranu-
clear complex assembly. The moiety formula C51H56Co4N11O18,
projects the main dicationic tetranuclear core
[Co4(OH)2(C6H12.5NO2)2(C12H8N2)3(NO3)]2+ (Figure 4A), two
nitrate anions as counterions and three solvate methanol mol-
ecules severely disordered over eight positions. The dinuclear
cationic assembly consists of four cobalt ions symmetrically
generated with respect to the center of symmetry in the mid
distance of Co(2)–Co(2)′, both sitting on special positions and
being Co(II). The pair of the remaining cobalt ions is comprised

Figure 4. A. Diamond plot of cluster assembly [Co4(OH)2(C6H12.5NO2)2(C12H8N2)3(NO3)]2+ in 4. B. Lattice of 4 in the ac plane. C. Lattice of 4 in the bc plane.
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of Co(III) ions. The oxidation state assignments for the cobalt
centers were supported through BVS calculations, revealing val-
ues of 1.960 and 2.006 for Co(II) (Co(2) and Co(3), respectively),
and 2.720 for Co(III) (Co(1)). Of the two iminodipropanolato li-
gands, one is considered as doubly deprotonated and the sec-
ond one triply deprotonated. This is consistent with the obser-
vation that the amine hydrogen was found with an occupancy
factor of 0.5, thus rendering the ligand doubly or triply deproto-
nated over two equivalent symmetrical positions.

Three 1,10-phenanthroline ligands in the assembly are coor-
dinated one to each Co(III) (Co(1), Co(1)′) and to one of the
Co(II) (Co(2), Co(3)) centers, in a typical bidentate chelate mode
through the two nitrogen atoms. The nitrato ligand is coordi-
nated to the second Co(II) cation in a bidentate chelate fashion
through two of the oxygen atoms. In the tetranuclear core,
there are also two additional hydroxido anions, both triply
bridging one Co(III) and two Co(II) ions though their oxygen
atoms.

Figure 4Α portrays the tetranuclear dicationic complex as-
sembly. The Co(II)–O distances vary from 2.071(3) to 2.126(3) Å,
with the Co(II)–N distance found to be 2.102(4) Å, as expected.
The Co(III)–O distances vary from 1.887(3) to 1.932(3) Å and the
Co(III)–N distances vary from 1.930(4) to 1.976(4) Å, all reflecting
typical values for Co(III)-(O,N) distances.[37–39]

Hydrogen-bonding interactions give rise to a complex net-
work connecting the lattice solvent and nitrate anions with the
core assembly, thus creating a 3D crystal lattice (Figure 4B–C).
Specifically, the imido group of the imidodipropanolato ligand
and the non-coordinated oxygen atom of the bound nitrato
ligand interact with the lattice methanol molecules and the
nitrate counter anions, thereby bridging them into a finally
emerging 3D network.
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Figure 5. A. Diamond plot of cluster assembly [Co4(OH)2(C6H13NO2)2(C12H8N2)2(NO3)2]2+ in 5. B. Lattice of 5 in the bc plane.

Compound 5 crystallizes in the triclinic P1̄ space group. In
the unit cell, there are two slightly different dicationic tetranu-
clear clusters, four nitrate counterions and totally five disor-
dered water molecules. Each tetranuclear complex
[Co4(OH)2(C6H13NO2)2(C12H8N2)2(NO3)2]2+ assembly is com-
prised of two Co(II) (Co(1), Co(1)′) cations, two Co(III) (Co(2),
Co(2)′) cations, two phenanthroline ligands, two iminodipro-
panol doubly deprotonated anionic ligands, two hydroxido li-
gands and finally two nitrato ligands. The oxidation state as-
signments for the cobalt centers in each assembly were sup-
ported through BVS calculations, revealing values of 1.972 for
Co(II) (Co(1)), and 2.638 for Co(III) (Co(2)).

Each tetranuclear assembly is symmetrically generated from
its half, as a result of a center of symmetry residing in the center
of the parallelogram formed by the four cobalt ions (Figure 5A).
The coordination geometry around all cobalt centers is dis-
torted octahedral. Each Co(III) center is surrounded by three
nitrogen atoms, coming from the 1,10-phen and the iminodi-
propanolato ligands. Three oxygen atoms complete the coordi-
nation sphere, coming from the iminodipropanolato ligands
and the hydroxido anions. Both alcoholato oxygen atoms are
doubly-bridging one Co(III) and one Co(II) ions, while each hy-
droxido anion is triply-bridging one Co(III) and the two Co(II)
ions. Each Co(II) ion is surrounded by six oxygen atoms. Four of
those come from the iminodipropanolato and the hydroxido
ligands as described. The remaining two oxygen atoms on each
Co(II) center originate from the two bidentate chelate nitrato
anions.

The tetranuclear dicationic cluster is shown in Figure 5A.
Crystallographic bond lengths and angles are shown in Table 2
and Table S1. The Co(III)–O distances vary from 1.896(2) to
1.956(2) Å, while Co(III)–N distances vary from 1.952(3) to
1.986(3) Å, as expected.[37] The Co(II)–O distances vary from
2.170(3) to 2.053(2) Å, typically encountered values for Co(II)–O
distances.[38,39]

Local, only, hydrogen-bonding interactions emerge as the
imino group of the iminodipropanolato ligand and the hydrox-
ido anionic ligands interact with the lattice nitrate counter an-
ions (Figure 5B). These anions also interact with the lattice wa-
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ter molecules, locally keeping the contents of the unit cell to-
gether, but not extending it to any direction.

Compound 6 crystallizes in the orthorhombic Cccm space
group. Crystallographic bond lengths and angles are shown in
Table 2 and Table S1. The formula C10H14CoN4O9 describes a
monomer assembly of a polymeric linear structure reflected in
the analytical formula [CoII(C10H8N2)(NO3)2(H2O)2]n·nH2O. In the
unit cell, there are four mononuclear units and four lattice water
molecules fulfilling the cell void requirements. Each monomeric
unit arises from one Co(II) ion, one 4,4′-bipyridine ligand, coor-
dinated through the nitrogen atoms in a unidentate fashion
and end-to-end bridging mode to two contiguous metal ions.
The oxidation state assignment for the cobalt center was also
supported through BVS calculations, revealing a value of 1.714
and 1.961 for Co(II) (in an all-nitrato and aquo ligand environ-
ment around the cobalt center, respectively, due to the ob-
served disorder). Also present are two disordered nitrato anions,
also coordinated through one of their oxygen atoms, and two
bound water molecules, severely disordered and alternating po-
sitions with the nitrato anions.

Figure 6A displays the mononuclear unit of the polymeric
chain observed in lattice of 6 (Figure 6B–C). Crystallographic
bond lengths and angles are shown in Table 2 and Table S1.
The Co(II)–O distances vary from 2.081(5) to 2.155(7) Å, with
the Co(II)–N distance being 2.136(5) Å, all distance values as
expected.[41,42]

A hydrogen-bonding network emerges as the disordered
bound water molecules and nitrate anions interact, thus form-
ing chains parallel to the crystallographic axes c and a. These
chains form a final rigid 2D crystal lattice, with planes parallel
to the a0c crystallographic plane.

Hirshfeld Surface Analysis

Hirshfeld surface analysis was carried out on all compound
structures investigated synthetically and characterized crystallo-
graphically. Mapping was pursued over dnorm shape index and
curvedness. In the case of compound 1 (Figure 7), Hirshfeld
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Figure 6. A. Diamond plot of mononuclear assembly [Co(C10H8N2)(NO3)2(H2O)2] of the polymeric structure in 6. B. Lattice of 6 in the ac plane. C. Lattice of 6
in the bc plane.

Figure 7. A. Crystal explorer plot of 1. B. Hirshfeld surface of 1 mapped over dnorm. C. Hirshfeld surface of 1 mapped over shape index. D. Hirshfeld surface
of 1 mapped over curvedness.

surfaces display the most significant interactions involved, with
dnorm mapping exemplifying strong hydrogen-bond interac-
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tions, such as a) O–H···O hydrogen bonding between the clus-
ter cobalt-bound hydroxido moiety and the lattice water oxy-
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gen, and b) N–H···O hydrogen bonding between the imino
group of the iminodialcoholato ligand and the outer counterion
nitrate oxygen. These intermolecular interactions are portrayed
in the spots with circular depressions (deep red) visible on the
dnorm surfaces. The extended intense blue surfaces, close to the
bipyridine moiety in the cluster, indicate that abutting clusters
in the lattice are quite apart from each other to exhibit interac-
tions between them. The shape index is most sensitive to very
subtle changes in surface shape, with the red shaped-spots,
represented by concave regions, indicating the presence of at-
oms involved in weak (C–H···π) interactions and convex blue
regions, indicating atoms of the ring of the molecule inside the
surfaces. The curvedness is a measure of the shape of the sur-
face area of the complex molecule. The flat areas of the surface
reflect low values of curvedness, with sharp curvature regions
pertaining to high values of curvedness. They usually tend to
partition the surface into patches, indicating interactions be-
tween neighboring moieties. This is also the picture depicted
in the present cluster. The absence of flat surface patches indi-
cates no extensive planar stacking between neighboring mol-
ecules.

The 2D fingerprint plots for 1 (Figure 8) show that inter-
molecular H···H, O–H···O, and C–H···π interactions are well-de-
fined and stand in complement to the Hirshfeld surfaces. The
plots can be deconvoluted to emphasize specific atom pair
close contacts,[43] thus delineating distinct contributions from
different types of interactions. Two sharp “wing” spikes pointing
toward the lower left of the plot are typical C–H···C interactions,
of which C–H···π interactions comprise 9.5 % of the total Hirsh-
feld surfaces for each molecule of 1. Intertwined emerge H···O/
O···H interactions, comprising 29.1 % of the total Hirshfeld sur-
faces. The relatively broad region exhibiting limitedly resolved
spikes in the middle of the plot could be attributed to H···H
interactions, comprising 55.9 % of the total Hirshfeld surfaces.

In the case of compounds 2 and 3 (Figures S1 and S2, respec-
tively), the derived surface profiles reveal that dnorm mapping
exemplifies relatively strong hydrogen bond interactions, in-
volving a) O–H···O hydrogen bonding between the cluster co-
balt-bound aquo (2) and hydroxido (2,3) moieties on one hand
and the counterion nitrate oxygen on the other, and b) N–H···O
hydrogen bonding between the imino group of the iminodial-
coholato ligand and the outer counterion nitrate oxygen. The
intermolecular interactions are shown as circular depressions
(deep red) visible on the dnorm surfaces. The shape index in 2
shows red shaped-spots, represented by concave regions, indi-
cating the presence of atoms involved in weak (C–H···π) interac-
tions and convex blue regions, indicating atoms of the ring of
the molecule inside the surfaces. In 3, the corresponding pic-
ture projects analogous changes with alterations applying to
the aforementioned weak interactions and the corresponding
participating atoms. Formulation of the differentiated surface in
3 is supported by the lower extent of C–H···π interactions (vide
infra) compared to 2. The curvedness in 2 and 3 is exemplified
by flat areas of the surface, reflecting patches indicating interac-
tions between neighboring cluster moieties. The absence of ex-
tended flat surfaces indicates no significant planar stacking be-
tween neighboring molecules. The 2D fingerprint plots for 2
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Figure 8. A. Full two-dimensional fingerprint plot and the total Hirshfeld area
of 1. B. 2D Fingerprint plot of internal vs. external distances between H···H
contacts, with the relevant percentage contribution reflected onto the Hirsh-
feld surface area of 1. C. 2D Fingerprint plot of H···C/C···H contacts, with the
relevant percentage contribution reflected onto the Hirshfeld surface area of
1. D. 2D Fingerprint plot of H···O/O···H contacts, with the relevant percentage
contribution reflected onto the Hirshfeld surface area of 1.

and 3 (Figure S6 and S7, respectively) show that intermolecular
H···H, O–H···O, and C–H···π interactions are well-defined and
stand in complement to the Hirshfeld surfaces. It is very impor-
tant to point out the fact that typical C–H···C interactions (es-
sentially C–H···π interactions) comprise 25.5 % (2), with the cor-
responding figure standing lower at 8.9 % (3) of the total Hirsh-
feld surfaces, thus being in line with the results of the shape
index formulations. Interactions of the type H···O/O···H emanat-
ing from the mixed asymmetric aquo-hydroxido (2) and aquo
(3) moieties, comprise 28.8 % and 35.5 %, respectively, of the
total Hirshfeld surfaces. The relatively broad region, exhibiting
limitedly resolved spikes in the middle of the plot, could be
attributed to H···H interactions, comprising 39.3 % (2) and
48.4 % (3) of the total Hirshfeld surfaces.

In the case of compound 4 (Figure S3), dnorm mapping exem-
plifies relatively strong hydrogen bond interactions, involving a)
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O–H···O hydrogen bonding between the cluster cobalt-bound
hydroxido moiety and the lattice solvent methanol oxygen, b)
N–H···O hydrogen bonding between the imino group of the
iminodialcoholato ligand and the lattice counterion nitrate oxy-
gen, and c) O···H–O hydrogen bonding between the bound
nitrato oxygen and the lattice solvent methanol alcoholic oxy-
gen. The observed intense blue surfaces mostly close to the
imino moiety in the cluster indicate that neighboring clusters in
the lattice are quite apart from each other to elicit interactions
between them. The shape index shows red shaped-spots, repre-
sented by concave regions, indicating the presence of atoms
involved in weak (C–H···C) interactions. The curvedness is exem-
plified by the absence of extended flat surfaces, indicating no
π···π stacking between neighboring molecules. The 2D finger-
print plot for 4 (Figure S8) shows that intermolecular H···H, O–
H···O, and C–H···C interactions are well-defined. The plot points
to typical C–H···C interactions comprising 27.0 % of the total
Hirshfeld surfaces, with interactions H···O/O···H standing at
29.5 % of the total Hirshfeld surfaces. The observed spike pat-
tern in the fingerprint plot indicates the fact that one molecule
acts as a donor (de > di) and the other one as an acceptor (de
< di). The relatively broad region exhibiting limitedly resolved
spikes in the middle of the plot could be attributed to H···H
interactions, comprising 35.3 % of the total Hirshfeld surfaces.

In the case of compound 5 (Figure S4), dnorm mapping exhib-
its relatively strong hydrogen bond interactions, involving a)
O–H···O hydrogen bonding between the cluster cobalt-bound
hydroxido moiety and the lattice water oxygen, in one of the
two molecules in the unit cell, and the hydroxido moiety on
the second molecule and the counterion nitrate oxygen, and b)
N–H···O hydrogen bonding between the imino group of the
iminodialcoholato ligand and the lattice counterion nitrate oxy-
gen. The shape index shows red shaped-spots, represented by
concave regions, indicating the presence of atoms involved in
weak (C–H···π) interactions between neighboring molecules.
The curvedness is exemplified by the presence of extended flat
surfaces, indicating π···π stacking between neighboring mol-
ecules. The 2D fingerprint plot for 5 (Figure S9) shows that
intermolecular H···H, O–H···O, and C–H···C interactions are well-
defined. The plot points to typical C–H···π interactions compris-
ing 11.7 % of the total Hirshfeld surfaces, with H···O/O···H inter-
actions standing at 37.5 % of the total Hirshfeld surfaces. The
relatively broad region exhibiting limitedly resolved spikes in
the middle of the plot could be attributed to H···H interactions,
comprising 42.2 % of the total Hirshfeld surfaces.

In the case of polymeric compound 6 (Figure S5), dnorm map-
ping exhibits relatively strong hydrogen bond interactions, in-
volving O–H···O hydrogen bonding between the cluster cobalt-
bound aquo/nitrato moiety and the corresponding nitrato/
aquo oxygen of a neighboring molecule in the unit cell. The
shape index shows red shaped-spots, represented by concave
regions, indicating the presence of atoms involved in weak
(N···H and C–H···C) interactions between neighboring mol-
ecules. The curvedness is exemplified by the presence of ex-
tended flat surfaces confound by not so starkly intense blue
outlines, indicating no π···π stacking and weak C–H···C interac-
tions between neighboring molecules. The 2D fingerprint plot
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for 6 (Figure S10) shows that intermolecular H···H, O–H···O,
N···H–O, C···C and C–H···C interactions are well-defined. The
plot points to C–H···C interactions comprising 13.6 %, N···H–
O 4.1 %, H···O/O···H interactions standing at 37.3 %, and C···C
interaction reflecting 9.1 % of the total Hirshfeld surfaces. The
relatively broad region in the middle of the plot could be attrib-
uted to H···H interactions, comprising 20.5 % of the total Hirsh-
feld surfaces.

FT-IR Spectroscopy

The FT-IR spectra of compounds 1–6 in KBr exhibit shifted
bands related to ν(C-N) bond vibrations in 2,2′-bipy, 1,10-phen
and 4,4′-bipy, thus indicating bond formation to metal ions.
Specifically, strong ν(C-N) bond vibrations of 2,2′-bipy
emerged[44] at 1631 cm–1 for 1, and 1612 cm–1 for 2 and 3. In
compounds 4 and 5, strong ν(C-N) bond vibrations were ob-
served to be shifted to 1387 cm–1 and 1429 cm–1, respectively,
compared to the free 1,10-phen ligand (1419 cm–1).[45] In 6, the
ν(C-N) bond vibration of 4,4′-bipy[46] appeared at 1603 cm–1.
Furthermore, the bands in the range from 3050 to 2400 cm–1

reveal the presence of the chelating ligand bound to the metal
ion centers. Frequencies in the range 420–480 cm–1 for com-
pounds 1–5 and at 482 cm–1 for 6 suggest the presence of both
the aromatic binder ligand,[47,48] and Co–N bonds in 1–6, thus
indicating changes in the vibrational pattern of the ligand upon
metal coordination. The NO3 group, depending on the coordi-
nation mode, exhibited absorption features at 1387 cm–1 for 1,
1385 cm–1 for 4, and 1385 cm–1 for 5, when bound in a bident-
ate fashion, and at 1382 cm–1 for 6 when anchored to the metal
center through a monodentate mode. Also, the presence of
strong bands above 3400 cm–1 signifies the presence of O-H
stretches. Ligand coordination to the cobalt centers in com-
pounds 1–5 is reflected onto Co–O vibrations appearing in the
range 500–604 cm–1,[49] higher than Co–N vibrations.

UV/Visible Studies

The UV/Vis spectra of 1, 4, 5, and 6 were recorded in methanol
(Figure 9, S11–S13). All spectra exhibit a broad band in the low
energy region, at 524 nm (1), 530 nm (4), 528 nm (5), and 512
nm (6), consistent with the presence of d-d transitions and

Figure 9. UV/Visible spectrum of compound 4 in methanol (1.0 × 10–5 M).
Inset: spectrum of 4 (8.0 × 10–4 M) in the low energy region, showing the d-
d transition.
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commensurate with the presence of the coordinated ionic co-
balt centers in the respective cluster assemblies. Beyond that
feature, compound 1, the only one examined and containing
2,2′-bipy in the coordination sphere of cobalt in the specific
cluster, exhibits five absorption features at higher energies, all
attributable to LMCT[50–52] transitions (Table 3). In contrast to
that, the remaining species 4, 5, and 6, not containing 2,2′-
bipy, exhibit four ostensible absorptions at higher energies, all
attributable to LMCT transitions (Figure 9, Table 3).

Table 3. UV/Visible spectral parameters of electronic spectra of compounds
1, 4, 5, and 6 in methanol.

Molecular absorption
Compound Wavelength (nm)

coefficient (ε, M–1 cm–1)

206 54966
238 39643

1 302 16440
312 16482
ca. 358 (sh) ca. 2503
524 272

204 97354
226 81680

4 268 60813
ca. 360 (sh) ca. 4051
530 313

202 83215
222 72569

5 270 47596
ca. 358 (sh) ca. 3702
528 273

200 31831
236 12982

6 ca. 268 (sh) ca. 5339
ca. 462 (sh) ca. 9
512 12

Luminescence Studies

The solid-state spectra of 1, 4, 5, and 6, along with those of
2,2′-bipy, 1,10-phen, and 4,4′-bipy, were recorded at room tem-
perature. The spectroscopic data reveal that 1,1′-iminodi-2-
propanol does not possess any luminescence. In contrast to
that, free 2,2′-bipy, 1,10-phen, and 4,4′-bipy exhibit a strong
band at 388 nm (λex 322 nm), a pattern of three features with
the strongest being at 417 (λex 368 nm), and a strong band at
358 nm (λex 323 nm), respectively. The emission spectra of 1
(Figure 10) show well-resolved features at 453 and 470 nm (λex
357 nm). The corresponding spectra of 4 exhibit well-resolved
features at 453 and 471 (λex 327 nm), with the spectra of 5
showing two well-resolved absorptions at 454 and 472 (λex 325
nm). Finally, the emission spectra of 6 show a pattern of less
well-resolved features including those at 402, 453 and 471 (λex
290 nm). The observed luminescence spectra, in all cases of
described compounds, could be attributed to ligand-to-metal-
charge-transfer (LMCT) processes.[52–55] Ostensibly, the elec-
tronic features observed in the luminescence spectra arise as a
result of the presence of the aromatic ligands in the coordina-
tion sphere of cobalt in the respective complex assemblies. As
a result of the spectroscopic signatures observed in the com-
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pounds studied (Figures S14–S16), it appears that there is a)
strong quenching of the luminescence signal of the aromatic
ligand upon coordination to cobalt, compared to the signal of
the free ligand, and b) a significant shift of the emission features
in the respective compounds to lower energies. In view of the
fact that the iminodialcoholic ligand does not exhibit any lumi-
nescence at room temperature, the possibility arises that the
new ternary compounds 1, 4, 5, and 6 could serve as potential
electronic switches.

Figure 10. Luminescence spectrum of compound 1 and 2,2′-bipy in the solid
state. Inset: blow up of spectrum of 1 in the visible region.

Cyclic Voltammetry

Electrochemical measurements for compounds 1, 4–6 were re-
corded in methanol, at various scan rates (100–400 mV/s), in
the presence of Bu4NClO4 as a supporting electrolyte. A Pt elec-
trode was used as working electrode and an Ag/AgNO3 elec-
trode served as a reference electrode. The cyclic voltammogram
of 1 exhibits a cathodic wave (Figure S17) at Epc= –1.02 V and
an anodic wave at Epa = –0.64 V. The cyclic voltammograms of
4 and 5 show cathodic waves (Figures S18–S19) at Epc = –1.01
V, and –1.01 V, and anodic waves at Epa = –0.56 V and –0.60 V,
respectively. In the case of compound 6, the observed waves
are a cathodic wave (Figure S20) at Epc= –1.01 V and an anodic
wave at Epa = –0.71 mV. Wide scans in the –2.0 to +2.0 Volt
range as well as narrower range scans were investigated on
all systems mentioned in both scan directions. The observed
electrochemical profile for all compounds tested is ill-defined
and consistent with irreversible multi-electron electron redox
processes, involving the cobalt and ligand participants in the
mononuclear and oligonuclear compounds.

Magnetic Susceptibility Studies

The temperature dependence of susceptibility for compounds
1, 4, and 5 was measured under external magnetic fields of 0.1
and 1.0 Tesla, in the temperature range 1.8–320 K. The relevant
�MT vs. T graphs are shown in Figure 11, Figure 12, and Fig-
ure 13. The �MT values at 300 K for compounds 1, 4, and 5 are
ca. 6.5, 6.6, and 6.8 emu mol–1 K, respectively, close to the value
expected for two non-interacting Co(II) ions with S = 3/2 and
g = 2.63, 2.65, and 2.70. The high-temperature behavior is con-
sistent with the presence of a significant orbital contribution
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due to the anisotropic nature of the Co(II) ion.[56–58] The �MT
values remain essentially stable until 60 K and then increase
more steeply to a maximum value of 8.5, 8.6, and 7.8 emu
mol–1 K, respectively at 10 K, with an ensuing abrupt decrease
to the value of 6.7, 6.9, and 5.8 emu mol–1 K at 2 K, respectively.
The increase of magnetic susceptibility is due to a ferromag-
netic interaction between the Co(II) ions, with the abrupt low
temperature decrease of the susceptibility data due to zero
field/intermolecular interactions. Field-dependent magnetiza-
tion data are shown as insets in Figure 11, Figure 12, and Fig-
ure 13.

Figure 11. Temperature dependence of the susceptibility data of compound
1 in the form of �MT/per 2Co(II) ions vs. T at 0.1 T. The solid line is the
theoretical curve according to the Hamiltonian equation (1) (see text for de-
tails). In the inset, the magnetization data are shown in the form of reduced
magnetization, M/NμB, in the field range 0–7 T and at T 2 K. The solid line is
the theoretical curve according to the Hamiltonian equation (1) (see text for
details).

Figure 12. Temperature dependence of the susceptibility data of compound
4 in the form of �MT/per 2Co(II) ions vs. T at 0.1 T. The solid line is the
theoretical curve according to the Hamiltonian equation (1) (see text for de-
tails). In the inset, the magnetization data are shown in the form of reduced
magnetization, M/NμB, in the field range 0–7 T and at T 2 K. The solid line is
the theoretical curve according to the Hamiltonian equation (1) (see text for
details).

Temperature dependence of the susceptibility data of com-
pound 1 in the form of �MT/per 2Co(II) ions vs. T at 0.1 T. The
solid line is the theoretical curve according to the Hamiltonian
equation (1) (see text for details). In the inset, the magnetization
data are shown in the form of reduced magnetization, M/NμB,
in the field range 0–7 T and at T 2 K. The solid line is the
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Figure 13. Temperature dependence of the susceptibility data of compound
5 in the form of �MT/per 2Co(II) ions vs. T at 0.1 T. The solid line is the
theoretical curve according to the Hamiltonian equation (1) (see text for de-
tails). In the inset, the magnetization data are shown in the form of reduced
magnetization, M/NμB, in the field range 0–7 T and at T 2 K. Solid line is
the theoretical curve according to the Hamiltonian equation (1) (see text for
details).

theoretical curve according to the Hamiltonian equation (1) (see
text for details).

The employed fitting model for the magnetization and sus-
ceptibility data is shown in equation (1).[59] The terms in the
summation represent the Zeeman, single ion D anisotropy and
mean field correction of each magnetic ion within a single mol-
ecule. The axial and transverse Zero Field Splitting (ZFS) param-
eters D and E are defined by the D tensor as: D = 3/2Dzz and
E = 1/2(Dxx – Dyy), while the zJ term is added to the theoretical
model to describe possible intermolecular interactions due to
the extended hydrogen network.

In order to overcome the over-parameterization of the theo-
retical model, both susceptibility and magnetization data were
fitted through the same equation and the results are shown in
Table 4. The theoretical curves are shown as a solid line in the
same figures. From the susceptibility data, it was found that
exchange interactions for the 1, 4 are close to 2 cm–1, while a

Table 4. Fitting results of susceptibility and magnetization data according to
the Hamiltonian formalism of Equation (1) and (2).

Magnetization fitting
Compound Susceptibility fitting values

values

1 J12 = 1.7 cm–1 J = 0.9 cm–1

gi = 2.64[a] gi = 2.61
(Di,Ei) = (9.8, 1.1)[a] cm–1 (Di,Ei) = (18.0, 5.0) cm–1

4 J = 1.8 cm–1 J = 1.0 cm–1

gi = 2.63 gi = 2.5
(Di,Ei) = (9.2, 1.0) cm–1 (Di,Ei) = (24.0, 5.0) cm–1

5 J = 1.0 cm–1 J = 0.6 cm–1

gi = 2.65 gi = 2.5
(Di,Ei) = (7.3, 1.1) cm–1 (Di,Ei) = (22, 0.5) cm–1

zJ = –0.02 cm–1

6 g = 2.6, (D,E) = (54.6, 6.1) cm–1

g = 2.6, (D,E) = (67.6, 5.1) cm–1,
zJ = –0.03 cm–1

[a] i = 1–2.
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weaker ferromagnetic interaction close to 1 cm–1 is calculated
for compound 5. Moreover, for the latter compound, an antifer-
romagnetic intermolecular interaction was observed due to the
extended hydrogen network. It was not possible to derive a
value for the mean field correction in the case of the other
two compounds, due to correlation issues with the D parameter
during the fitting process. The ZFS parameters are close to the
values expected for octahedral Co(II) ions.[60] From the magneti-
zation data, the values of the exchange interactions were un-
derestimated, with the D and E parameters being over-
estimated, possibly because at 2 K intermolecular interactions
influence the behavior of the magnetization data.

The magnetic behavior of compound 6 is shown in Fig-
ure 14. The �MT values of compound 6 decrease smoothly from
3.2 emu mol–1 K at 300 K to 2.6 emu mol–1 K at 100 K and then
more steeply to a minimum value of 1.6 emu mol–1 K at 2 K.
Field-dependent magnetization data are shown as inset in the
same Figure 14.

Figure 14. Temperature dependence of the susceptibility data of compound
6 in the form of �MT/per Co(II) ions vs. T at 0.1 T. The solid line and solid
spheres are the theoretical curves according to the Hamiltonian equation (2)
with and without the incorporation of a mean field correct, zJ, respectively
(see text for details). In the inset, the magnetization data are shown in the
form of reduced magnetization, M/NμB, in the field range 0–7 T and at T 2 K.
The solid line is the theoretical curve according to the Hamiltonian equation
(2) (see text for details).

This behavior is consistent with the presence of a significant
orbital contribution, with the employed fitting model for the
susceptibility and magnetization data shown in Equation 2. In
order to simulate the magnetic behavior of this 1D chain, we
used the approximation of a dimer model, with a mean field
correction for the weak intrachain interactions. The model[59]

takes into account a) both the axial and transverse ZFS parame-
ters D and E, b) an isotropic g value, and c) the mean field
correction due to the intermolecular interactions, with the re-
sults shown in Table 4. Two different sets of parameters were
obtained from the simultaneous fit of the susceptibility and
magnetization data. In the case of negligible intermolecular in-
teraction (zJ = 0), the theoretical curve is shown as solid spheres
in the same figure, whereas a solid line reflects the case of non-
zero intermolecular interactions (zJ = –0.03 cm–1).

In all cases, the sign of the D and E was not resolved from
the magnetic measurements, while introduction of an axial
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symmetry to the g-parameter (g⊥, gs) did not improve the fit-
ting results.

Electron Paramagnetic Resonance (EPR) Studies

X-band powder and solution EPR measurements were carried
out on samples of compounds 1, 4, 5, and 6 and are shown in
Figure 15 and Figure S21. Signals were observed only below 50
K, as a consequence of the fast spin-lattice relaxation time of
high-spin Co(II). The broadening effect is related to the conver-
sion of the g-strain into B-strain through the equation

Figure 15. Powder X-band EPR spectra of compounds 1, 4, 5, and 6 at 4 K.

where the parameters have their usual meaning.[58] According
to this effect, the largest and smallest g-values of the powder
spectra have field widths that differ by an order of magnitude,
thereby rationalizing the broad high-field features of the spec-
trum. In order to investigate the existence of a weak interaction
between the Co(II) centers in complexes 1, 4, and 5, X-band
powder EPR experiments were carried out in the temperature
range 4–40 K. The powder spectra at 4 K are shown in Figure 15.
The g values obtained from the powder EPR spectra show large
variations in the range 20.0–2.0, thereby indicating a ferromag-
netic exchange interaction between the Co(II) ions. In the case
of compound 6, a derivative appears centered at ca. g = 5.3,
which is a clear indication of a high spin Co(II) monomer.[59]

The frozen solutions of compounds 1, 4, 5, and 6 (Figure S21)
gave the same spectrum with a derivative centered at ca. g =
5.3, clearly indicating that the compounds do not retain their
structure in solution.

Discussion

Synthetic Challenges in Ternary Crystalline Phases

It is often perplexing to envision ternary systems of metal ions
with binary and ternary partners providing well-defined prod-
ucts of discrete nuclearity and composition. The present work
employed a specific metal ion, i.e. Co(II), and an iminodialcohol
system as the binary basis of reactivity in alcoholic media. Al-
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beit complex in its inception and implementation, the specific
metal-organic system has been investigated synthetically from
the point of view of a) composition, with the ternary partners
being aromatic chelators, such as 2,2′-bipy and 1,10-phen, b)
molecular stoichiometry, and c) temperature of the reaction, all
in the presence of a defined solvent system (methanol). Careful
investigation of the reactivity system employed initially meth-
anol and a series of dual reaction conditions (4 and 25°C),
through which discrete crystalline materials were isolated and
crystallographically characterized. More specifically, the molec-
ular stoichiometry Co(II):iminodipropanol:(N,N′-aromatic che-
lator) was varied from 1:1:1 to 2:1:1 in a temperature-dependent
fashion, with the arising materials isolated and examined spec-
troscopically and crystallographically. Materials 1–5 exemplify
the impact of the distinct nature of reaction conditions, leading
to the isolation of crystalline materials with variable yields.

Specifically, the behavior observed in the ternary Co(II):imi-
nodipropanol:(2,2′-bipy) system in methanol reveals that for the
2:1:1 stoichiometry at both 4 and 25°C, the compound isolated
exclusively is 1. In contrast to that, the 1:1:1 system exhibits a
different behavior, with the 25°C system leading to the isolation
of compound 1. In the case of the system at 4°C, what is con-
sistently isolated from the same system is a mixture of 2 and 3.
This reproducible behavior, having been examined at least ten
times, is subject to no change toward one compound or an-
other (for 2 and 3) regardless of the number of efforts made
and condition changes employed. Confirmation of the identity
of the two components, concurrently arising through the sys-
tem, came from X-ray crystallography and FT-IR spectroscopy.

Maintaining the identity of the system and changing the
N,N′-aromatic chelator from 2,2′-bipy to 1,10-phen, leads to a
totally different behavior. Specifically, for the ternary Co(II):imi-
nodipropanol:(1,10-phen) system with a 1:1:1 molecular
stoichiometry, both the 4°C and 25°C attempts led to the isola-
tion of the same material 4. For the same system, yet different
molecular stoichiometry 2:1:1, reactivity led to a different com-
pound 5, the same for the two temperatures investigated.

Albeit not unexpectedly, the same basic Co(II):iminodipro-
panol system involving the aromatic binder 4,4′-bipy, instead of
2,2′-bipy or 1,10-phen, with a 2:1:1 molecular stoichiometry,
leads to the isolation of pure compound 6 at 4°C. In all cases
of ternary systems studied, the arising crystalline phases

Table 5. Global summary of chemical reactivity in the investigated Co(II):iminodialcohol:(N,N′-aromatic chelator) systems.

Molecular
No. Reactants Temperature Compound

stoichiometry

1 Co(II):Iimino:2,2′-bipy 1:1:1 25°C
Co(II):Iimino:2,2′-bipy 2:1:1 4°C [CoII2CoIII2(OH)(CH3O)(C6H12.5NO2)2(C10H8N2)2(NO3)2](NO3)·3CH3OH·H2O
Co(II):Iimino:2,2′-bipy 2:1:1 25°C

2 [CoIICoIII2(H2O)(OH)(C6H13NO2)2(C10H8N2)3](NO3)3·2CH3OH
Co(II):Iimino:2,2′-bipy 1:1:1 4°C

3 [CoIICoIII2(OH)2(C6H14NO2)2(C10H8N2)3](NO3)4·CH3OH

4 Co(II):Iimino:1,10-phen 1:1:1 4°C
[CoII2CoIII2(OH)2(C6H12.5NO2)2(C12H8N2)3(NO3)](NO3)2·3CH3OHCo(II):Iimino:1,10-phen 1:1:1 25°C

5 Co(II):Iimino:1,10-phen 2:1:1 4°C
[CoII2CoIII2(OH)2(C6H13NO2)2(C12H8N2)2(NO3)2](NO3)2·2.5H2OCo(II):Iimino:1,10-phen 2:1:1 25°C

6 Co(II):Iimino:4,4′-bipy 2:1:1 4°C [CoII(C10H8N2)(NO3)2(H2O)2]n·nH2O
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(Table 5) were fully characterized crystallographically, followed
by in-depth physicochemical characterization (FT-IR, UV/Visible,
Luminescence, cyclic voltammetry, magnetic susceptibility, and
EPR). The collective data support a well-defined temperature
and molecular stoichiometry profile of ternary Co(II,III):iminodi-
propanol:(N,N′-aromatic chelator) systems linked to discrete nu-
clearity ternary clusters bearing distinctly defined properties
(vide infra).

Chemical Reactivity Insights

The successful isolation of six compounds of the investigated
ternary systems, based on Co(II) and iminodipropanol in meth-
anol, reveals that there is a specific trend in the chemistry of the
reagents employed, when it comes to the assembly of species
isolated in crystalline form and in a defined phase. The salient
reactivity factors examined during the undertaken synthetic in-
vestigation emerged as reactivity indices-markers linked to the
identity of the compounds isolated. From temperature-depend-
ent reactions of a given stoichiometry, it was observed that
compounds of specific composition, nuclearity and metal oxid-
ation state (Co(II) and Co(III)) arose. In all cases studied, crystal-
lographic as well as Bond Valence Sum calculations were in line
with the observed oxidation states of the cobalt centers in the
requisite assemblies (vide infra). Interwoven with the tempera-
ture dependence was the molecular stoichiometry of the ter-
nary partners participating in the reactions examined. At the
first level of inquiry, molecular stoichiometry was linked to a
temperature-dependent identity of the compounds isolated,
with the aromatic chelator intervening to generate ternary spe-
cies, with occasional structural intrusion of alcoholato or hy-
droxido bridges as well as water molecules serving as bridges.

Ligand-Based Reactivity toward Divalent Metal Ions

The ligand iminodipropanol is a potentially tridentate ligand,
owing to the presence of two alcohol moieties and an sp3 nitro-
gen moiety. In that capacity, the ligand in all cases was bound
to the participating cobalt ions in a tridentate fashion. It ap-
pears that a) the deprotonation state of the bound ligand was
either 2- or 3- or both at the same time in the same metal-
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organic assembly, b) the ligand was either attached to a single
metal center or acted, through one of its oxygen terminals, as
a bridge between neighboring metal centers, c) binding in a
tridentate fashion was consistent with the potential bite of the
terminal anchors, regardless of the number and oxidation state
of the cobalt ions present in the assembled clusters. Irrespective
of the nuclearity of the assembly achieved, isolated and charac-
terized crystallographically, the ligand always bound the metal
centers through both the sp3 nitrogen and the two alcoholato
terminals. These were also the potential sites of deprotonation
of the iminodipropanol ligand.

Structural Speciation in the Presence of Aromatic
Chelators

As a result of the aforementioned chemical reactivity in the
ternary Co(II):iminodipropanol:(2,2′-bipy) system, temperature
emerges as a deciding factor in the determination of the com-
position of the isolated tetranuclear cluster 1. Regardless of the
employed molecular stoichiometry (1:1:1 or 2:1:1), the consist-
ently isolated crystalline material 1 at two different tempera-
tures (4 and 25°C for the 2:1:1 and 25°C for the 1:1:1) possesses
a specific composition, amounting to a Co4O6 assembly consist-
ing of two fused cuboids, each missing an apex (diametrically
opposed sites of the entire assembly). Interestingly, two of the
O-containing non-ligand-associated apices are heteroleptic
(OH– and CH3O–), thereby introducing significant asymmetry in
the entire cluster assembly. Albeit heterologous, the two apical
ligands reflect a characteristic tetrahedrality in the specific clus-
ter sites. The unique assembly is further supported by two N,N′-
aromatic chelating bipyridines bound to cobalt centers on the
opposite far sites of the cluster, with the intervening closer co-
balt pair sites bound to nitrates. In this respect, the discrete
contribution of the nitrates originating in the starting Co(II) rea-
gent and the ternary aromatic chelators is clearly exemplified
in the ostensibly emerging behavior of that system's reactivity.
It is quite surprising that the latter stoichiometry (1:1:1) at 4°C
leads to a totally different behavior tantamount to two different
products; compounds 2 and 3. The molecular composition of 2
and 3, reveals that a) the tetranuclear cluster in 1 no longer
appears as a product. In fact, a trinuclear complex emerges in-
stead of a tetranuclear cluster in 1, b) one of the bridging li-
gands (CH3O–) has been replaced by a water molecule (2) or an
OH– group (3), c) the ligand bound to the cobalt centers is
either doubly deprotonated (2) or singly deprotonated (3), d)
nitrates no longer exist as bound ligands to the cobalt centers.
They have been replaced by 2,2′-bipy ligands, thereby raising
the total number of 2,2′-bipy ligands in each complex to three,
and e) the number of counterion nitrates has been raised, thus
attesting to changes in the number of cobalt centers in each
complex as well as the assumed oxidation states of those sites
(vide infra). The only common feature in all three species 1–3
is the presence of methanol and/or water molecules in the lat-
tice of the compounds in question.

Undoubtedly, the temperature stands as a factor in guiding
the structural speciation of the species arising in the reaction
mixture investigated, thus confirming the wealth of structures
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present in such mixtures and concurrently the possibility of us-
ing that physical property to guide the system toward one or
the other direction, leading to discretely identifiable species.

A more logical, still interwoven, interdependability of tem-
perature and molecular stoichiometry emerges in the case of
the ternary system containing 1,10-phen. There, temperature
takes the back seat, with the molecular stoichiometry being
the decisive factor in the isolation of discrete complex species.
Specifically, in the case of the 1:1:1 vs. 2:1:1 stoichiometry, re-
gardless of the temperature variation (4 or 25°C), the species
isolated is a tetranuclear cluster 4 vs. a tetranuclear cluster 5.
In that cluster (4), a) the bridging ligands in the two cuboids
are OH– groups, a feature also retained in cluster 5, b) the two
bound iminodipropanol ligands are doubly and triply-deproto-
nated in 4, whereas doubly deprotonated in 5, c) there are
three 1,10-phen chelators in 4 compared to two 1,10-phen li-
gands in 5, and d) as a result, there is one bound nitrato ligand
in 4 as opposed to two nitrato groups in 5. Even though the
two tetranuclear clusters bear the same total number of ligands
(8), the individual composition of each assembly differs in the
relative number of ligands employed in each case. Inevitably,
therefore, the number of counter acting nitrate ions in 4 and 5
differ significantly, thus reflecting potential differences owing
to the variable oxidation state of the cobalt ions present in each
corresponding assembly. Another major difference between 4
and 5 is the significant number of lattice molecules present,
with methanol (4) and water (5) being pronouncedly evident.
Undoubtedly, the two different employed molecular stoichio-
metries present an idiotypic yet distinct behavior of the ternary
system, thereby reflecting a clear prevalence of that factor over
temperature in the isolation of compounds 4 and 5. Here, too,
the structural speciation linked to molecular stoichiometry re-
flects the wealth of species present and potentially amenable
to isolation under the employed experimental conditions
(Table 5).

Evaluation of the two stoichiometries, under variable tem-
perature conditions, reveals that a) the nuclearity of the clusters
(4) is retained regardless of the temperature employed in the
isolation of the compounds, b) the hydroxide and iminodipro-
panol ligand number is retained in both clusters, with the 1,10-
phen and nitrate number being varied, and c) the oxidation
state of the cobalt centers is different (2Co(II) and 2Co(III))
within both 4 and 5 (vide infra), thus projecting the influence
of the deprotonation state of the ligand in dictating the charge
of the overall assembly, with the same number of counteracting
nitrate ions in 4 and 5.

Phenanthroline appears to have a discrete impact on the
structural speciation of the ternary system investigated despite
the salient features common with 2,2′-bipy.

The case of 4,4′-bipy entering the investigated ternary sys-
tem is totally different from that in the case of 2,2′-bipy. Em-
ployment of a 2:1:1 stoichiometry at 4°C led to the isolation of
compound 6. In contrast to what had been observed with 2,2′-
bipy, the isolated compound was a coordination polymer not
containing iminodipropanol, but instead involving 4,4′-bipy,
two nitrates and two water molecules, overall formulating an
octahedral environment around Co(II). No changes in the oxid-
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ation state of Co(II) were observed in 6 as in the previous cases
of clusters 1–5. In all cases of compounds studied, structural
attributes of the variably configured mononuclear, trinuclear
and tetranuclear assemblies reflected upon the inherent prop-
erties of the metal-organic assemblies through elaboration of
the Hirshfeld surfaces in the corresponding species 1–6. Careful
examination of the arising dnorm, shape index and curvedness
supplemented by 2D-fingerprint plots provided significant in-
sight into modes of interactions, involving Van der Waals, H-
bond and C-H···π and π···π profiles of adjacently located moie-
ties (i.e. structural components inside the surfaces, counterions,
lattice solvent molecules, etc.) in the studied clusters. As a con-
sequence of the sensitivity linked to studying Hirshfeld surfaces,
the accrued individual and collective information emphasized
the contributions of the involved interactions to the architec-
ture and lattice attributes of 1–6, thus complementing the
structural speciation study of the investigated systems.

Parameterization of Factors Contributing to Lattice
Differentiation and Dimensionality

The structural parameters emerging as factors in the architec-
ture of the arising mononuclear and oligonuclear assembles in
1–6, involve the nuclearity, dimensionality of the arising lattice,
oxidation state of the Co centers within each assembly, and
nature of the bridging ligands in each assembly (OH– vs. H2O
or CH3O–). Taking into consideration the potential contributors
in the architecture of 1–6, thus shaping the arising lattices, the
following observations can be made: a) there is one mononu-
clear compound of polymeric nature (6), two trinuclear com-
pounds (2 and 3), and three tetranuclear compounds (1, 4, and
5); b) the oxidation states of the cobalt centers comprising the
arising assemblies are: two Co(III) and two Co(II) centers for 1,
4, and 5, two Co(III) and one Co(II) centers in 2 and 3, and one
Co(II) center in 6. It appears therefore, that the trend is uniform
in the entire series (i.e. two Co(III) and two Co(II) centers) of
tetranuclear assemblies, with one Co(II) center abstaining from
the assembly when nuclearity is reduced by 1. Thus, the pres-
ence of two Co(III) centers appears to be the basis pair of cen-
ters in each arising assembly. To that end, it'd be worth looking
into the possibility of finding the synthetic reaction conditions
and thus the reasons for such a need of a Co(II) center, when
the nuclearity of the assembly increases to four; c) there ap-
pears to be no obvious correlation between the presence of
distinct nature bridging ligands in the tetranuclear assemblies
1, 4, and 5, and the dimensionality of the arising lattice archi-
tecture. Specifically, the constantly observed bridging ligand
present in all species is the OH– group. When the second bridge
becomes an OH– or CH3O– group, dimensionality goes from 1D
(1) to 3D (4) and zero (5); d) in the case of compounds 2 and
3, it appears that when the second bridge is a water molecule,
the dimensionality of the emerging lattice rises from 1D (2) to
2D (3) upon deprotonation of the water molecule; e) in the case
of compounds 4 and 5, where all of the basic features men-
tioned above are retained, dimensionality is reduced on going
from 4 to 5 (from 3D to zero) dramatically, thereby reflecting
the potential contributions of the absence of a 1,10-phen, pres-
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ence of an additional nitrato ligand and (de)protonation state
of the second iminodipropanol ligand to the erection of the
cluster assembly, along the interplay of hydrophobic, bulk and
hydrogen-bonding interactions, collectively configuring lattice
architecture. The reduction of the number of 1,10-phen ligands,
increase of the nitrato ligands, and decrease of the deprotona-
tion state of the iminodipropanol ligand seem to favor reduc-
tion of lattice dimensionality from 3D (4) to zero (5). The mono-
nuclear assembly in 6 bears distinct features allowing develop-
ment of a 2D lattice in the emerging polymeric coordination
environment, an ostensible disentanglement from obvious
structural features present in all other assemblies 1–5. Evidently,
the three dimensional lattice in 4 appears to be the highest
achieved among all tetranuclear assemblies bearing the afore-
mentioned characteristics, thus projecting the interwoven con-
tributions of the above factors in the formulation of the lattice
architecture, more so than in the other tetranuclear and/or tri-
nuclear assemblies.

Magneto-Structural Correlations

The majority of the compounds emerging from the studied ter-
nary systems were trinuclear and tetranuclear. The magnetic
susceptibility studies on 1, 4 and 5 showed that the specific
tetranuclear assemblies exhibit, in the temperature range inves-
tigated (1.8–320 K), behavior consistent with weak ferromag-
netic interactions (1–2 cm–1) between Co(II) ions. The structural
arrangement of the cobalt centers in 1, 4 and 5 stands
different from that observed in tetranuclear complexes of the
type {[CoII2CoIII2(HL)2(OCH3)2(N3)3]ClO4·5H2O·CH3OH}n (7),
{[CoII2CoIII2(HL)2(OCH3)2(N3)3]Cl·H2O}n (8) (H3L=2,6-bis[(2-
hydroxy-ethylimino)-methyl]-4-methylphenol),[37] also projec-
ting cationic assemblies and containing mixed oxidation state
cobalt ions in an overall similar cluster structure. The Co(III) cen-
ters (low spin) in these clusters stand at a distance of 3.004 (7)
and 2.971 Å (8), with the Co(II) centers (high spin) spanning
distances of around 5.480 Å, and both metric arrangements
being diametrically opposed to the ones observed in our case
(Co(III)…Co(III): 5.290 Å (1), 5.287 Å (4), 5.244–5.297 Å (5); Co(II)…

Co(II): 3.068 Å (1), 3.090 Å (4), 3.062–3.076 Å (5)). In this regard,
the magnetic profile of 1, 4 and 5 is quite distinct from that
seen in 7, where the observed �m vs. T behavior reflects two
non-interacting Co(II) centers in the cluster assembly. A similar
structural arrangement of mixed oxidation state cobalt ions in a
[(CoII2CoIII2L4(H2O)2(CH3COO)2]0 (9) cluster, containing a doubly
deprotonated form of the ligand H2L [1-(3-hydroxypropylimino-
methyl)naphthalene-2-ol] and alkoxido bridges, led to the ob-
servation of a different �m vs. T behavior reflecting antiferro-
magnetically coupled Co(II) ions (high spin) (Co(II)…Co(II) 3.206
Å) mediated by alkoxido bridges, with the Co(III) centers being
low spin (Co(III)…Co(III) 5.231 Å).[38] Undoubtedly, the presence
of distinctly differentiated ligands (H3L and azide in 7 and 8,
H2L and alkoxido moieties in 9, and iminodipropanol and 2,2′-
bipy and 1,10-phen in 1, 4 and 5), entering the assembly of
similar type of cationic clusters, stands as a crucial factor in
ultimately dictating a structurally linked and uniquely defined
magnetic behavior. A more in-depth look at this family of spe-
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cies is warranted to unravel new information on magnetically
distinct cluster assemblies of the type described in this work.

The so derived interactions were supported by EPR measure-
ments in the 2–20 K range. Given that all of the above species
were tetranuclear, changes observed in the ferromagnetic pro-
file may be related to the composition of their structure. In that
sense, one observes that the highest and lowest �MT values
appear in the profile of compound 4. In view of the fact that a)
the bridging ligands ((OH–) and (CH3O–)), b) the change from
2,2′-bipy to 1,10-phen, and c) the deprotonation state of the
iminodipropanol ligands bound to the cobalt ions, are major
contributors to the structural identity of 1, 4, and 5, it appears
that the specific factors were also linked to the magnetic sus-
ceptibility behavior of the species examined. Given, also, that
the exchange interactions were of the magnitude of 2 cm–1 for
1 and 4, with 4 displaying the highest lattice dimensionality
(3D), ultimately being lowered to zero in 5 (exhibiting exchange
interactions close to 1 cm–1), it appears that 4 contains a better
formulated rendition of a tetranuclear Co4 structure with imino-
dipropanol and 1,10-phen than 5. It should be pointed out that
these observations are correlation trends in need of further pe-
rusal. In the case of polymeric 6, a simple magnetic susceptibil-
ity behavior, for the same temperature range studied, was ob-
served, consistent with a high spin Co(II) center. Interestingly
enough, the frozen solution behavior of the tetranuclear com-
plexes suggests, through EPR spectroscopy, that the solid state
species do not retain their original structure in solution, thereby
providing a deeper look into their solid state solution state cor-
relation. The collective behavior sets the basis for further exami-
nation of the solution speciation of the investigated systems
(vide supra) in this work, further facilitating the design and syn-
thesis of new materials with improved magnetic profiles (vide
infra).

Luminescence Properties

The presence of aromatic ligands, N,N′-chelators 2,2′-bipy and
1,10-phen, in the assembly of tetranuclear Co(II,III) clusters, sug-
gested that the electronic luminescent properties be investi-
gated. To that end, clusters 1, 4 and 5 exhibited well-resolved
features a) discretely differentiating the presence of the aro-
matic ligands bound to the cobalt centers, thus projecting the
contribution of those ligands to the electronic properties of the
individual clusters, and b) displaying quenched luminescence
with respect to the free aromatic ligand binders, thus pointing
out the importance of ligand binding to the formulation of the
electronic profile of the cluster-specific assembly. On the basis
of the structural characteristics of clusters 1, 4 and 5, the com-
mon feature is the distinct luminescence signature arising in
connection with the identity of species. Albeit, starkly differenti-
ated from 1–5, polymeric compound 6 also exhibited quenched
luminescence behavior, consistent with the presence of the aro-
matic 4,4′-bipy ligand binder, despite the fact that there is no
chelating potential as in 2,2′-bipy and 1,10-phen counterparts
encountered in the 1–5.
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Conclusions

The temperature-sensitive investigation of ternary systems of
Co(II):iminodipropanol containing aromatic chelators 2,2′-bipy
and 1,10-phen in alcoholic media (methanol) led to a surprising
family of tetranuclear and trinuclear species, all of which were
isolated in crystalline form. Analytical, spectroscopic and struc-
tural characterization of compounds 1–6 revealed a distinct in-
fluence of a) the molecular stoichiometry (1:1:1 and 2:1:1) of
the investigated system, and b) temperature (4 and 25°C), over
the nature of the compounds isolated from the reaction mix-
tures studied. The discrete identity of the species isolated in
the course of the interplay of tested experimental conditions,
testifies to the variable yet plethoric complex nature of struc-
tural speciation emerging as a result of the investigated chemi-
cal reactivity in the title ternary systems. In-depth elaboration
of the structural speciation, established chemically in the inves-
tigated systems, was greatly enhanced by bond valence sum
calculations and Hirshfeld surface analysis, providing credence
to the crystallographic details of cluster interactions at the
atomic and molecular level in the arisen architecture and lattice
formation. The discrete identity of species in 2,2′-bipy vs. 1,10-
phen ternary systems suggests that established physicochemi-
cal factors dictate the isolation of thermodynamically stable
compounds 1–6, thus contributing to the wealth of spectro-
scopic, structural, electrochemical, and magnetic properties of
the well-defined materials of variable yet discrete nuclearity
and oxidation state of the cobalt centers emerging in the clus-
ters isolated. The observed collective data on the investigated
systems formulate structure-lattice, structure-electronic and
magnetic behavioral profiles, setting the parameterization for
the design and synthesis of new materials with specified optical
and magnetostructural properties.

Experimental Section
Materials and Methods: All manipulations were carried out under
aerobic conditions. The following starting materials were used with-
out further purification. Cobalt(II) nitrate hexahydrate
Co(NO3)2·6H2O was purchased from BDH Chemicals Ltd, 1,1′-imi-
nodi-2-propanol (H3L; Imino) from Merck-Schuchardt and 4,4′-bipyr-
idine (4,4′-bipy) from Fluka AG. 2,2′-Bipyridine (2,2′-bipy), 1,10-
phenanthroline (1,10-phen) as well as methanol were supplied by
Sigma-Aldrich.

Physical Measurements: FT-IR spectra were recorded on a Thermo-
Finnigan FT-Infra Red IR-200 spectrometer, using KBr pellets. UV/
Visible measurements were carried out on a Hitachi U2001 spectro-
photometer in the range from 190 to 900 nm. A Thermo Finnigan
Flash EA 1112 CHNS elemental analyser was used for the simultane-
ous determination of carbon, hydrogen, and nitrogen (%). The anal-
yser operation is based on the dynamic flash combustion of the
sample (at 1800 °C) followed by reduction, trapping, complete GC
separation and detection of the products. The instrument is a) fully
automated and controlled by PC via the Eager 300 dedicated soft-
ware, and b) capable of handling solid, liquid or gaseous substan-
ces.

Electron Paramagnetic Resonance: Electron paramagnetic reso-
nance (EPR) measurements were performed on an upgraded X-
band Bruker ER-200D spectrometer interfaced to a personal com-
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puter and equipped with an Oxford ESR 900 cryostat, an Anritsu
MF76A frequency counter and a Bruker 035M NMR gaussmeter. The
Signal-Channel unit was replaced by an SR830 digital lock-in ampli-
fier by Stanford Research. The EPR spectra of complexes 1–5 in the
solid-state and in frozen aqueous solutions were typically recorded
at microwave frequency of ca. 9.42 GHz and modulation amplitude
of 5 to 25 Gpp at 100 kHz, with a microwave power of 20 mW and
in the temperature range from 4.2 to 70 K.

Magnetic Susceptibility: Magnetic susceptibility measurements
were performed on powdered polycrystalline materials, with an
MPMS 7XL SQUID magnetometer (Quantum Design), working in the
temperature range from 1.8 to 320 K, under external magnetic fields
of 0.1 and 1.0 Tesla. Magnetization measurements were carried out
in the field range 0–7 T and at T 2 K. The observed susceptibility
data were corrected for the underlying diamagnetism.

Cyclic Voltammetry: Electrochemical measurements on all com-
pounds (1,4–6) were carried out at room temperature in methanol,
with an Autolab model PGSTAT302 potensiostat-galvanostat. The
entire system was under computer control and supported by the
appropriate computer Autolab software GPES, running on Windows.
The electrochemical cell used had platinum (disk) working and aux-
iliary (wire) electrodes. As a reference electrode, a saturated Ag/
AgNO3 electrode was used. The solvent methanol used in the elec-
trochemical measurements was of HPLC quality. Tetrabutylammo-
nium perchlorate (Bu4N)ClO4 was used as a supporting electrolyte.
The operation of the electrochemical cell was checked through the
use of the Fe(C5H5)2/[Fe(C5H5)2]+ reference system in the same sol-
vent. Normal concentrations used were 1–2 mM in electroanalyte
and 0.1 M in supporting electrolyte. Purified argon was used to
purge the solutions prior to the electrochemical measurements.

Photoluminescence: Emission and excitation spectra were re-
corded on a Hitachi F-7000 fluorescence spectrophotometer from
Hitachi High-Technologies Corporation. The employed split widths
(em, ex) were 5.0 nm and the scan speed was 1200 nmmin–1. All
measurements were carried out at room temperature. The entire
system was supported by the appropriate computer software, FL
Solutions 2.1, running on Windows XP.

Theoretical Calculations: Bond Valence Sum (BVS) calculations
were carried out using the Visualization for Electronic and Structural
Analysis (VESTA) program (Version 3.4.8).[61] Bond valence values (S)
were obtained using the empirical expression S = exp[(Ro – r)/b],
where b = 0.37 Å, r is the observed bond length and Ro (Å) is a
tabulated constant. In our case, literature[62,63] Ro values are as fol-
lows: Co(II)–O 1.685, Co(III)–O 1.637, Co(II)-N 1.72 and Co(III)-N 1.69.

Hirshfeld Surface Analysis: Hirshfeld surface analysis,[64–66] depict-
ing electron density boundary surfaces between molecules in a
crystal, was carried out to interpret the presence of various inter-
molecular interactions present in all compounds studied. Hirshfeld
surfaces and associated two-dimensional (2D) fingerprint[67,68] plots
were calculated using Crystal Explorer,[69] with bond lengths to
hydrogen atoms set to standard values.[70] During mapping, the
derived surfaces were kept transparent for the visualization of vari-
ous intermolecular interactions associated with self-assembly.

In the course of the analysis on a complex molecular assembly, an
emerging isosurface is obtained. Each point of the isosurface can
be defined by two distances: a) de, the distance from the point to
the nearest atom outside the surface, and b) di, the distance to the
nearest atom inside to the surface. Regions of particular importance
to intermolecular interactions can be identified by mapping the
normalized contact distance (dnorm)
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Where rivdw and revdw are the van der Waals radii of the atoms. The
value of dnorm can be either negative or positive, when intermolec-
ular contacts are shorter or longer than rvdw, respectively. Hirshfeld
surface plots, mapped with dnorm, display blue-red-white color
graphics. Red color indicates shorter intermolecular contacts, white
color reflects contacts around the rvdw separation, and blue color
indicates longer contact distances. Due to symmetry between de
and di in the mathematical expression for dnorm, where two Hirsh-
feld surfaces come in contact, they both exhibit a red spot identical
in color intensity, size and shape.[71] Furthermore, close contacts
between specific atom types can be highlighted in resolved finger-
print plots,[43,67,68] thereby allowing facile assignment of an inter-
molecular contact to a specific type of interaction. Two additional
colored attributes (shape index and curvedness), based on the local
curvature of the generated surface, can also be specified.[72] Two
dimensional fingerprint plots of each Hirshfeld surface were derived
so as to project dnorm, shape-index, curvedness and 2D fingerprint
plots (full and resolved), with plots of di vs. de contributing to un-
derstanding of the different intermolecular interactions emerging
in each case of crystal structure investigated.

Synthesis

Ternary system: Co(II)-Imino-2,2′-bipy

Solvent: Methanol

Molecular stoichiometry:1:1:1

Reaction temperature:25°C

Synthesis of [CoII2CoIII2(OH)(CH3O)(C6H12.5NO2)2(C10H8N2)2-
(NO3)2](NO3)·3CH3OH·H2O (1): Co(NO3)2·6H2O (0.30 g, 1.0 mmol)
was dissolved in 5 mL of methanol in a 25 mL round-bottomed
flask. To that, a solution of 1,1′-iminodi-2-propanol (Imino) (0.14 g,
1.0 mmol) in 2 mL of methanol was added. The resulting dark red
reaction mixture was stirred at room temperature for 10 min. Subse-
quently, 2,2′-bipy (0.16 g, 1.0 mmol) was added slowly to the reac-
tion mixture under continuous stirring. The emerging reaction solu-
tion was filtered and allowed to stand at 25°C. After a couple of
days, dark red crystals grew out of solution. The crystalline material
was collected by filtration and dried in vacuo. Yield: 0.080g (ca.
26 %). Anal. Calc. for 1, (C36H59Co4N9O19 MW=1157.65): C, 37.36; H,
5.14; N, 10.89; found C, 37.41; H, 5.14; N, 10.80 %.

Reaction temperature:4°C

Synthesis of [CoIICoIII2(H2O)(OH)(C6H13NO2)2(C10H8N2)3]-
(NO3)3·2CH3OH (2) and [CoIICoIII2(OH)2(C6H14NO2)2(C10H8N2)3]-
(NO3)4·CH3OH (3): The reaction was run as in the aforementioned
preparation. The final reaction solution was filtered and allowed to
stand at 4°C. After a short period of time, dark red crystals grew
out of the solution by slow evaporation. The product was isolated
by filtration and dried in vacuo. Yield: 0.090 g. Repeated synthetic
efforts led to the identity of the product being a mixture of com-
pounds 2 and 3, as confirmed by X-ray crystallography. Anal. Calc.
for 2, (C44H53Co3N11O17 MW=1184.77) and 3, (C43H58Co3N12O19

MW=1223.80).

Molecular stoichiometry:2:1:1

Reaction temperature:25°C

Synthesis of [CoII2CoIII2(OH)(CH3O)(C6H12.5NO2)2(C10H8N2)2-
(NO3)2](NO3)·3CH3OH·H2O (1): Co(NO3)2·6H2O (0.60 g, 2.0 mmol)
was dissolved in 5 mL of methanol and a solution of 1,1′-iminodi-
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2-propanol (Imino) (0.14 g, 1.0 mmol) in 2 mL of methanol was
added to that in a 25 mL round-bottomed flask. The dark red reac-
tion mixture was then stirred at room temperature for 10 min. Next,
2,2′-bipy (0.16 g, 1.0 mmol) was added slowly to the reaction mix-
ture under continuous stirring. Subsequently, the reaction solution
was filtered and allowed to stand at 25°C. After a day or so, dark
red crystals grew out of the solution. The product was isolated by
filtration and dried in vacuo. Yield: 0.070 g (ca. 12 %). Anal. Calc. for
1, (C36H59Co4N9O19 MW=1157.65): C, 37.36; H, 5.14; N, 10.89; found
C, 37.31; H, 5.16; N, 10.87 %.

Reaction temperature:4°C

Synthesis of [CoII2CoIII2(OH)(CH3O)(C6H12.5NO2)2(C10H8N2)2-
(NO3)2](NO3)·3CH3OH·H2O (1): The reaction was run with the same
reagent molecular stoichiometry as in the aforementioned prepara-
tion at 25°C. The final reaction solution was filtered and allowed to
stand at 4°C. After a day or so, dark red crystals grew out of the
solution. The product was isolated by filtration and dried in vacuo.
Yield: 0.030 g (5 %). Anal. Calc. for 1, (C36H59Co4N9O19 MW=
1157.65): C, 37.36; H, 5.14; N, 10.89; found C, 37.26; H, 5.12; N,
10.82 %.

Ternary system:Co(II)-Imino-(1,10-phen)

Solvent:Methanol

Molecular stoichiometry:1:1:1

Reaction temperature:25°C

Synthesis of [CoII2CoIII2(OH)2(C6H12.5NO2)2(C12H8N2)3-
(NO3)](NO3)2·3CH3OH (4): Co(NO3)2·6H2O (0.60 g, 2.0 mmol) was
dissolved in 5 mL of methanol and 1,1′-iminodi-2-propanol (Imino)
(0.28 g, 2.0 mmol) in 2 mL of methanol. Then, the two reagents
were mixed in a 25 mL round-bottomed flask and the arising reac-
tion mixture was stirred at room temperature for 10 min. Next, 1,10-
phenanthroline (0.36 g, 2.0 mmol) was added very slowly under
continuous stirring. Subsequently, the emerging reaction solution
was filtered and allowed to stand at 25°C. After a short period of
time, dark brown crystals grew out of the solution. The product was
isolated by filtration and dried in vacuo. Yield: 0.17g (ca. 25 %). Anal.
Calc. for 4, (C51H56Co4N11O18 MW=1346.80): C, 45.48; H, 4.19; N,
11.44; found C, 45.40; H, 4.14; N, 11.39 %.

Reaction temperature:4°C

Synthesis of [CoII2CoIII2(OH)2(C6H12.5NO2)2(C12H8N2)3-
(NO3)](NO3)2·3CH3OH (4): The reaction was run with the same rea-
gent molecular stoichiometry as in the aforementioned preparation
at 25°C. The final reaction solution was filtered and allowed to stand
at 4°C. After a day or so, dark brown crystals grew out of the solu-
tion. The product was isolated by filtration and dried in vacuo. Yield:
0.14 g (ca. 20 %). Anal. Calc. for 4, (C51H56Co4N11O18 MW=1346.80):
C, 45.48; H, 4.19; N, 11.44; found C, 45.44; H, 4.17; N, 11.47 %.

Molecular stoichiometry: 2:1:1

Reaction temperature:25°C

Synthesis of [CoII2CoIII2(OH)2(C6H13NO2)2(C12H8N2)2(NO3)2]-
(NO3)2·2.5H2O (5): Co(NO3)2·6H2O (0.60 g, 2.0 mmol) and 1,1′-imi-
nodi-2-propanol (0.14 g, 1.0 mmol) were dissolved in 5 mL and 2 mL
of methanol, respectively, in a 25 mL round-bottomed flask under
continuous stirring. The resulting reaction mixture was then stirred
at room temperature for 10 min. Next, 1,10-phenanthroline (0.18 g,
1.0 mmol) was added very slowly to the reaction mixture under
continuous stirring. Subsequently, the emerging reaction solution
was filtered and allowed to stand at 25°C. After a couple of days,
dark brown crystals grew out of the solution by slow evaporation.
The product was isolated by filtration and dried in vacuo. Yield: 0.10
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g (ca. 16 %). Anal. Calc. for 5, (C36H49C�4N10O20.50 MW=1185.57): C,
36.44; H, 4.13; N, 11.81; found C, 36.40; H, 4.17; N, 11.78 %.

Reaction temperature:4°C

Synthesis of [CoII2CoIII2(OH)2(C6H13NO2)2(C12H8N2)2(NO3)2]-
(NO3)2·2.5H2O (5): The reaction was run with the same reagent
molecular stoichiometry as in the aforementioned preparation at
25°C. The final reaction solution was filtered and allowed to stand
at 4°C. After a day or so, dark brown crystals grew out of the solu-
tion. The product was isolated by filtration and dried in vacuo. Yield:
0.05 g (ca. 8 %). Anal. Calc. for 5, (C36H49C�4N10O20.50 MW=1185.57):
C, 36.44; H, 4.13; N, 11.81; found C, 36.42; H, 4.17; N, 11.83 %.

Ternary system:Co(II)-Imino-(4,4′-bipy)

Solvent:Methanol

Molecular stoichiometry:2:1:1

Reaction temperature:4°C

Synthesis of [CoII(C10H8N2)(NO3)2(H2O)2]n nH2O (6):
Co(NO3)2·6H2O (0.60 g, 2.0 mmol) and 1,1′-iminodi-2-propanol (Im-
ino) (0.14 g, 1.0 mmol) were placed in a 25 mL round-bottomed
flask and 5 mL of methanol was added under continuous stirring.
The reaction mixture was then stirred at room temperature until
both reactants were completely dissolved. Furthermore, 4,4′-bipy
(0.16 g, 1.0 mmol) was placed in 2 mL of methanol and then was
added drop by drop to the reaction mixture under continuous stir-
ring. Subsequently, the emerging reaction solution was filtered and
allowed to stand at 4°C. After six days, pink prismatic crystals grew
out of the solution by slow evaporation. The crystalline material
was collected by filtration and dried in vacuo. Yield: 0.19 g (ca.
23 %). Anal. Calcd for 6, (C10H14CoN4O9 MW=393.18): C, 30.55; H,
3.59; N, 14.25; found C, 30.60; H, 3.60; N, 14.36 %.

Reaction temperature:25°C

Synthesis of [CoII(C10H8N2)(NO3)2(H2O)2]n·nH2O (6): The reaction
was run with the same reagent molecular stoichiometry as in the
aforementioned preparation at 25°C. The final reaction solution was
filtered and allowed to stand at 25°C. After two to three days, micro-
crystalline material grew out of the solution by slow evaporation.
The product was isolated by filtration and dried in vacuo. Yield: 0.19
g (ca. 23 %). Anal. Calcd for 6, (C10H14CoN4O9 MW=393.18): C, 30.55;
H, 3.59; N, 14.25; found C, 30.58; H, 3.54; N, 14.21 %. The material
was further identified as 6 by FT-IR.

X-ray Crystal Structure Determination: Single crystals of com-
pounds 1–6 were obtained from reaction mixtures according to the
described synthetic procedures. For the structural determination of
1–6, single crystals of the respective compounds were mounted on
a Bruker Kappa APEX II diffractometer, equipped with a triumph
monochromator at ambient temperature. Diffraction measurements
were recorded using Mo Kα radiation. Unit cell dimensions were
determined by using at least 100 reflections in the range 15 < θ <
20°. Intensity data were collected using 
 and ω scan mode. The
frames collected for each crystal were integrated with the Bruker
SAINT software package[73] using a narrow-frame algorithm. Data
were corrected for absorption using the numerical method (SAD-
ABS) based on crystal dimensions.[74]

All structures were solved using the SUPERFLIP[75] package and re-
fined by full–matrix least-squares method on F2 using the CRYSTALS
package versions 14.43 and 14.61.[76] All non-disordered non-
hydrogen atoms were refined anisotropically.

All hydrogen atoms, except for the ones being disordered, were
found at their expected positions and refined using soft constraints.
By the end of the refinement, they were positioned using riding
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constraints. The crystal data, details of data collection and structure
refinement for all compounds studied are given in Table 1. Illustra-
tions were drawn by CAMERON[77] and Diamond.[78] Further details
on the crystallographic studies as well as atomic displacement pa-
rameters are given as Supporting Information.

Deposition Numbers 1999633 (for 1), 1999634 (for 2), 1999635 (for
3), 1999636 (for 4), 1999637 (for 5), and 1999638 (for 6) contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service www.ccdc.cam.ac.uk/structures.
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Temperature-Sensitive Structural
Speciation of Cobalt-Iminodialco-
hol-(N,N′-Aromatic Chelator) Sys-
tems: Lattice Architecture and Spec-
trochemical Properties

Structural speciation of Co(II):iminodi- cluster arrangements project distinct
propanol:N,N′-aromatic chelator sys- optical and magnetic properties,
tems, under temperature-specific con- thereby establishing lattice architec-
ditions, reveals binary-ternary hybrid ture-magneto-optical correlations use-
metal-organic coordination com- ful in the development of advanced
pounds of mono-, tri-, and tetranuclear materials.
Co(II,III) centers. Octahedral Co(II,III)

doi.org/10.1002/ejic.202000435

Eur. J. Inorg. Chem. 0000, 0–0 www.eurjic.org © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim23


