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Preface to ”Crystal Structures of Metal Complexes”

Since I was a student, I have been working on crystal structure analysis of metal complexes. I

cut single crystals with a razor blade while looking at them under a microscope, encapsulated single

crystals in thin glass tubes, and centered crystals in the beam path of the apparatus. I was very happy

every time when a single crystal structure was solved, and I was always impressed that the new metal

complexes I had synthesized were contained in the crystal in regular rows.

The crystal structure reveals many things, such as the coordination geometry around metals and

intermolecular interactions. Furthermore, quantum calculations based on the crystal structure can

provide information on electronic states, which can be related to various physicochemical properties.

This book contains 11 papers published in a Special Issue of Molecules entitled “Crystal Structures

of Metal Complexes”. I will be very happy if readers will be interested in the crystal structures of

metal complexes.

Hiroshi Sakiyama

Editor
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Abstract: Only a limited number of multinucleating ligands can stably maintain multinuclear
metal structures in aqueous solutions. In this study, a water-soluble dinucleating ligand, 2,6-bis{[N-
(carboxylatomethyl)-N-methyl-amino]methyl}-4-methylphenolate ((sym-cmp)3−), was prepared and
its copper(II) complexes were structurally characterized. Using the single-crystal X-ray diffraction
method, their dimer-of-dimers type defect cubane tetranuclear copper(II) structures were charac-
terized for [Cu4(sym-cmp)2Cl2(H2O)2] and [Cu4(sym-cmp)2(CH3O)2(CH3OH)2]. In the complexes,
each copper(II) ion has a five-coordinate square-pyramidal coordination geometry. The coordination
bond character was confirmed by the density functional theory (DFT) calculation on the basis of the
crystal structure, whereby we found the bonding and anti-bonding molecular orbitals. From the
cryomagnetic measurement and the magnetic analysis, overall antiferromagnetic interaction was
observed, and this magnetic behavior is also explained by the DFT result. Judging from the molar
conductance and the electronic spectra, the bridging chlorido ligand dissociates in water, but the
dinuclear copper(II) structure was found to be maintained in an aqueous solution. In conclusion,
the tetranuclear copper(II) structures were crystallographically characterized, and the dinuclear
copper(II) structures were found to be stabilized even in an aqueous solution.

Keywords: tetranuclear copper(II) complex; dinucleating ligand; dimer-of-dimers type; crystal
structure; magnetic properties; density functional theory (DFT)

1. Introduction

Copper is an essential trace element [1,2], and we humans cannot live without it. In fact,
a 70 kg adult human body contains ~0.11 g of copper [1]. Humans need oxygen for cellular
respiration to extract energy from food, and for cellular respiration, cytochrome c oxidase
requires iron and copper to bind and activate oxygen [1–3]. In addition, toxic superoxide
is produced daily together with cellular respiration, and superoxide dismutase (SOD)
requires copper and zinc to decompose superoxide [1–3]. These are just a few examples of
copper enzymes, and various copper proteins and copper enzymes play important roles
in life. Some of the copper proteins have two or more copper ions at the active site and
have functions that cannot be achieved by one copper ion. For the purpose of artificially
realizing the function of such multi-copper proteins, many multinucleating ligands have
been developed to stabilize the multinuclear metal complex structures.
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2,6-Bis[bis(2-pyridylmethyl)aminomethyl]-4-methylphenol (H(bpmp)) is one of the
most well-known acyclic dinucleating ligands, providing two N3O coordination sites [4].
N,N’-(2-Hydroxy-5-methyl-1,3-xylylene)bis[N-(carboxymethyl)glycine] (H5(5-Me-hxta))
is another well-known acyclic dinucleating ligand, possessing two NO3 coordination
sites [5,6]. Both ligands, (bpmp)− and (5-Me-hxta)5−, are end-off type acyclic dinucleating
ligands with a phenolato moiety as a bridging group and are suitable for incorporat-
ing various dinuclear metal cores. In addition, metal complexes with these ligands and
their derivatives [7] are stable in aqueous solutions, while Schiff base ligands are often
hydrolyzed in aqueous solutions. When (bpmp)− or (5-Me-hxta)5− incorporates two oc-
tahedral metal ions, two coordination sites will be available for substrate incorporation
in catalytic reactions. In this study, for the purpose of increasing the number of available
coordination sites, a novel dinucleating ligand, 2,6-bis{[N-(carboxylatomethyl)-N-methyl-
amino]methyl}-4-methylphenolate ((sym-cmp)3−) was synthesized (Figure 1). The ligand
(sym-cmp)3− has a bridging phenolato moiety and two NO2 coordination sites and is
expected to incorporate two metal ions. This paper reports the crystal structures of dimer-
of-dimers type tetranuclear copper(II) complexes with (sym-cmp)3−.

Figure 1. Chemical structure of (sym-cmp)3−.

2. Results and Discussion
2.1. Preparation
2.1.1. Preparation of a Dinucleating Ligand

A dinucleating ligand, 2,6-bis{[N-(carboxylatomethyl)-N-methyl-amino]methyl}-4-
methylphenolate ((sym-cmp)3−) was synthesized via a Mannich reaction from p-cresol and
sarcosine. The ligand was obtained as a sodium salt and recrystallized from ethanol. The
ligand was characterized by IR, elemental analysis, 1H and 13C NMR, and electrospray
ionization (ESI) mass spectrometry. In 1H NMR, five singlet signals characteristic for
(sym-cmp)3− were obtained (Figure S1), and in 13C NMR, nine characteristic signals were
obtained (Figure S2). In ESI-mass spectra, the main peak at m/z = 309 was assigned to
[H2(sym-cmp)]− (Figure S3), and its elemental composition (C15H21N2O5) was confirmed
by the isotope pattern (Figure S4). Judging from the small molar conductance value
(19 S·cm2·mol−1) in water, the sodium ions are considered to be tightly incorporated in
the ligand.

2.1.2. Preparation of Copper(II) Complexes

With the dinucleating ligand (sym-cmp)3−, tetranuclear copper(II) complexes were
prepared as dimers of dinuclear copper(II) units. Using the copper(II) chloride, a chlorido
complex, [Cu4(sym-cmp)2Cl2(H2O)2]·2H2O (1), was obtained, while a methoxido derivative,
[Cu4(sym-cmp)2(CH3O)2(CH3OH)2]·2C3H7OH·2CH3OH (2), was obtained by using the
copper(II) nitrate. Purification of 2 was very difficult, and the crude product often contains
nitrate ions. So, complex 2 was characterized only by the single-crystal X-ray diffraction
method. Structural details will be described in the following crystallographic section
(Section 2.2) and the theoretical calculation section (Section 2.4).

2
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2.2. Crystal Structures of Copper(II) Complexes
2.2.1. Crystal Structures of [Cu4(sym-cmp)2Cl2(H2O)2]·2.4CH3OH·1.8H2O (1′)

Single crystals of 1′ were obtained by recrystallization of 1 from methanol. (Note that
1 is a dried sample, while 1′ is a sample in a crystalline state where drying was prevented.)
Although 1 was considered to contain two water molecules as solvent of crystallization
per tetranuclear copper(II) unit from the elemental analysis, solvents of crystallization of 1′
were empirically determined as 2.4 methanol and 1.8 water molecules. The crystal structure
of the tetranuclear copper(II) complex [Cu4(sym-cmp)2Cl2(H2O)2] and its tetranuclear
bridging structure are shown in Figure 2, and selected atomic distances and angles are
summarized in Tables 1 and 2.

Figure 2. Molecular structures of (a) [Cu4(sym-cmp)2Cl2(H2O)2] and (b) Cu4Cl2N4O10 core in 1′ with
atom labeling. Hydrogen atoms are omitted for clarity. Thermal ellipsoids are drawn at the 50%
probability level. Symmetry code: i (−x + 1/2, −y + 1/2, −z + 1), ii (−x + 1/2, y + 1/2, −z + 3/2),
iii (x, −y, z − 1/2).

Table 1. Selected distances for 1′.

Atom–Atom 1 Distance/Å Atom–Atom 1 Distance/Å

Cu(1)–Cl(1) 2.3638(14) Cu(1)–O(1) 1.937(3)
Cu(1)–O(2) 1.926(3) Cu(1)–O(6) 2.214(4)
Cu(1)–N(1) 1.998(4) Cu(1)–O(4)i 3.208(4)
Cu(2)–Cl(1) 2.3113(14) Cu(2)–O(1) 1.942(3)
Cu(2)–O(4) 1.936(3) Cu(2)–N(2) 2.003(4)
Cu(2)–Cl(1)i 2.8012(14) Cu(2)–O(3)ii 2.804(4)
Cu(1)···Cu(2) 3.1274(8) Cu(1)···Cu(1)i 5.8824(12)
Cu(1)···Cu(2)i 3.8024(9) Cu(2)···Cu(2)i 3.7248(13)

1 Symmetry code: i (−x + 1/2, −y + 1/2, −z + 1), ii (−x + 1/2, y + 1/2, −z + 3/2).

3
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Table 2. Selected angles for 1′.

Atom–Atom–Atom 1 Angle/◦ Atom–Atom–Atom 1 Angle/◦

Cl(1)–Cu(1)–O(1) 83.38(11) Cl(1)–Cu(1)–O(2) 94.87(10)
Cl(1)–Cu(1)–O(6) 94.72(10) Cl(1)–Cu(1)–N(1) 161.10(12)
Cl(1)–Cu(1)–O(4)i 77.29(7) O(1)–Cu(1)–O(2) 173.59(15)
O(1)–Cu(1)–O(6) 90.83(14) O(1)–Cu(1)–N(1) 94.06(15)
O(1)–Cu(1)–O(4)i 92.89(12) O(2)–Cu(1)–O(6) 95.46(14)
O(2)–Cu(1)–N(1) 85.61(15) O(2)–Cu(1)–O(4)i 80.71(12)
O(6)–Cu(1)–N(1) 104.06(15) O(6)–Cu(1)–O(4)i 170.73(12)
N(1)–Cu(1)–O(4)i 84.16(13) Cl(1)–Cu(2)–O(1) 84.68(11)
Cl(1)–Cu(2)–O(4) 95.38(11) Cl(1)–Cu(2)–N(2) 172.22(13)
Cl(1)–Cu(2)–Cl(1)i 86.96(5) Cl(1)–Cu(2)–O(3)ii 84.35(8)
O(1)–Cu(2)–O(4) 175.93(15) O(1)–Cu(2)–N(2) 94.72(16)
O(1)–Cu(2)–Cl(1)i 89.05(11) O(1)i–Cu(2)–O(3)ii 130.04(9)
O(4)–Cu(2)–N(2) 84.66(15) O(4)–Cu(2)–Cl(1)i 95.02(11)
O(4)–Cu(2)–O(3)ii 88.47(12) N(2)–Cu(2)–Cl(1)i 100.79(12)
N(2)–Cu(2)–O(3)ii 87.87(14) Cl(1)i–Cu(2)–O(3)ii 170.91(8)
Cu(1)–Cl(1)–Cu(2) 83.96(5) Cu(1)–O(1)–Cu(2) 107.46(17)
Cu(1)–Cl(1)–Cu(2)i 94.44(4) Cu(2)–Cl(1)–Cu(2)i 93.04(5)

1 Symmetry code: i (−x + 1/2, −y + 1/2, −z + 1), ii (−x + 1/2, y + 1/2, −z + 3/2).

The tetranuclear copper(II) complex [Cu4(sym-cmp)2Cl2(H2O)2] is centrosymmetric
(Figure 2a) and considered as a dimer-of-dimers type tetranuclear copper(II) complex,
possessing the defect cubane tetranuclear copper(II) core (Figure 2b). Each dinucleating
ligand, (sym-cmp)3−, incorporates two copper(II) ions bridged by one phenolic oxygen
of the dinucleating ligand and by one chlorido ligand. If we consider only the typical
coordination bonds, each copper(II) ion has five-coordinate square-pyramidal coordination
geometry, and Cu(1) and Cu(2) ions are surrounded by NO3Cl and NO2Cl2 donor sets,
respectively. The distortion parameter τ defined as τ = (θ − ϕ)/60 × 100% is calculated
as 20.9% for Cu(1) and 6.1% for Cu(2), where θ◦ and ϕ◦ are the largest and the second
largest bond angles around each copper atom, respectively. The parameter τ is 100% if
the coordination geometry is purely trigonal–bipyramidal, while τ is 0% if the geometry
is purely square–pyramidal. Therefore, both coordination geometries are considered to
be square–pyramidal. Each of the apical bond distances (Cu(1)–O(6) = 2.222(3) Å and
Cu(2)–Cl(1)i = 2.8011(13) Å) is longer than the other basal Cu–O (1.925(3)–1.943(3) Å) and
Cu–Cl (2.3124(13)–2.3630(12) Å) bond lengths, respectively. This can be explained by the
Jahn–Teller effect [8], typical for the copper(II) complexes with d9 electronic configuration.

The apical Cu–Cl distance (Cu(2)–Cl(1)i = 2.8011(13) Å) may seem to be slightly too
long for the coordination bond; however, the covalent bond character was confirmed by the
density functional theory (DFT) calculation (Section 2.4). Therefore, the chlorido ligand is
definitely bridging three copper(II) ions, forming the defect cubane tetranuclear copper(II)
core structure. On the other hand, two more weak coordination bonds were found by DFT
calculations (dashed bonds in Figure 2b). One is the Cu(1)–O(4)i bond (3.209(3) Å), and
the other is the Cu(2)–O(3)ii bond (2.804(4) Å) between Cu(2) and an oxygen atom in a
neighboring tetranuclear copper(II) complex. Here, the weak coordination bond refers
to a bond with less covalency than the typical coordination bond, where the overlap of
atomic orbitals involved in the bond is smaller. When the weak coordination bonds are
also taken into account, the coordination geometries around the two copper(II) ions are
both octahedral.

Tetranuclear copper(II) complexes with similar tetranuclear copper(II) cores are re-
ported [9–11], and their magnetic properties were analyzed. In two of them, all three
adjacent copper(II) pairs are doubly bridged [9,10], while in the rest of them, two of the
adjacent copper(II) pairs are doubly-bridged ones, but one pair is singly-bridged [11]. In a
precise sense, this type of core structure is often called the stepped cubane, but in the case
of 1′, the core structure can be included in the defect cubane.

4
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2.2.2. Crystal Structures of [Cu4(sym-cmp)2(CH3O)2(CH3OH)2]·2C3H7OH·2CH3OH (2)

Single crystals of 2 were obtained by slow diffusion of 2-propanol to a methanolic
solution of the crude product. The crystal structure of the tetranuclear copper(II) complex
[Cu4(sym-cmp)2(CH3O)2(CH3OH)2] and its tetranuclear bridging structure are shown in
Figure 3, and selected atomic distances and angles are summarized in Tables 3 and 4.

The basic skeletal structure of the tetranuclear copper(II) complex [Cu4(sym-cmp)2(CH3O)2
(CH3OH)2] in 2 is very similar to the complex structure in 1′. That is, the bridging chlorido
and water ligands in 1′ are replaced with methoxido and methanol ligands, respectively. The
[Cu4(sym-cmp)2(CH3O)2(CH3OH)2] complex is centrosymmetric (Figure 3a) and considered a
dimer-of-dimers type tetranuclear copper(II) complex, possessing the defect cubane tetranuclear
copper(II) core (Figure 3b). A pair of copper(II) ions incorporated into one dinucleating
ligand are bridged by one phenolic oxygen of the dinucleating ligand and by one methoxido
ligand. Both types of copper(II) ions have five-coordinate square-pyramidal coordination
geometries with NO4 donor atoms, if we consider only the typical coordination bonds. The
distortion parameter τ was 16.5% for Cu(1) and 11.0% for Cu(2). The apical bond distances
(Cu(1)–O(7) = 2.331(3) Å and Cu(2)–O(3)i = 2.305(3) Å) are longer than the other basal
Cu–O distances (1.930(3)–1.999(3) Å). The longer apical distances are consistent with the d9

electronic configuration of the copper(II) centers discussed in Section 2.2.1. When weak
coordination bonds were also taken into account, another bond, Cu(1)–O(5)i (2.856(3) Å),
was found in the DFT calculation, and the coordination geometry around Cu(1) became
octahedral. In contrast, no covalent nature was observed between Cu(2) and adjacent O(6)ii

in another complex.

Figure 3. Molecular structures of (a) [Cu4(sym-cmp)2(CH3O)2(CH3OH)2] and (b) Cu4N4O10 core in
2 with atom labeling. Hydrogen atoms are omitted for clarity. Thermal ellipsoids are drawn at the
50% probability level. Symmetry code: i (−x + 1, −y + 1, −z + 1).

5
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Table 3. Selected distances for 2.

Atom–Atom 1 Distance/Å Atom–Atom 1 Distance/Å

Cu(1)–O(1) 1.930(3) Cu(1)–O(2) 1.933(3)
Cu(1)–O(3) 1.981(3) Cu(1)–O(7) 2.331(3)
Cu(1)–N(1) 2.008(4) Cu(1)–O(5)i 2.856(3)
Cu(2)–O(1) 1.930(3) Cu(2)–O(3) 1.999(3)
Cu(2)–O(5) 1.936(3) Cu(2)–N(2) 2.019(4)
Cu(2)–O(3)i 2.305(3) Cu(2)···O(6)ii 3.3478(3)

Cu(1)···Cu(2) 3.0138(8) Cu(1)···Cu(1)i 5.5123(12)
Cu(1)···Cu(2)i 3.3743(9) Cu(2)···Cu(2)i 3.2483(11)

1 Symmetry code: i (−x + 1, −y + 1, −z + 1), ii (−x + 2, −y + 1, −z + 1).

Table 4. Selected angles for 2.

Atom–Atom–Atom 1 Angle/◦ Atom–Atom–Atom 1 Angle/◦

O(1)–Cu(1)–O(2) 174.14(13) O(1)–Cu(1)–O(3) 79.22(13)
O(1)–Cu(1)–O(7) 88.52(13) O(1)–Cu(1)–N(1) 93.40(14)
O(1)–Cu(1)–O(5)i 89.28(12) O(2)–Cu(1)–O(3) 100.38(14)
O(2)–Cu(1)–O(7) 97.33(13) O(2)–Cu(1)–N(1) 85.53(14)
O(2)–Cu(1)–O(5)i 84.96(11) O(3)–Cu(1)–O(7) 90.78(13)
O(3)–Cu(1)–N(1) 164.26(14) O(3)–Cu(1)–O(5)i 76.54(11)
O(7)–Cu(1)–N(1) 103.00(14) O(7)–Cu(1)–O(5)i 167.32(11)
N(1)–Cu(1)–O(5)i 89.59(13) O(1)–Cu(2)–O(3) 78.76(13)
O(1)–Cu(2)–O(5) 170.63(13) O(1)–Cu(2)–N(2) 93.49(14)
O(1)–Cu(2)–O(3)i 96.27(13) O(3)–Cu(2)–O(5) 99.19(13)
O(3)–Cu(2)–N(2) 164.05(15) O(3)–Cu(2)–O(3)i 82.25(13)
O(5)–Cu(2)–N(2) 86.18(14) O(5)–Cu(2)–O(3)i 92.48(12)
N(2)–Cu(2)–O(3)i 112.69(13) Cu(1)–O(1)–Cu(2) 102.66(15)
Cu(1)–O(3)–Cu(2) 98.45(14) Cu(1)–O(3)–Cu(2)i 103.63(13)
Cu(2)–O(3)–Cu(2)i 97.75(12)

1 Symmetry code: i (−x + 1, −y + 1, −z + 1).

2.3. Magnetic Properties

The cryomagnetic behavior for complex 1 was measured for the purpose of confirming
the electronic configuration of the ground state and revealing the exchange interactions
between the copper(II) ions. The χMT versus T plot is shown in Figure 4a. The observed
χMT product at 300 K was 1.63 cm3·K·mol−1, which was close to the spin-only value for the
four independent S = 1/2 magnetic centers (1.50 cm3·K·mol−1). The χMT value decreased
on cooling to 1.9 K (0.026 cm3·K·mol−1), suggesting a strong antiferromagnetic interaction
between copper(II) ions. For the magnetic analysis, the method of Hatfield and Inman [12]
was used to obtain the magnetic susceptibility equation. In this study, the Hamiltonian
H = − J1 (SA1·SB1 + SA2·SB2) − J2 SB1·SB2 − J3 (SA1·SB2 + SA2·SB1) − J4 SA1·SA2 was used
(see Figure 4b). The magnetic susceptibility equations (Equations (1)–(11)) used in this
study are as follows:

χM = Ng2β2

k T
10 exp(− A

k T )+2 exp(− B
k T )+2 exp(− C

k T )+2 exp(− D
k T )

5 exp(− A
k T )+3 exp(− B

k T )+3 exp(− C
k T )+3 exp(− D

k T )+exp(− E
k T )+exp(− F

k T )
(1− ρ)

+ Ng2β2

k T ρ + 4 TIP,
(1)

A = −K
2
−Q, (2)

B = −K
2
+ Q, (3)

C =
K
2
−
√

L2 + P2, (4)
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D =
K
2
+
√

L2 + P2, (5)

E =
K
2
+ Q−

√
K2 + 3L2 − 2KQ + Q2, (6)

F =
K
2
+ Q +

√
K2 + 3L2 − 2KQ + Q2, (7)

K =
J2 + J4

2
, (8)

L =
J1 − J3

2
, (9)

P =
J2 − J4

2
, (10)

Q =
J1 + J3

2
, (11)

where TIP and ρ are the temperature-independent paramagnetism per copper and the
paramagnetic impurity with S = 1/2, respectively.

Figure 4. (a) The χMT versus T plot for 1. The observed data (#) and the theoretical curve (—)
with the best-fitting parameter set (J1, J2, J3, J4, g, TIP, ρ) = (−47.9 cm−1, −38.5 cm−1, 15.3 cm−1,
0 cm−1 (fixed), 2.10, 60 × 10−6 cm3·mol−1 (fixed), 0.0196); (b) Interactions in the centrosymmetric
tetranuclear copper(II) core.

As the result, the best fitting parameter set was found to be (J1, J2, J3, J4, g, TIP, ρ) =
(−47.9 cm−1, −38.5 cm−1, 15.3 cm−1, 0 cm−1 (fixed), 2.10, 60 × 10−6 cm3·mol−1 (fixed),
0.0196) with a good discrepancy factor (Rχ = 7.2 × 10−5). Overall, the magnetic interaction
is antiferromagnetic, but the strongest antiferromagnetic interaction is considered to occur
between the copper(II) ions in the same dinucleating ligand, expressed as J1 (=−47.9 cm−1),
bridged by one phenolato oxygen and one chlorido chlorine atoms. The second strongest
antiferromagnetic interaction occurs between the copper(II) ions bridged by two chlorido
ligands, expressed as J2 (=−38.5 cm−1). The third interaction, considered to be ferromagnetic,
was between the copper(II) ions bridged by one chlorido ligand, expressed as J3 (=15.3 cm−1).
This order, |J1| > |J2| > |J3|, is consistent with the order of Cu···Cu distances. That is, the
shorter the distance, the stronger the interaction, although this is a rough estimation. From
the viewpoint of the molecular orbital theory, the magnetic orbitals should be on the basal
planes of square–pyramidal coordination geometries around copper(II) ions. Using the local
coordinates, each magnetic orbital is expressed as dx

2
–y

2, assuming the local z-axis to the
apical direction and the local x- and y-axes to the donor atom directions in the basal plane.
Since the two local magnetic orbitals of the pair of copper(II) ions in the same dinucleating
ligand are almost in the same plane, the strongest antiferromagnetic interaction is expected
between CuA1 and CuB1 in Figure 4b, expressed as J1. In this way, the obtained interaction
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parameters, J1, J2, and J3, can be reasonably understood. Other obtained parameters are also
reasonable for copper(II) complexes.

2.4. Density Functional Theory (DFT) Calculation

In order to confirm the bonding nature around copper(II) ions in the complexes,
density functional theory (DFT) calculations were conducted. In particular, the Cu(2)–Cl(1)i

distance (2.8011(13) Å) in 1′ seems to be long, and whether this bond is a coordination bond
or an ionic bond should be clarified based on the molecular orbital theory. As a result of
the DFT calculation, bonding and anti-bonding orbitals were observed for the Cu(2)–Cl(1)i

bond (Figure 5), indicating the covalent nature of the bond. Note that the coordination
bond is the same as the covalent bond from the viewpoint of molecular orbital theory [13],
although they were long considered to be different. In 1′, the Cu(2)–Cl(1)i bond is formed
using the dz

2 atomic orbital of Cu(2) atom and pz atomic orbital of Cl(1)i, where the z
direction is defined as the local apical direction around the Cu(2) atom. In this way, the
five typical coordination bonds around each copper(II) ion were confirmed by the DFT
calculations for both complexes 1′ and 2. In addition, molecular orbitals with bonding
and anti-bonding characters were found for each of the three weak coordination bonds
(Cu(1)–O(4)i and Cu(2)–O(3)ii in 1′ and Cu(1)–O(5)i in 2) discussed in Section 2.2, although
the overlap of atomic orbitals involved was smaller than that of typical coordination bonds.

Figure 5. Molecular orbitals in 1′ with respect to the Cu(2)–Cl(1)i coordination bond: (a) gerade bonding
orbital; (b) ungerade bonding orbital; (c) gerade anti-bonding orbital; (d) ungerade anti-bonding orbital.

Another purpose of the DFT calculation is to confirm the magnetic orbitals possessing
the unpaired electrons. The doubly degenerate highest occupied molecular orbitals and
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doubly degenerate lowest unoccupied molecular orbitals were all found to be based on
the local dx

2
–y

2 atomic orbitals of copper(II) ions orientated along the four donor atoms in
the basal plane of each copper(II) coordination polyhedron. In addition, the strong anti-
ferromagnetic interaction (J1) between Cu(1) and Cu(2) was understood by the phenolato
and chlorido bridges, considering the overlaps of the local magnetic orbitals and bridging
atomic orbitals.

2.5. Electronic Spectra and Structure in Aqueous Solution

The electronic spectra of complex 1 were measured in water (Figure 6). Judging from
the molar conductance in water (see Section 3.2), the chlorido ligands were thought to be
dissociated in water to break the tetranuclear copper(II) structure. However, judging from
the green color of the solution, copper(II) ions were thought to be remain in the dinucleating
ligand (sym-cmp)3−. The spectra are shown in Figure 6. The first band at around 15,000 cm−1

can be assigned to the d–d band. As a result of the Gaussian curve fitting, the first band was
found to consist of two absorption components at around 14,200 cm−1 and 16,400 cm−1.
The intensity of the first component is slightly larger than that of the second one, and this
pattern is typical of trigonal–bipyramidal copper(II) complexes. Under the D3h symmetry,
the first and the second components are assigned to 2A1′ → 2E’ and 2A1′ → 2E”, respectively.
The electronic spectra of the complexes containing trigonal–bipyramidal [CuCl5]3− anions
were investigated earlier [14], and the positions of the components of 1 are found to be
reasonable, considering the ligand-field strengths. This spectral feature of 1 suggests that
all the copper(II) ions have almost the same structures, incorporated in the dinucleating
ligand to form [Cu2(sym-cmp)(H2O)4]+ species in aqueous solutions (Figure 7a). Generally,
additional chlorido bridge or hydroxido bridge is expected to be formed between copper(II)
ions; however, in this case, such an anionic bridging ligand is not so favorable because
of the negative charge on the carboxylate side chains of the (sym-cmp)3− ligand. This
idea is consistent with the facile dissociation of the chlorido ligands in aqueous solutions
confirmed by the conductivity measurement described previously.

Figure 6. Electronic spectra of 1′ in water: (a) spectra in the range of 10,000–50,000 cm−1; (b) the first
band with the Gaussian spectral components.

The proposed species in an aqueous solution, [Cu2(sym-cmp)(H2O)4]+, was confirmed
on the basis of the DFT calculation assuming the water environment. Judging from the elec-
tronic spectra, the coordination geometry was trigonal–bipyramidal. When the [Cu2(sym-
cmp)(H2O)4]+ was structurally optimized with two additional water molecules, the pro-
posed trigonal–bipyramidal structure was successfully reproduced as shown in Figure 7b.
The distortion parameter τ around the copper(II) ions fell in the range of 85.4–86.0%, which
is considered to be trigonal–bipyramidal. This DFT result is strong evidence of the proposed
structure. The proposed structure, including two copper(II) ions with four water molecules,
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is in concordance with the previously proposed structures for dinuclear cobalt(II) and
nickel(II) complexes with a related dinucleating ligand in aqueous solutions [7].

Figure 7. Proposed dinuclear copper(II) structure in aqueous solution: (a) chemical structure of
[Cu2(sym-cmp)(H2O)4]+; (b) DFT-based optimized structure of {[Cu2(sym-cmp)(H2O)4]·2H2O}+.

2.6. Structures of Metal Complexes and Ligand Design

Similar to the popular (5-Me-hxta)5− ligand, possessing four carboxylate chelating
side chains, the (sym-cmp)3− ligand in this study possesses two carboxylate chelating
side chains. Although the number of side chains is reduced, the ligand is still capable
of holding two copper(II) ions in an aqueous solution. With the reduction of the ligand-
occupying sites, a larger substrate is expected to be incorporated at the coordination sites.
On the other hand, changes in the ligand charge can lead to a variety of metal complex
structures. For example, 2,6-bis[(2-hydroxyethyl)methylaminomethyl]-4-methylphenolate
((sym-hmp)−) [15] and 4-chloro-2,6-bis[(2-hydroxyethyl)methylaminomethyl] phenolate
((sym-hcp)−) [16] each have a skeletal structure very similar to (sym-cmp)3− ligand; how-
ever, the obtained complex structures are different. The (sym-hmp)− and (sym-hcp)− ligands
form 2:2 (ligand:metal) metal complexes, [M2(sym-hmp)2] (M = Mg(II) [17], Mn(II) [16],
Co(II) [15,18,19], Ni(II) [20,21], Zn(II) [21]), while the (sym-cmp)3− ligand forms 2:4 (lig-
and:metal) metal complexes, [M4(sym-hmp)2X2Y2] (M = Cu(II); X = Cl−, CH3O−; Y = H2O,
CH3OH), as presented in this paper. This difference is thought to be caused by the dif-
ference in ligand charge. Concludingly, the skeletal structure, charge, bulkiness, etc., of
the ligand can give rise to various metal complex structures. The knowledge of creating
various controlled structures will also enable the development of metal-organic frameworks
(MOFs) and is expected to be useful in various applications [22–29], beyond the use of
molecular complexes as homogeneous catalysts.

3. Materials and Methods
3.1. Measurements

Elemental analyses (C, H, and N) were performed at the Elemental Analysis Service
Centre of Kyushu University. Copper(II) ions were quantified by titration with ethylenedi-
aminetetraacetic acid in the presence of hydrochloric acid, using murexide as an indicator.
IR spectra were recorded on a Jasco FT/IR-4100 FT-IR spectrometer. 1H and 13C NMR
spectra (400 MHz) on a Bruker-Biospin AV 400 NMR spectrometer in D2O, electrospray ion-
ization (ESI) mass spectra on a Waters Quattro micro API mass spectrometer in methanol,
and electronic spectra on Jasco V-560 (200–800 nm) and Hitachi 330 (800–2000 nm) spec-
trophotometers. Molar conductance was measured in H2O on a DKK AOL-10 conductivity
meter at room temperature. Magnetic susceptibility measurements were performed with
a Quantum Design MPMS-7 SQUID magnetometer in the temperature range from 1.9
to 300 K with a static field of 5 kOe. The polycrystalline samples were ground into fine
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powders in an agate mortar. The sample was wrapped with aluminum foil. Data were
corrected for paramagnetism of the aluminum foil. The susceptibilities were corrected for
the diamagnetism of the samples by means of Pascal’s constants.

3.2. Materials

All the chemicals were commercial products and were used as supplied. Methanol,
ethanol, copper(II) nitrate–water (1/3), copper(II) chloride–water (1/2), paraformalde-
hyde, p-cresol, sodium hydroxide, lithium hydroxide–water (1/1), phosphorus pentox-
ide, 2-propanol, ethylenediaminetetraacetic acid, and hydrochloric acid were supplied
by Nacalai Tesque Inc. (Kyoto, Japan). Sarcosine and murexide were supplied by Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan).

3.3. Preparations

Disodium 2,6-bis{[N-(carboxylatomethyl)-N-methyl-amino]methyl}-4-methylphenol—
water (1/3) (Na2H(sym-cmp)·3H2O). To an aqueous solution (20 mL) containing p-cresol
(5.41 g, 50 mmol), NaOH (6.10 g, 153 mmol), sarcosine (8.95 g, 100 mmol), and paraformalde-
hyde (3.00 g, 100 mmol) were added ethanol (20 mL) and the resulting solution was refluxed
for 1 week. Ethanol and water were removed by evaporation to give Na2H(sym-cmp) as
a colorless powder. Yield 14.25 g (70%). (Found: C, 44.00; H, 6.45; N, 7.00; Calc. for
C15H20N2Na2O5·3H2O: C, 44.10; H, 6.40; N, 6.85). Selected IR data [ṽ/cm−1] using KBr
disk (Figure S5): 3325, 2985, 2955, 2830, 1585, 1420, 1405, 1365, 1330, 1245, 855, 770, 715, 665.
1H NMR in D2O: δ 2.13 (s, 3 H), 2.27 (s, 6 H), 3.13 (s, 4 H), 3.67 (s, 4 H), 6.94 (s, 2 H). 13C
NMR in D2O: δ 19.29, 40.97, 56.74, 59.86, 122.77, 127.10, 130.81, 155.36, 177.46. ESI mass
spectrum in MeOH: m/z 309, [H2(sym-cmp)]−; 331, [NaH(sym-cmp)]−. Molar conductance
in H2O [Λ/S·cm2·mol−1] 19.

[Cu4(sym-cmp)2Cl2(H2O)2]·2H2O 1. To a methanolic solution (5 mL) of copper(II)
chloride—water (1/2) (0.34 g, 2.0 mmol) was added a methanolic solution (5 mL) of
Na2H(sym-cmp)·3H2O (0.38 g, 0.93 mmol), and the resulting solution was stirred for 30 min
to give the precipitation of green powder. Recrystallized from methanol, washed with
methanol, and dried in vacuo over P2O5. Yield 0.30 g (64%) (Found: C, 35.20; H, 4.60; N,
5.50; Cu, 24.70; Calc. for C30H42Cl2Cu4N4O12·2H2O: C, 35.60; H, 4.60; N, 5.55; Cu, 25.10).
Selected IR data [ṽ/cm−1] using KBr disk (Figure S6): 3050-3700, 3010, 2970, 2920, 2865,
2815, 1630, 1475, 1385, 1195, 870, 545, 465. Molar conductance in H2O [Λ/S·cm2·mol−1]
250 (1.1 × 10−3 mol·dm−3), 250 (5.7 × 10−4 mol·dm−3), 290 (1.1 × 10−4 mol·dm−3).

[Cu4(sym-cmp)2(CH3O)2(CH3OH)2]·2C3H7OH·2CH3OH 2. To a methanolic solution
(5 mL) of copper(II) nitrade—water (1/3) (0.24 g, 0.99 mmol) was added a methanolic
solution (5 mL) of Na2H(sym-cmp)·3H2O (0.19 g, 0.47 mmol), and the resulting solution
was refluxed for 2 h to give the precipitation of white powder. After filtration, the addition
of 2-propanol (5 mL) resulted in the precipitation of dark-green powder. Recrystallized
from methanol/2-propanol to give dark-green crystals. Yield 0.09 g (31%).

3.4. Crystallography

Crystallographic data are summarized in Table 5. Single crystals of 1′ suitable for X-ray
analysis were obtained from a methanolic solution of 1. Single crystals of 2 were obtained
by slow diffusion of 2-propanol to a methanolic solution of the crude product. Single-
crystal X-ray diffraction data were obtained with a Rigaku XtaLAB AFC11 diffractometer
with graphite-monochromated Mo Kα radiation (λ = 0.71073 Å). A single crystal was
mounted with a glass capillary and flash-cooled with a cold N2 gas stream. Data were
processed using the CrysAlisPro software packages. The structure was solved by intrinsic
phasing methods using the SHELXT [30] software packages and refined on F2 (with all
independent reflections) using the SHELXL [31] software packages. The non-hydrogen
atoms were refined anisotropically, and hydrogen atoms were refined using the riding
model. Complex 2 was refined as a two-component twin with only the non-overlapping
reflections of component 1 and was refined using the hklf 5 routine with all reflections
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of component 1 (including the overlapping ones). The Cambridge Crystallographic Data
Centre (CCDC) deposition numbers are included in Table 5.

Table 5. Crystallographic data and refinement parameters of 1′ and 2.

Complex 1′ 2

Empirical formula 1 C16.2H27.6ClCu2N2O8.1 C21H38Cu2N2O9
Formula weight 1 542.53 589.61

Crystal system Monoclinic triclinic
Space group C2/c P1

a/Å 27.0693(14) 8.5827(6)
b/Å 13.2690(5) 13.0679(8)
c/Å 13.1356(7) 13.2862(7)
α/◦ 90 115.021(6)
β/◦ 100.422(5) 102.208(5)
γ/◦ 90 115.021(6)

V/Å 3 4640.2(4) 1263.54(15)
Z 1 8 2

Crystal dimensions/mm 0.070 × 0.050 × 0.030 0.130 × 0.057 × 0.038
T/K 100 100
λ/Å 0.71073 0.71073

ρcalcd/g·cm−3 1.553 1.645
µ/mm−1 1.990 1.734

F(000) 2229 616
2θmax/◦ 55 55

No. of reflections measured 9520 16014
No. of independent reflections 9520 (Rint = 0.0623) 5771 (Rint = 0.0770)

Data/restraints/parameters 9520/3/296 5771/45/341
R1 2 [I > 2.00 σ(I)] 0.0575 0.0674

wR2 3 (all reflections) 0.1664 0.1635
Goodness of fit indicator 1.020 0.992

Highest peak, deepest hole/e Å−3 1.787, −0.647 1.669, −1.068
CCDC deposition number 2130618 2130619

1 Based on dinuclear unit, 2 R1 = Σ||Fo| − |Fc||/Σ|Fo|, 3 wR2 = [Σ(w(Fo2 − Fc2)2)/Σw(Fo2)2]1/2.

3.5. Computation

Magnetic analyses and magnetic simulation were conducted using the MagSaki(TetraW
9.2.0Cu) programs of the MagSaki series. DFT computations were performed using the
GAMESS program [32,33] on Fujitsu PRIMERGY CX2550/CX2560 M4 (ITO super computer
system) at Kyushu University. Calculations were performed with LC-BOP/6-31G [34].
When considering the solvent effect, the polarizable continuum model (PCM) method
was used.

4. Conclusions

A water-soluble dinucleating ligand, (sym-cmp)3−, was prepared, and two dimer-of-
dimers type tetranuclear copper(II) complexes with (sym-cmp)3− were prepared. The struc-
tures of the complexes were crystallographically characterized, and [Cu4(sym-cmp)2Cl2(H2O)2]
and [Cu4(sym-cmp)2(CH3O)2(CH3OH)2] complexes were found to have the defect cubane
tetranuclear copper(II) core structures. In the complexes, each copper(II) ion has a five-
coordinate square-pyramidal coordination geometry, and the coordination bonds were con-
firmed by the DFT calculation, whereby we found the bonding and anti-bonding molecular
orbitals. The cryomagnetic measurement was conducted to find the overall antiferromag-
netic interaction in the tetranuclear copper(II) structure. The observed magnetic data were
successfully simulated with the tetranuclear model to find reasonable magnetic parameters.
Judging from the molar conductance and the electronic spectra, the tetranuclear structure was
found to be broken in an aqueous solution, but the dinuclear copper(II) structure, [Cu2(sym-

12



Molecules 2022, 27, 576

cmp)(H2O)4]+, was considered to be maintained in an aqueous solution. This proposed
structure was supported by DFT calculation.

Supplementary Materials: The following supporting information can be downloaded. Figure S1: 1H
NMR of Na2H(sym-cmp)·3H2O., Figure S2: 13C NMR of Na2H(sym-cmp)·3H2O, Figure S3: ESI-mass
spectra of Na2H(sym-cmp)·3H2O, Figure S4: Isotope pattern for Na2H(sym-cmp)·3H2O: (a) observed
for m/z 309; (b) theoretical for m/z 309; (c) observed for m/z 331; (d) theoretical for m/z 331.,
Figure S5: IR spectra of of Na2H(sym-cmp)·3H2O, Figure S6: IR spectra of 1.
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Abstract: A new series of mononuclear Ho3+ complexes derived from the β-diketonate anions: 4,4,4-
trifluoro-1-phenyl-1,3-butanedioneate (btfa−) and 4,4,4-trifuoro-1-(naphthalen-2-yl)-1,3-butanedionate
(ntfa−) have been synthesized, [Ho(btfa)3(H2O)2] (1a), [Ho(ntfa)3(MeOH)2] (1b), (1), [Ho(btfa)3(phen)]
(2), [Ho(btfa)3(bipy)] (3), [Ho(btfa)3(di-tbubipy)] (4), [Ho(ntfa)3(Me2bipy)] (5), and [Ho(ntfa)3(bipy)]
(6), where phen is 1,10-phenantroline, bipy is 2,2′-bipyridyl, di-tbubipy is 4,4′-di-tert-butyl-2,2′-
bipyridyl, and Me2bipy is 4,4′-dimethyl-2,2′-bipyridyl. These compounds have been characterized
by elemental microanalysis and infrared spectroscopy as well as single-crystal X-ray difraction for
2–6. The central Ho3+ ions in these compounds display coordination number 8. The luminescence-
emission properties of the pyridyl adducts 2–6 display a strong characteristic band in the visible
region at 661 nm and a series of bands in the NIR region (excitation wavelengths (λex) of 367 nm
for 2–4 and 380 nm for 5 and 6). The magnetic properties of the complexes revealed magnetically
uncoupled Ho3+ compounds with no field-induced, single-molecule magnet (SMMs).

Keywords: lanthanides; holmium; X-ray; diketones; magnetic properties; luminescence

1. Introduction

The luminescent emissions of lanthanides in general, and specifically holmium com-
plexes, have been known for decades, as they play crucial roles in research and have a wide
range of useful applications [1–28]. Compared to other lanthanides, holmium was proved
to serve as a good candidate to make quantum computers, where one bit of data can be
stored on a single holmium atom set on a bed of magnesium oxide [23,24]. In addition, Ho
is used to generate the strongest artificial magnetic fields when placed within high-strength
magnets [25]; Ho-dopped yttrium iron garnet is used in optical insulators, microwave
equipment, and in solid-state lasers [26], and is one of the colorant’s sources for yellow and
red colors in glass and cubic zirconia [27].

Lanthanide ions, Ln3+ and their complexes, are known to exhibit narrow and character-
istic f –f transitions of luminescent emissions that span from ultraviolet (UV) to visible and
near-infrared (NIR) regions [1–3,29–32]. The f–f transitions in Ln3+ complexes are weak,
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but this process is enhanced via effective energy transfer from ligands or linker electrons to
the central metal ions “antenna effect”, from which the emission occurs [1–3,20,21,32–35].
Most of the investigated complexes, such as Eu3+ and Tb3+, emit red or green luminescent
light, respectively [36–39], but other Ln3+ complexes, such as those containing Yb3+, Nd3+,
and Pr3+ metal ions, exhibit luminescence in the near-IR region [40–43].

The lanthanide cations (Ln3+) as hard Lewis acids exhibit a strong binding affinity for
O-donor ligands such as β-diketone compounds (HL) [43–49]. Typically electrically neutral
tris complexes, Ln(L)3 are most likely to be formed [40–55], but in some cases, the anionic
tetrakis complexes, (Cat+)[Ln(L)4]− are also formed [49,56–59]. The two categories of these
compounds exhibit good luminescent properties [40–59]. The luminescence efficiency of the
β-diketonato complexes can be enhanced by the appropriate choice of the substituents on
the β-diketone ligand because, in this way, the ligands’ triplet levels can be tuned to provide
efficient energy transfer between the diketonato ligand and the lanthanide ion [60–63]. This
has been observed when aromatic and fluorinated alkyl groups are incorporated into the
β-diketone skeletons. This helps in reducing the nonradiative quenching of lanthanide
luminescence [40–42,50–63]. In the anionic (Cat+)[Ln(L)4] complexes, additional tuning of
the photophysical properties is possible by changing the counterion, Cat+, which in turn
changes the structure of the complex and, in particular, the local coordination geometry of
the metal ion [56–59].

The rare-earth complexes with fluorinated-β-diketones (HL), such as L = 4,4,4-trifluoro-
1-phenyl-1,3-butanedionate (btfa) and 4,4,4-trifuoro-1-(naphthalen-2-yl)-butane-1,3-dionate
(L = ntfa) anions, have been extensively investigated. The structure formulas of H(btfa)
and H(ntfa) are shown in Scheme 1. Among the Ln(III)-btfa complexes, half of them
are for Eu(III) compounds [52–57,59,62–64], whereas the rest are for Dy(III) [50,51,60],
Er(III) [55,61], Tb(III) [62], and Gd(III) [56,63]. In addition, small numbers were reported
for Sm(III) [58], Pr(III) [42], and Ho(III) [65]. No structural results were found for La(III),
Ce(III), Nd(III), Yb(III), nor Lu(III). In case of Ln(III)-ntfa, less structures were reported
compared to the corresponding Ln(III)-btfa compounds, where most were obtained with
Eu(III) [38–41,55,56,60–66], Gd(III) [43,53,55–57,66], and Pr(III) [42,45,48,65], some with
Dy(III) [50,60,66] and Er(III) [55,65], as well as Tb(III) [62,66]. To the best of our knowledge,
few structures were characterized with La(III) [49], Nd(III) [43], Ho(III) [65], and Sm(III) [65],
but no structures for Ce(III), Yb(III), nor Lu(III) were found.
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Scheme 1. Structures of the β-diketones used in this study.

As part of a long project to explore the coordination properties and the physicochemical
properties of the less-studied Ln3+ ions with the β-diketones, Ho(btf) and Ho(ntfa), the
following studies were undertaken and devoted for the interaction of these two compounds
with Ho3+ ions in the presence of different polypyridyl ligands.

2. Materials and Methods
2.1. Materials and Physical Measurements

4,4,4-Trifluoro-1-(phenyl)butane-1,3-dione, 4,4,4-trifluoro-1-(naphthalen-2-yl)-butane-
1,3-dione, 4,4′-di-tert-butyl-2,2′-bipyridine, 5,5′-dimethyl-2,2′-bipyridine, and 2,2′-bipyridine
were purchased from TCI, and the other chemicals were of analytical grade quality. Infrared
spectra of solid complexes were either recorded on a Bruker Alpha P (platinum-ATR-cap)
spectrometer (Bruker AXS, Madison, WI, USA) or a Thermo Scientific Nicolet IS5 spec-
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trophotometer. Elemental microanalyses were carried out with an Elementar Vario EN3
analyzer (Langenselbold, Germany) at the Serveis Científics i Tecnològics of the Univer-
sitat de Barcelona. PXRD patterns were recorded with a Bruker D8 Advance powder
diffractometer (Cu-Kα radiation) (Bruker AXS, Madison, WI, USA).

Solid-state fluorescence spectra of compounds 2–6 were recorded on a Horiba Jobin
Yvon SPEX Nanolog fluorescence spectrophotometer (Fluorolog-3 v3.2, HORIBA Jovin
Yvon, Cedex, France) equipped with a three-slit, double-grating excitation and emission
monochromator with dispersions of 2.1 nm/mm (1200 grooves/mm) at room temperature.
The steady-state luminescence was excited by unpolarized light from a 450 W xenon CW
lamp and detected at an angle of 22.5◦ for solid-state measurement by a red-sensitive
Hamamatsu R928 photomultiplier tube. Near Infra-red (NIR) spectra were recorded at
an angle of 22.5◦ using a liquid-nitrogen-cooled, solid indium/gallium/arsenic detector
(900–1600 nm). The instrument was adjusted to obtain the highest background-to-noise
ratio with a band pass of 2 for the visible and 10 for the NIR measurements. The sample was
mounted between two quartz plates. Spectra were corrected for both the excitation source
light intensity variation (lamp and grating) and the emission spectral response (detector
and grating).

The magnetic susceptibility and magnetization measurements were performed with a
Quantum Design MPMS-XL SQUID magnetometer at the Magnetic Measurements Unit of
the University of Barcelona. Pascal’s constants were used to estimate the diamagnetic
corrections, which were subtracted from the experimental susceptibilities to give the
corrected molar magnetic susceptibilities.

2.2. Synthesis of the Complexes
2.2.1. [Ho(btfa)3(H2O)2] (1a)

To a methanol solution (10 mL) containing NaOH (6 mmol, 0.240 g), Hbtfa was added
in an amount of 6 mmol, 0.130 g, and HoCl3·6H2O was added in an amount of 2 mmol,
0.759 g. The solution was stirred for 1 h at room temperature, then 80 mL of deionized
water was added to the reaction mixture and stirred overnight. The light pink precipitate,
which was obtained, was filtrated and dried in a desiccator overnight (yield: 1.194 g, 71%),
Anal. Calcd. for C30H22F9HoO8 (846.4 g/mol): C, 42.6; H, 2.6%. Found: C, 42.5; H, 2.7%.
Selected IR bands (cm−1): 3658 (m), 3462 (br), 1609 (s), 1575 (s), 1527 (m), 1488 (m), 1464 (m),
1329 (s), 1283 (s), 1245 (m), 1182 (s), 1144 (s), 1071(m), 945 (m), 777 (m), 694 (m), 631(m),
580 (m).

2.2.2. [Ho(ntfa)3(MeOH)2] (1b)

A methanolic solution (10 mL) of Ho(NO3)3 5H2O (281 mg, 0.64 mmol) and a methano-
lic solution (20 mL) of 4,4,4-trifluoro-1-(2-naphthyl)-1,3-butanedione (515 mg, 1.93 mmol)
with 1M NaOH (2.0 mL) were dissolved. After 20 min of stirring, the 4,4,4-trifluoro-1-(2-
naphthyl)-1,3-butanedione solution was added to the Ho(NO3)3 5H2O solution. After 3
h of stirring, 30 mL of deionized water was added to complete the reaction. The mixture
was stirred for 12 h at ambient temperature and then filtered. The obtained white powder
was re-crystallized from MeOH and dried at 60 ◦C for 30 min (yield: 509 mg, 81%). Charac-
terization: Anal. Calcd. for: C44H32F9HoO8 (1018.62 g/mol): C, 51.9; H, 3.2%. Found: C,
51.8; H, 3.1%. Selected IR bands (ATR-IR, cm−1): 3448 (m, br), 1602 (s), 1594 (m), 1568 (m),
1529 (m), 1458 (w), 1356 (w), 1285 (s), 1251 (m), 1184 (s), 1124 (s), 1073 (w), 958 (w), 865 (w),
824 (w), 794 (s), 762 (w), 684 (w).

2.2.3. [Ho(btfa)3(L)] (2: L = phen; 3: L = bipy; 4: L = di-tBubipy)

A general method was used to prepare the complexes 2–4. An ethanol solution
(15 mL) containing bipyridyl derivatives (1 mmol, 2: 0.180 g 1,10-phenanthroline; 3: 0.156 g
2,2′-bipyridine; 4: 0.846 g 4,4′-di-tert-butyl-2,2′-bipyridine) was added to another ethanol
solution (15 mL) containing [Ho(btfa)3(H2O)2] (1 mmol, 0.846 g). The solution was stirred
for 30 min and then left to stand at room temperature. Single light pink crystals suitable for
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X-ray diffraction were obtained within a week. These were collected by filtration and dried
with air.

[Ho(btfa)3(phen)] (2) (yield: 38%). Characterization: Anal. Calcd. for C42H26F9HoN2O6
(990.58 g/mol): C, 50.9; H, 2.6; N, 2.8%. Found: C, 50.7; H, 2.5; N, 2.8%. Selected IR
bands (cm−1): 1610 (s), 1574 (s), 1522 (s), 1483 (m), 1476 (m), 1319 (m), 1291 (s), 1246 (m),
1178 (s), 1134 (s) 1077 (m), 846 (m), 763 (s), 770 (s), 631 (m), 580 (m).

[Ho(btfa)3(bipy)] (3) (yield: 80%). Characterization: Anal. Calcd. for C40H26F9HoN2O6
(966.56 g/mol): C, 49.7; H, 2.7; N, 2.9%. Found: C, 49.7; H, 2.5; N, 2.8%. Selected IR bands
(cm−1): 1606 (s), 1569 (s), 1533 (m), 1472 (m), 1320 (m), 1279 (s), 1242 (m), 1177 (s), 1122 (s),
1067 (m), 1016 (m), 947 (m), 758 (s), 688 (s), 624 (s).

[Ho(btfa)3(di-tbubipy)] (4) (yield: 23%). Characterization: Anal. Calcd. for C48H42F9HoN2O6
(1078.77 g/mol): C, 53.4; H, 3.9; N, 2.6%. Found: C, 53.3; H, 3.7; N, 2.7%. Selected IR bands
(cm−1): 2971 (w), 1612 (s), 1576 (m), 1539 (m), 1479 (m), 1403 (w), 1321 (m), 129 (s), 1248 (m),
1181 (s), 1127 (s), 1075 (m), 1026 (w), 948 (w), 848 (w), 766 (s), 699 (s), 635 (s), 580 (s).

2.2.4. [Ho(ntfa)3(5,5′-Me2bipy)] (5)

[Ho(ntfa)3(MeOH)2] (127 mg, 0.125 mmol) and 5,5′-Dimethyl-2,2′-dipyridyl (28 mg,
0.15 mmol) were dissolved in 30 mL ethanol/acetone (3:1). The solution was stirred for
approximately for 2 h. The mixture was filtered, and the mother liquor was left in an open
atmosphere. After two weeks, pink crystals of 5 were obtained from the mother liquor
(yield: 43 mg, 30%). Characterization: Anal. Calcd. for: C54H36F9HoN2O6 (1144.78 g/mol):
C, 56.7; H, 3.2; N, 2.4%. Found: C, 56.6; H, 3.1; N, 2.5%. Selected IR bands (ATR-IR, cm−1):
1738 (w), 1608 (s), 1590 (m), 1566 (m), 1526 (m), 1506 (m), 1476 (w), 1384 (w), 1353 (w),
1284 (s), 1217 (w), 1183 (m), 1131 (s), 1073 (w), 956 (m), 935 (w), 862 (w), 790 (s), 748 (m),
681 (m), 569 (m), 517 (w), 467 (m), 416 (w).

2.2.5. [Ho(ntfa)3(bipy)] (6)

[Ho(ntfa)3(MeOH)2] (124 mg, 0.122 mmol) was dissolved in 15 mL ethanol/acetone
(4:1). 2,2´-bipyridyl (28 mg, 0.18 mmol) was dissolved in 15 mL ethanol/acetone (4:1). The
solutions were combined and stirred approximately for 2 h. The mixture was filtered, and
the mother liquor was left in an open atmosphere. After ten days, light pink crystals of 6
were obtained from the mother liquor (yield: 37 mg, 29%). Characterization of solvent-free
compound: Anal. Calcd. for: C52H32F9HoN2O6 (1116.73 g/mol): C, 55.9; H, 2.9; N, 2.5%.
Found: C, 55.8; H, 2.8; N, 2.6%. Selected IR bands (ATR-IR, cm−1): 1610 (s), 1591 (m),
1568 (m), 1528 (m), 1507 (m), 1460 (m), 1437 (w), 1387 (w), 1354 (w), 1286 (s), 1188 (m),
1121 (s), 1075 (w), 958 (m), 865 (w), 790 (s), 760 (m), 682 (w), 568 (m), 518 (w), 470 (m),
414 (w).

2.3. X-Ray Crystal Structure Analysis

Single crystals of 2–4 were set up in air on a Bruker-AXS D8 VENTURE diffractometer
with a CMOS detector of 5 and 6 on a Bruker-AXS APEX II diffractometer (Bruker-AXS;
Madison, WI, USA). The crystallographic data and details of the refinement are listed
in Table 1. All the structures were refined by the least-squares method. Intensities were
collected with multilayer monochromated Mo-Kα radiation. Lorentz polarization and
absorption corrections were made in all the samples [67,68]. The structures were solved by
direct methods using the SHELXS-97 computer program and refined by full-matrix least-
squares method using the SHELXL-2014 computer program [69,70]. The non-hydrogen
atoms were located in successive difference Fourier syntheses and refined with anisotropic
thermal parameters on F2. Isotropic temperature factors were assigned as 1.2 or 1.5 times
the respective parent for hydrogen atoms. For 6, a SQUEEZE treatment was used to
eliminate disordered solvent molecules. Further programs used: Mercury [71] and PLA-
TON [72]. CCDC 2120112-2120116 contains the supplementary crystallographic data for
2–6, respectively.
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Table 1. Crystal data and details of the structure determination of compounds 2–6.

Compound 2 3 4 5 6

Empirical formula C42H26F9HoN2O6 C40H26F9HoN2O6 C48H42F9HoN2O6 C54H36F9HoN2O6 C52H32F9HoN2O6
Formula mass 990.58 966.56 1078.76 1144.78 1116.73

System Monoclinic Monoclinic Triclinic Orthorhombic Orthorhombic
Space group P21/c P21/n P-1 Pca21 Pna21

a (Å) 9.6058(7) 11.0408(10) 12.3569(16) 20.2138(9) 20.7013(6)
b (Å) 36.627(2) 22.6440(18) 13.6076(18) 11.7503(5) 10.9059(3)
c (Å) 10.7464(7) 15.2463(13) 14.3853(18) 19.5852(7) 42.3027(10)
α (◦) 90 90 92.478(5) 90 90
β (◦) 92.932(3) 101.972(3) 99.883(5) 90 90
γ (◦) 90 90 105.233(5) 90 90

V (Å3) 3776.0(4) 3728.8(6) 2289.3(5) 4651.8(3) 9550.5(4)
Z 4 4 2 4 8

µ (mm−1) 2.192 2.218 1.815 1.792 1.744
Dcalc (Mg/m3) 1.742 1.722 1.565 1.635 1.553

θ max (◦) 26.420 34.495 27.171 28.998 28.000
Data collected 91277 103169 50752 93718 264468

Unique refl./Rint 7737/0.0836 15617/0.0776 10082/0.0390 12315/0.0812 23060/0.0515
Parameters/Restraints 542/0 523/0 601/0 651/1 1262/19
Goodness-of-fit on

F2 1.120 1.050 1.131 1.012 1.165

R1/wR2 (all data) 0.0615/0.1342 0.0466/0.0809 0.0445/0.1042 0.0374/0.0632 0.0466/0.1060

3. Results and Discussion
3.1. Synthesis and IR Spectra of the Complexes

The precursor complexes [Ho(btfa)3(H2O)2] (1a) and [Ho(ntfa)3(MeOH)2] (1b) were
prepared by the reaction of methanolic solutions containing Ho(III) salts, beta-dicetonate
molecules (Hbtfa) or (Hntfa), respectively, and NaOH in the stoichiometric ratio 1:3:3,
followed by stirring the resulting solution in H2O. The PXRD pattern confirmed that 1a is
isostructural with [La(btfa)3(H2O)2] [47] and 1b is isostructural with [Pr(nfa)3(MeOH)2] [48].
The interaction of [Ho(btfa)3(H2O)2] with poly-pyridyl compounds phen, bipy, and di-
tbubipy in EtOH afforded the light-pink crystalline adducts [Ho(btfa)3(phen)] (2), [Ho(btfa)3-
(bipy)] (3), and [Ho(btfa)3(di-tbubipy)] (4), respectively, whereas the interaction of [Ho(ntfa)3-
(MeOH)2] with poly-pyridyl compounds 5,5′-Me2bipy and bipy in ethanol/acetone mixtures
afforded the crystalline adducts [Ho(ntfa)3(5,5′-Me2bipy)] (5) and [Ho(ntfa)3(bipy)] (6) with
reasonable yields (38–80%). The approach used here for the synthesis of complexes 2–6 is
similar to that successfully employed in similar Ln(III) (Ln = La, Pr, Nd) mono bipyridyl
adducts [47–49]. The isolated complexes were structurally characterized by elemental
microanalyses and by IR spectroscopy, as well as by single-crystal X-ray crystallography for
2–6.

The IR spectra of complexes 2–6 display general characteristic features. The strong
vibrational band observed over the frequency range 1605–1615 cm−1 is typically assigned
to the coordinated carbonyl stretching frequency, ν(C=O) [47–49]. The broad band centered
at 3462 cm−1 in 1a and 3448 cm−1 in 1b is assigned to the ν(O-H) stretching frequency of
the coordinated aqua/methanol ligands.

3.2. Description of the Crystal Structures 2–6

Molecular plots and coordination figures of 2–6 complexes are depicted in Figures 1–5,
and selected bond parameters are summarized in Table 2. Each Ho(III) center of the
neutral and monomeric complex 2–6 are ligated by six oxygen donor atoms of three β-
diketonato ligands anions (btfa−) for 2–4 or (ntfa−) for 5 and 6, respectively, in the chelating
coordination mode. The coordination number (CN) 8 in 2 is completed by two N-donor
atoms of one phen chelating ligand. The Ho-N/O bond lengths in 2 are in the range of
2.3051(2)–2.5549(2) Å. The CN = 8 in 3–6 of the HoO6N2 coordination sphere around Ho
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is achieved by the ligation of one 2,2′-bipy (3 and 6), di-tBu-bipy (4), and 5,5′-Me2-bipy
(5) chelating ligands, respectively. The Ho-N/O bond lengths for 3 are in the range of
2.287(2)-2.527(3) Å, for 4, from 2.292(3) to 2.541(4) Å, for 5, from 2.293(4) to 2.518(4) Å, and
for 6, from 2.268(6) to 2.530(7) Å, respectively. The O-Ho-O bite angles of the β-diketonato
groups fall in the range from 71.5(2) to 76.21(1)◦ in 2–6, whereas the corresponding N-Ho-N
bite angles of the chelating phen, bipy, di-tbu-bipy, and 5,5′-Me2bipy ligands in compounds
2–6 vary from 63.80(13) to 64.66(1)◦.
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Table 2. Selected bond distances (Å) and bite angles (◦) for compounds 2–6.

Compound 2 Compound 3 Compound 4

Ho1-O1 2.3111(2) Ho1-O1 2.315(2) Ho54-O1 2.292(3)
Ho1-O2 2.3051(2) Ho1-O2 2.343(2) Ho54-O2 2.331(3)
Ho1-O3 2.3064(2) Ho1-O3 2.297(2) Ho54-O3 2.323(3)
Ho1-O4 2.3139(2) Ho1-O4 2.326(2) Ho54-O4 2.320(3)
Ho1-O5 2.3647(2) Ho1-O5 2.287(2) Ho54-O47 2.305(3)
Ho1-O6 2.3225(2) Ho1-O6 2.330(2) Ho54-O48 2.323(3)
Ho1-N1 2.5477(2) Ho1-N1 2.524(2) Ho54-N52 2.535(4)
Ho1-N2 2.5549(2) Ho1-N2 2.527(3) Ho54-N53 2.541(4)

O1-Ho1-O2 72.59(1) O1-Ho1-O2 72.58(7) O1-Ho54-O2 73.50(11)
O3-Ho1-O5 72.74(1) O3-Ho1-O4 72.69(3) O3-Ho54-O4 73.70(13)
O4-Ho1-O6 76.21(1) O5-Ho1-O6 73.61(8) O47-Ho54-O48 72.77(11)
N1-Ho1-N2 64.66(1) N1-Ho1-N2 63.89(8) N52-Ho54-N53 63.80(13)

Compound 5 Compound 6

Ho1-O1 2.336(4) Ho1-O1 2.273(6) Ho2-O7 2.342(6)
Ho1-O2 2.293(4) Ho1-O2 2.323(6) Ho2-O8 2.285(6)
Ho1-O3 2.321(4) Ho1-O3 2.362(6) Ho2-O9 2.283(6)
Ho1-O4 2.311(4) Ho1-O4 2.268(6) Ho2-O10 2.319(6)
Ho1-O5 2.328(4) Ho1-O5 2.320(6) Ho2-O11 2.337(6)
Ho1-O6 2.313(4) Ho1-O6 2.318(6) Ho2-O12 2.341(6)
Ho1-N1 2.515(5) Ho1-N1 2.495(7) Ho2-N3 2.511(7)
Ho1-N2 2.518(4) Ho1-N2 2.530(7) Ho2-N4 2.516(7)

O1-Ho1-O2 71.77(13) O1-Ho1-O2 73.8(2) O7-Ho2-O8 72.1(2)
O3-Ho1-O4 72.95(12) O3-Ho1-O4 71.5(2) O9-Ho2-O10 73.5(2)
O5-Ho1-O6 72.37(13) O5-Ho1-O6 72.7(2) O11-Ho2-O12 72.0(2)
N1-Ho1-N2 64.38(16) N1-Ho1-N2 64.5(3) N3-Ho2-N4 64.6(2)

Various non-covalent interactions (ring···ring, C-H(X)···ring [72], hydrogen bonds)
are summarized in Tables S1–S5 for compounds 2–6, respectively.

In order to analyze the degree of distortion of the coordination polyhedra for com-
pounds 2–6 from their ideal polyhedron geometry, calculations using the continuous shape
measures theory with the SHAPE software were performed [73,74]. The HoO6N2 coordina-
tion polyhedron of 2–6 shows an intermediate distortion between various ideal eight-vertex
polyhedra geometries. These are a square antiprism (SPAR-8), triangular dodecahedron
(TDD-8), and biaugmented trigonal prism (BTPR-8) with continuous shape values of 1.382,
1.236, and 1.779 for 2; 0.553, 2.351, and 2.051 for 3; 0.417, 2.515, and 2.254 for 4; and 0.497,
2.210, and 1.958 for 5.

The corresponding calculations of the degree of distortion of the HoO6N2 coordination
polyhedra of compound 6 [(Ho(ntfa)3(bipy)] reveals an intermediate distortion between
various coordination polyhedra geometries. These are a square antiprism (SPAR-8), trian-
gular dodecahedron (TDD-8), and biaugmented trigonal prism (BTPR-8) with continuous
shape measures values of 0.412, 2.348, and 2.33 for Ho(1)O6N2 and 0.3944, 2.165, and 2.115
for Ho(2)O6N2.

3.3. Photoluminescence of the Complexes

The luminescence spectra of compounds 2–6 were measured in the solid state at room
temperature. The excitation spectra recorded at the emission wavelength (λem) of 661 nm
reveal a broad, intense band around 367 nm for 2–4 and 380 nm for 5 and 6. This broad
band corresponds to the π→ π* transition from the ligands. The luminescence emission
spectra of the samples were recorded upon the excitation wavelengths (λex) of 367 nm for
2–4 and 380 nm for 5 and 6. All spectra display a characteristic band at 661 nm (5F5 → 5I8)
corresponding to the metal-centered emission and is assigned to the Ho3+ f-f transition
from the 5F5 excited state to the 5I8 ground state. For this band, the Stark splitting of
the degenerate 4f levels under the crystal field is perceived. In addition, compounds 2–4

22



Molecules 2022, 27, 1129

showed a weak band at 545 nm, which can be assigned to an f-f transition from higher-
energy states (5F4, 5S2) to the ground state 5I8 [75–77]. The triplet states of the ntfa and btfa
ligands were calculated by Sato and Wadain Gd(III) complexes [78], taking into account the
sensitization effect of the energy transfer from the singlet state of the ligand (S1) to the lower-
in-energy ligand triplet state (T1) through the intersystem crossing. These calculations
showed that the ntfa T1 state falls around 19,600 cm−1 for ntfa and 21,400 cm−1 for btfa.
Thus, we can suggest that the energy transfer from the T1 of the ntfa ligand to the 5F4 and
5S2 (18,348 cm−1) thermal state is inefficient because the two states are too close in energy,
and as a result, the 5F4, 5S2 → 5I8 transitions are not identified for compounds 5 and 6, but
they are seen for btfa complexes 2–4 [79]. Typical representative UV-Vis and luminescence
emission spectra (Vis and NIR regions) are depicted in Figure 6 for 3 and Figure 7 for 6
as representatives of the two categories of 2–4 and 5 and 6 complexes, respectively (for
luminescence spectra of 2, 4, and 5, see Figures S12–S14).
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Furthermore, the luminescence emissions of the compounds 2–6 were recorded in the
NIR region from 900 to 1600 nm, where three weak bands were detected at 973, 1179, and
1474 nm. The first and most intense band is assigned to the 5F5 → 5I7 transition. The band
located at 1179 nm accounts for the 5I6 → 5I8 transition; the very weak band at 1474 nm
corresponds to the 5F5 → 5I6 transition [80]. The results obtained here agree with other
Ho(III) coordination compounds, where the study of the sensitization of Ho3+ luminescence
by the energy transfer from chromophore ligands has been performed [81–85].
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3.4. Magnetic Properties of the Complexes
3.4.1. Ac Magnetic Susceptibility Studies

In order to study the dynamic magnetic properties and the possible Single Molecular
Magnet (SMM) behavior (slow relaxation of magnetization) of the synthesized compounds,
ac magnetic susceptibility, measurements were recorded for solvent-free compounds 2–5.
Compounds 2–5 do not show a dependence on the in-phase and out-of-phase components
in front of the temperature and frequency, neither in the minimum dc field (0 T) nor in the
maximum applied dc magnetic field (0.1 T). Therefore, these compounds do not show slow
relaxation of the magnetization and consequently will not show SMM’s behavior.

3.4.2. Dc Magnetic Susceptibility Studies

Powder samples of complexes 2–5 were measured under applied magnetic fields of
0.3 T (300–2 K). The data are plotted as χMT products versus T in Figure 8. Magnetization
dependence of the applied field at 2 K for compounds 2–5 was also recorded and is shown
in Figure 9.
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The magnetic measurement on 2–5 reveals that the χMT values at 300 K are 13.8, 13.7,
13.9, and 14.3 cm3 K mol−1, respectively, which are in the range of the theoretical value for
a magnetically uncoupled Ho(III) compound (14.07 cm3·K·mol−1) in the 5I8 ground state
(gJ = 5/4) [86]. On cooling the samples, χMT values remain constant up to 125 K. Below
this temperature, χMT values decrease to finite values of 6.8, 7.3, 8.9, and 7.4 cm3·K·mol−1

at 2 K for compounds 2–5, respectively. The decrease in χMT values at low temperatures
could be due to the depopulation of the sublevels generated for the spin–orbit coupling
and the ligand-field effect (Stark sublevels).

Magnetization dependence on magnetic static applied field at T = 2 K for complexes
2–5 (Figure 9) reveals no saturation at high fields with similar values of 5.4, 5.3, 5.4, and
5.2 NµB at 5 T for 2–5, respectively. The magnetization saturation point expected for a
mononuclear Ho3+ complex should be ≈4 NAµB.

The 1/χM versus T plots for 2–5 are shown in Figure 10. Between 2 K and 300 K,
the 1/χM versus T plots are linear for the four compounds and well described by the
Curie–Weiss law 1/χM = (T–θ)/C, where C = 13.9 cm3·K·mol−1 and θ = −4.9 K for 2,
C = 13.9 cm3·K·mol−1 and θ = −3.50 K for 3, C = 14.0 cm3·K·mol−1 and θ = −2.3 K for 4,
and C = 14.3 cm3·K·mol−1 and θ = −4.6 K for 5.
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4. Conclusions

A novel series of five mono-bipyridyl adducts of Ho3+-trifluoro-phenyl (btfa−) and
-naphthalen-2-yl (ntfa−) β-diketonato complexes [Ho(btfa)3(phen)] (2), [Ho(btfa)3(bipy)]
(3), [Ho(btfa)3(di-tbubipy)] (4), [Ho(ntfa)3(Me2bipy)] (5), and [Ho(ntfa)3(bipy)2] (6) were
synthesized from their precursors diaqua tris(β-diketonato) species. The compounds were
structurally characterized, where coordination numbers CN = 8 were observed. The distor-
tion of the coordination polyhedra of Ho3+ centers was analyzed with the SHAPE program.
All the complexes display CN 8. In a fashion that is similar to their Ln3+ analog complexes
(Ln = La, Pr, and Nd) derived from the same set of ligands [47–49]. The solid-state lumines-
cence emission of the complexes revealed a strong, intense emission band at 661 nm in the
visible and three other bands in NIR regions. The magnetic measurements of the complexes
2–5 revealed that the χMT values are within the range of 14.0 ± 0.3 cm3·mol−1·K at 300 K,
which is predicted for a magnetically uncoupled Ho3+ compound (14.07 cm3·mol−1·K) in
the 5I8 ground state (gJ = 5/4) [86]. The luminescence emission and magnetic results re-
ported here for the Ho3+ compounds demonstrate that these properties are not significantly
affected by either the small changes in the geometrical shape of the Ho3+ complexes or
their local symmetry. Additionally, results are almost independent of the nature of the
ancillary bipyridyl ligands or the nature of the β-diketone coligands. Similar results were
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obtained with pyridyl adducts derived from the same coligands with Pr(III) and Nd(III)
compounds [48,49].

Supplementary Materials: Non-covalent interactions (ring···ring, C-H(F)···ring, hydrogen bonds)
are summarized in Tables S1–S5 for compounds 2–6, respectively. PXRD pattern (Figure S1a,b, S2–S6),
packing views (Figures S7–S11) for compounds 2–6, excitation and emission spectra of compounds 2,
4, and 5, recorded in the solid state at room temperature, are given in Figures S12–S14, respectively.
CCDC deposition numbers: CCDC 2120112-2120116 contain the supplementary crystallographic data
for 2–6, respectively. These data can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Abstract: The reaction of PtCl2 with s-triazine-type ligand (HTriaz) (1:1) in acetone under heating
afforded a new [Pt(Triaz)Cl] complex. Single-crystal X-ray diffraction analysis showed that the
ligand (HTriaz) is an NNO tridentate chelate via two N-atoms from the s-triazine and hydrazone
moieties and one oxygen from the deprotonated phenolic OH. The coordination environment of the
Pt(II) is completed by one Cl−1 ion trans to the Pt-N(hydrazone). Hirshfeld surface analysis showed
that the most dominant interactions are the H···H, H···C and O···H intermolecular contacts. These
interactions contributed by 60.9, 11.2 and 8.3% from the whole fingerprint area, respectively. Other
minor contributions from the Cl···H, C···N, N···H and C···C contacts were also detected. Among these
interactions, the most significant contacts are the O···H, H···C and H···H interactions. The amounts
of the electron transfer from the ligand groups to Pt(II) metal center were predicted using NBO
calculations. Additionally, the electronic spectra were assigned based on the TD-DFT calculations.

Keywords: Pt(II) complex; s-triazine; Hirshfeld; NBO; TD-DFT; X-ray

1. Introduction

s-triazine and their metal complexes have gained much attention for their properties
and potential applications in many fields [1]. In the last decade, s-triazine and their com-
plexes have been explored in the pharmaceutical field, catalytic process including Heck
and Suzuki-Miyaura cross-coupling reactions, olefin polymerization, hydrogen transfer
reactions, decarbonylation of ketones, asymmetric allylic alkylation, and some derivatives
have been designed to develop photoelectronic materials [1]. Several ligands have been
synthesized based on the s-triazine as a core structure and have been explored in coordina-
tion chemistry [1]. Mukherjee et al. constructed a complicated coordinated molecule by
coordination-driven self-assembly of homometallic Pd/Pt-based s-triazine ligand as inter-
locked molecular cages [2]. Motloch et al. reported the synthesis of the Pt(II)/Pd(II) complex
with s-triazine-type ligands for the purpose of hydrogen bonded/metal-coordination hy-
brid [3]. Another representative example was designed, synthesized and characterized by
He et al. via self-assembly of supramolecular coordination complexes using platinum salt
with two different types of pyridyl-derivatized ligands [4]. The photophysical properties
of these supramolecular coordination complexes showed potential metal ion-responsive
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materials [4]. In the same field of photophysical study, a host–guest coordination cage
has been assembled, and demonstrated a primary ultrafast excited dynamic process in-
cluding excited-state energy and charge transfer. This tailored architecture was designed
by the Han research group [5]. This fascinating s-triazine ligand has attracted great at-
tention due to its several applications [6–13]. Mao et al. designed and synthesized two
trigeminal star-like platinum complexes which stabilized hTel G4 with high selectivity
and affinity, targeting telomerase inhibitors [14]. Additionally, some Pd(II)-s-triazine com-
plexes have been constructed and assessed against breast cancer cell lines (MCF7 and
MDA-MB-231) and have exhibited good potentials [15,16]. The design of new s-triazine-
based ligands and their coordination modes with different metal centers is still a chal-
lenge [17–19]. Recently, Barakat et al. designed, synthesized and characterized a new
hydrazono-s-triazine-based ligand and later explored the coordination chemistry of this
ligand with a palladium(II) center. This study revealed that palladium coordinated via
the s-triazine-type ligand as an NNO-donor [20]. Additionally, reaction of PdCl2 with
4,4′-(6-(3,5-dimethyl-1H-pyrazol-1-yl)-1,3,5-triazine-2,4-diyl)dimorpholine (MPT) and N-
methyl-N-phenyl-4,6-di(1H-pyrazol-1-yl)-1,3,5-triazin-2-amine (BPT) ligands afforded the
corresponding [Pd(MPT)Cl2] and [Pd(BPT)Cl]ClO4 tetracoordinated Pd(II) complexes. In
these Pd(II) complexes, the s-triazine ligands worked as bidentate and tridentate chelates,
respectively [16]. Both complexes were found to have improved anticancer activities
against MDA-MB-231 and MCF-7 cell lines compared to the corresponding free ligands.
On the other hand, the reaction of PdCl2 with 2,4-bis(3,5-dimethyl-1H-pyrazol-1-yl)-6-
methoxy-1,3,5-triazine proceeded with partial hydrolysis of the ligand to 6-(3,5-dimethyl-
1H-pyrazol-1-yl)-1,3,5-triazine-2,4(1H,3H)-dione (HPT) and the square planar complex
[Pd(PT)Cl(H2O)]*H2O was obtained [15]. In addition, the Pd(II) complex was found to
have almost equal activities against MDA-MB-231 and MCF-7 cell lines. Interestingly, the
reaction of the same ligand with PtCl2 proceeded with complete hydrolysis of the ligand as
indicated by the formation of [Pt(3,5-dimethyl-1H-pyrazole)2Cl2] [15].

During our study, we have explored the utility of the hydrazono-s-triazine-based
ligand towards metalation with the divalent platinum ion to synthesize a new Pt(II) complex
based on s-triazine hydrazone ligand (Figure 1). Its 3D molecular and supramolecular
structures were elucidated by single-crystal X-ray diffraction and Hirshfeld analyses. The
chemical insights of the Pt(II) complex have also been demonstrated.
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Figure 1. Structure of s-triazine hydrazone ligand (HTriaz).

2. Results and Discussion
2.1. [Pt(Triaz)Cl] Complex Synthesis and Chracterization

The Pt(II) complex [Pt(Triaz)Cl] was synthesized by reaction of (HTriaz) ligand with
platinum (II) chloride (1:1) in acetone under heating (Scheme 1). The new Pt(II) complex was
characterized by FT-IR, UV–Vis, single-crystal X-ray diffraction and CHNPt analyses. The
reported structure by single-crystal X-ray diffraction agreed very well with the elemental
analysis results. Additionally, the FT-IR spectra of [Pt(Triaz)Cl] exhibited vibrational
characteristics of the functional groups, e.g., NH (3428 cm−1), aromatic C–H (3120 cm−1),
aliphatic C–H (2957 and 2866 cm−1), C=N/C=C (1630 cm−1).
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2.2. Crystal Structure Description

The X-ray structure of [Pt(Triaz)Cl] including atom numbering and thermal ellipsoids
drawn at 50% probability level is shown in Figure 2 (upper part). The [Pt(Triaz)Cl] complex
crystallized in I2/a space group (Table S1; Supplementary data). The asymmetric unit
comprised one [Pt(Triaz)Cl] complex unit and one acetone as a crystal solvent. The ligand
(Triaz−1) is a NNO tridentate ligand. The donor atoms of this ligand are two nitrogen
atoms from the s-triazine and the hydrazone fragments in addition to the phenolic oxygen
atom. The coordination environment of the Pt(II) is completed by one Cl−1 trans to the
Pt-N(hydrazone). The Pt to donor atoms (N4, N7, O2 and Cl1) distances are 2.055(4), 1.945(4),
1.991(4) and 2.331(1) Å, respectively. The angle between the trans-bonds O2-Pt1-N4 and
N7-Pt1-Cl1 are 173.35(16) and 177.01(13) Å, respectively (Table 1). The results are in good
agreement with the X-ray structure of the structurally related [Pd(Triaz)Cl] complex [20].

Table 1. [Pt(Triaz)Cl] complex bond lengths [Å] and angles [◦].

Atoms Distance Atoms Distance

Pt1-N7 1.945(4) Pt1-N4 2.055(4)
Pt1-O2 1.991(4) Pt1-Cl1 2.3308(13)
Atoms Angle Atoms Angle

N7-Pt1-O2 93.09(16) N7-Pt1-Cl1 177.01(13)
N7-Pt1-N4 80.42(18) O2-Pt1-Cl1 83.91(11)
O2-Pt1-N4 173.35(16) N4-Pt1-Cl1 102.58(13)

On the other hand, the angles between the cis-bonds are in the range of 83.91(11)–
102.58(13)◦, indicating a distorted square planar coordination environment around the
Pt(II). The structure of this complex showed one intramolecular N-H···O H-bond between
the N–H group from the organic ligand as a H-bond donor and the carbonyl oxygen atom
from the acetone molecule as H-bond acceptor. The hydrogen-acceptor and donor-acceptor
distances are 2.028 and 2.777(7) Å, respectively, while the N6-H6···O3 angle is 141.6◦. A
view of packing along ac-plane is shown in the lower part of Figure 2.
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2.3. Analysis of Molecular Packing

Hirshfeld surfaces mapped over dnorm, shape index (SI) and curvedness for the stud-
ied complex are shown in Figure 3, while the different contacts and their contribution
percentages in the molecular packing are present in Figure 4.

As can be seen from Figure 4, the most dominant interactions are the H···H, H···C
and O···H intermolecular contacts. These interactions contributed 60.9, 11.2, and 8.3% of
the whole fingerprint area while the corresponding values for the Pd(II) complex are 60.6,
11.6, and 8.1, respectively. Other minor contributions from the Cl···H, C···N, N···H and
C···C contacts were also detected. Generally, the most significant contacts are the O···H
and H···C interactions. The latter belongs to the C-H···π interactions. In the corresponding
Pd(II) complex, the O···H, H···H and H···C interactions are the most important. These
intermolecular contacts appeared as red spots in dnorm and characterized by spikes in the
fingerprint plots as shown in Figure 5. The O···H interactions appeared as one spike in the
upper left part of the fingerprint plot due to the N–H···O (1.934 Å) and C–H···O (2.416 Å)
interactions between the carbonyl group as hydrogen bond acceptor and the surface as
hydrogen bond donor. On the other hand, the C–H···π interactions are characterized by two
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spikes with interaction distances ranges from 2.630 Å (H4A···C15) to 2.785 Å (H19B ···C16).
In the corresponding Pd(II) complex, the O···H and H···C interactions are 1.839 and 2.608 Å,
respectively which are slightly shorter than the corresponding values of the [Pt(Triaz)Cl]
complex. In the former, all H···H interactions have long interaction distances while in
the latter, most H···H interactions also have long interaction distances, except for the
H11···H2B contact, which appeared as a red spot in the dnorm. The H11···H2B contact
distance is 2.003 Å. A summary of all contacts with shorter distances than the vdW radii
sum of the interacting elements is listed in Table 2.
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Table 2. Short interactions and their contact distances in [Pt(Triaz)Cl].

Contact Distance Contact Distance

O3···H1 2.416 H4A···C15 2.630
O3···H6 1.934 H4A ···C28 2.777

H19B ···C16 2.785 H11···C2 2.689
H20B ···C14 2.656 H11···H2B 2.003

2.4. DFT Studies

The optimized structures of [Pt(Triaz)Cl] and two possible geometrical isomers (F1 (E)
and F2 (Z); Figure 1) of the free ligand are shown in Figure 6. The total energies of the ligand
isomers are −1622.4327 and −1622.4126 a.u. for F1 and F2, respectively. Hence, F1 is the
more stable than F2 by 12.6019 kcal/mol. This result agreed with our previous studies [21].
The extra stability of F1 could be attributed to the presence of intramolecular O–H···N
hydrogen bond between the hydrazone nitrogen atom and the OH proton with hydrogen-
acceptor and donor-acceptor distances of 1.729 and 2.608 Å, respectively. Another possible
isomer in which the labile proton is bonded to the Schiff base nitrogen atom leading to
a zwitterion species is abbreviated in Figure 1 as F3. The structure of F3 was optimized
using the same level of theory. Interestingly, the geometry optimization ended to the same
optimized structure of F1 indicating that the form F1 is more favored than the NH zwitter
ionic form F3. Additionally, the proton affinity of Triaz¯ was calculated based on the
enthalpy change (∆H) of the reaction Triaz−+H+→HTriaz to be 353.06 kcal/mol. On the
other hand, the Pt(II) affinity Triaz− was calculated to be 589.111 kcal/mol. In this regard,
one could conclude that the higher affinity of Triaz− to the Pt(II) could be attributed to
the chelate effect where the coordination between the Pt(II) ion and the tridentate Triaz−
ligand lead to the formation of two chelate rings which could be the driving force for the
deprotonation of the HTriaz and breaking the intramolecular O–H···N hydrogen bonding
interaction of F1.

On the other hand, the optimized structure of the [Pt(Triaz)Cl] complex agreed very
well with the experimental X-ray structure (Table S2, Supplementary data). In addition,
good correlations were obtained between the calculated and experimental geometric pa-
rameters. The correlation coefficients for bond distances and angles are 0.9979 and 0.9758,
respectively (Figure 7). The ligand and its Pt(II) complex are polar compounds where
the calculated dipole moments are 7.933 and 2.289 Debye, respectively. It is clear that
complexation of the ligand with Pt(II) decreased the polarity of the system.
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The interaction between Pt(II) as a Lewis acid and ligand as a Lewis base affect the
net charge at both fragments. The calculated charges at Pt, Cl, and the anionic ligand are
depicted in Table 3. The charge at the Pt(II) is changed to +0.5 instead of +2.0 due to the
large electron density transferred from the ligand groups. The amount of negative electron
density transferred from the ligand groups are 0.56 and 0.95 e for the Cl−1 and Triaz−1,
respectively.

Table 3. The calculated charge at Pt, Cl and the anionic ligand.

Atom/Group Optimized X-ray

Pt 0.4998 0.4857
Cl −0.4410 −0.4402

Triaz −0.0588 −0.0455

2.5. UV–Vis Spectra

The experimental and calculated UV–Vis spectra of the studied Pt(II) complex in
ethanol as solvent are presented in Figure 8. The longest wavelength band was observed
experimentally at 427 nm. The TD-DFT calculations predicted this band at 409 nm with
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oscillator strength of 0.1646. This electronic transition was assigned to HOMO→LUMO
(93%) excitation. In addition, the TD-DFT calculations predicted intense absorptions at
322 nm (exp. 338 nm) and 305 nm (exp. 320 nm) with oscillator strengths of 0.2102 and
0.2196, respectively. These electronic transition bands were assigned to H−1→LUMO (83%)
and HOMO→L+2 (84%), respectively. Experimentally, the region below 300 nm showed
an intense absorption at 261 nm, which is calculated at 266 nm (f = 0.3628). This band was
assigned to H−1→L+2 (89%) excitation. Presentation of molecular orbitals (MOs) included
in these electronic transitions are shown in Figure 9. Theoretically, an absorption band and
a shoulder were predicted at 247 nm (f = 0.1883) and 226 nm (f = 0.1040), respectively. The
former was assigned to the mixed H−3→L+2 (56%) and HOMO→L+5 (11%) transitions
while the latter was assigned for H−3→L+3(26%) and HOMO→L+6 (17%)/L+7 (35%)
transitions.
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3. Materials and Methods
3.1. Materials and Methods

Chemicals were purchased from Sigma–Aldrich (Chemie GmbH, 82024 Taufkirchen,
Germany). The CHN analyses were determined using Perkin–Elmer 2400 instrument
(PerkinElmer, Inc.940 Winter Street, Waltham, MA, USA). Pt content was determined using
a Shimadzu atomic absorption spectrophotometer (AA-7000 series, Shimadzu, Ltd., Japan).
FT-IR spectrum was assessed on a Perkin–Elmer 1000 FT-IR spectrometer, Waltham, MA,
USA (Figure S1). The UV–Vis electronic spectrum of the Pt(II) complex at 3.0× 10−4 mol L−1

in absolute ethanol as solvent was carried out using a UV–Vis spectrophotometer (Perkin–
Elmer Lambda 35, Waltham, MA, USA) in 1 cm cell in the spectral range of 200–500 nm.
Mass spectrum was recorded on JMS-600 H JEOL spectrometer (JEOL Ltd., Tokyo, Japan).
1H and 13C NMR spectra of [Pt(Triaz)Cl] were recorded on DMSO-d6 using a JEOL 500 MHz
spectrometer (JEOL Ltd., Tokyo, Japan) at room temperature.

3.2. Synthesis of the Ligand (HTriaz)

The ligand (HTriaz) has been prepared using our published method [20,22] and the
NMR spectral data agreed with the reported data [20].

3.3. Synthesis of [Pt(Triaz)Cl] Complex

The (HTriaz) ligand (60.0 mg, 0.119 mmol) was dissolved in 30 mL of acetone then
PtCl2 (31.6 mg, 0.119 mmol) was added. The reaction mixture was heated at 50 ◦C for
4 days. Then, the resulting solution mixture was filtered, and the filtrate was left for slow
evaporation at room temperature to afford the final product [Pt(Triaz)Cl] as reddish-brown
block crystals. Yield; C31H42ClN7O3Pt 79%; Anal. Calcd. for: C, 47.06; H, 5.35; N, 12.39;
Pt, 24.65. Found: C, 47.24; H, 5.29; N, 12.20; Pt, 24.46. FT-IR (KBr) cm−1: 3428 (NH), 3263,
3120, 2957, 2866 (C-H), 1540 and 1630 (C=N and C=C) (Figure S1; Supplementary data);
1H NMR (500 MHz, DMSO-d6, ppm): δ 1.24 (s, 9H, 3CH3), 1.37 (s, 9H, 3CH3), 3.64 (t,
4H, J = 4.0 Hz, 2CH2 (morpholine ring), 3.71 (t, 4H, J = 3.6 Hz, 2CH2 (morpholine ring),
7.14 (t, 1H, J = 6.8 Hz, C6H5), 7.30 (d, 1H, J = 2.0 Hz, C6H5), 7.30–7.35 (m, 3H, C6H5 and
C6H2), 7.63-7.57 (m, 3H, C6H5 and C6H2 and CH=N), 8.46 (s, 1H, NH), 10.91 (s, 1H, NH)
(Figure S2; Supplementary data). 13C NMR (126 MHz, DMSO-d6) δ 194.92, 178.15, 166.74,
164.72, 143.14, 141.50, 140.00, 138.81, 133.36, 131.26, 130.51, 128.42, 125.73, 125.09, 124.80,
123.88, 123.08, 122.93, 116.34, 116.17, 111.63, 74.32, 74.26, 62.38, 54.28, 49.14, 47.13, 36.54
(Figure S3; Supplementary data).

3.4. X-ray Structure Determinations

The details of the crystal structure determination are found in Table S1 and all technical
experiments are provided in the supplementary materials [23–27].

3.5. Hirshfeld and DFT Calculations

Crystal Explorer 17.5 [28] was used to perform the analysis of molecular packing.
Details of DFT and TD-DFT calculations [29–34] as well as proton affinity [35] are given in
supplementary data.

4. Conclusions

A novel Pt(II) complex [Pt(Triaz)Cl] with tridentate NNO-donor ligand-based s-
triazine scaffold was achieved. The chemical structure of [Pt(Triaz)Cl] was confirmed
by CHNPt analyses and single-crystal X-ray diffraction. The Pt(II) coordination environ-
ment is distorted square planar. The structure of this complex showed one intramolecular
N-H···O hydrogen bond between the N–H group from the organic ligand as a hydrogen
bond donor and the carbonyl oxygen atom from the acetone molecule as a hydrogen bond
acceptor. The supramolecular structure of the studied Pt(II) complex is analyzed using
Hirshfeld calculations. Additionally, the calculated UV–Vis spectra were assigned based on
the results of the TD-DFT calculations. The natural charges were calculated, and the results
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indicated that the amount of the electron transfer from the Cl−1 and Triaz−1 is 0.56 and
0.95 e, respectively.

Supplementary Materials: The following supporting information can be downloaded online. Ta-
ble S1: Crystal data and structure refinement for [Pt(Triaz)Cl]; Table S2. The calculated geometric
parameters of [Pt(Triaz)Cl]; Figure S1: FT-IR spectra of the studied Pt(II) complex; Figure S2: 1H
NMR spectra of the studied Pt(II) complex; Figure S3: 13C NMR spectra of the studied Pt(II) complex.
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Abstract: Three palladium(II) complexes with amino-amidato-phenolato-type tridentate ligands were
synthesized and characterized by 1H NMR spectroscopy and X-ray crystallography. The strategic
arrangement of a hydrogen-bond donor and acceptor adjacent to the substitution site of the PdII

complex allowed the selective coordination of nucleosides. Among two pyrimidine-nucleosides,
cytidine and 5-methyluridine, cytidine was successfully coordinated to the PdII complex while
5-methyluridne was not. On the other hand, both purine-nucleosides, adenosine and guanosine,
were coordinated to the PdII complex. As purines have several coordination sites, adenosine afforded
three kinds of coordination isomers expected from the three different donors. However, guanosine
afforded a sole product according to the ligand design such that the formation of double intramolec-
ular hydrogen-bond strongly induced the specific coordination by N1-position of guanine moiety.
Furthermore, the preference of the nucleosides was evaluated by scrambling reactions. It was found
that the preference of guanosine is nearly twice as high as adenosine and cytidine, owing to the
three-point interaction of a coordination bond and two hydrogen bonds. These results show that the
combination of a coordination and hydrogen bonds, which is reminiscent of the Watson–Crick base
pairing, is an effective tool for the precise recognition of nucleosides.

Keywords: palladium(II) complex; hydrogen-bonding interactions; crystal structure; nucleoside

1. Introduction

Hydrogen-bonding interactions have attracted much attention in the past and present
as they are involved in many chemical and biological systems. Hydrogen bonds exhibit
a directionality and reversibility upon bond formation. Although the bond energy is
much smaller than that of a covalent bond, such unique properties enable construction
of supramolecular structures of a molecule to control the chemical and physical proper-
ties [1–8]. Furthermore, it is also possible to precisely recognize a molecule by tuning the
relative position of hydrogen-bond donors and acceptors in a molecule as represented by
the formation of the base pair in DNA [9,10].

Coordination of biomolecules such as nucleobases to a transition metal ion often ex-
hibits cytotoxic properties [11–14]. For example, a well-known mononuclear PtII complex, cis-
platin cis-[PtCl2(NH3)2], inhibits the replication of DNA by selective coordination by two con-
tinuous guanine residues of DNA. On the other hand, we previously reported synthesis and
crystal structures of cobalt and manganese complexes with amino-amidato-phenolato-type
tridentate ligands (Figure 1) [15,16]. In combination with a PdII ion, for which square planar
geometry is expected, the amino-amidato-phenolato ligand affords a vacant coordination
site for the recognition of nucleosides by arranging a hydrogen-bond donor and acceptor
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to accommodate a specific nucleoside. For this PdII complex fragment, selective coordination
of a nucleobase is expected, owing to a labile coordination bond in PdII complex and the
arrangement of hydrogen-bonding sites. In this study, we synthesized PdII complexes with
two amino-amidato-phenolato-type ligands and evaluated the effects of hydrogen-bonding
interaction on the selectivity of nucleosides upon coordination to the PdII complex fragment.
For such tridentate ligands, it is expected to form a Pd–N coordination and two intramolecular
hydrogen bonds with guanine and cytosine moieties. We demonstrated that this three-point
interaction enables the precise recognition of nucleobases.

Figure 1. Chemical structures of ligand precursors H2Amp and H2Apr.

2. Results and Discussion
2.1. Preparation

Preparation of PdII Complexes

The ligand precursors H2Amp, H2Apr, and PdII starting material were prepared
according to the previously reported procedures [15,17]. The PdII complex was syn-
thesized by a reaction of [PdCl2(CH3CN)2] and H2Amp followed by an addition of tri-
ethylamine and N(CH3)4OH·5H2O as a base in methanol. The product was crystallized
by diffusing diethyl ether vapor into the methanol solution to afford yellow crystals of
N(CH3)4[Pd(Amp)Cl]·H2O (1). To accept the coordination by nucleosides, the presence
of chloride ligand is not suitable because of its coordination ability. When the 1H NMR
spectrum of this product was measured in CD3OD, it exhibited rather broad resonances
(Figure 2a). This implies that the complex [Pd(Amp)Cl]− undergoes a rapid exchange
reaction of Cl− ligand with a solvent methanol molecule. Thus, we exploited this reaction to
isolate a chloride-free complex, [Pd(Amp)(CH3CN)]·CH3CN (1′), by using KOtBu instead
of N(CH3)4OH·5H2O. In this reaction, potassium salt of 1 was not obtained; instead, 1′
was selectively produced due to the elimination of KCl from the reaction mixture. 1′ is
more suitable for the substitution reaction with a nucleoside because acetonitrile is a better
leaving group.

Figure 2. 1H NMR spectra of (a) 1, (b) 1′ in CD3OD, and (c) 2 in CD3CN.
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An analogous PdII complex with Apr2− was also prepared by a similar procedure
with 1′, and [Pd(Apr)(CH3CN)] (2) was obtained. Although the ligand structure of Apr2−

is analogous to Amp2−, 2 exhibited a different coordination mode of the tridentate ligands.
The 1H NMR spectrum in CD3CN only showed three aryl-H resonances, which indicates
that one of the protons on the aromatic group was removed by the base (Figure 2c). The
elimination of the proton induced the formation of a Pd–C bond, and the resulting direct
coordination of the ring carbon makes the acetonitrile coordination site rather hydrophobic.
The direct coordination of the aromatic ring was also supported by the significant up-field
shift of aryl-H resonances. The formation of 2 has parallels with orthometalation reaction
in organometallic chemistry.

2.2. Crystal Strucre of PdII Complexes
2.2.1. Crystal Structures of 1 and 1′

Single-crystals of 1 and 1′ were prepared by diffusing diethyl ether vapor to the
reaction solution or slow evaporation of the solution, respectively. The crystallographic
information is summarized in Table 1. In both crystals, the PdII ion takes general square
planar coordination geometry (Figure 3). In both 1 and 1′, Amp2− ligand coordinates to a
PdII center with a phenolato-O, amidato-N, and amino-N atoms as a tridentate ligand. In 1,
the remaining coordination site is occupied by a Cl− ion to afford an anionic PdII complex,
[Pd(Amp)Cl]−. In 1′, on the other hand, the PdII center is coordinated by an acetonitrile
molecule instead of Cl− ligand, although the reaction solvent was acetonitrile in both cases.
This is because the Cl− ion was removed from the system during the reaction due to low
solubility of KCl. The bonding parameters around the PdII ion are summarized in Table 2.
The bond lengths around the PdII center are nearly identical between 1 and 1′ except those
of the ancillary ligand Cl− and CH3CN.

Table 1. Selected bond parameters for 1.

Atom–Atom Length/Å Atom–Atom–Atom Angle/◦

Pd(1)–O(1) 1.9877 (13) N(1)–Pd(1)–O(1) 93.70 (6)
Pd(1)–N(1) 1.9647 (14) N(1)–Pd(1)–N(2) 83.87 (6)
Pd(1)–N(2) 2.0264 (16) O(1)–Pd(1)–N(2) 177.15 (5)
Pd(1)–Cl(1) 2.3389 (4) N(1)–Pd(1)–Cl(1) 176.50 (4)

O(1)–Pd(1)–Cl(1) 89.79 (4)
N(2)–Pd(1)–Cl(1) 92.64 (4)

Figure 3. Perspective views of (a) [Pd(Amp)Cl]− in 1, and (b) [Pd(Amp)(CH3CN)] in 1′ (50%
probability levels).
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Table 2. Selected bond parameters for 1′.

Atom–Atom Length/Å Atom–Atom–Atom Angle/◦

Pd(1)–O(1) 1.9771 (19) N(1)–Pd(1)–O(1) 94.73 (8)
Pd(1)–N(1) 1.956 (2) N(1)–Pd(1)–N(2) 82.77 (9)
Pd(1)–N(2) 2.025 (2) O(1)–Pd(1)–N(2) 176.79 (8)
Pd(1)–N(3) 2.027 (2) N(1)–Pd(1)–N(3) 176.99 (8)

O(1)–Pd(1)–N(3) 88.02 (8)
N(2)–Pd(1)–N(3) 94.44 (9)

In 1, intermolecular hydrogen bonds are formed between neighboring complex anions
and water molecules of crystallization to construct two-dimensional sheet structures along
the bc plane. The two-dimensional sheet structures in the bc plane are also formed in 1′ by
the intermolecular hydrogen bonds between the neighboring complexes. These results are
indicative of the strong ability of Amp2− to induce hydrogen-bonding interactions.

2.2.2. Crystal Structure of 2

In the crystal of 2, [Pd(Apr)(CH3CN)] also takes a general square planar coordina-
tion geometry (Figure 4 and Table 3). The asymmetric unit consists of two independent
[Pd(Apr)(CH3CN)] molecules, and each molecule is stacked to form a centrosymmetric
dimer structure by NH π interactions (the symmetric operation for Pd1 moiety is 1−x,
1−y, 2−z and for Pd2 moiety is 2−x, 2−y, 1−z). Despite the structural similarity with
Amp2−, Apr2− ligand coordinates to a PdII center with phenyl-C, amidato-N, and amino-N
atoms. The difference in the coordination modes can be attributed to the combination
of chelate rings. For a linear tridentate ligand in octahedral complexes, the combination
of six-membered and five-membered chelates is more favored to afford meridional coor-
dination geometry, whereas the combination of two six-membered chelates favors facial
coordination geometry [15,16]. The coordination of a linear-tridentate ligand in square
planar complexes may correspond to the coordination mode of the meridional type in the
octahedral complexes. The observation of aromatic carbon coordination in the forma-
tion of complex 2 coincides with the larger stability gain by the combination of five- and
six-membered chelates in the octahedral complexes. When Apr2− ligand coordinates in
the same way to Amp2−, the resulting formation of two six-membered rings corresponds
to facial coordination in the octahedral complexes, but in square planar complexes, it is
impossible. The average bond length between the PdII ion and the terminal amino-N atom,
2.13 Å, is significantly longer than those in 1 and 1′ (2.03 Å) because of a strong trans
influence of phenyl-C donor [18]. The hydroxy group of the ligand forms an intramolecular
hydrogen bond with the O atom of the carbonyl group.

Figure 4. The asymmetric unit of 2 (50% probability levels). An intermolecular hydrogen bond is
shown as magenta dashed line.
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Table 3. Selected bond parameters for 2.

Atom–Atom Length/Å Atom–Atom–Atom Angle/◦

Pd(1)–C(5) 1.982 (5) N(1)–Pd(1)–C(5) 81.8 (2)
Pd(1)–N(1) 1.974 (5) N(1)–Pd(1)–N(2) 92.2 (2)
Pd(1)–N(2) 2.144 (4) C(5)–Pd(1)–N(2) 173.2 (3)
Pd(1)–N(3) 1.986 (5) N(1)–Pd(1)–N(3) 175.65 (17)
Pd(2)–C(17) 1.981 (6) C(5)–Pd(1)–N(3) 95.1 (2)
Pd(1)–N(4) 1.998 (4) N(2)–Pd(1)–N(3) 90.72 (19)
Pd(1)–N(5) 2.121 (5) N(4)–Pd(2)–C(17) 81.8 (2)
Pd(1)–N(6) 2.013 (5) N(4)–Pd(2)–N(5) 94.33 (18)

C(17)–Pd(2)–N(5) 173.84 (19)
N(4)–Pd(2)–N(6) 176.3 (2)
C(17)–Pd(2)–N(6) 95.3 (2)
N(5)–Pd(2)–N(6) 88.41 (19)

2.3. Reaction of 1 with Nucleosides

Although 1′ is suitable for the ligand exchange, KCl was easily contaminated as impu-
rity during the synthesis. Thus, we employed 1 for the substitution study with nucleosides
as the substitution reaction of the chloride ligand is readily proceeded in methanol. Reactiv-
ity and selectivity of [Pd(Amp)Cl]− with four nucleosides, guanosine, adenosine, cytidine,
and 5-methyluridine, were evaluated in methanol by 1H NMR spectroscopy (Figure 5). The
reaction was performed by mixing 1 and the nucleoside in methanol.

Figure 5. Chemical structures of the nucleosides employed in this study. Hydrogen-bond donors and
acceptors are shown in blue and red color.

2.3.1. Reaction of 1 with Pyrimidine-Nucleosides

Two pyrimidine nucleosides, cytidine and 5-methyluridine, were evaluated. Cytidine
was suitable for selective coordination to [Pd(Amp)] fragment because it has only one
possible coordination site and both hydrogen-bond donor and acceptor sites were available
within the proximity of the coordination site (2- and 4-position of the pyrimidine ring). The
1H NMR spectrum indicated the formation of [Pd(Amp)(cytidine)]-adduct (Pd-C) as shown
in Figure 6. The broad resonances observed in the spectrum of 1 became converged in clear
multiplets in the presence of cytidine, implying that Pd-C is reasonably stable without
further ligand exchange reaction. The splitting and geminal coupling of the signal corre-
sponding to the coordinating amino group implies the presence of nonequivalent protons
by the intramolecular hydrogen bond (4.6–4.3 ppm in Figure S4, Supplementary Materials).
In the spectrum, only a trace amount of minor product was observed (<5%), which was
attributed to a negligible coordination mode such as carbonyl-O coordination. The ob-
servation of a selective formation of Pd-C indicated that it has a specific binding mode
by the coordination of N-donor site on pyrimidine that was supported by two pairs of
donor-acceptor interactions (Figure 7). This three-point interaction is reminiscent of the
Watson–Crick base pairing in DNA.
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1 
 

 

Figure 6. 1H NMR spectra of (a) the reaction mixture of 1 and cytidine, (b) cytidine in CD3OD.
The resonances from a minor product and unreacted cytidine are marked with triangles and
asterisks, respectively.

Figure 7. Chemical structure of Pd-C (R indicates the ribose moiety). Hydrogen-bond donor and
acceptor are shown in blue and red, respectively. Dashed lines in magenta indicate intramolecular
hydrogen bonds.

In the case of 5-methyluridine, on the other hand, no shift was observed for the
resonances of both the nucleoside and [Pd(Amp)Cl]−, indicating that 5-methyluridine was
not able to coordinate to the Pd center (Figure 8). In the presence of 1 equiv. of triethylamine,
a few sets of resonances corresponding to 5-methyluridine, including unreacted, were
observed. From the integration ratio, over 80% of 5-methyluridine remained unreacted,
although the formation of a minor amount of [Pd(Amp)(5-methyluridine)]-adduct was
observed. The resonances corresponding to [Pd(Amp)]-fragment became sharp and the
formation of a new species [Pd(Amp)(OCD3)]− was suggested. These results showed
that two hydrogen-bond acceptors in 5-methyluridine distract its coordination to the
[Pd(Amp)]-fragment due to the electrostatic repulsive force between O atoms of Amp−

ligand and 5-methyluridine. Thus, [Pd(Amp)]-fragment exhibited high selectivity on the
coordination of pyrimidine-nucleosides, owing to the preference of hydrogen-bonding
interactions between Amp− and the pyrimidine moieties.

Figure 8. 1H NMR spectra of (a) the reaction mixture of 1 and 5-methyluridine, (b) 1, 5-methyluridine,
and triethylamine, and (c) 5-methyluridine in CD3OD. The resonances for unreacted 5-methyluridine
are marked with asterisks.
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2.3.2. Reaction of 1 with Purine-Nucleosides

Two purine-nucleosides, adenosine and guanosine, were evaluated as well as the
pyrimidine-nucleosides. Due to the increasing possible coordination sites (N1-, N3-, and
N7-position), purine-nucleosides might afford different products compared with the previ-
ous cases. Adenosine possesses a hydrogen-bond donor at 6-position and no hydrogen-
bond acceptor exists at the coordination site. For [Pd(Amp)(adenosine)]-adduct (Pd-A),
three different coordination modes are possible depending on which N atom is coordi-
nated (Figure 9). The 1H NMR spectrum indicated that the product is a mixture of Pd-A
(Figure 10). The resonances according to the protons at adenine moiety imply that three
species (Pd-A1, Pd-A2, and Pd-A3) are present in the reaction solution. The formation
ratio of the products was determined to be Pd-A1:Pd-A2:Pd-A3 = 6:3:2 from the integra-
tion of the resonances of the aryl-H of the adenine moiety. The N1-coordination mode is
favorable because it is supported by a hydrogen bond (Figure 9a). Such intramolecular
hydrogen-bond formation with adenine was reported in a PdII complex with coordination
at the N9 position of adenine, although the N9 position is not available for coordination
in our current system [19]. In contrast, no intramolecular hydrogen-bond interactions are
expected for the other two modes (Figure 9b,c). Moreover, the N3 coordination must endure
a large degree of steric hindrance between the ligand and ribose moiety. Thus, the major
product Pd-A1 is in the N1-coordination mode, and the two other sets of signals Pd-A2
and Pd-A3 correspond to the N7- and N3-coordination modes, respectively.

Figure 9. Three possible coordination modes for Pd-A (R indicates the ribose moiety). (a) N1-coordination
mode, (b) N3-coordination mode, and (c) N7-coordination mode. Hydrogen bonds are shown
in magenta.

Figure 10. 1H NMR spectra of (a) the reaction mixture of 1 and adenosine, and (b) adenosine in
CD3OD. The resonances of aryl-H atoms for two minor products and adenosine are marked in the
spectrum (Pd-A2: open triangle; Pd-A3: open square; adenosine: asterisk).

Guanosine is structurally similar to cytidine in terms of the position of hydrogen-bond
donors and acceptors (2- and 6-position, respectively). Although guanosine need to be
deprotonated for the coordination at the N1 atom, formation of double intermolecular
hydrogen bonds is expected for guanosine (Figure 11). The 1H NMR spectrum of 1:1
mixture of 1 and guanosine in CD3OD exhibited a sole set of resonances corresponding to
[Pd(Amp)(guanosine)]-adduct (Pd-G), as shown in Figure 12. As observed in the case of
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cytidine, geminal coupling of the signals corresponding to the coordinating amino group
was also observed, indicating N1 coordination of guanine moiety (5.3–5.0 ppm in Figure S7).
It is to be noted that N7 is the most nucleophilic position in a neutral guanine moiety, and
as a result, it is the primary binding site [20]. The N1 coordination in Pd-G without
addition of base is indicative of the strong preference toward formation of intramolecular
hydrogen bonds.

Figure 11. Chemical structure of Pd-G anion (R indicates the ribose moiety). Hydrogen-bond donor
and acceptor are shown in blue and red, respectively. Dashed lines in magenta indicate intramolecular
hydrogen bonds.

Figure 12. 1H NMR spectra of (a) the reaction mixture of 1 and guanosine, and (b) guanosine
in CD3OD.

2.3.3. Scrambling Reaction of 1 with Two Nucleosides

To investigate the selectivity among nucleosides, complex 1 was reacted with two
kinds of nucleosides at the same time. The Pd complex 1, nucleoside-1, and nucleoside-2
were reacted in methanol at room temperature in a 1:1:1 molar ratio. 5-Methyluridine
was excluded because it did not react with 1. All sets of the combinations from two
kinds of nucleosides were tested: adenosine vs. cytidine, adenosine vs. guanosine, and
guanosine vs. cytidine (Figure 13).

In all cases, a mixture of a few Pd-nucleoside adducts was obtained. In the presence
of adenosine and cytidine, Pd-A1, Pd-A2, and Pd-C were formed and formation of Pd-A3
was negligible. From the formation ratio of Pd-A1:Pd-A2:Pd-C = 3:2:6, the coordination
of cytidine is significantly more favorable than adenosine because of the formation of the
double intramolecular hydrogen bonds. In the case of adenosine and guanosine, both
Pd-A1 and Pd-A2 were observed, similar to the previous case. The formation ratio of
Pd-A1:Pd-A2:Pd-G = 3:2:10 indicated that the coordination of guanosine is about twice as
favorable as that of adenosine. These two experiments are indicative of the stabilization
effect of double intramolecular hydrogen-bond formation on the coordination.
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Figure 13. 1H NMR spectra of 1 with two different nucleosides in CD3OD. (a) Adenosine and cytidine,
(b) adenosine and guanosine, and (c) guanosine and cytidine. The resonances attributed to the major
and minor products for each nucleoside are indicated with solid circles and triangles, respectively
(the resonances for Amp2− ligand for each species are not marked). Pd-A, Pd-G, and Pd-C species
are shown in blue, green, and red, respectively. Asterisks indicate unreacted nucleoside.

Finally, the coordination ability of guanosine and cytidine was compared. The NMR
spectrum showed only two species, Pd-G and Pd-C, in the reaction. The formation ratio
was found to be Pd-G:Pd-C = 2:1, which is reasonably consistent with the ratio expected from
the previous two experiments, (Pd–G/Pd-A):(Pd-C/Pd-A) = 10:6. Thus, guanosine has the
highest preference among the four nucleosides. Considering the number of hydrogen-bonding
interactions of guanosine and cytidine with [Pd(Amp)]-moiety, the formation ratio should be
comparable. As the anionic N1 position of the guanine moiety is more nucleophilic, however,
the coordination of guanosine was more favorable than that of cytidine.

3. Materials and Methods
3.1. Measurements

Elemental analyses (C, H, and N) were performed at the Research Institute for Instru-
mental Analysis, Kanazawa University. 1H NMR measurements were carried out at 22 ◦C
on a JEOL 400SS spectrometer. Chemical shifts were referenced to the solvent residual
peak [21].

3.2. Materials

All the chemicals were used as received without further purification. The ligand pre-
cursors N-(2-amino-2-methylpropyl)salicylamide (H2Amp), N-3-aminopropylsalicylamide
(H2Apr), and the starting material of Pd complex, [PdCl2(CH3CN)2], were synthesized
according to the previously reported procedure [15,17].

3.3. Preparations

N(CH3)4[Pd(Amp)Cl]·H2O (1). To an acetonitrile solution (20 mL) of [PdCl2(CH3CN)2]
(51.4 mg, 0.20 mmol) was added a solid H2Amp (41.5 mg, 0.20 mmol) and triethylamine
(28 µL). After stirring the mixture for 10 min, a solid (CH3)4NOH·5H2O (36.2 mg, 0.20 mmol)
was added followed by stirring at room temperature overnight. The reaction solution was
concentrated to 2 mL by Ar gas bubbling. Diethyl ether solution was diffused to the
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solution to give orange, needle-shaped crystals. Yield: 65.8 mg, 53%. Anal. Calcd for
N(CH3)4[Pd(Amp)Cl]·H2O = C15H28ClN3O3Pd: C, 40.92; H, 6.41; N, 9.54%. Found: C,
40.64; H, 6.25; N, 9.54%. 1H NMR (399 MHz, CD3OD): δ 7.97 (broad, 1H, aryl-H), 7.05
(broad, 1H, aryl-H), 6.72 (broad, 1H, aryl-H), 6.58 (broad, 1H, aryl-H), 4.62 (s, 2H, NH2),
3.41 (s, 2H, CH2), 3.19 (s, 12H, CH3), 1.40 (s, 6H, CH3).

[Pd(Amp)(CH3CN)]·CH3CN (1′). To an acetonitrile solution (10 mL) of [PdCl2(CH3CN)2]
(25.9 mg, 0.10 mmol) was added a solid H2Amp (20.8 mg, 0.1 mmol). After dissolving
the ligand completely, a methanolic solution (5 mL) of KOtBu (22.3 mg, 0.20 mol) was
added to the mixture, followed by stirring overnight. The reaction solution was con-
centrated to 3 mL by Ar gas bubbling. The residue was filtered, and the filtrate was
crystallized by slow evaporation of the solvent. Yield: 22.4 mg, 57%. Anal. Calcd for
[Pd(Amp)(CH3CN)]·1.3H2O = C13H19.6N3O3.3Pd: C, 41.40; H, 5.24; N, 11.14%. Found: C,
41.85; H, 5.49; N, 10.60%. 1H NMR (399 MHz, CD3OD): δ 8.00 (m, 1H, aryl-H), 7.06 (dd,
J = 8.6, 6.8 Hz, 1H), 6.71 (d, J = 8.2 Hz, 1H), 6.58 (dd, J = 8.3, 6.8 Hz, 1H), 3.82 (s, 2H, CH2),
2.52 (s, 3H, CH3), 1.43 (d, J = 7.6 Hz, 6H).

[Pd(Apr)(CH3CN)] (2). To an acetonitrile solution (8 mL) of [PdCl2(CH3CN)2] (25.6 mg,
0.10 mmol) was added a solid H2Apr (19.4 mg, 0.1 mmol) and triethylamine (14 µL). After
dissolving the ligand completely, a methanolic solution (3 mL) of KOtBu (11.0 mg, 0.10 mol)
was added to the mixture, followed by stirring overnight. The reaction solution was fil-
tered to remove white precipitate. The filtrate was evaporated to dryness and dissolved
in acetonitrile (2 mL). Diethyl ether vapor was diffused to the solution to give yellow
microcrystals. Yield: 7.3 mg, 23%. This compound was extremely hygroscopic and unable
to perform elemental analysis. 1H NMR (399 MHz, CD3CN): δ 6.76 (m, 1H, aryl-H), 6.59
(dd, J = 7.4, 0.7 Hz, 1H, aryl-H), 6.33 (dd, J = 8.2, 0.9 Hz, 1H, aryl-H), 3.22 (m, 2H, CH2),
2.66 (m, 4H, CH2, and NH2), 1.57 (m, 2H, CH2).

3.4. Crystallography

Crystallographic data are summarized in Table 4. Single-crystal X-ray diffraction data
were obtained with a Rigaku XtaLAB AFC11 diffractometer with graphite-monochromated
Mo Kα radiation (λ = 0.71073 Å). A single crystal was mounted with a glass capillary
and flash-cooled with a cold N2 gas stream. Data were processed using the CrysAlisPro
software packages. The structure was solved by intrinsic phasing methods using the
SHELXT [22] software packages and refined on F2 (with all independent reflections) using
the SHELXL [23] software packages. The non-hydrogen atoms were refined anisotropically.
The hydrogen atoms except for OH and CH3 groups were located at the calculated positions
and refined isotopically using the riding models. The hydrogen atoms for OH and CH3
groups were located by difference Fourier maps and allowed to rotate. The O–H atoms for
water molecules were located at the position suitable for hydrogen bonds and refined freely
with a restrained distance. In the case of 2, only tiny single-crystals were obtained. As it
is difficult to apply a sufficient absorption correction to a tiny crystal based on the actual
size, the Rint value for 2 is apparently large. However, the quality of the crystal itself was
reasonable. The anisotropic refinement for the acetonitrile ligands was restrained to obtain
reasonable parameters. The Cambridge Crystallographic Data Centre (CCDC) deposition
numbers are included in Table 4.
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Table 4. Crystallographic data and refinement parameters of 1′ and 2.

Complex 1 1′ 2

Empirical formula C15H28ClN3O3Pd C15H20N4O2Pd C12H15N3O2Pd
Formula weight 440.25 394.75 339.67
Crystal system Monoclinic Monoclinic Triclinic

Crystal dimensions/mm 0.19 × 0.12 × 0.06 0.21 × 0.15 × 0.09 0.11 × 0.07 × 0.04
Space group P21/c P21/c P−1

a/Å 11.8363 (3) 13.3692 (5) 8.7885 (4)
b/Å 8.7436 (2) 10.9488 (4) 10.8746 (5)
c/Å 18.3451 (5) 11.1827 (4) 13.2005 (5)
α/◦ 96.688 (4)
β/◦ 104.732 (3) 94.084 (3) 90.840 (3)
γ/◦ 104.073 (4)

V/Å3 1836.15 (8) 1632.73 (10) 1214.19 (9)
Z 4 4 4

T/K 100 (2) 100 (2) 100 (2)
ρcalcd/g·cm−3 1.593 1.606 1.858

µ/mm−1 1.173 1.149 1.526
F(000) 904 800 680

2θmax/◦ 55 55 55
No. of reflections measured 17,469 11,616 17,415

No. of independent reflections 4207 (Rint = 0.0244) 3737 (Rint = 0.0390) 5543 (Rint = 0.1488)
Data/restraints/parameters 4207/2/222 3737/0/203 5543/18/329

R1
1 [I > 2.00 σ(I)] 0.0217 0.0320 0.0555

wR2
2 (all reflections) 0.0558 0.0803 0.1348

Goodness of fit indicator 1.076 1.088 0.906
Highest peak, deepest hole/e Å−3 0.445, −0.439 0.627, −1.156 1.646, −1.379

CCDC deposition number 2153005 2153006 2153007
1 R1 = Σ||Fo| − |Fc||/Σ|Fo|, 2 wR2 = [Σ(w(Fo2 − Fc2)2)/Σw(Fo2)2]1/2.

3.5. Reaction of 1 with Nucleosides

The reactions were performed by mixing a methanol solution of 1 with a solid nucle-
oside. Although some nucleosides are hardly soluble to typical organic solvents such as
methanol and dimethylformamide, they dissolved well in methanol in the presence of 1. A
typical procedure for reactions of 1 with nucleosides is as follows.

A 5 mL methanolic solution of 1 (20 µmol) was added to a solid nucleoside (20 µmol)
followed by stirring overnight. Half of the reaction mixture was taken and evaporated to
dryness by Ar gas bubbling. The resulting yellow residue was dried in vacuo for 1 h. The
residue was dissolved in ca. 0.7 mL of CD3OD, followed by 1H NMR measurement.

4. Conclusions

Palladium(II) complexes containing unsymmetric tridentate ligand, Amp2−, and
Apr2−, were synthesized and crystallographically characterized. Although Amp2− ex-
hibited a typical O–N–N coordination mode, Apr2− formed a Pd–C bond, resulting an
observation of the C–N–N coordination mode. The Pd complex with Amp2−, 1, was
employed for evaluating the effect of stereoselective intramolecular hydrogen-bonding
interaction of four nucleosides (adenosine, guanosine, cytidine, and 5-methyluridine).
Three of the four nucleosides resulted in coordination to the [Pd(Amp)]-fragment. In the
case of 5-methyluridine, in which no intramolecular hydrogen bond is expected upon
coordination, [Pd(Amp)(5-methyluridine)]-adduct was not formed. By contrast, the other
three nucleosides, which form intramolecular hydrogen bonds upon coordination, were
coordinated to the [Pd(Amp)]-fragment. These results clearly show that hydrogen-bonding
interactions play an important role upon coordination to the [Pd(Amp)]-fragment. Prefer-
ence of the nucleosides was further evaluated by reacting 1 with two different nucleosides,
and guanosine showed the highest selectivity among the series.

53



Molecules 2022, 27, 2098

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/molecules27072098/s1. Table S1: Hydrogen-bonding distances
and angles; Figure S1: 1H NMR spectrum of 1 in CD3OD; Figure S2: 1H NMR spectrum of 1′ in
CD3OD; Figure S3: 1H NMR spectrum of 2 in CD3CN; Figure S4: 1H NMR spectra of (a) reaction
mixture of 1 and cytidine, (b) cytidine in CD3OD; Figure S5: 1H NMR spectra of (a) reaction mixture
of 1 and 5-methyluridine, (b) 1, 5-methyluridine, and triethylamine, and (c) 5-methyluridine; cytidine
in CD3OD; Figure S6: 1H NMR spectra of (a) reaction mixture of 1 and adenosine, (b) adenosine
in CD3OD; Figure S7: 1H NMR spectra of (a) reaction mixture of 1 and guanosine, (b) guanosine
in CD3OD.
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Abstract: Trinuclear copper(II) complex [CuII
3(NIT2PhO)2Cl4] was synthesized with p-cresol-substituted

bis(α-nitronyl nitroxide) biradical: 4-methyl-2,6-bis(1-oxyl-3-oxido-4,4,5,5-tetramethyl-2-imidazolin-2-
yl)phenol (NIT2PhOH). The crystal structure of this heterospin complex was determined using single-
crystal X-ray diffraction analysis and exhibits four unusual seven-membered metallocycles formed
from the coordination of oxygen atoms of the N-O groups and of bridging phenoxo (µ-PhO−) moieties
with copper(II) ions. The crystal structure analysis reveals an incipient agostic interaction between
a square planar copper center and a hydrogen-carbon bond from one methyl group carried on the
coordinated nitronyl-nitroxide radical. The intramolecular Cu···H-C interaction involves a six-membered
metallocycle and may stabilize the copper center in square planar coordination mode. From the magnetic
susceptibility measurements, the complex, which totals seven S = 1/2 spin carriers, has almost a ground
state spin S = 1/2 at room temperature ascribed to strong antiferromagnetic interaction between the
nitronyl nitroxide moieties and the copper(II) centers and in between the copper(II) centers through the
bridging phenoxo oxygen atom.

Keywords: nitronyl nitroxide biradical; molecular magnetism; copper complex

1. Introduction

The coordination chemistry of nitronyl nitroxide free radicals has played a major role
in the development of molecule-based magnetic materials following the so-called metal-
radical approach pioneered thirty years ago [1]. Several well-known and good reasons
make nitronyl nitroxide free radicals attractive organic spin carriers for magnetic coordi-
nation compounds. One is the quite easy synthesis of the nitronyl nitroxide (NN) moiety,
which can be incorporated into many chemical groups in the α-position. This is usually
done by the Ullman procedure via the reaction in methanol of 2,3-bis(hydroxylamino)-
2,3-dimethylbutane with an appropriate aldehyde [2]. In addition, a palladium-catalyzed
cross-coupling reaction of (nitronyl nitroxide-2-ido)(triphenylphosphine)gold(I) complex
[Ph3P-Au-NN] with aryl halides has also been developed to directly graft the NN moiety
onto aromatic rings [3]. Therefore, an almost unlimited number of open-shell molecules may
be synthesized. Thus, nitronyl nitroxide have been grafted on alcanes [4], pyridine [5–10],
imidazole [11], triazole [12], bipyridine [13], phenol [14–17], pyrene [18], azulene [19],
phthalocyanine [20], porphyrin [21], cyclotriphosphazene [22], or even on graphene [23].
Most importantly, nitronyl nitroxide has one of the best stabilities among the free radicals,
and this is retained in most of its derivative so that they can generally be handled under
mild but normal conditions, even when coordinated with most metal ions. Although the
NO group is a weak Lewis base, coordination is effective by using electron-withdrawing
ancillary ligands on the metal center, such as hexafluoroacetylacetone, or by incorporating
the NO group into a chelate so that such extra ligand can be removed from the coor-
dination sphere [11]. The nitronyl nitroxide stability in coordination compounds could
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be tempered after the discovery of valence tautomerism in some 2D coordination poly-
mers with manganese(II), where nitronyl nitroxide radical is reduced on cooling [24–26].
However, the process reverses on reheating. To end, the two NO groups of the nitronyl
nitroxide (NN) moiety on which the unpaired electron is equally delocalized [27] make it a
bridging-ligands but open-shell molecule. This makes it easy to build heterospin systems
in which direct magnetic interactions operate between the metal and radical spin carriers.
This has provided many magnetic systems [28] among which molecular magnets [29–31],
single-molecule magnets [31–36], or single-chain magnets [37–41]. However, that is not
all. Research on metal-nitronyl nitroxide systems has led to the discovery of two other
phenomena out of the classical magnetism relying on the interplay of magnetic interaction.
These are molecular-spin transitions in some copper(II) complexes [42–44] and valence
tautomerism in some manganese(II) coordination polymers [24–26]. Metal-nitronyl ni-
troxide coordination chemistry is, therefore, a versatile tool for different types of bistable
systems [45].

As for most coordination chemistry, such a development would not have been possible
without the crystallography tool, mainly single crystal X-ray diffraction. Crystal structure
has indeed been essential to watch the molecular arrangement and to further understand
the magnetic properties through the analysis of the structural features, as illustrated in the
present paper.

Among metal-nitronyl nitroxide coordination compounds, those with copper(II) are
singular regarding the magneto-structural relationships. Indeed, because of the lonly
copper(II) magnetic orbital, the copper-radical magnetic interaction is very sensitive and
dependent on the coordination mode. It can be either antiferromagnetic or ferromagnetic,
depending on whether the coordination mode favors or not the overlap of the magnetic
orbitals of the copper(II) with those of the radical [1]. This may even be temperature
dependent and give rise to molecular spin transition. [42–44].

This versatile but richness of magnetic behaviors prompt us to investigate complexa-
tion of copper(II) by bis-nitronyl nitroxide diradical 4-methyl-2,6-bis(1-oxyl-3-oxido-4,4,5,5-
tetramethyl-2-imidazolin-2-yl)phenol [14] (NIT2PhOH, Scheme 1). Herein, we report the re-
action with copper(II) chloride to afford a heterospin neutral complex [CuII

3(NIT2PhO)2Cl4]
where this diradical (NIT2PhOH) acts both as a bridging and chelating ligand. The complex
has been isolated in the crystalline solid state, and the temperature dependence of the mag-
netic susceptibility has been analyzed based on the structure characterized by single-crystal
X-ray diffraction.

Scheme 1. Chemical structure of the biradical NIT2PhOH.

2. Results
2.1. Synthesis of the Inorganic Complex

Trinuclear copper complex [CuII
3(NIT2PhO)2Cl4] (NIT2PhOH = 4-methyl-2,6-bis(1-oxyl-

3-oxido-4,4,5,5-tetramethyl-2-imidazolin-2-yl)phenol) was synthesized as brown squared
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crystals from a mixture in methanol at room temperature of copper(II) chloride and NIT2PhOH
in a 2:1 molar ratio.

2.2. Crystal Structure

[Cu3(NIT2PhO)2Cl4] crystallizes in the monoclinic P21/n space group. Crystallo-
graphic data are reported in Table 1. The asymmetric unit exemplified in Figure 1 comprises
all the compounds. It is made of three crystallographically independent copper(II) ions
coordinated with two deprotonated bis-nitronyl-nitroxide ligands, so-called hereafter dirad-
icals A and B involving their phenoxide oxygen atoms and the nitronyl nitroxide moieties
(NN). The copper ions have their coordination sphere completed by four chloride ions
among which two are bridging. This makes the complex electrically neutral. A simplified
representation of the coordination mode of the two diradicals is also shown in Scheme 2.

Table 1. Crystallographic data for compounds of the complex [CuII
3(NIT2PhO)2Cl4].

Formula C42H58Cl4Cu3N8O10
M (g mol−1) 1167.38
T (K) 293(2)
λ (Å) 0.71073
Crystal system Monoclinic
Space group P21/n (#14)
a (Å) 19.8080(9)
b (Å) 11.4226(7)
c (Å) 22.0120(15)
α (deg) 90
β (deg) 99.450(5)
γ (deg) 90
V (Å3) 4912.8(5)
Z 4
Dc (g cm−3) 1.578
F(000) 2404
θ range (deg.) 2.565 to 29.287
Limiting indices −27 ≤ h ≤ 26, −15 ≤ k ≤ 14, −28 ≤ l ≤ 30
Refl. collected 31578
Rint (%) 6.66
Num. param. 622
GOF on F2 1.036
R (a),ωR (b) (all data) 0.0648, 0.1643
∆ρmax/∆ρmin (e.Å3) 0.6/−0.7

(a) R = Σ||Fo|-|Fc||/Σ|Fo|, (b) ωR = [Σ(ω(Fo2-Fc2)2)/Σ(ω(Fo2)2)]1/2 with ω = 1/[(σ2Fo2) + (aP)2 + bP] and
P = (max(Fo2) + 2Fc2)/3.

In diradical A and B, as generally observed, the phenoxide oxygen atoms are bridging
for Cu2 and Cu1 (Diradical A) and for Cu1 and Cu3 (Diradical B). In both cases, nitronyl
nitroxide (NN) moieties complete the coordination sphere of the copper(II) centers but de-
pending on Diradical A or Diradical B, these NN moieties expose two types of coordination
modes. In Diratical A, one of the NN moiety is chelating for Cu2, while the second NN
moiety is chelating for Cu1, so that Diradical A may be viewed as bridging the Cu2 and Cu1
through the phenoxide oxygen atoms and through the NN moieties. In Diradical B, both
NN moieties play differently and are solely chelated to Cu3. In all cases, the NN ligand
displays the unusual seven-membered metallocycle reported elsewhere in complexes of
closely related phenol substituted nitronyl nitroxide [15–17,46,47].
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Figure 1. Crystal structure of the asymmetric unit of the complex [CuII
3(NIT2PhO)2Cl4]. Atoms

coordinated to copper are only labeled. Hydrogen atoms are omitted for clarity. Atoms are colored as
follows: Cu orange; O red; Cl green; N blue; C grey.

Scheme 2. Schematization of the coordination mode of the two diradicals.

Cu1 and Cu3 have a coordinance of five, but Cu2 has an uncommon coordinance of
four. Bond lengths and angles constitutive of the environment of the three copper(II) are
listed in Table 2.
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Table 2. Selected interatomic distances (Å) and angles (◦).

Cu 1

Cu1-O5A 1.934(3) O5B-Cu1-O5A 175.99(14)
Cu1-O5B 1.937(3) O1A-Cu-Cl2 148.64(11)
Cu1-O1A 1.947(3) Cu1-O1A-N1A 126.4(3)
Cu1-Cl2 2.2596(14) Cu1-Cl3-Cu2 82.91(5)
Cu1-Cl3 2.5869(15) Cu1-O5B-Cu3 117.11(17)

Cu1—Cu2 3.211(1) Cu1-O5A-Cu2 111.13(16)
Cu1—Cu3 3.281(1)

Cu 2

Cu2-O3A 1.918(4) O5A-Cu2-Cl4 161.35(13)
Cu2-O5A 1.960(3) O3A-Cu2-Cl3 158.53(13)
Cu2-Cl4 2.1520(18) Cu2-O3A-N3A 112.7(4)
Cu2-Cl3 2.2492(17)

Cu 3

Cu3-O5B 1.909(3) O5B-Cu3-Cl1 177.92(12)
Cu3-O3B 1.967(4) O3B-Cu3-Cl2 127.3(11)
Cu3-O1B 2.110(4) Cu3-O5B-Cu1 117.11(17)
Cu3-Cl1 2.1585(16) Cu3-Cl2-Cu1 83.60(5)
Cu3-Cl2 2.6440(17) Cu3-O1B-N1B 125.8(3)

Cu3-O3B-N3B 120.1(3)

Nitronyl Nitroxide Moieties

O1A-N1A * 1.295(5) O1B-N1B * 1.300(5)
O2A-NA2 1.263(6) O2B-N2B 1.270(5)

O3A-N3A * 1.310(5) O3B-N3B * 1.297(5)
O4A-N4A 1.263(5) O4A-N4A 1.254(5)

* denotes coordinated N-O groups.

Cu1 (Figure 2, Table 2) assumes an intermediary environment in between square
planar pyramidal and trigonal bipyramidal with an Addison parameter of τ5 = 0.46 [48].
The shortest bond length range 1.934–1.947 Å is found for Cu1-O bonds with oxygen
atoms of one nitronyl nitroxyde radical of diradical A and the phenoxide oxygen atoms of
bisradical A and B. The longest bond lengths 2.2596–2.5870 Å are found for Cu1-Cl bonds.
As the length of the Cu1-Cl3 biding (2.59 Å) is the longest, we assume that the geometric
environment might be a distorted square planar pyramidal with O5B, Cl2, O5A, O1A
forming the base and Cl3 occupying the apical position, in agreement with an elongation
Jahn Teller distortion as expected.

The length of the apical Cu1-Cl3 bonding (2.59 Å) is shorter than typical Cu-Cl bonds
lengths found in the literature. For apical bridging, chloride values between 2.709 Å and
2.785 Å are found [49,50]. The equatorial Cu1-Cl2 (2.26 Å) bond length is in the range
of typical Cu-Cl bonds found in the literature with values between 2.264 Å and 2.300 Å
for a bridging chloride ion [50,51]. For Cu1-O5A (1.93 Å) and Cu1-O5B (1.94 Å), bond
lengths are consistent with a µ-hydroxo character of the bridge with values between 1.923 Å
and 1.97 Å, as reported in the literature [52,53]. Finally, the equatorial Cu1-O1A (1.93Å)
distance is in the range for Cu-ONO bonding where values between 1.95 Å and 2.06 Å are
reported [47].
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Figure 2. View focusing on the coordination mode involving copper(II) ions Cu1 and Cu2 with
nitronyl nitroxide A. Atoms coordinated to copper and N-O groups are only labeled. Hydrogen
atoms are omitted for clarity. Atoms are colored as follows: Cu orange; O red; Cl green; N blue;
C grey.

Cu2 (Figures 2 and 3, Table 2) assumes a highly distorted square planar geometry with
a Houser–Okuniewski parameter τ4 = 0.28 [54–56] and seems to be stabilized in its axial
position by an intramolecular interaction with a hydrogen (H18A) from the methyl group
(C18) carried on the NN-Radical moieties. This intramolecular interaction, together with
the oxygen atom of nitroxide group (O3A), makes a chelate. This affords a six-membered
metallacycle and brings the methyl carbon (C18) close to Cu2, as shown in Figure 3.
These structural features suggest an incipient Cu(II) ··· H-C agostic interaction [57,58].
The Cu2···H18A and Cu2···C18 interatomic distances are respectively 2.6656(7) Å and
3.1112(6) Å with an angle M···H18A-C18 of 125.076(3)◦, which fall in the range of structural
critters for an agostic interactions parameters[59,60].

Cu3 (Figure 4, Table 2) assumes a distorted trigonal bipyramidal geometry with an
Addison parameter of τ5 = 0.84 [48]. The shortest bond length range 1.909–2.110 Å is found
for Cu3-O bonds with oxygen atoms of the two nitronyl nitroxyde radical of diradical B
and its phenoxido oxygen atoms. The longest bond lengths 2.1585–2.6439 Å are found for
Cu1-Cl bonds. As the bond length of axial Cu3-Cl1 biding (2.16 Å) and axial Cu3-O5B
biding (1.909 Å) are shorter than equatorial Cu3-Cl2 (2.64 Å), Cu3-O1B (2.110 Å), and Cu3-
O3B (1.966 Å), the environment of copper Cu3 can be described by an unusual compression
Jahn–Teller distortion. Indeed, the equatorial Cu3-Cl2 (2.64 Å), Cu3-O1B (2.110 Å), and
Cu3-O3B (1.966 Å) are much longer than the typical bond length, as described before, and
axial Cu3-Cl1 biding (2.16 Å) is highly shorter than typical Cu-Cl length for a terminal
chloride atom where a value of 2.267 Å is reported [50].
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Figure 3. Intermolecular H···Cu2 interaction, represented by a dotted orange line, between the
hydrogen atom carried by C18 and copper Cu2. Only atoms coordinated to Cu2 and the involved
hydrogen are shown for clarity. Atoms are colored as follows: Cu orange; O red; Cl green; N blue;
C grey.

Figure 4. View focusing on the coordination mode involving copper(II) ion Cu3 with nitronyl
nitroxide B. Atoms coordinated to copper and N-O groups are only labeled. Hydrogen atoms are
omitted for clarity. Atoms are colored as follows: Cu orange; O red; Cl green; N blue; C grey.

Bond lengths of the N−O group within the four NN moieties are comprised in the
range 1.254(6)–1.300(5) Å (Table 2) with small elongation (0.03 Å) of the coordinated ones
and are characteristic of free and coordinated nitroxide radicals [4–23]. The O-N-C-N-O
moieties are strictly planar (Table 3), as expected due to electron delocalization. These
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structural features demonstrate the persistence of the four nitronyl nitroxide radicals in
[Cu3Cl4(NIT2PhO)2]. The dihedral angles between the O-N-C-N-O least-square plane and
with attached phenyl ring (ϕ) are quite close for the four NN moieties in contrast with the
free radical for which 38◦, 64◦, and 72◦ were found for ϕ [14].

Table 3. Deviation of O-N-C-N-O atoms in nitronyl nitroxide moieties from their least-square planes
and dihedral angles with attached phenyl ring (ϕ) and Cu-O-N (δ) least-square planes.

Selected Planes Atomic Deviation (Å) from Least-Square Planes φ (◦) δ (◦)

Diradical A O1, O3 N1, N3 C1, C14 N2, N4 O2, O4

O1-N1-C1-N2-O2 0.065(3) −0.105(4) −0.075(4) 0.031(4) 0.044(4) 50.6(2) 55.08
O3-N3-C14-N4-O4 −0.029(4) 0.031(4) 0.039(4) −0.001(4) −0.029(4) 45.2(1) 82.92

Diradical B O1, O3 N1, N3 C1, C14 N2, N4 O2, O4

O1-N1-C1-N2-O2 0.030(4) −0.052(4) −0.025(5) 0.028(4) 0.004(4) 42.6(2) 57.30
O3-N3-C14-N4-O4 0.022(4) −0.022(4) −0.031(4) −0.004(4) 0.025(4) 46.4(1) 72.96

2.3. Magnetic Behaviour

The temperature dependence of the product of the magnetic susceptibility with
the temperature (χMT) of [CuII

3(NIT2PhO)2Cl4] is shown in Figure 5. At 370 K, χMT
is 0.57 emu·K·mol−1, then, upon cooling, it decreases almost continuously down to
0.40 emu·K·mol−1 at 75 K. From there, it remains almost constant down to 30 K and
then, it decreases abruptly to reach 0.14 emu·K·mol−1 at 3 K. The high temperature χMT
value is very much lower than the expected value (~2.8 emu·K·mol−1) for the seven mag-
netically independent spins S = 1/2, taking into account the three copper(II) ions and
the four nitronyl nitroxide radicals. This, together with the continuous decreasing upon
cooling down to a plateau with a χMT value corresponding to one resultant spin S = 1/2, is
indicative of strong antiferromagnetic interactions operating in this hetero-spin complex.

Figure 5. Temperature dependence of the product of magnetic susceptibility with temperature (χMT)
for [CuII

3(NIT2PhO)2Cl4].
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The understanding of the magnetic behavior at the molecule level requires considering
a complex and multiple exchange interactions network, as schematized in Figure 6: (i)
Interaction in between the nitronyl nitroxide (NN) moieties through the phenyl ring (JNN-NN).
From the study of the pure diradical (NIT2PhOH), it was estimated to be weak and fer-
romagnetic (2J/k = 12 K) [14]. (ii) Interaction between the NN moieties and next nearer Cu(II)
through the phenyl rings via the bridging phenoxo oxygen atoms (J’NN-Cu). Herein, this exchange
interaction may be significant but weaker than the exchange interaction between copper
centers through the bridging phenoxide oxygen atom and chloride atoms and also com-
pared with direct interactions between copper centers and N-oxide moieties. [16,17,58].
(iii) Cu(II) ···Cu(II) super-exchange interaction through the phenoxide oxygen atoms and chloro
bridges (JCu-Cu). According to the study of the crystal structure, we can determine the nature
of the magnetic orbitals of metal centers. For Cu1 and copper Cu2, it was assumed to be
respectively an elongated square planar pyramid and a square plane. In these two cases, the
dx2 − y2 orbitals define the magnetic orbitals. For Cu3, the environment is a compressed
trigonal bipyramid, which defines dz2 orbital as the magnetic orbital. Regarding these
results, the magnetic exchange is essentially governed by the 3dx2− y2(copper)–2p(oxygen)
and the 3dz2(copper)–2p(oxygen) antibonding overlaps. Considering the Cu-Cl-Cu bond
angles and Cu-Cl bond lengths, we do not expect the chloro bridges to mediate significant
interaction (Tables 2 and 3). Magneto-structural correlations of µ-hydroxo-bridged cop-
per(II) binuclear complexes have shown that the exchange interaction depends on Cu-Cu
distance, Cu-O-Cu angle [59–61]. Here, the copper centers are separated by 3.212 Å for
Cu1-Cu2 and 3.286 Å for Cu1-Cu3 and considering the quite large Cu-O-Cu angle of the
phenoxido bridge (Table 2), this should give strong antiferromagnetic interaction [62]. The
exchange interaction parameter (J) may be estimated to be greater than 700 cm−1 from
the Hatfield’s correlation 2J = 74.53Φ−7270 cm−1 and 2J = −4508d + 13018, taking the
Cu-O-Cu angle (Φ) or Cu-Cu distance (d), respectively [63–65]. These interactions may
be lower here because of the coordinated chloride ions. Indeed, from a previous study of
unsymmetrical µ-hydroxo copper(II) complexes it has been reported that the nature of the
exogenous bound ligands with varying electronegativity influences the exchange inter-
actions within copper centers. It was found that bonding chloride ions greatly lower the
antiferromagnetic couplings because they decrease the electron density on the coppers [66].
(iv) Direct interaction between the NN moieties and Cu(II) spin carriers (JNN-Cu). According
to the crystal structure, for the three copper centers, nitroxide radicals are equatorially
coordinated to the square plane (Cu2), square planar pyramid (Cu1), and trigonal bipyra-
mid (Cu3). For Cu1 and Cu2, this is to favor antiferromagnetic interaction [1]. Moreover,
the Cu-O-N angles (126.4◦–112.7◦) and the small dihedral (δ) angle between the Cu-O-N
and O-N-C-N-O least-square planes (Table 3) cause substantial overlap between the π*
orbital of the nitroxide radical and the 3dx2 − y2 orbitals of copper Cu1 and Cu2, leading
to large antiferromagnetic couplings (−500 cm−1) [1,62,66–68]. For Cu3, coordination of
the nitroxide radical in the equatorial plane is not expected to cause any overlap with the
dz2 magnetic orbital of the trigonal bipyramid. This rules out any significant magnetic
interaction.
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Figure 6. Schematization of the magnetic exchange couplings in [CuII
3(NIT2PhO)2Cl4].

With this scheme of possible interactions in mind, we tried to fit the temperature
dependence of the product of the magnetic susceptibility with temperature (χMT) using the
PHI program [69]. All tentatives taking into account seven spin S = 1/2, using a different set
of above interactions, were unsuccessful. The best fit was obtained only when considering
a three spin system and three coupling constants: J12= −265(6) cm−1; J13 = −208(6) cm−1;
J23 = −30(1) cm−1; g1 = 2.32(1); g2 = g3 = 2; and zJ’ = −3.07(8) cm−1. This is in agreement
with the low χMT values reaching high temperature (370k), and it means that already in this
temperature region, there are only three effective spins S = 1/2. One could think the nitronyl
nitroxide radicals have been killed, and they are the three copper(II) ions only. This has to be
ruled out because, as we have seen, the structural features demonstrate without any doubt
the persistence of the four nitronyl nitroxide moieties. Moreover, the complex is neutral
and this also rules out that the radicals could have been reduced or oxidized. Therefore,
the unique possibility is that four spins S = 1/2 became silent because of antiferromagnetic
couplings larger than the thermal energy. In agreement with the previous discussion of
possible interactions, this is attributed to the antiferromagnetic coupling of each of the
copper Cu1 and Cu2 with their attached nitronyl nitroxide from biradical A. As discussed
above, the structural features are expected to result in large antiferromagnetic interaction
(~500 cm−1). This makes the four spins S = 1/2 comprising Cu1 and Cu2 and Diradical
A silent. We may think this primes on the Cu—Cu interactions (JCu-Cu: Figure 6), which
may be lower due to electron withdrawing effect of coordinated chloride ions, as discussed
above. The resulting three spin S = 1/2 system is thus attributed to Cu3 interacting with the
two nitroxide of biradical B. As we discuss above, Cu3 is in bipyramid trigonal coordination
geometry, and this is not expected to cause direct antiferromagnetic interaction with the
dz2 magnetic orbital. In that case, the interaction of the two nitronyl nitroxide moieties
of Diradical B with Cu3 is indirect and proceeds via the phenoxido oxygen atom (J’NN-Cu:
Figure 6). This is ascribed to J12 and J13, with g1 holding for Cu3. Then, J23 is ascribed to the
interaction between the nitronyl nitroxide radical via the phenyl ring, as this is not expected
to be large (JNN-NN: Figure 6). The interaction (J23) is moderate but antiferromagnetic in
contrast with the ferromagnetic one found for the free radical [14]. This is attributed to the
difference in the dihedral angle between the O-N-C-N-O and phenyl least-square planes
combined with the change in spin density distribution consecutive to coordination.
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3. Materials and Methods
3.1. Materials

All chemicals and solvents were purchased as analytical grade and were used without
further purification. 4-methyl-2,6-bis(1-oxyl-3-oxido-4,4,5,5-tetramethyl-2-imidazolin-2-
yl)phenol (NIT2PhOH) was synthesized following a reported procedure [14].

3.2. Synthesis of Complex Cu3(NIT2Ph)2Cl4
10 mL of a methanol solution of CuCl2 (64 mg, 0.48 mmol), which was previously

dried in a desiccator, was added to a 10 mL of a methanol solution of (NIT2PhOH) (100 mg,
0.24 mmol). The dark brown solution was left for crystallization by slow evaporation. Dark
brown crystals, which appeared after three weeks, were isolated by filtration and then
washed with ethanol. The complex is insoluble in most usual solvents, which preclude
such measurements as UV-vis and molar conductivity, as reported elsewhere [66]. Yield:
43.9 mg (0.04mmol, 33% in term of NIT2PhOH ligand). Elemental analysis (%): C, 42.86; H,
4.98; Cu, 16.29; N, 9.65; Calculated for C42H58Cl4Cu3N8O10 (%): C, 43.21; H, 5.01; Cl, 12.15;
Cu, 16.33; N, 9.60; O, 13.70; IR spectrum (υ/cm−1) at 293(2) K: 2987 w, 2938 w, 1431 m,
1338 m, 1312 s, 1214 s, 1171 s, 1145 m, 1057 m, 940 m, 870 m, 798 m, 737 m, 598 m, 547 m,
444 s, 424 s.

3.3. Single-Crystal X-ray Diffraction

Single-crystal diffraction data were collected on a Xcalibur Gemini diffractometer
with graphite monochromated Mo Kα radiation (λ = 0.71073 Å), using the related analysis
software [70]. Absorption correction has not been performed because it caused a significant
decrease in data quality: Increase of Rint value and decrease of the rate of completeness.
The structures were solved using the SHELXT program [71] and refined by full-matrix
least-square methods on F2 with the 2018 version of SHELXL program [72] on OLEX2
software [61,73,74]. All non-hydrogen atoms were refined with anisotropic displacement
parameters. Hydrogen atoms belonging to carbon atoms were placed geometrically in
their idealized positions and refined using a riding model. Crystallographic data are
presented in Table 1. Selected bond lengths and bond angles are collected in Tables 2
and 3. Crystallographic data for the structures have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication nos: CCDC 2132162. Copies of
the data can be obtained free of charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK (fax, +44-(0)1223-336033; or e-mail, deposit@ccdc.cam.ac.uk).

3.4. Magnetic Measurements

Magnetic susceptibility data (2–300 K) were collected on powder samples using a
SQUID magnetometer (Quantum Design model MPMS-XL) in a 1T applied magnetic field.
A magnetization isotherm (2 K) was measured between 0–5 T. All data were corrected for
the contribution of the sample holder and diamagnetism of the samples estimated from
Pascal’s constants [61,75,76].

4. Conclusions

This paper reports the synthesis of a neutral trinuclear copper(II) complex [CuII
3(NIT2-

PhO)2Cl4] affords by coordination with biradical, 4-methyl-2,6-bis(1-oxyl-3-oxido-4,4,5,5-
tetramethyl-2-imidazolin-2-yl)phenol (NIT2PhOH) completed by cloride. The crystal struc-
ture of this heterospin complex reveals a complicated arrangement in which two copper(II)
ions, Cu1 and Cu2, are coordinated to each of the two nitronyl nitroxide moieties on one
diradical (A). The third copper(II) ion is coordinated to both nitronyl nitroxide moieties of
a second diradical (B). The three coppers are also bridged by the phenoxido oxygen atoms
of deprotonated diradicals together with some of the cloride ions. The crystal structure
analysis reveals an incipient agostic interaction between a square planar copper center and
a hydrogen atom from one methyl group carried on the coordinated nitronyl-nitroxide
radical. From the magnetic susceptibility measurements, this seven S = 1/2 spin carrier
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complex behaves as a three spin resulting systems S = 1/2 system. This is ascribed to strong
antiferromagnetic direct interaction between the nitronyl nitroxide moieties of diradical
A and their coordinated copper(II) ion, Cu1 and Cu2. This makes these four spin S = 1/2
silent, even at high temperature (370K), evidencing only the coupling within Cu3 and
diradical B. This is a novel example of how much coordination nitronyl nitroxyde can
generate strong magnetic interaction.

Author Contributions: Conceptualization, D.L.; methodology, D.L.; software, S.G. and D.L.; vali-
dation, D.L.; formal analysis, S.G. and D.L.; investigation, M.B. and S.G.; resources, D.L.; writing—
original draft preparation, S.G.; writing—review and editing, S.G. and D.L.; visualization, S.G.;
supervision, D.L.; project administration, D.L.; funding acquisition, D.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by La Région Auvergne-Rhône-Alpes, grant number 19-008051-
01&02-40890.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available from the authors D.L. and S.G.

Acknowledgments: D.L. thank Université Claude Bernard Lyon 1, CNRS and Laboratoire des
Multimatériaux et Interfaces (UMR 5615) for laboratory facilities.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compound are available from the authors.

References
1. Caneschi, A.; Gatteschi, D.; Sessoli, R.; Rey, P. Toward molecular magnets: The metal-radical approach. Acc. Chem. Res. 1989, 22,

392–398. [CrossRef]
2. Ullman, E.F.; Osiecki, J.H.; Boocock, D.G.B.; Darcy, R. Stable free radicals. X. Nitronyl nitroxide monoradicals and biradicals as

possible small molecule spin labels. J. Am. Chem. Soc. 1972, 94, 7049–7059. [CrossRef]
3. Tanimoto, R.; Suzuki, S.; Kozaki, M.; Okada, K. Nitronyl Nitroxide as a Coupling Partner: Pd-Mediated Cross-coupling of

(Nitronyl nitroxide-2-ido)(triphenylphosphine)gold(I) with Aryl Halides. Chem. Lett. 2014, 43, 678–680. [CrossRef]
4. Caneschi, A.; Gatteschi, D.; Hoffman, S.K.; Laugier, J.; Rey, P.; Sessoli, R. Crystal and molecular structure, magnetic properties and

EPR spectra of a trinuclear copper(II) complex with bridging nitronyl nitroxides. Inorg. Chem. 1988, 27, 2390–2392. [CrossRef]
5. Caneschi, A.; Ferraro, F.; Gatteschi, D.; Rey, P.; Sessoli, R. Structure and magnetic properties of a chain compound formed by

copper(II) and a tridentate nitronyl nitroxide radical. Inorg. Chem. 1991, 30, 3162–3166. [CrossRef]
6. Caneschi, A.; Gatteschi, D.; Sessoli, R.; Rey, P. Structure and magnetic properties of a ring of four spins formed by manganese(II)

and a pyridine substituted nitronyl nitroxide. Inorg. Chim. Acta 1991, 184, 67–71. [CrossRef]
7. Fegy, K.; Sanz, N.; Luneau, D.; Belorizky, E.; Rey, P. Proximate Nitroxide Ligands in the Coordination Spheres of Manganese(II)

and Nickel(II) Ions. Precursors for High-Dimensional Molecular Magnetic Materials. Inorg. Chem. 1998, 37, 4518–4523. [CrossRef]
8. Romanov, V.; Tretyakov, E.; Selivanova, G.; Li, J.; Bagryanskaya, I.; Makarov, A.; Luneau, D. Synthesis and Structure of Fluorinated

(Benzo[d]imidazol-2-yl)methanols: Bench Compounds for Diverse Applications. Crystals 2020, 10, 786. [CrossRef]
9. Romanov, V.; Bagryanskaya, I.; Gritsan, N.; Gorbunov, D.; Vlasenko, Y.; Yusubov, M.; Zaytseva, E.; Luneau, D.; Tretyakov, E.

Assembly of Imidazolyl-Substituted Nitronyl Nitroxides into Ferromagnetically Coupled Chains. Crystals 2019, 9, 219. [CrossRef]
10. Mikuriya, M.; Tanaka, K.; Handa, M.; Hiromitsu, I.; Yoshioka, D.; Luneau, D. Adduct complexes of ruthenium(II,III) propionate

dimer with pyridyl nitroxides. Polyhedron 2005, 24, 2658–2664. [CrossRef]
11. Luneau, D.; Rey, P. Magnetism of metal-nitroxide compounds involving bis-chelating imidazole and benzimidazole substituted

nitronyl nitroxide free radicals. Coord. Chem. Rev. 2005, 249, 2591–2611. [CrossRef]
12. Sutter, J.-P.; Kahn, M.L.; Golhen, S.; Ouahab, L.; Kahn, E.O. Synthesis and Magnetic Behavior of Rare-Earth Complexes with

N,O-Chelating Nitronyl Nitroxide Triazole Ligands: Example of a [GdIII{Organic Radical}2] Compound with anS=9/2 Ground
State. Chem. Eur. J. 1998, 4, 571–576. [CrossRef]

13. Luneau, D.; Stroh, C.; Cano, J.; Ziessel, E.R. Synthesis, Structure, and Magnetism of a 1D Compound Engineered from a Biradical
[5,5′-Bis(3”-oxide-1”-oxyl-4”,4”,5”,5”-tetramethylimidazolin-2”-yl)-2,2′-bipyridine] and Mn II (hfac) 2. Inorg. Chem. 2005, 44,
633–637. [CrossRef]

14. Hase, S.; Shiomi, D.; Sato, K.; Takui, T. Phenol-substituted nitronyl nitroxide biradicals with a triplet (S = 1) ground state. J. Mater.
Chem. 2001, 11, 756–760. [CrossRef]

68



Molecules 2022, 27, 3218

15. Petrov, P.A.; Tret"yakov, E.V.; Romanenko, G.; Ovcharenko, V.I.; Sagdeev, R.Z. Seven-membered metallocycle in the CuIIcomplex
with deprotonated 2-(2-hydroxy-3-nitrophenyl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazole-1-oxyl 3-oxide. Bull. Acad. Sci.
USSR Div. Chem. Sci. 2004, 53, 109–113. [CrossRef]

16. Liu, R.; Liu, L.; Fang, D.; Xu, J.; Zhao, S.; Xu, W. Synthesis, Structure, and Magnetic Properties of Two Novel Dinuclear Complexes
involving Lanthanide-phenoxo Anion Radical. J. Inorg. Gen. Chem. 2015, 641, 728–731. [CrossRef]

17. Spinu, C.A.; Pichon, C.; Ionita, G.; Mocanu, T.; Calancea, S.; Raduca, M.; Sutter, J.-P.; Hillebrand, M.; Andruh, M. Synthesis, crystal
structure, magnetic, spectroscopic, and theoretical investigations of two new nitronyl-nitroxide complexes. J. Coord. Chem. 2021,
74, 279–293. [CrossRef]

18. Cassaro, R.; Friedman, J.; Lahti, P.M. Copper(II) coordination compounds with sterically constraining pyrenyl nitronyl nitroxide
and imino nitroxide. Polyhedron 2016, 117, 7–13. [CrossRef]

19. Haraguchi, M.; Tretyakov, E.; Gritsan, N.; Romanenko, G.; Gorbunov, D.; Bogomyakov, A.; Maryunina, K.; Suzuki, S.; Kozaki,
M.; Shiomi, D.; et al. (Azulene-1,3-diyl)-bis(nitronyl nitroxide) and (Azulene-1,3-diyl)-bis(iminonitroxide) and Their Copper
Complexes. Chem. Asian J. 2017, 12, 2929–2941. [CrossRef]

20. Fidan, I.; Luneau, D.; Ahsen, V.; Hirel, C. Revisiting the Ullman’s Radical Chemistry for Phthalocyanine Derivatives. Chem. A Eur.
J. 2018, 24, 5359–5365. [CrossRef]

21. Önal, E.; Fidan, I.; Luneau, D.; Hirel, C. Through the challenging synthesis of tetraphenylporphyrin derivatives bearing nitroxide
moieties. J. Porphyr. Phthalocyanines 2019, 23, 584–588. [CrossRef]

22. Fidan, I.; Önal, E.; Yerli, Y.; Luneau, D.; Ahsen, V.; Hirel, C. Synthetic Access to a Pure Polyradical Architecture: Nucleophilic
Insertion of Nitronyl Nitroxide on a Cyclotriphosphazene Scaffold. ChemPlusChem 2017, 82, 1384–1389. [CrossRef] [PubMed]

23. Morozov, V.; Tretyakov, E. Spin polarization in graphene nanoribbons functionalized with nitroxide. J. Mol. Model. 2019, 25, 58.
[CrossRef] [PubMed]

24. Lecourt, C.; Izumi, Y.; Maryunina, K.; Inoue, K.; Bélanger-Desmarais, N.; Reber, C.; Desroches, C.; Luneau, D. Hypersensitive
pressure-dependence of the conversion temperature of hysteretic valence tautomeric manganese–nitronyl nitroxide radical
2D-frameworks. Chem. Commun. 2021, 57, 2376–2379. [CrossRef]

25. Lecourt, C.; Izumi, Y.; Khrouz, L.; Toche, F.; Chiriac, R.; Bélanger-Desmarais, N.; Reber, C.; Fabelo, O.; Inoue, K.; Desroches, C.;
et al. Thermally-induced hysteretic valence tautomeric conversions in the solid state via two-step labile electron transfers in
manganese-nitronyl nitroxide 2D-frameworks. Dalton Trans. 2020, 49, 15646–15662. [CrossRef]

26. Lannes, A.; Suffren, Y.; Tommasino, J.B.; Chiriac, R.; Toche, F.; Khrouz, L.; Molton, F.; Duboc, C.; Kieffer, I.; Hazemann, J.-L.;
et al. Room Temperature Magnetic Switchability Assisted by Hysteretic Valence Tautomerism in a Layered Two-Dimensional
Manganese-Radical Coordination Framework. J. Am. Chem. Soc. 2016, 138, 16493–16501. [CrossRef]

27. Zheludev, A.; Barone, V.; Bonnet, M.; Delley, B.; Grand, A.; Ressouche, E.; Rey, P.; Subra, R.; Schweizer, J. Spin density in a
nitronyl nitroxide free radical. Polarized neutron diffraction investigation and ab initio calculations. J. Am. Chem. Soc. 1994, 116,
2019–2027. [CrossRef]

28. Vaz, M.G.; Andruh, M. Molecule-based magnetic materials constructed from paramagnetic organic ligands and two different
metal ions. Coord. Chem. Rev. 2020, 427, 213611. [CrossRef]

29. Luneau, D.; Borta, A.; Chumakov, Y.; Jacquot, J.-F.; Jeanneau, E.; Lescop, C.; Rey, P. Molecular magnets based on two-dimensional
Mn(II)–nitronyl nitroxide frameworks in layered structures. Inorg. Chim. Acta 2008, 361, 3669–3676. [CrossRef]

30. Minguet, M.; Luneau, D.; Lhotel, E.; Villar, V.; Paulsen, C.; Amabilino, D.B.; Veciana, J. An Enantiopure Molecular Ferromagnet.
Angew. Chem. Int. Ed. 2002, 41, 586–589. [CrossRef]

31. Stumpf, H.O.; Pei, Y.; Kahn, O.; Ouahab, L.; Grandjean, D. A Molecular-Based Magnet with a Fully Interlocked Three-Dimensional
Structure. Science 1993, 261, 447–449. [CrossRef] [PubMed]

32. Bernot, K.; Pointillart, F.; Rosa, P.; Etienne, M.; Sessoli, R.; Gatteschi, D. Single molecule magnet behaviour in robust dysprosium–
biradical complexes. Chem. Commun. 2010, 46, 6458–6460. [CrossRef] [PubMed]

33. Coronado, E.; Giménez-Saiz, C.; Recuenco, A.; Tarazón, A.; Romero, F.M.; Camón, A.; Luis, F. Single-Molecule Magnetic Behavior
in a Neutral Terbium(III) Complex of a Picolinate-Based Nitronyl Nitroxide Free Radical. Inorg. Chem. 2011, 50, 7370–7372.
[CrossRef]

34. Li, H.; Jing, P.; Lu, J.; Xie, J.; Zhai, L.; Xi, L. Dipyridyl-Decorated Nitronyl Nitroxide–DyIII Single-Molecule Magnet with a Record
Energy Barrier of 146 K. Inorg. Chem. 2021, 60, 7622–7626. [CrossRef] [PubMed]

35. Sun, J.; Wu, Q.; Lu, J.; Jing, P.; Du, Y.; Li, L. Slow relaxation of magnetization in lanthanide–biradical complexes based on a
functionalized nitronyl nitroxide biradical. Dalton Trans. 2020, 49, 17414–17420. [CrossRef] [PubMed]

36. Wang, X.-L.; Li, L.-C.; Liao, D.-Z. Slow Magnetic Relaxation in Lanthanide Complexes with Chelating Nitronyl Nitroxide Radical.
Inorg. Chem. 2010, 49, 4735–4737. [CrossRef]

37. Bernot, K.; Bogani, L.; Caneschi, A.; Gatteschi, D.; Sessoli, R. A Family of Rare-Earth-Based Single Chain Magnets: Playing with
Anisotropy. J. Am. Chem. Soc. 2006, 128, 7947–7956. [CrossRef]

38. Bogani, L.; Sangregorio, C.; Sessoli, R.; Gatteschi, D. Molecular Engineering for Single-Chain-Magnet Behavior in a One-
Dimensional Dysprosium-Nitronyl Nitroxide Compound. Angew. Chem. Int. Ed. 2005, 44, 5817–5821. [CrossRef]

39. Houard, F.; Gendron, F.; Suffren, Y.; Guizouarn, T.; Dorcet, V.; Calvez, G.; Daiguebonne, C.; Guillou, O.; Le Guennic, B.; Mannini,
M.; et al. Single-chain magnet behavior in a finite linear hexanuclear molecule. Chem. Sci. 2021, 12, 10613–10621. [CrossRef]

69



Molecules 2022, 27, 3218

40. Liu, R.; Li, L.; Wang, X.; Yang, P.; Wang, C.; Liao, D.; Sutter, J.-P. Smooth transition between SMM and SCM-type slow relaxing
dynamics for a 1-D assemblage of {Dy(nitronyl nitroxide)2} units. Chem. Commun. 2010, 46, 2566–2568. [CrossRef]

41. Xie, J.; Li, H.-D.; Yang, M.; Sun, J.; Li, L.-C.; Sutter, J.-P. Improved single-chain-magnet behavior in a biradical-based nitronyl
nitroxide-Cu–Dy chain. Chem. Commun. 2019, 55, 3398–3401. [CrossRef]

42. de Panthou, F.L.; Belorizky, E.; Calemczuk, R.; Luneau, D.; Marcenat, C.; Ressouche, E.; Turek, P.; Rey, P. A New Type of Thermally
Induced Spin Transition Associated with an Equatorial.dblarw. Axial Conversion in a Copper(II)-Nitroxide Cluster. J. Am. Chem.
Soc. 1995, 117, 11247–11253. [CrossRef]

43. de Panthou, F.L.; Luneau, D.; Musin, R.; Öhrström, L.; Grand, A.; Turek, P.; Rey, P. Spin-Transition and Ferromagnetic Interactions
in Copper(II) Complexes of a 3-Pyridyl-Substituted Imino Nitroxide. Dependence of the Magnetic Properties upon Crystal
Packing. Inorg. Chem. 1996, 35, 3484–3491. [CrossRef]

44. Fedin, M.; Veber, S.; Bagryanskaya, E.; Ovcharenko, V.I. Electron paramagnetic resonance of switchable copper-nitroxide-based
molecular magnets: An indispensable tool for intriguing systems. Coord. Chem. Rev. 2015, 289–290, 341–356. [CrossRef]

45. Luneau, D. Coordination Chemistry of Nitronyl Nitroxide Radicals Has Memory. Eur. J. Inorg. Chem. 2020, 2020, 597–604.
[CrossRef]

46. Tolstikov, S.; Tretyakov, E.; Fokin, S.; Suturina, E.; Romanenko, G.; Bogomyakov, A.; Stass, D.; Maryasov, A.; Fedin, M.; Gritsan,
N.; et al. C(sp2)-Coupled Nitronyl Nitroxide and Iminonitroxide Diradicals. Chem. A Eur. J. 2014, 20, 2793–2803. [CrossRef]

47. Gurskaya, L.; Rybalova, T.; Beregovaya, I.; Zaytseva, E.; Kazantsev, M.; Tretyakov, E. Aromatic nucleophilic substitution: A case
study of the interaction of a lithiated nitronyl nitroxide with polyfluorinated quinoline-N-oxides. J. Fluor. Chem. 2020, 237, 109613.
[CrossRef]

48. Addison, A.W.; Rao, T.N.; Reedijk, J.; van Rijn, J.; Verschoor, G.C. Synthesis, structure, and spectroscopic properties of
copper(II) compounds containing nitrogen–sulphur donor ligands; the crystal and molecular structure of aqua[1,7-bis(N-
methylbenzimidazol-2′-yl)-2,6-dithiaheptane]copper(II) perchlorate. J. Chem. Soc. Dalton Trans. 1984, 7, 1349–1356. [CrossRef]

49. Hoffmann, S.K.; Hodgson, D.J.; Hatfield, W.E. Crystal structures and magnetic and EPR studies of intradimer and interdimer
exchange coupling in [M(en)3]2[Cu2Cl8]Cl2.cntdot.2H2O (M = Co, Rh, Ir) crystals. Inorg. Chem. 1985, 24, 1194–1201. [CrossRef]

50. Bream, R.A.; Estes, E.D.; Hodgson, D.J. Structural characterization of dichloro[2-(2-methylaminoethyl)pyridine]copper(II). Inorg.
Chem. 1975, 14, 1672–1675. [CrossRef]

51. Estes, E.D.; Estes, W.E.; Hatfield, W.E.; Hodgson, D.J. Molecular structure of bis[dichloro(N,N,N’,N’-tetramethylenediaminecopper(II)],
[Cu(tmen)Cl2]2. Inorg. Chem. 1975, 14, 106–109. [CrossRef]

52. Sinn, E.; Robinson, W.T. X-Ray structure analyses and magnetic correlation of four copper(II) complexes. J. Chem. Soc. Chem.
Commun. 1972, 6, 359–361. [CrossRef]

53. Colomban, C.; Philouze, C.; Molton, F.; Leconte, N.; Thomas, F. Copper(II) complexes of N3O ligands as models for galactose
oxidase: Effect of variation of steric bulk of coordinated phenoxyl moiety on the radical stability and spectroscopy. Inorg. Chim.
Acta 2018, 481, 129–142. [CrossRef]

54. Okuniewski, A.; Rosiak, D.; Chojnacki, J.; Becker, B. Coordination polymers and molecular structures among complexes of
mercury(II) halides with selected 1-benzoylthioureas. Polyhedron 2015, 90, 47–57. [CrossRef]

55. Rosiak, D.; Okuniewski, A.; Chojnacki, J. Novel complexes possessing Hg–(Cl, Br, I)· · ·O C halogen bonding and unusual Hg 2 S
2 (Br/I) 4 kernel. The usefulness of τ′4 structural parameter. Polyhedron 2018, 146, 35–41. [CrossRef]

56. Yang, L.; Powell, D.R.; Houser, R.P. Structural variation in copper(i) complexes with pyridylmethylamide ligands: Structural
analysis with a new four-coordinate geometry index, τ4. Dalton Trans. 2007, 9, 955–964. [CrossRef] [PubMed]

57. Brookhart, M.; Green, M.L. Carbon hydrogen-transition metal bonds. J. Organomet. Chem. 1983, 250, 395–408. [CrossRef]
58. Crabtree, R.H. Transition Metal Complexation ofσ Bonds. Angew. Chem. Int. Ed. 1993, 32, 789–805. [CrossRef]
59. Brookhart, M.; Green, M.L.H.; Parkin, G. Agostic interactions in transition metal compounds. Proc. Natl. Acad. Sci. USA 2007, 104,

6908–6914. [CrossRef]
60. Braga, D.; Grepioni, A.F.; Tedesco, E.; Biradha, K.; Desiraju, G.R. Hydrogen Bonding in Organometallic Crystals. 6. X−H—M

Hydrogen Bonds and M—(H−X) Pseudo-Agostic Bonds. Organometallics 1997, 16, 1846–1856. [CrossRef]
61. Mei, X.; Wang, X.; Wang, J.; Ma, Y.; Li, L.; Liao, D. Dinuclear lanthanide complexes bridged by nitronyl nitroxide radical ligands

with 2-phenolate groups: Structure and magnetic properties. New J. Chem. 2013, 37, 3620–3626. [CrossRef]
62. Tandon, S.S.; Bunge, S.D.; Patel, N.; Wang, E.C.; Thompson, L.K. Self-Assembly of Antiferromagnetically-Coupled Copper(II)

Supramolecular Architectures with Diverse Structural Complexities. Molecules 2020, 25, 5549. [CrossRef] [PubMed]
63. Crawford, V.H.; Richardson, H.W.; Wasson, J.R.; Hodgson, D.J.; Hatfield, W.E. Relation between the singlet-triplet splitting and

the copper-oxygen-copper bridge angle in hydroxo-bridged copper dimers. Inorg. Chem. 1976, 15, 2107–2110. [CrossRef]
64. Thompson, L.K.; Mandal, S.K.; Tandon, S.S.; Bridson, J.N.; Park, M.K. Magnetostructural Correlations in Bis(µ2-phenoxide)-

Bridged Macrocyclic Dinuclear Copper(II) Complexes. Influence of Electron-Withdrawing Substituents on Exchange Coupling.
Inorg. Chem. 1996, 35, 3117–3125. [CrossRef]

65. Khan, O. Molecular Magnetism; Wiley-VCH: Weinhein, Germany, 1993.
66. Rajendiran, T.M.; Kannappan, R.; Mahalakshmy, R.; Rajeswari, J.; Venkatesan, R.; Rao, P. New unsymmetrical µ-phenoxo bridged

binuclear copper(II) complexes. Transit. Met. Chem. 2003, 28, 447–454. [CrossRef]
67. Caneschi, A.; Gatteschi, D.; Rey, P. The Chemistry and Magnetic Properties of Metal Nitronyl Nitroxide Complexes. Prog. Inorg.

Chem. 1991, 39, 331–429. [CrossRef]

70



Molecules 2022, 27, 3218

68. Cogne, A.; Laugier, J.; Luneau, D.; Rey, P. Novel Square Planar Copper(II) Complexes with Imino or Nitronyl Nitroxide Radicals
Exhibiting Large Ferro- and Antiferromagnetic Interactions. Inorg. Chem. 2000, 39, 5510–5514. [CrossRef] [PubMed]

69. Chilton, N.F.; Anderson, R.P.; Turner, L.D.; Soncini, A.; Murray, K.S. PHI: A powerful new program for the analysis of anisotropic
monomeric and exchange-coupled polynucleard- andf-block complexes. J. Comput. Chem. 2013, 34, 1164–1175. [CrossRef]

70. Agilent. CrysAlis PRO; Agilent Technologies Ltd.: Yarnton, UK, 2014.
71. Sheldrick, G.M. SHELXT—Integrated space-group and crystal-structure determination. Acta Crystallogr. Sect. A Found. Adv. 2015,

71, 3–8. [CrossRef]
72. Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Crystallogr. Sect. C Struct. Chem. 2015, C71, 3–8. [CrossRef]
73. Dolomanov, O.V.; Bourhis, L.J.; Gildea, R.J.; Howard, J.A.K.; Puschmann, H. OLEX2: A complete structure solution, refinement

and analysis program. J. Appl. Cryst. 2009, 42, 339–341. [CrossRef]
74. Bourhis, L.J.; Dolomanov, O.V.; Gildea, R.J.; Howard, J.A.K.; Puschmann, H. The anatomy of a comprehensive constrained,

restrained refinement program for the modern computing environment –Olex2dissected. Acta Crystallogr. Sect. A Found. Adv.
2015, 71, 59–75. [CrossRef] [PubMed]

75. Pascal, P. Magnetochemical Researches. Ann. Chim. Phys. 1910, 19, 5–70.
76. Bain, G.A.; Berry, J.F. Diamagnetic Corrections and Pascal’s Constants. J. Chem. Educ. 2008, 85, 532. [CrossRef]

71





Citation: D’Vries, R.F.; Gomez, G.E.;

Ellena, J. Highlighting Recent

Crystalline Engineering Aspects of

Luminescent Coordination Polymers

Based on F-Elements and Ditopic

Aliphatic Ligands. Molecules 2022, 27,

3830. https://doi.org/10.3390/

molecules27123830

Academic Editor: Hiroshi Sakiyama

Received: 31 May 2022

Accepted: 13 June 2022

Published: 14 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Viewpoint

Highlighting Recent Crystalline Engineering Aspects of
Luminescent Coordination Polymers Based on F-Elements and
Ditopic Aliphatic Ligands
Richard F. D’Vries 1,* , Germán E. Gomez 2 and Javier Ellena 3

1 Facultad de Ciencias Básicas, Universidad Santiago de Cali, Calle 5 # 62-00, Cali 760035, Colombia
2 Instituto de Investigaciones en Tecnología Química (INTEQUI), Área de Química General e Inorgánica,

Facultad de Química, Bioquímica y Farmacia, Chacabuco y Pedernera, Universidad Nacional de San Luis,
Almirante Brown, 1455, San Luis 5700, Argentina; germangomez1986@gmail.com

3 São Carlos Institute of Physics, University of São Paulo, São Carlos CEP 13.566-590, SP, Brazil; javiere@ifsc.usp.br
* Correspondence: richard.dvries00@usc.edu.co

Abstract: Three principal factors may influence the final structure of coordination polymers (CPs):
(i) the nature of the ligand, (ii) the type and coordination number of the metal center, and (iii) the
reaction conditions. Further, flexible carboxylate aliphatic ligands have been widely employed as
building blocks for designing and synthesizing CPs, resulting in a diverse array of materials with
exciting architectures, porosities, dimensionalities, and topologies as well as an increasing number of
properties and applications. These ligands show different structural features, such as torsion angles,
carbon backbone number, and coordination modes, which affect the desired products and so enable
the generation of polymorphs or crystalline phases. Additionally, due to their large coordination
numbers, using 4f and 5f metals as coordination centers combined with aliphatic ligands increases
the possibility of obtaining different crystal phases. Additionally, by varying the synthetic conditions,
we may control the production of a specific solid phase by understanding the thermodynamic and
kinetic factors that influence the self-assembly process. This revision highlights the relationship
between the structural variety of CPs based on flexible carboxylate aliphatic ligands and f-elements
(lanthanide and actinides) and their outstanding luminescent properties such as solid-state emissions,
sensing, and photocatalysis. In this sense, we present a structural analysis of the CPs reported with
the oxalate ligand, as the one rigid ligand of the family, and other flexible dicarboxylate linkers with
–CH2– spacers. Additionally, the nature of the luminescence properties of the 4f or 5f -CPs is analyzed,
and finally, we present a novel set of CPs using a glutarate-derived ligand and samarium, with the
formula [2,2′-bipyH][Sm(HFG)2 (2,2′-bipy) (H2O)2]•(2,2′-bipy) (α-Sm) and [2,2′-bipyH][Sm(HFG)2

(2,2′-bipy) (H2O)2] (β-Sm).

Keywords: coordination polymers; f-elements; luminescence

1. Introduction

Coordination polymers are composed of a rational combination of metallic centers
(connectors) and organic ligands, resulting in extended 1D, 2D, or 3D structures [1,2].
Many classifications have been assigned to these materials, depending on their structure,
dimensionality, porosity, catalytic capacity, etc. [1,3,4]. However, in this work, we will focus
on the nature of the aliphatic ligand in combination with 4f and 5f elements to yield a
plethora of crystalline coordination polymers (CPs). These materials have been extensivelt
studied in recent decades due to their multifunctional properties, which are intimately
related to their structural features [5–7]. Properties such as luminescence, catalysis, sensing,
gas storage, and drug delivery were thoroughly investigated, becoming mature areas [8–21].

Moreover, the use of metallic connectors from 4f and 5f metals allows the develop-
ment of materials with unique optical properties derived from their pure color emis-
sion, fine line f-transitions, and variable lifetime values depending on the desirable
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applications [12,15,22,23]. Additionally, the high coordination numbers and the oxophilic
nature of these metallic centers [24,25] allow us to combine these ions with flexible car-
boxylate aliphatic ligands and build a “toolbox” to construct families of novel crystalline
structures [26]. This work discusses some outstanding examples in structural variety of CPs
using ditopic flexible ligands [−OOC-(CH2)n-COO−] and the role of the oxalate ligand as
the first member of the dicarboxylate family, focusing on their luminescent properties, as
well as applications such as dye photocatalysis and chemical and thermal sensing in Ln-CPs
or An-CPs (Ln = lanthanides and An = actinides). Additionally, we present two novel
crystalline phases of CPs obtained from the combination of hexafluorglutaric acid (H2HFG)
and samarium ions.

2. Discussion
2.1. Coordination Polymers Based on Oxalate Linker

In this highlight, we will analyze the entire family of aliphatic dicarboxylate ligands, from
oxalate to dodecanedioate, used as ligands in the formation of CPs. The analysis on Cambridge
Crystallographic Data Centre (CCDC) during the last two decades shows a small number of
entries with a decreasing number of reported structures as the length of the carbon backbone
increases (Figure 1). This trend is attributed to a higher degree of freedom and flexibility when
chain length increases, which restricts or decreases the chance of crystallization.
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In this sense, it is important to consider the nature of the sp3 covalent bond along the
aliphatic chains, which has the ability to rotate along the C–C bond. This degree of freedom
in the simple bond enables the formation of multiple conformers. The amount of conformers
for a particular aliphatic linker is directly related to the carbon number and carboxylate
coordination modes. The use of ditopic aliphatic ligands in the synthesis of CPs is limited
by the stability of the conformer, the size of the ligand and the architecture of the polymer.
Additionally, it is important to note the high number of reports with short dicarboxylates
(carbon numbers between 2 and 5, Figure 1) forming Ln-CPs or An-CPs (Ln = lanthanides
and An = actinides) [27–30]. The oxalate anion is not a flexible ligand and contributes with
rigidity and stability in the resulting CP. In fact, this molecule has been found in biologic
systems [31], in materials such as electronic and luminescent devices [32,33], drugs [34],
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and minerals [35,36]. Additionally, the use of this ligand in combination with Ln and An
metals as a toolbox to obtain CPs dates back to the 1980s, where Kahwa et al. [37] reported
a family of isostructural 1D structures with the general formula K3[Ln(ox)3(OH2)]·2H2O,
(Ln = Nd, Sm, Eu, Gd, Tb). Additionally, Alexander et al. [38] reported a 2D terbium oxalate
with lanthanide-centered green luminescence at 543 nm by exciting the sample at 369 nm.
The observed signals correspond to the most intense forbidden f–f transition of terbium
ions exhibiting an optical performance without ligand sensitization, comparable to the
commercial green phosphors [38].

The general use of this ligand is extended to mixtures of two or more ligands using
oxalate and auxiliary ligands. The combination of two types of linkers is extensively
used since it allows the presence of a structural ligand and a functional one allowing the
formation of CPs with improved properties such as luminescence or catalysis. Indeed,
approximately 69% of the CCDC entries found in this work (Figure 1) present a combination
of ligands. One example of this trend is the work by Xu et al. [39], where they used a
combination of aromatic ligands as 4-(4-carboxyphenoxy)-isophthalic acid (cphtH3) and
1,10-phenanthroline (phen) as an ancillary to form a highly stable luminescent 3D CPs [39].
These compounds produce green (Tb), white (Sm), blue (Dy) and red (Eu) emissions.
Additionally, based on the excellent luminescence of the Eu-MOF produced, the compound
was tested for quercetin and Fe3+ ion sensing based on quenching processes [39].

Moreover, studies of An-CPs based on uranyl or thorium ions have been explored in
the last decade, mostly due to their potential applications as light emitters for sensing and
photocatalysis, and the variety of novel achieved architectures [22,40–49]. Furthermore,
the rational combination of O-donor with the uranyl cation [UO2]2+ coordination modes
has led to the formation of an important number of new organic–inorganic connectivity
with different dimensionalities and nuclearities of uranyl-centered building units [50–54].
These assemblies are commonly obtained by employing O-donor-chelating agents such
as polycarboxylic acids. In spite of that, the formation of An-CPs is scarce and just 5.9%
of all the structures reported in the CCDC search present the oxalate anion (Figure 2).
The formation of new structures with these components could open a wide research area
of functional compounds derived from the nuclear activity [55,56].
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2.2. Flexible Linkers with –CH2– Spacers

The torsion angle of the most used ligands in the synthesis of CP is shown in Figure 3,
where the oxalate ligand is a planar ligand, whereas malonate and succinate show a
wide range of O–C–C–O torsion angle values. Thus, the degree of freedom around
the sp3 carbon as well as the coordination modes enables the formation of multiple
phases with a slight change in the reactions conditions. Cañadillas-Delgado et al. [58],
Chrysomallidou et al. [59], and Delgado et al. [29] reported that malonate compounds show
different dimensionalities, coordination modes, and carbonyl–carbonyl torsion angles ac-
cording to the synthetic methodology. These findings describe the synthesis of compounds
with a 2D and 3D topology by solvothermal reactions, slow diffusion of the reagents in
metasilacate gel and slow evaporation of the solvent. From a crystal engineering point of
view, it is possible to modify the structural features using different synthetic methodolo-
gies, reaction conditions and use of ancillary ligands [60]. Within the most used synthetic
techniques are (i) hydro or solvothermal synthesis, (ii) slow solvent evaporation, (iii) gel
diffusion, (iv) mechanochemical, and (v) microwave-assisted synthesis [61–67]. It has been
observed that the use of methodologies that involve the application of energy favors the
formation of structures that are more compact, with more complex coordination modes
and high dimensionalities [68]. In the case of methodologies involving low energy, they
generate low-dimensionality structures with simpler coordination modes. On other hand,
the use of guest molecules acting as templates refers to the presence of organic molecules or
solvent molecules giving space for the formation of cavities into the coordination poly-
mer [69]. Guest molecules can be small and isolated species included in the CP structure
and non-coordinated to the metal that allow the formation of cavities [67,70–72].
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In our group, we have carried out studies involving the formation of four different
phases of Ln-succinate compounds by solvothermal reaction conditions [73], using the
template effect or guest molecule acting as a template of aromatic solvents as toluene, and aro-
matic organic molecules as 5-sulfosalicylate (5-SSA3−). These guest molecules are directly
involved in the formation of CPs with large pores or cavities, unlike using conventional
protic or organic solvents. Additionally, interesting reviews dedicated to the formation of
CPs based on succinate ligands with 2D and 3D structures involving different topologies
and applications, show the use of these type of ligands in the design of multifunctional
CPs [74]. The use of aliphatic linkers such as 2-methylsuccinates and 2-phenysuccinates
can efficiently separate the lanthanide ions in order to avoid concentration quenching and
giving rise lanthanide-centered emissions upon direct excitation into the 4f levels. The
fine lanthanide emissions were enough to use the materials as solid-state emitters, thermal
sensors and chemical sensors for small molecules [42,75]. Additionally, it is important
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to highlight the variety of coordination modes found reports employing flexible ditopic
ligands [55,76,77], as shown in Figure 4.
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2.3. The Luminescent Properties of 4f-5f Compounds

According to the vast literature on luminescent materials, their properties can be
explored by the following studies [78]: (1) excitation and emission spectra; (2) quantum
yield (QYs) determinations, and (3) experimental or observed lifetime (τ) of emission.
Additionally, the attenuation of luminescence experienced by certain materials is known as
quenching of luminescence and can be derived from structural features as well as from external
parameters. The contributions of non-radiative pathways mainly include electron transfer
quenching, back-energy transfer to the sensitizer as well as quenching by organic vibrations
from the linkers (C-H, O-H, N-H) [79]. Among lanthanide ions, Sm3+, Eu3+, Gd3+, Tb3+

and Dy3+ are preferred ions for optical device implementation and optoelectronics due to
their intense, long-lived and fine emissions into the visible region [12,32,80]. Additionally,
Er3+, Ho3+, Yb3+ and Tm3+ ions are suitable ions for up-conversion emissions into visible
and near-infrared regions [81,82].

The complete review by Bernini and colleagues highlights the contributions of diverse
lanthanide-succinate-derived structures with applications in solid-state lighting, sensing,
and catalysis [74]. In this report, the authors mention the impact of aryl and alkyl substitute
succinate ligands on the final dimension of the crystalline structure and also on the final
property. On the other hand, the improved performance can be assessed by a correct
selection of building blocks that allows a correct energy gap between the lanthanide ions
and the exited states (singlet or triplet) from the linkers.

In general, materials constructed by aryl-derivate linkers or by incorporating auxiliary
aromatic ligands (i.e., 1,10-phenanthroline, 2,2′-bipyridine, etc.) show better emission
efficiency than the solely ditopic-based materials [53]. One example is phthalate ligand
sensitization to improve Eu/Tb luminescence and metal-to-metal energy transfer in mixed
[Ln(adipate)0.5(phth)(H2O)2] compounds, being used as thermometers in the 303–423 K
range [83].

From 2018, we can mention remarkable contributions employing lanthanide-succinate
compounds by Professor Narda’s group. They report the synthesis of a bidimensional
mixed structure Tb3+@Y-succ-sal (succ = succinate, sal = salycilate) with the particularity of
producing reactive oxygen species upon UV excitation in aqueous suspensions, allowing
the photodynamic inactivation of Candida albicans culture by intersystem crossing mecha-
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nisms [84]. In 2022, the same group reported the use of doped Yb3+/Er3+/Gd3+@Y-succ-sal
systems as sacrificial materials to obtain Yb3+/Er3+/Gd3+@Y2O3 and finally deposit them
onto glass substrates for thin film implementation (Figure 5) [85]. The red emissions derived
from up-conversion processes by exciting into the near-infrared region yielded τ values
ranging from 144 to 300 µs.
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Further, uranyl emission is originated from a ligand to metal charge transfer (LMCT) by
exciting an electron from non-bonding 5fδ, 5fϕ uranyl orbitals to uranyl–oxygen bonding
orbitals (σu, σg, πu, πg) [86], which is further coupled to “yl” vibrational (S11 → S01 and
S10 → S0ν [ν = 0–4]) states of the U=O axial bond [87]. Its phosphorescence is often
characterized by green emission, which manifests as four to six vibronically coupled peaks
(up to 12) in the 400–650 nm range.

As shown in lanthanide-flexible compounds, uranyl versions can be explored in
interesting applications such as photocatalysis and sensing. This is achievable due to its
high water stability, repeatability, and bright emission into the visible region, showing a
bright future for uranyl-CPs.

In this case, we can highlight the UNSL-1 (Universidad Nacional de San Luis) com-
pound, [(UO2)2(phen)(succ)0.5(OH) (µ3-O)(H2O)]·H2O, which corresponds to a 1D co-
ordination polymer formed by tetramer units of uranyl ions, decorated by coordinated
1,10-phenanthroline molecules and connected by succinate ligands into the [–1 0 1] di-
rection [22]. The phen plays the role of a suitable antenna molecule to store UV energy
and then transfer it to the uranyl ions, yielding a bright green emission into the visible
region (see Figure 6). For these optical features, UNSL-1 material was employed as a
photocatalyst for methylene blue degradation upon sunlight excitation. Additionally, the
material was used as a sensor toward metallic ions in aqueous media, exhibiting sensitivity
under Fe2+ ions.

Molecules 2022, 27, 3830 7 of 15 
 

 

Further, uranyl emission is originated from a ligand to metal charge transfer (LMCT) 
by exciting an electron from non-bonding 5fδ, 5fφ uranyl orbitals to uranyl–oxygen bond-
ing orbitals (σu, σg, πu, πg) [86], which is further coupled to “yl” vibrational (S11 → S01 and 
S10 → S0ν [ν = 0–4]) states of the U=O axial bond [87]. Its phosphorescence is often charac-
terized by green emission, which manifests as four to six vibronically coupled peaks (up 
to 12) in the 400–650 nm range. 

As shown in lanthanide-flexible compounds, uranyl versions can be explored in in-
teresting applications such as photocatalysis and sensing. This is achievable due to its high 
water stability, repeatability, and bright emission into the visible region, showing a bright 
future for uranyl-CPs. 

In this case, we can highlight the UNSL-1 (Universidad Nacional de San Luis) com-
pound, [(UO2)2(phen)(succ)0.5(OH) (μ3-O)(H2O)]·H2O, which corresponds to a 1D coordination 
polymer formed by tetramer units of uranyl ions, decorated by coordinated 1,10-phenanthro-
line molecules and connected by succinate ligands into the [–1 0 1] direction [22]. The phen 
plays the role of a suitable antenna molecule to store UV energy and then transfer it to the 
uranyl ions, yielding a bright green emission into the visible region (see Figure 6). For these 
optical features, UNSL-1 material was employed as a photocatalyst for methylene blue deg-
radation upon sunlight excitation. Additionally, the material was used as a sensor toward me-
tallic ions in aqueous media, exhibiting sensitivity under Fe2+ ions. 

 
Figure 6. View of the infinite chains along the [−1, 0, 1] direction. CIE x, y chromaticity of UNSL-1 
compound in the suspension and solid states (77 and 298 K), Adapted from Ref. [18]. 

2.4. Sm-Hexafluoroglutarato CPs 
Glutaric acid is a long, flexible carboxylic ligand with –CH2– spacers (polymethylene 

groups) with a size chain of approximately 7 Å. Similarly, the glutarate presents a wide 
range of C–C–C–O torsion angles as well as different configurations around the methylene 
scaffold [88–90]. According to Kumar et al. [30], it is interesting to differentiate between 
two types of compounds: (i) those without ancillary co-ligands and (ii) those with ancil-
lary co-ligand [30]. Further, there is one report of complexes formed with H2HFG ligand 
[91], with Eu3+ and Tb3+ ions giving rise to dimeric assemblies with the formula 
[Ln2(HFG)2(phen)4(H2O)6]. · HFG · 2H2O (where Ln = Eu or Tb). In the mentioned work, 
the phen molecule locks the coordination positions in the metal ions, limiting the dimen-
sionality of the final product.  

Here, we present a novel set of CPs using a glutarate-derived ligand and samarium, 
with the formulae [2,2’-bipyH][Sm(HFG)2 (2,2’-bipy) (H2O)2]•(2,2’-bipy) (α-Sm) and [2,2’-
bipyH][Sm(HFG)2 (2,2’-bipy) (H2O)2] (β-Sm). The ORTEP diagrams of the asymmetric 
units of both compounds are shown in Figure 7, and the crystallographic and refinement 
data are shown in Table 1. 

Figure 6. View of the infinite chains along the [−1, 0, 1] direction. CIE x, y chromaticity of UNSL-1
compound in the suspension and solid states (77 and 298 K), Adapted from Ref. [18].

78



Molecules 2022, 27, 3830

2.4. Sm-Hexafluoroglutarato CPs

Glutaric acid is a long, flexible carboxylic ligand with –CH2– spacers (polymethy-
lene groups) with a size chain of approximately 7 Å. Similarly, the glutarate presents a
wide range of C–C–C–O torsion angles as well as different configurations around the
methylene scaffold [88–90]. According to Kumar et al. [30], it is interesting to differentiate
between two types of compounds: (i) those without ancillary co-ligands and (ii) those with
ancillary co-ligand [30]. Further, there is one report of complexes formed with H2HFG
ligand [91], with Eu3+ and Tb3+ ions giving rise to dimeric assemblies with the formula
[Ln2(HFG)2(phen)4(H2O)6]. · HFG · 2H2O (where Ln = Eu or Tb). In the mentioned
work, the phen molecule locks the coordination positions in the metal ions, limiting the
dimensionality of the final product.

Here, we present a novel set of CPs using a glutarate-derived ligand and samarium,
with the formulae [2,2′-bipyH][Sm(HFG)2 (2,2′-bipy) (H2O)2]•(2,2′-bipy) (α-Sm) and [2,2′-
bipyH][Sm(HFG)2 (2,2′-bipy) (H2O)2] (β-Sm). The ORTEP diagrams of the asymmetric
units of both compounds are shown in Figure 7, and the crystallographic and refinement
data are shown in Table 1.
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Table 1. Crystallographic data and refinement parameters for α-Sm and β-Sm compounds.

α-Sm β-Sm

Empirical formula C35H24F12N5O10Sm C30H21F12N4O10Sm
Formula weight (g/mol) 1052.94 975.86

Crystal system triclinic triclinic
Space group Pı̄ Pı̄

a/Å 10.5754(4) 10.7751(10)
b/Å 12.8624(5) 13.3601(15)
c/Å 15.5452(7) 14.5413(17)
α(◦) 70.371(4) 105.535(5)
β(◦) 77.786(3) 98.863(5)
γ(◦) 76.070(3) 114.104(5)

Volume/Å3 1913.23(13) 1756.4(3)
Z 2 2

ρcalc mg/mm3 1.828 1.845
µ/mm−1 1.658 1.797

F(000) 1038 958
2θ range for data collection/◦ 5.04 to 69.18 6.31 to 51

Reflections collected 49,281 11,855
Independent reflections 15,269 6533

Data/restraints/parameters 15,269/12/570 6533/676/561
Goodness of fit on F2 1.161 0.969

Final R index [I>2σ(I)] 0.0550 0.0522
Largest diff. Peak/hole/e.Å−3 1.75/−1.66 1.13/−1.00
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In both cases, α-Sm and β-Sm are formed by one crystallographically independent
nine-coordinated Sm(III) center surrounded by two nitrogen atoms from a 2,2′-bipy, and
seven oxygen atoms belonging to two HFG ligands and two water molecules to form a
distorted trigonal prism, square-face tricapped polyhedron. In the first case, it is possible
to observe one free 2,2′-bipy and a half protonated 2,2′-bipy (2,2′-bipyH) in the asymmetric
unit, while just one protonated (2,2′-bipyH) molecule is presented in β-Sm. However, in
both cases, the HFG ligand acts as a bridge between metallic centers through the µ2κ

3 and
µ2κ

2 coordination modes, giving raise to 1D CPs. In α-Sm, chains grow along the [0 0 1]
direction, whereas chains in β-Sm grow along the [1 1 1] direction (Figure 8). The presence
of 2,2′-bipy and 2,2′-bipyH is observed in the inter-chain space, where they play role of
counter ions as well as in the stabilization of the crystal packing.
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As was previously mentioned, the synthesis conditions as well as the flexibility of
the ligand and coordination modes determine the presence of different crystalline phases.
In this case, the reaction conditions allow the formation of two crystalline phases, where
there are clearly observed structural differences around the HFG ligand. Both structures
have two HFG ligands coordinated to the metal center, but the carboxylate torsion angle
with respect to the C–C scaffold significantly changes, as it is presented in Figure 9.
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3. Materials and Methods

A Cambridge Structural Database (CSD) search was performed in CSD 2021.2 (Novem-
ber 2021) using Conquest software (version 2021.20). To compute Ln and An complexes
with ditopic ligands, we used the formula [M(ditopic)] as a query in the general search.

3.1. Synthesis of [2,2′-bipyH][Sm(HFG)2 (2,2′-bipy) (H2O)2]•(2,2-bipy) and
[2,2′-bipyH][Sm(HFG)2 (2,2′-bipy) (H2O)2]

Both compounds were synthesized by mixing Sm(NO3)3.6H2O, H2HFG and 2,2′-
bipyridine in a 0.1:0.15:0.2 millimolar ratio in 4 mL of water. After that, a white suspension
was achieved and one drop of concentrated nitric acid (65%) was added in order to obtain
a transparent solution. Then, the mixture was left to stand at room temperature for slow
solvent evaporation. After three months, the crystalline product was washed with distilled
water and dried at room temperature (yield: 45 mg).

3.2. Single-Crystal X-ray Diffraction (SCXRD) for Structure Determination

SCXRD data for α-Sm were collected at room temperature (293(2) K) using MoKα
radiation (0.71073 Å) monochromated by graphite on a Rigaku XTALAB-MINI diffrac-
tometer. The unit cell determination as well as the final cell parameters were obtained
on all reflections using CrysAlisPro software [92]. Data collection strategy, integration
and scaling were performed using CrysAlisPro software [92]. B-Sm was collected at room
temperature (293(2) K) using MoKα radiation (0.71073 Å) monochromated by graphite on
an Enraf–Nonius Kappa-CCD diffractometer. The initial cell refinements were performed
using the software Collect [93] and Scalepack [94], and the final cell parameters were
obtained on all reflections. Data reduction was carried out using the software Denzo-SMN
and Scalepack [94].
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The structures were solved and refined with SHELXT [95], and SHELXL [96], soft-
ware, respectively, including in Olex2 [97]. In all cases, non-hydrogen atoms were clearly
resolved and full-matrix least-squares refinement with anisotropic thermal parameters
was performed. In addition, hydrogen atoms were stereochemically positioned and re-
fined using the riding model in all cases [98]. The Mercury [99] program was used for
the preparation of artwork. The structures were deposited in the CCDC database un-
der the codes 2159499-2159500. Copies of the data can be obtained, free of charge, via
www.ccdc.cam.ac.uk (accessed on 16 May 2022).

4. Conclusions

Although considerable research has been conducted on the design of new CPs, the
use of flexible ditopic aliphatic ligands as structural support or even as a sensitizer for
luminescence remains a viable strategy to developing a new generation of optically efficient
Ln-CP- and An-CP-based materials. Combining aliphatic and aromatic auxiliary ligands or
space holders seems to be a promising route for developing novel materials with lumines-
cent properties. Additionally, the synthesis conditions as well as the diverse methodology
approaches determine the variations in the promotion of ligand motion, which may result
in the formation of different crystal structures and dimensionalities. One example of the use
of a flexible ditopic ligand is shown in this work, where two CPs obtained at room tempera-
ture employ a hexafluoroglutarate ligand and samarium, [2,2′-bipyH][Sm(HFG)2 (2,2′-bipy)
(H2O)2]•(2,2′-bipy) (α-Sm) and [2,2′-bipyH][Sm(HFG)2 (2,2′-bipy) (H2O)2] (β-Sm), and
are reported for the first time herein. Although the chemistry of flexible ligand-based CPs
is in constant growth, few studies on their incorporation into composites have been re-
ported. As such, the future of Ln- and An-CPs is bright in terms of mesmerizing crystalline
structures and exciting applications over the next decades.
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Abstract: Adsorption of carbon dioxide (CO2), as well as many other kinds of small molecules,
is of importance for industrial and sensing applications. Metal-organic framework (MOF)-based
adsorbents are spotlighted for such applications. An essential for MOF adsorbent application is
a simple and easy fabrication process, preferably from a cheap, sustainable, and environmentally
friendly ligand. Herein, we fabricated a novel structural, thermally stable MOF with fluorescence
properties, namely Zn [5-oxo-2,3-dihydro-5H-[1,3]-thiazolo [3,2-a]pyridine-3,7-dicarboxylic acid
(TPDCA)] • dimethylformamide (DMF) •0.25 H2O (coded as QUF-001 MOF), in solvothermal
conditions by using zinc nitrate as a source of metal ion and TPDCA as a ligand easy accessible
from citric acid and cysteine. Single crystal X-ray diffraction analysis and microscopic examination
revealed the two-dimensional character of the formed MOF. Upon treatment of QUF-001 with organic
solvents (such as methanol, isopropanol, chloroform, dimethylformamide, tetrahydrofuran, hexane),
interactions were observed and changes in fluorescence maxima as well as in the powder diffraction
patterns were noticed, indicating the inclusion and intercalation of the solvents into the interlamellar
space of the crystal structure of QUF-001. Furthermore, CO2 and CH4 molecule sorption properties
for QUF-001 reached up to 1.6 mmol/g and 8.1 mmol/g, respectively, at 298 K and a pressure
of 50 bars.

Keywords: MOF; citric acid derivative; TPDCA

1. Introduction

Carbon dioxide sequestration technology is in line with recommendations of the IPCC
Special Report, which set a goal for the reduction of global carbon dioxide emissions by
about 45% by 2030 and achievement of net-zero by 2050 compared to 2010 levels [1,2]. Ad-
ditionally, as greenhouse gases have a direct impact on human health and the environment,
safe separation of hazardous gases such as methane and carbon dioxide is essential but tech-
nically challenging [3–6]. In order to strengthen the renewable gas separation technology,
there have been several attempts focused on the use of various biomolecule-based (citric,
malic, and lactic acid) materials [7–9]. Similarly, Zn ion-based metal-organic frameworks
(MOFs) were gaining interest in gas capturing and separation applications [10–12].

In general, MOFs have drawn keen research interest as a family of crystalline materials;
they consist of inorganic metal ions connected with organic ligands such as carboxylate,
phosphonate or heteroaromatics and others [13,14]. The coordination ability of the ligands is
the main factor that determines the assembly of MOFs into one-, two-, or three-dimensional
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architectures that subsequently dictate their properties and possible application [15–17].
Due to tunable architecture, high surface area, and porosity [18], MOFs have already found
vast utilization in catalysis [19], gas storage [20] and separation [21], (bio)imaging, drug
delivery, optoelectronics, and sensing [22,23]. One of the important classes of MOFs is the
luminescent type, where fluorescence or phosphorescence results from the absorption of
light at a radiative excitation state that leads to photon emission. Inherent porosity and
a precise crystal structure are advantages that determine the selectivity of interaction for
sensing applications of luminescent MOFs [24], which can be used for sensing explosives,
ions, biomolecules, toxic and volatile organic compounds, temperature, pH, etc. [25,26].
Luminescence can originate from the organic linker and metal node [27] as the luminescent
part or by inserting luminescent guest molecules [28]. One of the most commonly studied
origins of luminescence in MOFs is emission from the organic linker, where the ligand
molecule acts as a rigid structural component and simultaneously provides the emissive
character of the structure. Thus, such ligands as a building moiety are one of the most
crucial components of luminescent MOFs, and there is high demand for cheap, sustainable,
and environmentally benign ligands with tailored properties.

Citric acid is a natural, sustainable, cheap, and functional low-molecular-weight car-
bon source [29]. Recently, there has been extensive research interest in citric acid-based
functional materials [30–32], such as citric-based carbon dots; this molecule was also iden-
tified as a source of a low-molecular-weight fluorophore formed under certain synthetic
conditions [33–36], as well as major luminescent molecular fluorophore [37–39]. This is
because citric acid can form stable fluorophore derivatives by reaction with amines [40],
α,β-diamines, α-amino acids, and α,β-heteroatom amines [41]. Thus, dicarboxylic acid
derivatives as potential ligands for MOFs can be prepared in reaction with some multifunc-
tional natural amino acids. In the reaction of citric acid with natural amino acid L-cysteine,
5-oxo-2,3-dihydro-5H-[1,3]-thiazolo [3,2-a]pyridine-3,7-dicarboxylic acid (TPDCA) [42,43]
has been synthesized and further applied as a component of fluorescent biodegradable
polymers [44,45] and other soft materials [46–49]. TPDCA also has been identified as a key
component for induction of gelation of natural polysaccharide-alginate [50] and related
carbon dots [51,52]. In this work, TPDCA was employed as a ligand for the formation of
different MOF structures. The crystal structure was confirmed for Zn-based structure as
QUF-001, and used for solvent interaction investigation. Moreover, carbon dioxide and
methane gases have been successfully tested to quantify the adsorption–desorption range
in prepared Zn-based QUF-001 structures at high pressures and temperatures.

2. Results and Discussion

Zn-, Cu- and Fe-based MOFs were synthesized using the TPDCA ligand, and the
obtained samples were coded as QUF-001, QUF-002 and QUF-003, respectively (Figure S1).
The three MOF samples were prepared using DMF as a solvent as well as a base precursor
for carboxylate formation in solvothermal conditions. The three central elements were
chosen on the basis of their respective importance in the human body, as they can lead to
essential bio-inorganic materials [53–55]. These different central metal nodes were expected
to result in slightly different geometry and open channels in the host crystal structure.

X-ray powder diffraction (XRPD) patterns of the prepared samples are depicted in
Figure 1a. Only the Zn-MOF (QUF-001) was well-crystallized with sharp diffraction peaks.
Therefore, a full pattern matching was performed on this MOF only, using the JANA
2006 program, which confirmed the purity of this compound as depicted in Figure S2.
Furthermore, the refined cell parameters were in good agreement with those obtained from
single crystal XRD data (Table 1). The Cu-MOF (QUF-002), although formed, was not as
well-crystallized as the Zn-based one, as its XRPD pattern (Figure 1a) showed significant
peak broadening. The crystal structure of Cu-MOF could not be solved from XRPD, and all
attempts to grow single crystals failed. No diffraction peaks were observed for Fe-based
QUF-003, which indicated that the sample was amorphous and the Fe-MOF was not formed.
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This information is in line with the visual observation where the solid powder of QUF-003
appeared to be a precipitate rather than a polycrystalline substance.
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Table 1. Crystal data and structure refinement of QUF-001.

Crystal Data

Chemical formula C12H12N2O6SZn × 0.25H2O
Mr 382.2
Crystal system, space group Triclinic, P-1
Temperature (K) 293
a, b, c (Å) 6.4459 (3), 10.4427 (5), 11.2947 (5)
α, β, γ (◦) 88.693 (2), 83.751 (3), 77.741 (2)
V (Å3) 738.52 (6)
Z 2
Radiation type Mo Kα
µ (mm−1) 1.84
Crystal size (mm) 0.06 × 0.03 × 0.01

Refinement

R[F2 > 2σ(F2)], wR(F2), S 0.042, 0.106, 1.09
No. of reflections 3269
No. of parameters 203
No. of restraints 0
H-atom treatment H-atom parameters constrained
∆ρmax, ∆ρmin (e Å−3) 0.93, −0.62

FTIR spectra of the three MOF samples had similar peaks; they were partly different
from that of the TPDCA ligand pattern as depicted in Figure 1b. TPDCA showed several
FTIR bands not present in the MOF structures, centered at 3450, 2500, and 1724 cm−1,
which could be assigned to O-H stretching, intermolecular bonding from O-H stretching,
and C=O stretching of carboxylic acid groups, respectively. The absence of such bands in
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the MOF structures was due to transformation of the carboxylic acid group of TPDCA to
carboxylate during slow formation of the base from DMF decomposition, as well as due
to formation of multidentate ligand making coordination bonds with the metal central
node. FTIR absorption signals at 3042, 1630 1517, 1430, 1070 and 680 cm−1 in TPDCA
were attributed to aromatic C-H stretching, amidic C=O stretching, C-N stretching, C-O
stretching, C-N bending and S-C stretching modes [56], respectively. The amidic C=O
stretching vibration overlapped with the carboxylate stretching vibration at 1607, 1603
and 1604 cm−1 for Zn-, Cu- and Fe-based structures [56], respectively. Moreover, a broad
peak related to hydrogen bonding was centered at 3300 cm−1. On the other hand, the
ligand TPDCA differed in absorption peaks for hydrogen bonding at 3460 cm−1 and an
additional absorption peak belonging to the carboxylic acid functionality at 1732 cm−1.
This observation assumed that the coordination of the TPDCA ligand to the central metal
ion in the three MOF structures was due to similar carboxylate functionalities.

The thermogravimetric analysis (TGA) data for the three samples are given in Figure 1c.
The three samples exhibited significantly different thermal behaviors, which was expected
since their XRPD patterns were significantly different. QUF-003 was the least heat-stable
sample, with ~15%, ~55% and ~90% weight losses at 150 ◦C, 300 ◦C, and 800 ◦C, respectively.
This indicated a large water or solvent inclusion that was related to loss at 150 ◦C and
further organic residue degradation at relatively low temperature until 300 ◦C. Additionally,
stable residue of only about 10% after heating to 800 ◦C indicated low abundance of metallic-
inorganic components in sample. Sample QUF-002 contained 6% moisture and volatile
compounds, and further decomposition started at 200 ◦C, reaching 50% of initial mass.
Residual mass of 67% after heating to 800 ◦C indicated Cu as the metallic component in
MOF, whereas QUF-001 was the most stable sample, with only ~4%, ~45% and ~65% of
weight lost at 300 ◦C, 500 ◦C, and 800 ◦C, respectively. The first-order derivative curve
of the TGA of QUF-001 is given in Figure 1d, and shows three weight loss points. The
first one at 110 ◦C with an initial weight loss of 4% can be attributed to the removal of
moisture/trapped H2O and DMF molecules from the channels and pores of this MOF. Two
distinctly separated peaks at 330 ◦C and 420 ◦C accounting for ~45% weight loss remained
during the thermal decomposition of the sample, and it could be assumed that led to the
collapse of the crystal structure.

Thus, the analysis based on the techniques discussed above suggests that out of the
three samples prepared in this study, only QUF-001 based on Zn exhibited high crystallinity
and good thermal stability. Hence, QUF-001 was further employed to evaluate the solvent
inclusion properties and gas storage capacity of the MOF based on the TPDCA ligand.

SEM images of QUF-001 demonstrate a well-ordered lamellar-like structure as vi-
sualized in Figure 2a–d. The material possesses a two-dimensional character and lamel-
lar structure with low magnitude cracks between them, indicating lower interaction in
interlamellar spacing. On the other hand, the polycrystalline form and X-ray single-
crystal refinement measurements performed on QUF-001 revealed that the compound
C12H12N2O6SZn•0.25H2O crystallizes in the triclinic crystal system with the space group
P-1 (Table 1 and Figure 2e). Most of the atomic positions were found by the direct method
using SIR2004 [57]. With isotropic atomic displacement parameters (ADPs), the residual
factors converged to the value R(F) = 0.0987 and wR(F2) = 0.2061 for 89 refined parame-
ters and 1762 observed reflections. At this stage of the refinement, the chemical formula
C12N2O6SZn could not be equilibrated yet. After adding H atoms and applying restrictions
on their positions and (ADPs), the chemical formula became C12H12N2O6SZn, and the
residual factors decreased only slightly to R(F) = 0.0956 and wR(F2) = 0.1971. By refining
the anisotropic ADPs of all atoms except the H atoms, the residual factors converged
to the value R(F) = 0.0473, wR(F2) = 0.1103 and S= 1.59 for 199 refined parameters. The
Fourier difference showed a very weak electron density residue along the MOF tunnels.
Therefore, a water molecule was included in the crystal structure. The refinement of the
occupancy of oxygen from the water molecule showed a significant decrease from 1 to 0.25.
Consequently the occupancies of the water molecule were restricted to 0.25, leading to the
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chemical formula C12H12N2O6SZn•0.25H2O, for which the final residual factors were for
R(F), wR(F2) and S values 0.042, 0.106, 1.09, respectively, as provided in Tables 1 and S1.
Further crystallographic data for the atomic positions and anisotropic ADPs are given in
Tables S2 and S3, respectively. Further details on the structural refinement may be obtained
from the Cambridge Crystallographic Data Centre (CCDC), by quoting the Registry No.
CCDC 2120295 [58].
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Figure 2. SEM images of QUF-001 at different magnifications, namely (a) 25,000×, (b) 50,000×,
(c) 100,000× and (d) 200,000×, with scale bars indicating 5 microns, 3 microns, 1 micron and 500 nm,
respectively. (e) Scheme showing the Zn(II) coordination in the QUF-001 unit cell and (f) the coordi-
nation sphere of the zinc cation. (g) View of the layered structure of QUF-001 along the a-axis. The
green dashed lines correspond to π–π interactions between the six-membered rings forming TPDCA
linkers. Cg3 is the centroid of the six-membered ring.

Since a structural disorder of the water molecules was observed along the MOF tun-
nels, it could indicate that the P-1 symmetry was higher than the true symmetry. Therefore,
a second refinement was conducted using the space group P1. The atomic positions from
the first refinement were used as a starting model. By reducing the symmetry from P-
1 to P1, we doubled the number of atoms. The refinement led to residual factors very
similar to those from the first refinement; however, most of the atoms displayed a non-
positive, definite ADP matrix. Consequently, the MOF structure was considered to be
centrosymmetric (space group P-1), where each carboxylate group formed from carboxylic
acid by decomposition of DMF binds to one Zn(II) in a monodentate fashion. Zn(II) ions
have a tetrahedral coordination geometry with two oxygen atoms from a particular car-
boxylate from TPDCA molecules and two coordination complexes from amidic oxygen
atoms from TPDCA and dimethylformamide molecules, as shown in Figure 2b. Each zinc
atom interconnects three TPDCA molecules at different positions and one DMF molecule
(Figure 2f), forming a 2D framework in the (001) plane (Figure 2g). The Zn-O distances
for O1, O3, O4 and O5 are 1.937(3) 1.933(3), 1.987(3) and 1.955(3) Å, respectively, and the
angles between carbon, oxygen and zinc atoms for C1-O1-Zn1, C7-O3-Zn1, C9-O4-Zn1 and
C10-O5-Zn1 are 118.8(3), 118.3(3), 132.0(2) and 121.5(3)◦, respectively. A packing diagram
of QUF-001, viewed down the a-axis, is given in Figure 2g. Coordination in crystallographic
unit consists of two 14-atom rings, and a two-dimensional structure with Zn(II) centered
coordination is due to a peripheral DMF molecule oriented to coordination lamellar struc-
ture, as shown in Figure 2d. It is worth noting that no hydrogen bonds connecting the
different layers were observed. Even the offset π–π interactions between TPDCA molecules
[Cg3-Cg3i = 3.758(2) Å, interplanar distance = 3.3618 (16) Å, slippage = 1.679 Å, α = 0◦,
Cg3 was the centroid of the six-membered ring, symmetry code (i): 1-X,-Y,1-Z] existed
only within a single layer and not between layers, which confirms that the structure is
bi-dimensional in the (001) plane (see the green dashed lines in Figure 2d).
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After confirming the crystallographic structure of Zn-MOF, QUF-001 was activated to
remove possible intercalated solvent molecules. During the MOF fabrication, the solvent
trapping into pores was rather obvious. Thus, activation is important to have complete
accessibility of the pores and to obtain the guest free pores. Thermal activation is a simple
and effective method that works well with the vast majority of MOF materials. For QUF-001,
heating at 90 ◦C for 16 h was found to be the perfect temperature versus time combination.
The structural integrity of the MOF lattice during such activation was confirmed by XRPD
as given in Figure 3a, with complete retention of the crystallinity. At higher temperatures,
the framework of QUF-001 tended to collapse. TGA analysis as provided in Figure 3b
shows clear benefits of the activation process: about 4% of initial weight loss was observed
in the as-synthesized Zn-MOF below 120 ◦C, while the material tested for thermal stability
after activation showed very high thermal resistance with less than 1% (~1%) weight loss up
to 275 ◦C. It is noteworthy that the crystal structure of QUF-001 contained also a molecule
of DFM with a boiling point of 156 ◦C, and this was about 19% of the total weight. However,
TGA analysis showed stability up to 300 ◦C with weight loss of 4% corresponding to water
released at around 100 ◦C. This assumed that the coordinated DMF molecule was not
released and was strongly coordinated in the Zn coordination sphere and released from
samples only after 300 ◦C, with the peak from derivate TA at 330◦C as shown in Figure 1d.
A further peak from DTA at 420 ◦C can be attributed to thermal degradation of the TPDCA
segment in QUF-001.
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90 ◦C for 16 h.

Inclusion of different organic solvents into the activated sample of QUF-001 was ex-
amined. In the testing process, activated QUF-001 particles with 10–12 nm average particle
size distribution (calculated based on Scherrer equation) were kept mechanically agitated
for a certain time in the respective solvent; the progress of the inclusion was followed
by performing XRPD measurements after Day 1 and Day 3, with the data summarized
in Figure 4.

After Day 1, QUF-001 mixed with the solvents acetonitrile, tetrahydrofuran (THF),
benzene and dichloromethane (DCM) showed peak splitting around 2θ = 7.92◦, as can be
seen in Figure 4, curves a, b, c, and d. For hexadecane, no peak splitting was observed at
low angle, indicating the presence of a single phase (Figure 4, curve e). Furthermore, since
the (001) peak was strongly shifted to lower angle with 2θ = 7.78◦, the obtained phase was
probably a pure intercalated one. With methanol and isopropanol, a broadening of the (001)
peak indicated a loss in crystallinity (Figure 4, curves f and g).

After Day 3, QUF-001 mixed with the solvents acetonitrile, THF, benzene and hexade-
cane still showed peak splitting around 2θ = 7.92◦, as can be seen in Figure 4, curves a, b, c
and e. This peak splitting was most probably due to the coexistence of the initial and the
intercalated phase. Furthermore, the positions of the new peak (below 2θ = 7.92◦) were
at a lower angle compared to the (001) peak of QUF-001. This indicated an enlargement
of the inter-reticular distance d001 and the c cell parameter, which was most probably due
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to the inclusion of the solvent in the QUF-001 structure. It should be mentioned that this
process is reversible and intercalated solvent can penetrate and introduce the other phase
formation. Similarly, such solvent stimulus response studies on MOF were performed
previously on Zn-, Cd- and other metal-based MOFs [59–61]. With DCM and methanol, a
broadening of the peak (001) was observed due to the loss in crystallinity (Figure 4, curves
d and f). With isopropanol, a significant change in the pattern was observed compared
to the other samples, and the (001) peak disappeared. This could be due either to the
decomposition of the QUF-001 phase and formation of the ligand TPDCA (Figure S3), or to
a structural change.
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Figure 4. XRPD patterns taken from the QUF-001 mixed with different solvents after Day 1 (upper
frames) and Day 3 (bottom frames). The solvents are: (a) acetonitrile, (b) THF, (c) benzene, (d) DCM,
(e) hexadecane, (f) methanol, (g) isopropanol; patterns (h) belong to pure (no solvent) activated
QUF-001. Frames on the right-hand side show enlarged view of the (001) low 2θ angle peak(s).

As the next step, luminescence properties of QUF-001 were examined after incorpo-
ration of the solvents. TPDCA ligand itself exhibited a photoluminescence (PL) emission
peak at 450 nm while as-prepared QUF-001 has a peak at 475 nm upon excitation at 350 nm
(Figure S4). It is apparent from Figure 5 that after mixing QUF-001 with different solvents,
alteration in the position of peak maxima appeared.
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Figure 5. Trend in the PL maxima peak positions for activated QUF-001 and QUF-001 mixed with
different solvents (violet cycles). All samples excited at 350 nm and compared with the solvent
polarity (red stars).

The effect of the used solvent on PL spectra was observed for QUF-001 and showed
PL emission maxima of methanol located at 426 nm, followed further in order by THF
(429.7 nm), chloroform (436 nm), acetonitrile (441 nm), isopropanol (446 nm), DMF (454 nm)
and hexane (470 nm) (Figure 5).

Hexane was the most non-polar solvent employed in the present study and had PL
maxima at 470 nm. Alternatively, methanol was the most polar and had PL maxima
located at 426 nm; PL maxima of QUF-001 with other solvents were in between, but not
in a directional order. Hence, it is reasonable to assume PL emission maxima depend on
the collective effects of solvent polarity, hydrogen bonding, size of the solvent molecule
and the interaction of hetero atoms in the solvent molecule with the hetero atoms in the
QUF-001 MOF structure. This can be ascribed to a solvatochromic effect; however, it should
be pointed out that XRD indicated changes that could have resulted from new phase
formation. Thus, the changes in luminescence properties do not need to be the result of
solvatochromism of QUF-001 but may also be due to other phases with different optical
properties. Nevertheless, this approach can be potentially employed for sensing materials,
since it gives distinct spectral lines for the individual solvent media they are in that are
not overlapping.

We then studied the methane storage and CO2 capture capacity of QUF-001. Pre-
programmed gas sorption–desorption measurements made from 0–50 bar pressure for
adsorption and reversing back to zero for desorption resulted in a cumulative 20 data
points for a complete cycle. According to N2 gas adsorption–desorption measurements
shown in Figure S5, QUF-001 exhibited slight hysteresis in low and high vapor pressure
regions, with a Langmuir surface area of 2.85 m2/g. We noticed that the sample had a BET
surface area of 1.9078 m2/g, which was relatively low. It also had a BJH desorption pore
diameter of ~40 nm and t-plot pore volume of 0.000610 cm3/g. The measured surface area
was low for a porous material with open networks of MOF type. As can be seen from the
SEM images of the MOF (Figure 2a), solvent inclusion and gas storage behavior may arise
from the lamellar channels in the structure.

We then investigated the sorption capacity of CO2 and CH4 gases onto QUF-001
as depicted in Figure 6. High-pressure experiments were performed at 298 and 318 K
isotherms. A complete adsorption–desorption cycle passed through stepwise pressure
increases and decreases with each adsorbate was carried out from vacuum to 50 bars and
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back to vacuum at the end of the measurements to observe the hysteresis behavior. At
each isotherm, there were a total of 12 adsorption and 8 desorption data points collected
for QUF-001, which are presented in Figures S6–S9. At first glance, all of those curves
demonstrated a smooth increasing trend with increasing pressure. However, adsorption
and desorption data points showed almost the same values, which showed that there
was no hysteresis and no significant changes occurred in the samples during the overall
pressure loop. We noticed that in order to obtain reliable data, peripheral conditions such as
humidity, ambient pressure, and temperature had to be considered [7]. To prevent potential
irreversible structure collapse and reduction of the surface area as well as pore volume
due to moisture within the measurement chamber, samples were degassed. Furthermore, a
Drierite column was used to pre-dry the gases. A similar sorption–desorption overlapped
trend of variation was observed while studying a (NH4)2Mg(H2P2O7)2•2H2O) single-
crystal sample with CO2 and CH4 at isotherms 298 and 318 K [62]. Figures S9 and S10
confirm the expected thermodynamic trend of variation, namely that the sorptivity of both
used gases decreased upon increasing the temperature and increased upon increasing the
pressure. However, all of the isotherms with CO2 and CH4 with QUF-001 were completely
reversible and the absence of hysteresis confirmed the advantages of reusability and cost
efficiency of this MOF under primary vacuum [3,7,63]. Sorption results showed that CO2
(1.6413 mmol/g) sorption was significantly lower than that for CH4 (8.0907 mmol/g) at
temperature 298 K and pressure of 50 bars, which meant that QUF-001 had higher affinity
to capture CH4 as compared to CO2. Clear evidence of QUF-001 CH4 sorption selectivity
over CO2 gas at each temperature and pressure showed that the use of this MOF may
be beneficial for the chemical and petroleum industries in terms of CH4 separation from
CH4/CO2 mixtures [7]. From Figure 6, at temperature 298 K, between 45 to 50 bar pressure,
the sorption curve seems flattened. Typically, MOFs, covalent organic frameworks and
covalent organic polymers follow type IV adsorption isotherms, showing finite multi-
layer adsorption corresponding to complete filling of the capillaries and pores [64]. The
adsorption isotherm profiles (Figure 6) rather fell within the type III behavior, indicating
weak substrates and the formation of multilayers. Here, there was no flattish region in the
curve assuming lack of a monolayer. In one of our studies, the CO2 sorption capacities
of Rb2Co(H2P2O7)2•2H2O were higher than those of the currently investigated sample,
but CH4 sorption efficiency was 3.5-fold better in QUF-001. Although there was no clear
superiority among either CO2, CH4 or other gases for MOF structures, the trend in ranking
the sorption performance of such gases showed that the CO2 capture performance of MOFs
was higher than that for methane [65–67]. We also showed a similar trend through gas
sorption demonstrations on MOF-5 previously [68,69]. Moreover, on comparing the CO2
sorption data of this work with hydroxy metal carbonates M(CO3)x(OH)y (M = Zn, Zn-Mg,
Mg, Mg-Cu, Cu, Ni, and Pb) [70], Rb2Co(H2P2O7)2•2H2O showed higher values at 35 bar
and 318 K, although the hydroxy metal carbonates were measured at 316 K.
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3. Materials and Methods
3.1. Chemicals

Citric acid, L-cysteine, N,N-dimethylformamide (DMF), Zn(NO3)2•6H2O, Cu(NO3)2•3H2O,
Fe(NO3)3•9H2O, 37% hydrochloric acid, absolute ethanol, acetone, acetonitrile, benzene,
methanol, tetrahydrofuran (THF), dichloromethane (DCM), hexadecane (HD), propanol,
chloroform and isopropanol were purchased at the highest purity level available from
Sigma Aldrich and used as received without further purification. Deionized water was
obtained from Millipore system.

3.2. Preparation of MOFs

(Step 1) Synthesis of the ligand, TPDCA.
TPDCA ligand was prepared according to the procedure published previously [39]

(Figure S1). A 28.7 g amount of anhydrous citric acid was mixed with 18.1 g of L-cysteine
in a flat-bottom flask and autoclaved at 150 ◦C for 4 h. The reaction product was sepa-
rated and recrystallized in acetone. The structure of the TPDCA was confirmed by 1H
NMR (Figure S10) and 13C NMR (Figure S11) prior to employing it in the subsequent
MOF preparation.

1H NMR (δ,d6 DMSO, 600 MHz) ppm: 13.58 (broad singlet, 2H, -COO-H), 6.56 (dou-
blet, J = 1.5 Hz, 1H, Ar-H), 6.51 (doublet, J = 1.5 Hz, 1H, Ar-H), 5.43 (doublet- doublet,
J = 1.5 & 8.5 Hz, 1H, HOOC-C-H), 3.87 (doublet- doublet, J = 8.5 & 11.6 Hz, 1H, H-C-H),
3.57 (doublet-doublet, J = 1.5 & 11.6 Hz, 1H, H-C-H).

13C NMR 1H NMR (δ,d6 DMSO, 150 MHz) ppm: 169.2, 165.6, 160.6, 149.9, 142.7, 115.0,
97.94, 62.6, 31.6.

(Step 2) Synthesis of the MOFs: In a typical synthesis process, 50.0 mg of the TPDCA
ligand and 61.72 mg of Zn(NO3)2.6H2O for QUF-001, 50.01 mg of Cu(NO3)2 for QUF-002
and 83.63 mg of Fe(NO3)3 for QUF-003 were placed into a dry flask. Then, 10 mL of DMF
was added and acidified with a drop of concentrated HCl acid. The solution was incubated
in an oven at 80 ◦C for 96 h under Ar atmosphere. The solids formed were separated by
centrifugation and dried under vacuum at 60 ◦C for 16 h. Reaction yield was 72, 52 and
45% for QUF-001, QUF-002 and QUF-003, respectively.

3.3. Characterization

X-ray powder diffraction (XRPD) patterns of the samples were recorded on a PANa-
lytical empyrean machine equipped with Cu Kα radiation as the X-ray source [71]. Mea-
surements were made between 5 and 40◦ 2θ angles. Fourier transform infra-red (FTIR)
measurements were performed on a PerkinElmer Frontier device with ZnSe ATR unit in
the wavenumber region from 4000–500 cm−1 in the transmittance mode at a scan rate of
64 scans per cycle [72]. Thermal stability of the samples was assessed using thermogravi-
metric analysis (TGA) employing 10 mg sample on a TGA 4000 device by PerkinElmer
under N2 atmosphere [73]. Scanning electron microscopy (SEM) imaging was performed
on a ZEISS SIGMA 500 VP FE SEM device under different magnifications [74].

3.4. Single Crystal X-ray Diffraction Measurements

Single crystals of QUF-001 suitable for X-ray diffraction were selected on the basis
of the size and sharpness of their diffraction spots. Data collection was carried out on
a D8 venture diffractometer using MoKα radiation. Data processing and all refinements
were performed with the Jana2006 program package [75]. A multi-scan-type absorption
correction was applied using SADABS [76], and the crystal shape was determined using
a microscope.

3.5. Solvent Inclusion

Two milligrams of activated QUF-001 were placed in a glass vial filled with 2 mL of
the respective solvent. Solvents used were acetonitrile, benzene, methanol, THF, DCM,
hexadecane, and isopropanol. The contents in the vials were aged for 1 day and 3 days.
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For XRD measurements, solid powder was separated from the solvent by decanting, and
the solid was spread on a Petri dish to facilitate air drying for 2 h; dried powders were
collected and characterized.

3.6. Gas Sorption Measurements

Ten milligrams of QUF-001 were dried overnight at 90 ◦C for activation of the MOF
material and stored in a desiccator connected to vacuum until the crystals were used.
Gas adsorption–desorption tests were performed for pure CO2 and CH4 gases and the
mixture of CO2 and CH4 on a Rubotherm magnetic suspension sorption apparatus (MSA),
which operated on the basis of Archimedes’ buoyancy principle. Pressure in the sample
bucket was increased from vacuum to a predefined high-pressure value (0–50 bar) in the
adsorption process, and was reversed for the desorption. At the very beginning of the
test, the sample bucket was held at vacuum for 10 h to ensure complete surface degassing.
Gas adsorption–desorption measurements were performed at two different temperatures,
298 K and 318 K. Buoyancy correction was carried out for the sorption measurements as
well. The details of the correction process were explained in detail previously [6].

Pressure transducers (Paroscientific, Redmond, WA, USA) worked from vacuum up
to 350 bar with an uncertainty of 0.01% of the full scale (u(P) 0.035 bar), whereas the
temperature sensor (Minco PRT, Fridley, MN, USA) had a measurement accuracy of 0.5 K
(u(T) = 0.05 K).

4. Conclusions

In summary, we successfully synthesized fluorescent and thermally stable Zn(II)-
based MOF as a probe for solvent and gas adsorption. Fluorescent organic ligand TPDCA
obtained from easily accessible, sustainable precursors citric acid and cysteine was applied
for the first time for MOF structure fabrication. Single crystal analysis of the QUF-001
sample confirmed the two-dimensional lamellar structure of this MOF, where TPDCA
ligand coordinated to Zn(II) central atoms, along with the incorporation of DMF. Solvent
molecules inclusion led to tunability of the diffraction pattern as well as shifts in emission
maxima, which indicated the solvent inclusion within the interlamellar space in the two-
dimensional QUF-001 structure. Gas sorption properties of QUF-001 for CO2 and CH4 were
examined and determined at 1.6 mmol/g and 8.1 mmol/g, respectively, at temperature
298 K and the pressure of 50 bars. Thus, our study offers a platform for the application of
cheap and accessible ligand TPDCA for fluorescent MOFs with tailored properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27123845/s1, Figure S1. Synthesis of TPDCA and
related MOF. Figure S2. Full pattern matching of the XRPD pattern of the QUF-001 compound.
Figure S3. XRPD patterns of (a) TPDCA, (b) QUF-001 with the solvent isopropanol and (c) pure
QUF-001. Figure S4. Emission spectra of TPDCA (red line) and QUF-001 (black line), excited at
375 nm. Figure S5. N2 gas adsorption–desorption measurements of QUF-001. Figure S6: CO2
absorption–desorption plot at 25 ◦C for QUF-001. Figure S7: CO2 absorption–desorption plot at
45 ◦C for QUF-001.Figure S8: CH4 absorption–desorption plot at 25 ◦C for QUF-001. Figure S9: CH4
absorption–desorption plot at 45 ◦C for QUF-001.Figure S10. 1H spectrum of TPDCA. Figure S11.
13C NMR spectra of TPDCA. Table S1. Structure refinement for QUF-001. Table S2. Fractional atomic
coordinates and isotopic atomic displacement parameters (Å2) for C12H12N2O6SZn × 0.25H2O.
Table S3. Anisotropic displacement parameters (Å2) for QUF-001. The anisotropic displacement
factor exponent takes the form: −2π2[(ha*)2U11+...+2hka*b*U12].
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Abstract: A mixed-valent trinuclear complex with 1,3-bis(5-chlorosalicylideneamino)-2-propanol
(H3clsalpr) was synthesized, and the crystal structure was determined by the single-crystal X-ray
diffraction method at 90 K. The molecule is a trinuclear CoIII-CoII-CoIII complex with octahedral
geometries, having a tetradentate chelate of the Schiff-base ligand, bridging acetate, monodentate
acetate coordination to each terminal Co3+ ion and four bridging phenoxido-oxygen of two Schiff-
base ligands, and two bridging acetate-oxygen atoms for the central Co2+ ion. The electronic spectral
feature is consistent with the mixed valent CoIII-CoII-CoIII. Variable-temperature magnetic suscepti-
bility data could be analyzed by consideration of the axial distortion of the central Co2+ ion with the
parameters ∆ = –254 cm−1, λ = –58 cm−1, κ = 0.93, tip = 0.00436 cm3 mol−1, θ = –0.469 K, gz = 6.90,
and gx = 2.64, in accordance with a large anisotropy. The cyclic voltammogram showed an irreversible
reduction wave at approximately−1.2 V·vs. Fc/Fc+, assignable to the reduction of the terminal Co3+ ions.

Keywords: trinuclear complex; cobalt complex; mixed-valent complex; Schiff-base ligand

1. Introduction

Schiff-base ligands have been synthesized extensively because such organic com-
pounds may be easily accessible for constructing various kinds of multidentate ligands
and useful for reacting with main-group and transition metal ions, including lanthanides
and actinides, to form a number of metal complexes, which are useful as model com-
pounds in basic chemistry as well as in a wide range of applications [1–10]. Pentadentate
Schiff-base ligands, 1,3-bis(salicylideneamino)-2-propanol (H3salpr), and its substituted
derivatives have been developed as dinucleating ligands for constructing adjacent coor-
dination sites, as shown in the case of 1,3-bis(5-chlorosalicylideneamino)-2-propanol in
Figure 1a [11–48]. X-ray crystal structure analysis was performed for some free Schiff-base
ligands [11–16]. In the crystals, the Schiff bases take a “bent” [11–15,34] or “folded” [16]
structure with the salicylideneaminomethyl moieties being close to planar. When the
Schiff-base ligands are coordinated to two metal atoms with two phenolic-oxygen, two
imino-nitrogen, and one bridging alkoxido-oxygen donor atom with a pair of tridentate O,
N, O-chelates, MnIII

2, FeIII
2, CoIII

2, NiII2, and CuII
2 complexes were reported as this type of

dinuclear species [17–29]. On the other hand, these Schiff-base ligands form mononuclear
metal species with a tetradentate O, N, N, O-chelate as shown in the case for 1,3-bis(5-
chlorosalicylideneamino)-2-propanol in Figure 1b, where the central alcohol group remains
protonated and does not participate in coordination to the metal center. Such mononu-
clear MnIII, NiII, CuII, and PdII complexes were found in the literature [30–36], and a
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hydrolyzed product of mononuclear CoIII species was also derived from a reaction of a
Schiff-base ligand with cobalt salt [37]. In the other case, the mononuclear species are
further connected to form trinuclear CuII

3 [36], ZnII
3 [38], CdII

3 [39], and CoIICoIII
2 [40];

tetranuclear MnII
2MnIII

2 [42,43], MnIII
4 [44], CoII

4 [39,45], CoII
2CoIII

2 [46], NiII4 [39,46],
and ZnII

4 [39,41]; hexanuclear CoII
4CoIII

2 [47] and CuII
6 [47], octanuclear MnII

2MnIII
6 [48],

and polynuclear MnIII complexes [25,35]. Among these oligonuclear and polynuclear
metal complexes, we have focused on the trinuclear metal systems important as the first
step to polynucleation, especially the CoIICoIII

2 species because of the mixed-valent state.
Another interesting point of cobalt complexes stems from the fact that cobalt(II) complexes
have attracted much attention as good candidates for single-molecule magnets [49,50].
Although the trinuclear CoIICoIII

2 complex was prepared for 1,3-bis(salicylideneamino)-2-
propanol, the reported magnetic susceptibility data were not analyzed [40], and there are
no reports on such complexes with their substituted derivatives. This type of linear cobalt
species was found in some related CoIICoIII

2 and CoII
3 complexes and divided into five

groups as shown in Figure 2: (a) CoIII(octahedral)-CoII(tetrahedral)- CoIII(octahedral) in
[CoII{CoIII(µ-L1)X2}2] (H2L1 = 1,3-bis(5-methyl-3-formylpyrazolylmethinimino)propane-2-
ol, X = Cl, Br) [51]; (b) CoIII(octahedral)-CoII(octahedral)-CoIII(octahe dral) in [CoII{CoIII(µ-
L2)(µ-SO3)(C3H7OH)}2] (H2L2 = propane-1,3-dihylbis(α-methylsalicylideneiminate) [52],
[CoII{CoIII(µ-L3)(µ-CH3COO)(NCS)}2] (H2L3 = 1,6-bis(2- hydroxy phenyl)-2,5-diazahexa-
1,5-diene) [53], [CoII{CoIII(µ-L4)(µ-CH3COO)(NCS)}2] (H2L4 = 1,7-bis(2-hydroxyphenyl)-
2,6-diazahepta-1,6-diene) [54], [CoII{CoIII(µ-L5)(µ-CH3COO)(CH3COO)}2] (H2L5 = 1,6-
bis(2-hydroxyphenyl)-2,5-diazahexa-1,5-diene or 2,7-bis(2-hydroxyphenyl)-2,6-diazaocta-
2,6-diene) [55], and [CoII{CoIII(µ-L6)(µ-CH3COO)(CH3COO)}2] (H2L6 = N,N′-bis(salicylidene)-
meso-1,2-diphenylethylenediamine) [56]; (c) CoII(octahedral)-CoII(tetrahedral)-CoII(octahedral)
in [CoII{CoII(µ-L7)2}2]X2 (HL7 = 2-[(3-aminopropyl)amino]ethanethiol; X = SCN, ClO4, NO3,
Cl, Br, I) and [CoII{CoII(µ-L8)2}2]X2 (HL8 = 1-[(3-aminopropyl)amino]-2-methylpropane-
2-thiol; X = NO3, ClO4, Cl, Br, I) [57,58]; (d) CoII(square-pyramidal)-CoII(octahedral)-
CoII(square-pyramidal) in [CoII{CoII(µ-L9)(µ-CH3COO)}2] (H2L9 = 5,5′-dimethoxy-2,2′-
[(ethylene)dioxybis(nitrilomethylidyne)]diphenol [59]; and (e) CoII(octahedral)-CoII

(octahedral)-CoII(octahedral) in [CoII{CoII(µ-L10)(µ-CH3COO)(CH3COCH3)}2] (L10 = 4,4′-
dichloro-2,2′-[(propane-1,3-dyldioxy)bis(nitrilomethylidyne)]diphenol) [60]. The CoIII ox-
idation state may come from the oxidation of CoII by atmospheric oxygen during the
reaction of CoII salt and organic ligand [40,51,53–55]. The bridging µ-acetato ligand is favor-
able to form a trinuclear CoIII-CoII-CoIII complex. From our synthesis experience, chloro-
derivatives of Schiff-base ligands are promising for obtaining single crystals for X-ray crys-
tallographic work [61]. To date, only two examples, (Et4N)[MnIIMnIII(clsalpr)2] [24] and
[MnIII

2(clsalpr)2(CH3OH)] [25], are known as metal complexes with the chloro-derivative
of H3salpr, 1,3-bis(5-chlorosalicylideneamino)-2-propanol (H3clsalpr), which were struc-
turally revealed by X-ray crystallography. In these complexes, the H3clsalpr ligand is
fully deprotonated and works as a pentadentate ligand to two manganese centers to form
dinuclear manganese complexes. In this study, we synthesized a new mixed-valent cobalt
complex with a linear trinuclear CoIICoIII

2 core by the reaction of H3clsalpr (Figure 1)
with cobalt(II) acetate tetrahydrate. The isolated complex was characterized by elemental
analyses, IR and UV–vis spectroscopies, variable-temperature magnetic susceptibility mea-
surements, and single-crystal X-ray structure analysis, elucidating the molecular structure
of [Co3(Hclsalpr)2(CH3COO)4].
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amino)-2-propanol (H3clsalpr) and cobalt(II) acetate tetrahydrate in acetonitrile at ambi-
ent temperature (Figure 3). As the cobalt salt, we selected cobalt(II) acetate tetrahydrate, 
aiming at the bridging property of acetate ions to form a trinuclear species. For a favorable 
condition for trinuclear formation, we reacted H2clsalpr with Co(CH3COO)2·4H2O in a 1:3 
molar ratio under aerobic conditions, although we could isolate the same complex with a 
lower yield when the reaction was performed in a 1:1 or 1:2 molar ratio. The elemental 
analysis data of the obtained complex are in agreement with the trinuclear formulation of 
[Co3(Hclsalpr)2(CH3COO)4]. The oxidation of the two Co2+ ions to Co3+ ions may be accom-
plished by atmospheric oxygen acting as an oxidant, as usually observed for the synthesis 
of the related trinuclear CoIICoIII2 complexes [40,51,53–56]. The synthetic method is similar 
to that of [Co3(Hsalpr)2(CH3COO)4] [40]. However, the reported method was slightly com-
plicated with the further addition of an aqueous solution of NaN(CN)2 to the reaction 
solution. 
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2. Results and Discussion
2.1. Synthesis of the Trinuclear Cobalt Complex

The present complex was prepared by the reaction of 1,3-bis(5-chlorosalicylideneamino)-
2-propanol (H3clsalpr) and cobalt(II) acetate tetrahydrate in acetonitrile at ambient tem-
perature (Figure 3). As the cobalt salt, we selected cobalt(II) acetate tetrahydrate, aiming
at the bridging property of acetate ions to form a trinuclear species. For a favorable con-
dition for trinuclear formation, we reacted H2clsalpr with Co(CH3COO)2·4H2O in a 1:3
molar ratio under aerobic conditions, although we could isolate the same complex with
a lower yield when the reaction was performed in a 1:1 or 1:2 molar ratio. The elemental
analysis data of the obtained complex are in agreement with the trinuclear formulation
of [Co3(Hclsalpr)2(CH3COO)4]. The oxidation of the two Co2+ ions to Co3+ ions may be
accomplished by atmospheric oxygen acting as an oxidant, as usually observed for the
synthesis of the related trinuclear CoIICoIII

2 complexes [40,51,53–56]. The synthetic method
is similar to that of [Co3(Hsalpr)2(CH3COO)4] [40]. However, the reported method was
slightly complicated with the further addition of an aqueous solution of NaN(CN)2 to the
reaction solution.
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2.2. Infrared Spectra of the Trinuclear Cobalt Complex

In the infrared spectrum of the complex, the C=N stretching band was observed at
1634 cm−1 due to the presence of the Schiff-base ligand. The lower energy shift compared
with that of the free Schiff-base ligand (H3clsalpr: νC=N at 1646 cm−1) suggests the coor-
dination of the imino-nitrogen atom of the Schiff-base ligand in the cobalt complex. The
complex shows two sets of antisymmetric stretching νas(COO) and symmetric stretching
νs(COO) bands at 1590 and 1389 cm−1, respectively, with a ∆ value of 201 cm−1, and
at 1562 and 1415 cm−1, respectively, with a ∆ value of 147 cm−1. The former and the
latter may be ascribed to the typical IR spectral features of the monodentate and bridg-
ing acetate ligands, respectively [62,63]. These spectral features are similar to those of
[Co3(Hsalpr)2(CH3COO)4] [40].

2.3. Electronic Spectra of the Trinuclear Cobalt Complex

The solid-state diffuse reflectance spectra exhibit a broad band with a lower-energy
side shoulder at 354 nm, which may be ascribed to the CT transition band of the phenolate
to metal as shown in Figure 4 [64]. The bands at 568 and 640 nm may be ascribed to d-d
transitions (1A1g → 1B2g, 1A1g → 1A2g, 1A1g → 1Eg) of an octahedral CoIII with a low-spin
state [64,65]. Furthermore, the spectra show a broad band at approximately 1260 nm,
which can be ascribed to the d-d transition (4T1g → 4T2g) due to an octahedral CoII with
a high-spin state [65]. The complex dissolves in THF. The solution spectra are similar to
those of the solid-state spectra, showing a d-d absorption band (ε = 538 dm3 cm−1 mol−1)
at 564 nm with a shoulder (ε = 320 dm3 cm−1 mol−1) at 632 nm, although absorption in
the near-IR region could not be detected. Similar absorption spectra were reported for
[Co3(Hsalpr)2(CH3COO)4] [40].
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2.4. Crystal Structure of the Trinuclear Cobalt Complex

Single crystals of the complex suitable for X-ray crystal structure analysis were grown
by the slow evaporation of the THF solution of the complex. Crystallographic data are
collected in Table 1. Selected bond distances and angles are given in Table 2. The complex
crystallized in the monoclinic system. A perspective drawing of the structure is depicted
in Figure 5. The molecule is a centrosymmetric trinuclear cobalt complex, where the Co1
atom is located at the crystallographical inversion center. The two Schiff-base ligands
work as anionic tetradentate ligands Hclsalpr2– to the terminal two cobalt atoms, Co2
and Co2i, where the superscript i denotes the equivalent position (1 − x, 1 − y, 1 − z), and
the alcoholate hydrogen atom is not deprotonated, but two phenolate H atoms of each
Schiff-base ligand are deprotonated. The Co1 atom is coordinated by two sets of two
phenoxido-O atoms of Hclsalpr2– ligands (O1, O3, O1i, O3i;) and µ-acetato-O atoms (O4
and O4i) to form an octahedral geometry with Co-O distances of 2.0493(16)–2.1318(15) Å. It
should be noted that the axial bond lengths (2.1318(15) Å) are longer than the equatorial
bond lengths (2.0493(16) and 2.0851(16) Å), showing an axial distortion around the Co1
atom. The Co2 atom is coordinated by two phenoxido-O atoms (O1 and O3) and two
imino-N atoms (N1 and N2) of the tetradentate Schiff-base ligand in trans geometry [66]
to occupy the equatorial site. The axial site is occupied by the O atoms of the µ-bridging
acetate (O5) and monodentate acetate (O6). The Co-O and Co-N bond distances are in the
range of 1.8943(15)–1.9263(16) Å, significantly shorter than those of the Co1 atom. The
difference between the bond distances around the Co1 and Co2 (Co2i) atoms suggests
that the Co1 atom is in a high-spin state of Co2+ ion and that the Co2 and Co2i atoms
are in a low-spin Co3+ ion state [67]. The bond valence sum calculation supports the
mixed-valent CoIII-CoII-CoIII state [68,69]. This is in agreement with the spectral feature
in the diffuse reflectance spectra of the present complex. The alcoholate H atom of O2
is hydrogen bonded to the monodentate acetate-O atom O7 [O2-H . . . O7 2.659(2) Å]. In
the crystal, there are four THF molecules in the asymmetric unit, and these molecules
are oriented around the trinuclear molecule (Figure 6). The trinuclear structure is sim-
ilar to that of the reported trinuclear cobalt complex [Co3(Hsalpr)(CH3COO)4], which
lacks a center of symmetry, where the distortion around the Co2+ ion is more distorted
compared with the present complex [40]. In these complexes, the two bridging acetate
groups and four µ-phenoxido-O atoms of the Schiff-base ligands play an important role in
connecting the two tetradendate Co(Hclsalpr)2 moieties. This motif was also found in the
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trinuclear zinc(II) complex [Zn3(Hsalpr)2(CH3COO)2] [38] and heterometallic trinuclear
complexes [(CH3OH)2H+][NaMn2(Hsalpr)2(CH3COO)2] [25] and [Zn{Cu(salpd-µ-O,O’)(µ-
CH3COO)}2] [H2salpd = propane-1,3-diylbis(salicylideneimine)] [10] as well as trinuclear
cobalt complexes, [CoII{CoIII(µ-L5)(µ-CH3COO)(CH3COO)}2] [55] and [CoII{CoIII(µ-L6)(µ-
CH3COO)(CH3COO)}2] [56].

Table 1. Crystallographic data and structure refinement.

Complex [Co3(Hclsalpr)2(CH3COO)4]·8THF

Chemical formula C74H104Cl4Co3N4O22
FW 1720.20
Temperature, T (K) 90
Crystal system monoclinic
Space group C2/c
a (Å) 20.244 (2)
b (Å) 14.0864 (16)
c (Å) 27.646 (3)
β (◦) 98.9610 (10)
V (Å3) 7787.5 (14)
Z 4
Dcalcd (g cm−3) 1.467
Crystal size (mm) 0.07 × 0.50 × 0.62
µ (mm−1) 0.845
θ range for data collection (◦) 1.49–28.66
Reflections collected/unique 23,114/9103

[R1(I > 2σ(I)); wR2(all data)] (a) R1 = 0.0419
ωR2 = 0.0953

GOF 1.003
(a) R1 = ∑||Fo| − |Fc||/∑|Fo|; ωR2 = [∑ω(Fo

2 − Fc
2)2/∑(Fo

2)2]1/2.

Table 2. Selected bond distances (Å) and angles (◦).

[Co3(Hclsalpr)2(CH3COO)4]·8THF

Co1···Co2 3.0383(4) Co2···Co2i 6.0765(8)
Co1-O1 2.1318(15) Co1-O3 2.0851(16)
Co1-O4 2.0493(16) Co2-O1 1.9263(16)
Co2-O3 1.9220(15) Co2-O5 1.9144(16)
Co2-O6 1.8943(15) Co2-N1 1.9188(19)
Co2-N2 1.9173(19) N1-C7 1.284(3)
N1-C8 1.476(3) N2-C11 1.283(3)
N2-C10 1.473(3)
O1-Co1-O1i (a) 180.0 O1-Co1-O3 76.23(6)
O1-Co1-O3i 103.77(6) O1-Co1-O4 84.59(6)
O1-Co1-O4i 95.41(6) O3-Co1-O4 85.33(6)
O3-Co1-O4i 94.67(6) O1-Co2-O3 85.13(7)
O1-Co2-O5 91.70(7) O1-Co2-O6 86.01(7)
O1-Co2-N1 89.97(7) O1-Co2-N2 175.73(7)
O3-Co2-O5 91.70(7) O3-Co2-O6 86.35(7)
O3-Co2-N1 175.08(7) O3-Co2-N2 90.60(7)
O5-Co2-O6 176.96(7) O5-Co2-N1 87.98(7)
O5-Co2-N2 88.60(7) O6-Co2-N1 93.76(7)
O6-Co2-N2 93.74(7) N1-Co2-N2 94.30(7)

(a) i: the equivalent position (1 − x, 1 − y, 1 − z).
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2.5. Magnetic Properties of the Trinuclear Cobalt Complex 

The present complex is expected to be paramagnetic because of the presence of the 
high-spin Co2+ ion at the central position of the trinuclear cobalt molecule, although the 
terminal two Co3+ ions are in a diamagnetic low-spin state. The magnetic susceptibility 
data for the complex are depicted in Figure 7 as the temperature variation of the χMT 
product. The effective magnetic moment at 300 K is 5.73 µB per trinuclear molecule, which 
corresponds to the theoretical value of 5.20 µB for a magnetically isolated S = 3/2 spin with 
the contribution of orbital angular momentum (L = 3). The magnetic moment gradually 
decreases with decreasing temperature, reaching a value of 3.82 µB at 4.5 K. This magnetic 
behavior is similar to that of the related linear CoIII-CoII-CoIII complex with 1,3-bis(salicyl-
ideneamino)-2-propanol [40]. The decrease in the magnetic moments may be ascribed to 
the axial distortion around the Co2+ ion, which was observed in the crystal structure. The 
axial splitting parameter ∆ was defined as the splitting of the local 4T1g state of the 
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2.5. Magnetic Properties of the Trinuclear Cobalt Complex

The present complex is expected to be paramagnetic because of the presence of the
high-spin Co2+ ion at the central position of the trinuclear cobalt molecule, although the
terminal two Co3+ ions are in a diamagnetic low-spin state. The magnetic susceptibility
data for the complex are depicted in Figure 7 as the temperature variation of the χMT
product. The effective magnetic moment at 300 K is 5.73 µB per trinuclear molecule, which
corresponds to the theoretical value of 5.20 µB for a magnetically isolated S = 3/2 spin
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with the contribution of orbital angular momentum (L = 3). The magnetic moment grad-
ually decreases with decreasing temperature, reaching a value of 3.82 µB at 4.5 K. This
magnetic behavior is similar to that of the related linear CoIII-CoII-CoIII complex with
1,3-bis(salicylideneamino)-2-propanol [40]. The decrease in the magnetic moments may
be ascribed to the axial distortion around the Co2+ ion, which was observed in the crystal
structure. The axial splitting parameter ∆ was defined as the splitting of the local 4T1g

state of the octahedral Co2+ ion in the absence of spin–orbit coupling and introduced
to the magnetic data analysis [70–72]. The magnetic data were simulated with the axial
splitting parameter ∆, the spin-orbit coupling parameter λ, the orbital reduction factor κ
for the Co2+ ion (H = ∆(Lz

2 − 2/3) − (3/2)κλL·S + β[–(3/2)κLu + geSu]·Hu (u = x, z)), the
temperature-independent paramagnetism tip for the Co centers, and the Weiss constant θ
for intermolecular magnetic interactions by using the MagSaki(A)W1.0.11 program [72].
Magnetic susceptibility equations are shown below (Equations (1)–(6)), where E(0)

n , E(1)
u,n,

and E(2)
u,n (n = ±1 − ±6, u = x, z) represent the zero-field energies, first-order Zeeman

coefficients, and second-order Zeeman coefficients of the local 4T1 ground state for the octa-
hedral Co2+ ion. From this, the anisotropic g-factors, gz and gx, could be simulated using
these parameters [72]. The simulation gave the following parameter values: ∆ = –254 cm−1,
λ = –58 cm−1, κ = 0.93, tip = 0.00436 cm3 mol−1, and θ = –0.469 K. A large value of the tip
may be ascribed to the presence of three cobalt atoms in the molecule. The g values were
simulated as gz = 6.90 and gx = 2.64. This result suggests that the magnetic behavior of
the present complex can be interpreted by the axial distortion of the central Co2+ ion and
thus proposed to be considerably anisotropic. If we apply the present magnetic analysis
to the reported magnetic data of [Co3(Hsalpr)2(CH3COO)4] [40], we obtain the follow-
ing parameter values: ∆ = –950 cm−1, λ = –131 cm−1, κ = 0.93, tip = 0.00082 cm3 mol−1,
θ = –0.67 K, gz = 7.71, and gx = 1.94, as shown in Figure 8. The magnetic analysis suggests
that a considerable anisotropic character may also be found in [Co3(Hsalpr)2(CH3COO)4]
and that the larger negative ∆ and λ values may reflect a greater degree of axial distortion
around the Co2+ ion in the crystal structure [40].
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2.6. Cyclic Voltammogram of the Trinuclear Cobalt Complex

The redox behavior of the complex was studied by cyclic voltammetry. The cyclic
voltammogram (Figure 9) showed an irreversible reduction wave at approximately –1.2 V
vs. Fc/Fc+, which may be assigned to the reduction of the terminal Co3+ ions in the
reduction of the CoIII-CoII-CoIII species. The corresponding oxidation wave can be ob-
served at approximately –0.3 V vs. Fc/Fc+. No oxidation wave was observed until +1.0 V
vs. Fc/Fc+ on the oxidation side. This result suggests that the trinuclear complex may
not be maintained in the redox reaction, meaning that the stable form of the trinuclear
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species should be the CoIII-CoII-CoIII mixed-valent state. A similar irreversible reduc-
tion wave was observed in [CoII{CoIII(µ-L1)X2}2] [51] and [CoIII

2(nitrosalpr)2(CH3OH)]
(H3nitrosalpr = 1,3-bis(5-nitrosalicylideneamino)-2-propanol) [29].
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3. Materials and Methods

All reagents and metal salts were obtained from commercial sources and used without
further purification.

The Schiff-base ligand H3clsalpr was prepared by the methods described in the
literature [13,15,16]. An amount of 1,3-Diamino-2-propanol (2.177 g, 0.024 mol) and 5-
chlorosalicylaldehyde (7.566 g, 0.048 mol) were dissolved in methanol (45 cm3). The
solution was refluxed for 3 h and then left at room temperature overnight. The resulting
yellow crystals were filtered off and recrystallized from methanol. Yield, 4.149 g (46%). IR
(KBr, cm−1): ν(OH) 3130, ν(Ar-H) 3045, ν(C-H) 2891, ν(C=N) 1646.

Synthesis of [Co3(Hclsalpr)2(CH3COO)4]: To an acetonitrile solution (4 cm3) of H3clsalpr
(36.7 mg, 0.1 mmol), Co(CH3COO)2·4H2O (74.7 mg, 0.3 mmol) and five drops of triethy-
lamine were added. The solution was allowed to stand in a refrigerator, producing dark-
brown crystals of 1 in 47% yield (26.6 mg) after several days. Anal. Found: C, 41.49; H, 3.90;
N, 4.56%. Calcd for C42H48Cl4Co3N4O18 ([Co3(Hclsalpr)2(CH3COO)4]·4H2O): C, 41.50; H,
3.98; N, 4.61%. IR (KBr, cm−1): ν(OH) 3426, 3216, ν(Ar-H) 3020, ν(C-H) 2927, ν(C=N) 1634;
νas(COO) 1590, 1562, νs(COO) 1415, 1389. Diffuse reflectance spectra: λmax 354, 568, 640,
1264 nm.

Analytical data of C, H, and N were obtained on a Thermo Finnigan FLASH EA1112
series CHNO-S analyzer (Thermo Finnigan, Milan, Italy). IR spectra were obtained by
KBr discs of samples on a JASCO MFT-2000 FT-IR spectrometer (JASCO, Tokyo, Japan).
Powder reflectance spectra were obtained on a Shimadzu Model UV-3100 UV-vis-NIR
spectrophotometer (Shimadzu, Kyoto, Japan). Magnetic susceptibility measurements were
obtained on a Quantum Design SQUID susceptometer (MPMS-XL7, Quantum Design
North America, San Diego, CA, USA) with a magnetic field of 0.5 T over a temperature
range of 4.5–300 K. The magnetic susceptibility χM is the molar magnetic susceptibility per
mole of [Co3(Hclsalpr)2(CH3COO)4] unit and was corrected for the diamagnetic contri-
bution calculated from Pascal’s constants [73]. Cyclic voltammograms were measured in
THF solutions containing tetra-n-butylammonium perchlorate (TBAP) on a BAS 100BW
Electrochemical Workstation (Bioanalytical Systems, West Lafayette, IN, USA) with a glassy
carbon electrode, a platinum wire counter electrode, and an Ag/Ag+ reference electrode.
Ferrocene (Fc) was used as an internal standard. All the potentials are quoted relative to
Fc+/Fc.

X-ray crystallographic data were collected on a Bruker Smart APEX CCD diffractome-
ter (Bruker, Billerica, MA, USA) using graphite monochromated Mo-Kα radiation. The
structures were solved by intrinsic phasing methods and refined by full-matrix least-squares
methods. The hydrogen atoms were included at their geometrical positions calculated
geometrically. All of the calculations were carried out using the SHELXTL software pack-
age [74]. Crystallographic data have been deposited with Cambridge Crystallographic
Data Centre: Deposit number CCDC-2175785. Copies of the data can be obtained free of
charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html (accessed on 30 May 2022)
(or from the Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge, CB2
1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).

4. Conclusions

In this study, new trinuclear cobalt complex was synthesized by the reaction of 1,3-
bis(5-chlorosalicylideneamino)-2-propanol (H3clsalpr) with cobalt(II) acetate tetrahydrate.
The X-ray structure analysis revealed that a linear trinuclear CoIII-CoII-CoIII complex was
formed with two partially deprotonated Schiff-base ligands Hclsalpr2–, two bridging acetate
ligands, and two monodentate acetate ligands. The electronic absorption spectra and cyclic
voltammetry data suggest that the mixed-valent oxidation state is stable. The temperature
dependence of the magnetic susceptibilities is in accordance with the magnetic property
of the central Co2+ ion becoming considerably anisotropic due to the axial distortion of
the coordination geometry. This anisotropic property could also be found in the related
trinuclear complex [Co3(Hsalpr)2(CH3COO)4]. The anisotropic magnetic behavior of the
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mixed-valent CoIII-CoII-CoIII complexes is interesting as a potential application for single-
molecule magnets. Further study to pursue such magnetic relaxation properties is planned
in our laboratories.
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Abstract: A mixture of 2-pyridine carboxaldehyde, 4-formylimidazole (or 2-methyl-4-formylimidazole),
and NiCl2·6H2O in a molar ratio of 2:2:1 was reacted with two equivalents of hydrazine monohydrate
in methanol, followed by the addition of aqueous NH4PF6 solution, afforded a NiII complex with
two unsymmetric azine-based ligands, [Ni(HLH)2](PF6)2 (1) or [Ni(HLMe)2](PF6)2 (2), in a high
yield, where HLH denotes 2-pyridylmethylidenehydrazono-(4-imidazolyl)methane and HLMe is its
2-methyl-4-imidazolyl derivative. The spectroscopic measurements and elemental analysis confirmed
the phase purity of the bulk products, and the single-crystal X-ray analysis revealed the molecular and
crystal structures of the NiII complexes bearing an unsymmetric HLH or HLMe azines in a tridentate
κ3 N, N’, N” coordination mode. The HLH complex with a methanol solvent, 1·MeOH, crystallizes
in the orthorhombic non-centrosymmetric space group P212121 with Z = 4, affording conglomerate
crystals, while the HLMe complex, 2·H2O·Et2O, crystallizes in the monoclinic and centrosymmetric
space group P21/n with Z = 4. In the crystal of 2·H2O·Et2O, there is intermolecular hydrogen-bonding
interaction between the imidazole N–H and the neighboring uncoordinated azine-N atom, forming a
one-dimensional polymeric structure, but there is no obvious magnetic interaction among the intra-
and interchain paramagnetic NiII ions.

Keywords: (pyridyl)(imidazolyl)azines; aldazines; kryptoracemate; crystal structure

1. Introduction

Azines are a class of organic molecules with diimine functionality, R1R2C=N–N=CR3R4,
which are often regarded as analogs of 1,3-butadiene (R1R2C=CH–CH=CR3R4) due to the
resemblance and similarity in their functional groups [1,2], and represent a well-known
class of compounds with interesting chemical properties [3] and applications in several
and diverse fields [2]. In the area of synthetic organic chemistry, they serve as excellent syn-
thons for obtaining heterocyclic compounds such as purines, pyrazoles, and pyrimidines
by undergoing [2,3] criss-cross cycloaddition in the presence of dienophiles [4–6]. They
are good pharmaceutical and biological agents, for example, antimalarial, anticonvulsant,
and antioxidant properties [7–10]. In the agricultural field, azines exhibit herbicidal prop-
erties [11,12]. Azine-based polymers are successfully used for chemosensors [13–15] and
they also possess promising cathodic abilities for organic batteries [16–18] and could be
also employed for 2D field effect transistors in their crystallized phase as silicon [19]. Some
azine-based polymers possess promising cathodic abilities for organic batteries and are vital
in optoelectronic devices. Furthermore, compounds containing the diimine (C=N–N=C)
linkers have been investigated as highly luminescent frameworks [20–22] as well as good
photosensitizers in solar cells [23].

The coordinating ability of the diimine group in the azines is interesting due to the
flexibility of the N–N bond. A series of transition-metal complexes of azine-based ligands,
which possess interesting structural motifs and other properties, have been reported [2,24].
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Pyridyl ketazine is one of the unique azine-based ligands that have been explored by several
researchers for its coordinating abilities and modes, thus paving way for the investigation of
several azine-based ligands for their unique coordination chemistry [25–27]. Our previous
studies reported a series of mono- and dinuclear iron(II) complexes with imidazole-4-
carbaldehyde azine and other imidazole groups as azine ligands showcasing different
modes of coordination towards the iron(II) in the various complexes [28–30].

Recently, we have investigated the chemistry of pyridyl and imidazolyl azine-based lig-
ands, where an unprecedented selective synthesis of the unsymmetric (2-pyridyl)(2-methyl-
4-imidazolyl)azine is obtained in an excellent yield with an interesting bonding mode [30].
Pursuing our interest in the unsymmetric azine-based ligand, we attempted to synthe-
size the corresponding nickel(II) complexes bearing 2-pyridylmethylidenehydrazono-(4-
imidazolyl)methane (HLH) and 2-pyridylmethylidenehydrazono-(2-methyl-4-imidazolyl)
methane (HLMe).

2. Results and Discussion
2.1. Preparation of Unsymmetric (2-Pyridyl)(4-Imidazolyl)azines and Their Nickel(II) Complexes

The most intuitive and possibly simplest method for preparation of an unsymmetric (2-
pyridyl)(4-imidazolyl)azine is a reaction of stoichiometric amounts of 2-pyridinecarboxaldehyde,
1H-imidazole-4-carboxaldehyde (or its 2-methyl derivative), and hydrazine (Scheme 1) [31,32].
However, as was expected, all attempts to prepare the compounds HLR with this method
failed to isolate the desired compounds, because the reaction gave a complicated mixture of
the products (Figure S1 in the Supplementary Materials) which were hard to be separated
by any purification method. In a previous study [30], we serendipitously found that the
reaction in the presence of iron(II) salts gave selectively the crystals of a FeII complex bear-
ing unsymmetric azine, [Fe(HLMe)2](PF6)2·1.5H2O. To clarify the role of transition-metal
salts in the selective formation of a certain complex, we used a nickel(II) chloride for the
preparation of (2-pyridyl)(4-imidazolyl)azine complexes.
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Scheme 1. Preparation of (2-pyridyl and/or 4-imidazolyl)azine compounds.

A mixture of 2-pyridine carboxaldehyde, 4-formylimidazole (or 2-methyl-4-formylimidazole),
and NiCl2.6H2O in a 2:2:1 molar ratio in methanol was reacted with a stoichiometric
amount of hydrazine monohydrate, followed by the addition of an aqueous solution of
NH4PF6, which gave an obvious color change of the reaction solution to deep reddish
orange. From the reaction mixture, air-stable deep reddish orange crude product (1 from
4-formylimidazole or 2 from the 2-methyl derivative) was obtained by evaporation of
the solvent in a relatively high yield (80% and 83% for compounds 1 and 2, respectively).
The crude products are soluble in common polar organic solvents and recrystallized from
acetonitrile by vapor diffusion of methanol to deposit block-shaped deep reddish orange
crystals of 1·MeOH. For compound 2, platelet single-crystals of 2·H2O·Et2O suitable for
X-ray diffraction study were deposited by vapor diffusion of diethyl ether into a methanol
solution. In the FT-IR measurement of both compounds, the crude and recrystallized
products gave almost identical spectra, which showed ν(C=N) stretching bands at 1619
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and 1603 cm−1 for 1 and 1625 and 1603 cm−1 for 2 (Figure S2). This suggests that like
the above-mentioned FeII complex [30], a certain NiII complex was selectively formed
among several possible products. The elemental analyses of the vacuum-dried (partially
efflorescent) samples suggested the empirical composition of [Ni(HLH)2](PF6)2·0.5MeOH
and [Ni(HLMe)2](PF6)2

.MeCN.1.5MeOH for 1 and 2, respectively.
The χMT values of 1 and 2 at 300 K are 1.14 and 1.21 cm3 K mol−1, respectively.

These values are almost constant down to 20 K, then, decrease sharply below 20 K due to
magnetic anisotropies of them (Figure S3). No significant magnetic interactions between
complex cations were observed. In addition, magnetizations at 1.9 K for both complexes
(Figure S3) did not reach the saturation values at 5 T, indicating the existence of magnetic
anisotropies for both complexes. They are common behavior for magnetically isolated
octahedral mononuclear nickel(II) complexes.

Absorption spectra of complexes 1 and 2 recorded in acetonitrile at room temperature
were shown in Figure S4. Both complexes displayed two absorption bands in the region
of 200–550 nm. The absorption bands in the higher energy region around 200–330 nm can
be assigned to ligand-centered (LC) π–π* and n–π* transitions, respectively. The lowest
energy absorption band for the complexes around 450–550 nm can be ascribed as the
metal-to-ligand charge transfer (MLCT) band.

2.2. Crystal Structures of the Nickel(II) Complexes

The molecular and crystal structures of 1·MeOH and 2·H2O·Et2O was confirmed
by the single-crystal X-ray analysis at 188(2) K. Compound 1·MeOH crystallized in the
orthorhombic system and a non-centrosymmetric space group P212121 with Z = 4 (Table 1),
indicating conglomerate crystallization (spontaneous resolution of the enantiomers). The
asymmetric unit consists of one [Ni(HLH)2]2+ cation, two PF6

− anions, and a methanol
molecule of crystallization. An ORTEP drawing of 1 is shown in Figure 1. The NiII

center was coordinated by two HLH ligands in a pseudo-octahedral coordination geometry.
Each HLH ligand has an E,Z configuration (mode (i) in Scheme 2) serving as tridentate
coordination to a NiII center in a meridional fashion via pyridyl-N, imidazolyl-N, and
one of the azine-N atoms close to the pyridyl substitution group. This coordination mode
forms a five-membered chelate ring on the pyridine side and a six-membered one on the
imidazole side. It is noted that the other azine-N atom remains uncoordinated and the
imidazole-NH group remains protonated.

Table 1. Crystallographic data of compounds 1·MeOH and 2·H2O·Et2O.

Compound 1·MeOH 2·H2O·Et2O
Chemical formula C21H22F12N10NiOP2 C26H34F12N10NiO2P2
Formula weight 779.10 867.25

T/K 188(2) 188(2)
Crystal color and shape orange, block orange, platelet
Size of specimen/mm 0.30 × 0.26 × 0.25 0.45 × 0.30 × 0.29

Crystal system Orthorhombic Monoclinic
Space group, Z P212121, 4 P21/n, 4

a/Å 8.6212(4) 12.5812(12)
b/Å 10.3267(6) 14.6221(12)
c/Å 33.20894(17) 19.9359(18)
β/◦ 90 98.664(3)

U/Å3 2956.6(2) 3625.6(6)
Dcalc/g cm−3 1.750 1.589

µ(Mo Kα)/mm−1 0.8783 0.7270
Rint 0.0547 0.0628

No. reflns/params. 6767/426 8299/478
R1 [F2: Fo

2 > 2σ(Fo
2)] 0.0522 0.0903

wR2 (F2: all data) 0.1351 0.2966
GoF 0.872 1.084

Flack param. 0.022(7) —
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Scheme 2. Possible configuration and their bridging or tridentate coordination modes for HLR azines.

The coordination bond lengths and angles of 1 are summarized in Table 2, which
indicates the nearly ideal octahedral coordination geometry around the Ni center, with
minor deviations. The Ni–N bond lengths are in the range of 2.039(5)–2.095(5) Å, which
are typical for NiII–N(imine) coordination bonds [33,34]. The five-membered chelate bite
angles (N1–Ni1–N2 and N6–Ni1–N7) are smaller by ca. 10◦ than the six-membered chelate
bite angles (N2–Ni1–N5, N7–Ni1–N10), as expected. The mutually trans bond angle of
N2–Ni1–N7 for the azine-N donors (175.7(2)◦) is close to the ideal value.

The packing structure of 1·MeOH was illustrated in Figure S5. In the crystal structure,
an explicit hydrogen-bond was observed between one of the imidazole N–H group and
the O atom of the methanol molecule of crystallization: N9(–H)···O1 2.710(8) Å (Figure 1),
but no other intermolecular interactions were found. In a previous study, we reported the
crystal structure of the analogous FeII complex, [Fe(HLMe)2](PF6)2·1.5H2O [30], in which
a noble kryptoracemate resulted from a formation of a one-dimensional helical polymer
by an intermolecular hydrogen-bonding interaction. In the present NiII complex 1·MeOH,
although the compound was crystallized in a non-enantiogenic (Sohncke) space group,
P212121, the complex cation was crystallized in a discrete form (Figure S5) and did not show
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the kryptoracemate phenomenon. We have tried to measure the solid-state CD spectra of a
piece of single-crystal of 1·MeOH (in a KBr disk), but no CD signal was observed.

Table 2. Selected bond lengths (l/Å) and angles (
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N1–Ni1–N7, N2–Ni1–N6 99.83(19), 97.26(17) 90.25(15), 92.25(16)
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The compound, 2·H2O·Et2O, crystallized in the monoclinic system and centrosymmet-
ric space group P21/n with Z = 4 (Table 1). The molecular structure of the NiII complex
cation in 2 (Figure 2) is very similar to that in 1, except for the large deviation of the bond
angles, e.g., N2–Ni1–N7 and N5–Ni1–N7 (Table 2), which resulted from steric congestion
from the substituted methyl group at the imidazole ring.
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In the crystal structure, the intermolecular hydrogen-bonding interaction was ob-
served between the imidazole N–H and azine-N groups: N9(–H9)···N8 2.714(6) Å, forming
one-dimensional coordination polymers (Figure 3). In contrast to the corresponding FeII

complex [30], this NiII complex 2·H2O·Et2O crystallized in a centrosymmetric space group
P21/n, indicating the crystal consists of the racemic mixture.
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3. Materials and Methods
3.1. Chemicals and Physical Methods

All chemicals and solvents used for syntheses of azine compounds and Ni complexes
were reagent grade and used without further purification. First, 2-pyridinecarboxaldehyde,
1H-imidazole-4-carboxaldehyde, 2-methyl-1H-imidazole-4-carboxaldehyde, nickel(II) chlo-
ride hexahydrate, and ammonium hexafluorophosphate were purchased from FUJIFILM
(Tokyo, Japan). All reactions were carried out under aerobic conditions. Infrared spectra
(KBr pellets; 4000–400 cm−1) were recorded on a JASCO FT-001 Fourier transform infrared
spectrometer (JASCO, Tokyo, Japan). Absorption spectra were recorded on a Shimadzu
UV/Vis-1650 spectrophotometer (Kyoto, Japan) in the range of 200–600 nm at room temper-
ature in acetonitrile. The 1H NMR spectra were acquired on a Varian 400-MR spectrometer
(Los Angeles, CA, USA); the chemical shifts were referenced to residual 1H NMR signals of
solvents and are reported versus TMS. Elemental analyses were conducted at Advanced
Science Research Center, Okayama University. Magnetic susceptibilities were measured
on a Quantum Design MPMS XL5 SQUID magnetometer (Tokyo, Japan) in a 1.9–300 K
temperature range under an applied magnetic field of 0.1 T at the Okayama University of
Science. Corrections for diamagnetism were applied using Pascal’s constants [35].

3.2. Preparation of Nickel(II) Complexes

3.2.1. [Ni(HLH)2](PF6)2 (1)

A methanol solution (30 mL) of NiCl2·6H2O (0.477 g, 2.00 mmol) was added to a
methanol solution (60 mL) containing 2-pyridinecarboxaldehyde (0.432 g, 4.00 mmol) and
1H-imidazole-4-carboxaldehyde (0.387 g, 4.00 mmol), followed by additions of hydrazine
monohydrate (0.207 g, 4.00 mmol) in methanol (30 mL) and NH4PF6 (0.652 g, 4.00 mmol)
in water (20 mL). The mixture was stirred at ca. 60 ◦C for 3 h. The resulting solution was
concentrated by a rotary vacuum evaporator to give a deep reddish-orange precipitate.
The crude product was dissolved in methanol and acetonitrile and recrystallized by slow
evaporation to deposit deep reddish-orange microcrystals. Crystals suitable for the SC-XRD
study were obtained from a mixture of acetonitrile and methanol. Yield: 1.72 g (80%). Anal.
Found: C, 32.41; H, 2.36; N, 18.38%. Calcd for C20.5H20F12NiN10O0.5P2 (for 1·0.5MeOH:
C, 32.27; H, 2.64; N, 18.36%. IR (KBr pellet): νC=N (imine) 1619, 1603 cm−1; νP–F (PF6

−)
840 cm−1.
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3.2.2. [Ni(HLMe)2](PF6)2 (2)

Complex 2 was obtained in a similar manner using 2-methyl-1H-imidazole-4-carboxaldehyde
instead of 1H-imidazole-4-carboxaldehyde. Yield: 83%. Anal. Found: C, 35.45; H, 3.43;
N, 17.95%. Calcd for C25.5H31F12NiO1.5P2 (for 2·CH3CN·1.5CH3OH: C, 35.44; H, 3.62; N,
17.83. IR (KBr pellet cm−1): νC=N (imine) 1635, 1609 (fs) νP–F (PF6

−) 845(s). Deep reddish-
orange platelet crystals (2·H2O·Et2O) suitable for SC-XRD were obtained from a mixture of
methanol and diethyl ether.

3.3. Structure Determination by X-ray Crystallography

The single-crystal X-ray diffraction data for compounds 1·MeOH and 2·H2O·Et2O
were collected at 188(2) K using a Rigaku RAXIS RAPID II imaging plate area detector
employing graphite monochromated Mo Kα radiation (λ = 0.71073 Å). The structures were
solved by the direct method, employing the SIR2014 software packages [36], and refined
on F2 by full-matrix least-squares techniques using the SHELXL2014 program package [37].
All non-hydrogen atoms were refined anisotropically, and hydrogen atoms were included
in the calculations with riding models. All calculations were performed using the Crystal
Structure software package [38]. The crystal parameters, data collection procedure, and
refinement results for the two compounds 1·MeOH and 2·H2O·Et2O are summarized
in Table 1.

4. Conclusions

In this study, we attempted to prepare transition-metal(II) complexes of an unsymmet-
rical azine-type ligand, HLR, having 2-pyridyl and (2-methyl-)1H-imidazol-4-yl substituent
groups. The desired azine could not be isolated in pure form from a simple stoichiometric
reaction of hydrazine and respective aldehydes. However, in our previous study using
FeII salts, a highly selective formation of [Fe(HLMe)2](PF6)2·1.5H2O was observed, and the
complex was found to be a kryptoracemate as a result of a one-dimensional helical chain
structure by hydrogen-bonding interaction. At present, we have studied another two cases
with nickel(II) salts: [Ni(HLH)2](PF6)2·MeOH (1·MeOH) and [Ni(HLMe)2](PF6)2·H2O·Et2O
(2·H2O·Et2O). In both cases, a highly selective formation of the unsymmetrical azine com-
plex was observed among other possible symmetrical and/or unsymmetrical complexes.

In the crystal of 1·MeOH, the compound was crystallized in a non-enantiogenic
(Sohncke) space group, P212121, but the complex cation, [Ni(HLH)2]2+, was only hydrogen-
bonded to the solvated methanol molecule. In the crystal structure of 2·H2O·Et2O, there
observed a one-dimensional hydrogen-bonded polymer chain made from [Ni(HLMe)2]2+,
but it was crystallized in a centrosymmetric space group, P21/c. Thus, it can be con-
cluded that the reason for the selective formation of an unsymmetric azine ligand in
[Fe(HLMe)2](PF6)2·1.5H2O was not solely the formation of the characteristic hydrogen-
bonded chain. The suitable tridentate chelate formation of E,Z-HLR with mode (i) (in
Scheme 2), which gives a five-membered chelate ring at the pyridyl coordination site and a
six-membered chelate ring at the imidazolyl one, would probably be the most stable among
the other coordination modes of symmetrical and unsymmetrical azine derivatives.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27206788/s1, Text for Syntheses of the symmetrical and
unsymmetrical azine compounds; Figure S1: 1H NMR Spectra of the azines; Figure S2: FT-IR spectra
of [Ni(HLH)2](PF6)2 (1) and [Ni(HLMe)2](PF6)2 (2); Figure S3: The χMT vs T plots of 1 and 2 and
magnetizations of 1 and 2 at 1.9 K; Figure S4: Absorption spectra of 1 and 2 in acetonitrile at room
temperature; Figure S5: Packing diagram of 1·MeOH viewed along the crystallographic a axis;
Figure S6: Packing diagrams of 2·H2O·Et2O viewed along crystallographic a and b axes.
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Synthesis and Characterization of Lanthanide Metal Ion
Complexes of New Polydentate Hydrazone Schiff Base Ligand
Izabela Pospieszna-Markiewicz, Marta A. Fik-Jaskółka , Zbigniew Hnatejko, Violetta Patroniak
and Maciej Kubicki *

Faculty of Chemistry, Adam Mickiewicz University, Uniwersytetu Poznańskiego 8, 61-614 Poznań, Poland
* Correspondence: mkubicki@amu.edu.pl

Abstract: The new homodinuclear complexes of the general formula [Ln2L3(NO3)3] (where HL is
newly synthesized 2-((2-(benzoxazol-2-yl)-2-methylhydrazono)methyl)phenol and Ln = Sm3+ (1),
Eu3+ (2), Tb3+ (3a, 3b), Dy3+ (4), Ho3+ (5), Er3+ (6), Tm3+ (7), Yb3+ (8)), have been synthesized from
the lanthanide(III) nitrates with the polydentate hydrazone Schiff base ligand. The flexibility of this
unsymmetrical Schiff base ligand containing N2O binding moiety, attractive for lanthanide metal ions,
allowed for a self-assembly of these complexes. The compounds were characterized by spectroscopic
data (ESI-MS, IR, UV/Vis, luminescence) and by the X-ray structure determination of the single
crystals, all of which appeared to be different solvents. The analytical data suggested 2:3 metal:ligand
stoichiometry in these complexes, and this was further confirmed by the structural results. The metal
cations are nine-coordinated, by nitrogen and oxygen donor atoms. The complexes are two-centered,
with three oxygen atoms in bridging positions. There are two types of structures, differing by the
sources of terminal (non-bridging) coordination centers (group A: two ligands, one nitro anion/one
ligand, two nitro anions, group B: three ligands, three anions).

Keywords: Schiff base complexes; lanthanides; X-ray structures; spectroscopy; luminescence studies

1. Introduction

For decades, the coordination chemistry of lanthanides has been a subject of great
interest. Lanthanides and their complexes present attractive physical (e.g., spin crossover,
single molecule magnetism, luminescence) [1–14], chemical [15], biological (antimicro-
bial, antiradical, anticancer) [16–22] and catalytic [23,24] properties. The versatility and
robustness of lanthanides complexes with N, O donor ligands like hydrazones and their
analogues caused the formation of the diverse classes of compounds.

Compounds containing polydentate hydrazone ligands exhibit a huge variety of molec-
ular architectures. A flexible ligand may provide more possibilities of unique, thermally
and kinetically stable, coordination modes with the lanthanide ions of various ionic radii.
Lanthanide contraction and the electron configuration details, very important factors affect-
ing the structures of the complexes, may be responsible for the difficulties in controlling
the coordination environment around the metal ions. Additionally, lanthanides show the
low stereochemical preference and the coordination compounds with these cations usually
have high coordination numbers, e.g., typically 8 or 9 for the heavy lanthanides [25–27].

It is generally assumed that the complexes are formed in self-assembly process in
which a disordered system of substrates is organized to supramolecular crystal structure. In
such a process the role of solvent molecules, which can be and often really are the important
parts of solid state structures, is also very important.

As a part of our ongoing research on the coordination properties of hydrazone ligands [28,29],
we reported the study concerning the chelating abilities of the potentially polydentate new
hydrazone Schiff base ligand (HL) 2-((2-(benzoxazol-2-yl)-2-methylhydrazono)methyl)phenol. A
series of the lanthanide complexes of general formula [Ln2(L)3(NO3)3]·solvent (Ln = Sm3+ (1),
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Eu3+ (2), Tb3+ (3a, 3b), Dy3+ (4), Ho3+ (5), Er3+ (6), Tm3+ (7), Yb3+ (8)) has been reported,
and their structural and luminescent properties were studied in detail. Photoluminescence
studies show that complexes Eu(2) and Tb(3a, 3b) show characteristic emission in the visible
region while Ho(5), Er(6), Tm(7) and Yb(8) in the near-infrared region. Photoluminescence
spectra demonstrated that Er(6) and Yb(8) in these compounds can be effectively excited at
369 nm.

The results from this study show an interesting binding trend between N,N,O-donor
ligand and selected Ln(III), as different coordination environments for the Ln atoms in
the same molecule are observed. In the solid-state structures all the complexes are two-
centered, lanthanide cations are always 9-coordinated in a distorted tricapped trigonal
prism geometry, however, the metal coordination patterns are different depending on
the crystallization conditions and/or metal cation. According to these differences, the
complexes can be divided into two groups (A and B, Scheme 1). The donor atoms of
functional groups from the chelating ligands play here an important role. The coordination
environments of both central cations in each complex are different and range from N6O3,
through N4O5, N2O7 to O9 donor atom set.
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2. Results and Discussion
2.1. Synthesis, ESI-MS and IR Spectroscopy, Thermal Analysis of the Complexes

The polydentate hydrazone Schiff base type metal ion complexes Sm3+ (1), Eu3+ (2),
Tb3+ (3a), Tb3+ (3b), Dy3+ (4), Ho3+ (5), Er3+ (6), Tm3+ (7) and Yb3+ (8) containing ligand
HL (Scheme 2 and Scheme S1) 2-((2-(benzoxazol-2-yl)-2-methylhydrazono)methyl)phenol
were prepared.
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Analytical data for the new compounds indicated that all complexes are in 2:3 metal to ligand
stoichiometry and correspond to the general formula (in the solid state) [Ln2L3(NO3)3]·solvent.
The metal ions are coordinated by organic ligands in a helical-like fashion, and two general
coordination patterns can be identified (Scheme 1). It needs to be noted, that deprotonation
of the ligand HL is an important step to obtain products in good quality and yields.
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The ligand HL was prepared from the condensation of semi product A and salicy-
laldehyde in molar ratio 1:1. The ligand structure was identified by elemental analysis, IR,
ESI-MS and 1H, (Figure S1) 13C NMR and was further confirmed by X-ray diffraction of a
single crystal. The complexes 1–8 were characterized by ESI-MS and IR spectral analysis.
The ESI-MS of complexes showed mass fragmentation pattern which fits well with the
formula suggested by elemental and X-ray analyses. The peaks corresponding to the free
ligand are also present in the MS as a result of demetalation. The mass spectrum of ligand
HL showed molecular ion peaks at m/z = 266 [C15H13N3O2-H]−, 268 [C15H13N3O2+H]+

which match the C15H13N3O2 ligand formula.
The IR spectra of the complexes provide some information regarding the bonding

mode of the ligand HL and nitrate counterions. All IR spectra of complexes 1–8 exhibit
three bands at 3322–3014 cm−1 region attributable to vibrations of >N-CH3 groups. The
IR spectrum of ligand HL exhibits the bands at 3041 cm−1 and 2557 cm−1 characteristic of
O-H stretching vibration and intramolecular OH···N=C moiety, respectively. All IR spectra
of compounds exhibit characteristic absorption band at around 1630 cm−1 attributed to
C=N stretching mode confirming the Schiff base formation. The shift of this band to higher
frequency, observed in the spectra of the complexes compared to the free ligand confirms
the coordination of the nitrogen atom of azomethine group to the metal ions. The spectra
of the complexes display vibrations indicative of coordinated nitrate groups. The ν(N–O)
stretching frequencies are observed at 1475–1283 cm−1 region. The range of splitting
confirms the bidentate coordinating behavior of the nitrate groups. The ν(C–O) phenolic
frequency observed as a band at 1241 cm−1 for the ligand HL, is shifted in the complexes
thus suggesting the participation of the oxygen atom of the deprotonated hydroxyl group
in the formation of the M−O bonds. The metal complexes are also characterized by
appearance of new bands at 519–501 cm−1 and 441–437 cm−1, which are assigned to
ν(M–O) and ν(M–N) bending frequencies, respectively.

Thermogravimetric analysis was used to study the thermal decomposition and to
confirm the melting point results. The thermal stability of representative complexes was
investigated under a nitrogen atmosphere by thermogravimetric analysis (TGA) in the
temperature range of 30–800 ◦C on the powder samples. The TG curves of representative
compounds (Figure S3) showed that they exhibit very similar thermal decomposition pro-
cesses. The DTA curves show a high exothermic peak corresponding to total decomposition
of complex in one step, at 267–332 ◦C temperature range.

2.2. Crystal Structures

Figure 1 shows the perspective views of HL. The perspective views of the chosen
representative molecules of complexes are shown in Figures 2 and 3 and similar representa-
tions of all molecules are attached as Supplementary Information. Table S1 lists the relevant
geometric characteristics of these molecules.
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Figure 3. An example of the Second of two different types of structures B. A perspective view of the
[Ho2(C15H12N3O2)3(NO3)3] (5).

Basically, there are two structurally different types of the complexes. In both cases, the
complexes are non-symmetric (with an exception of (Tb)3b, which lies on the three-fold
symmetry axis in the quite rare cubic space group P213), of Ln2L3(NO3)3 composition,
two-centered, triple bridged by ligand O14 oxygen atoms, with two lanthanide cations
coordinated in the most typical way with the coordination number 9. However, the
details are quite different. In the group A ((Sm)1, (Tb)3a, (Dy)4 and (Er)6) one metal
ion is coordinated (besides three bridging oxygen atoms, which come from three ligand
molecules) by four nitrogen atoms from two ligand molecules and two oxygen atoms from
one nitrate ion (N4O5), while the other—by two nitrogen atoms from the third ligand
molecule, and four oxygen atoms from two nitrates, so it is overall N2O7. In the group
B ((Eu)2, (Tb)3b, (Ho)5, (Tm)7, (Yb)8) one of the Ln ions is coordinated (again, besides
bridging oxygens) solely by ligands (N6O3), and the second one only by nitrates (O9). It
might be noted, that the structural differences are smaller in group A, with three out of
four structures, 1, 4, and 6 closely isostructural (cf. Figure 4, the isostructurality indices
are close to ideal values) than in group B (only (Tm)7 and (Yb)8, i.e., two out of five, are
isostructural).

In the Cambridge Structural Database [30] there are quite a lot examples of two-
centered Ln complexes bridged by three oxygen atoms (1549 hits, of which 470 with both
centers 9-coordinated), but we have found only few groups of complexes resembling
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relatively closely our new structures: tris(µ2-(E)-2-(2-pyridylmethyleneamino)phenolato-
N,N′,O,O)-tris(nitrato-O,O′)-di-lanthanide(III) [31], tris(µ2-2-(2-hydroxypropyliminomethyl)
phenoxo)-tris(nitrato-O,O′)-di-lanthanide(III) [32], and (µ-2,2′-[ethane-1,2-diylbis({[(pyridin-
2-yl)methyl]azanediyl}methylene)]bis (6-formyl-4-methylphenolato))-(m-methoxo)-trinitrato-
di- lanthanide (III) [33].
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Such a complicated coordination uses the flexibility of the ligand. The molecule of
the free HL is almost planar (dihedral angle between terminal ring systems is 11.21(6)º, cf.
Table S1, while all ligands in the complexes are significantly twisted. Such a conformation
change allows the ligands for bridging two Ln ions, while at the same time for serving with
two nitrogen atoms as coordination centers.

Each of the crystal structures of complexes contain varieties of different solvent
molecules: acetonitrile, methanol, toluene, diethylether (Table S1 Crystal data). Inter-
estingly, also in above listed examples of similar complexes, the crystal structures contained
solvent molecules. This seems to suggest that the presence of appropriate—relatively
small—solvent molecules is crucial for the possibility of obtaining single crystals, these
molecules apparently help by filling the voids between the awkwardly shaped complex
molecules. In general, weak C-H···N, C-H···O and C-H···π hydrogen bonds are predomi-
nant specific interactions which can be found in the structures.

2.3. Electronic Absorption Spectra and Luminescence Properties

The absorption spectrum of the Schiff base ligand HL (Figure 5) in acetonitrile showed
three strong absorption bands in the range 220–450 nm (at about 239, 306 and 331 nm), that
could be attributed to the π-π* or n-π* transitions [34–36]. The comparison of the absorp-
tion spectra of the ligand HL and the Ln3+ complexes in acetonitrile (Figures 5 and S4a,b)
gave the numerical values of the maximum absorption wavelength and molar extinction
coefficients (ε), which are listed in experimental data. Bathochromic shift of the absorption
maxima and appearance of new bands were detected. These changes indicate formation of
complexes between the lanthanide cations and ligand HL.

The intraconfigurational f-f transitions [37] are observed in the absorption and emis-
sion spectra of the Ln3+ ions. It should be noted that the ε values (molar absorption coeffi-
cient) of the forbidden f-f transitions are in general smaller than 10 dm3·mol−1·cm−1 [38].

Because of the strong ligand absorption, only a limited number of lanthanide ions
show observable f-f transitions in the Schiff base complexes [39].

The Ho3+ absorption spectra (these ions are characterized by the highest values of
molar absorption coefficients in the spectral range 500–800 nm) showed an increase in the
absorption and bathochromic shift of the absorption bands, as presented in Figures 6 and S5.
The largest changes of the bands 5I8-5F4,5S2 (λmax~535 nm) and 5I8-5F5 (λmax~640 nm) in
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comparison with free HL are observed for (Ho)5. The changes of the absorption spectra are
attributed to complexation of the ligand to the Ho3+ ion.
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Figure 5. The absorption spectra of HL, (Tb group A) 3a and (Tb group B) 3b in acetonitrile solution;
c = 2 × 10−5 M.
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Figure 6. The absorption spectra of Ho3+ ion in acetonitrile solution in Ho(OTf)3 and (Ho)5 in range
5I8-5F5 transitions, c = 2 × 10−3 M.

Photoluminescence study of the ligand HL and its corresponding complexes (Sm)1,
(Eu)2, (Tb)3a and (Dy)4 have been carried out in solution and solid state in the visible
region. The exemplary excitation spectra of solid-state complexes from both analyzed
groups are shown in Figure S6a,b. For the ligand and complexes of group A, two bands
located at about 270 and 370 nm are observed, while for the complexes of group B only
one band is observed at 370 nm. The emission spectra of all solid samples display free
ligand emission bands and are blue-shifted compared to the emission spectrum of the free
ligand HL (Figure 7). The (Sm)1, (Tb)3a and (Dy)4 (group A of complexes), at wavelength
excitation λex = 368 nm, exhibit broad emission bands with maximum at 453, 442 and
450 nm respectively, while (Tb)3b and (Eu)2 (group B) two or three emission bands located
at 410, 438 nm and 412, 440, 469 nm. The main emission peak of free HL ligand, in solid state
is located at 512 nm for λex = 370 nm. The very high intra ligand luminescence observed
in the 400–650 nm spectral range, in the solid compounds, is indicative of nonefficient
intramolecular energy transfer from the ligand to the excited states of Ln(III) ions and the
lack of their bands in emission spectra.
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Figure 7. Normalized emission spectra of solid samples of HL ligand (λex = 370 nm) and compounds
(Sm)1, (Eu)2, (Tb)3a 3b, (Dy)4 (λex = 368 nm).

The similarity in the excitation spectra of HL and 1–4 (Sm, Eu, Tb, Dy) complexes
suggests that the absorption is ligand–based. The blue- or red-shifts with respect to HL
may be ascribed to the coordination of Ln3+ ions with the ligand. The reduction of the
emissions of these samples, in comparison with HL, was also observed.

Moreover, the luminescence emissions of the compounds 5–8 (Ho, Er, Tm, Yb) in the
solid state were recorded at room temperature under 369 nm LED pumping from 900 to
1700 nm (Figures 8, S7 and S8).
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Figure 8. The emission spectrum of 5(Ho) in NIR region.

As shown in Figure 8, the luminescence spectrum of Ho3+ consists of three intense
NIR bands which may be ascribed to the following transitions: 5F5-5I7 (966 nm), 5I6-5I8
(1178 nm) and 5F5-5I6 located at 1468 nm. The low intensity signals observed at about 1050
and 1300 nm are attributed to the 5S2-5I6 and 5S2-5I5 transitions observed in this ion. The
peak position of 2F5/2-2F7/2 transition in Yb3+ is centered at 967 nm (Figure S8). The Tm3+

ion in 7 exhibits near-infrared and mid-infrared emissions at 795 nm (3H4-3H6) and 1450 nm
(3H4-3F4) when 6 show a main band Er3+ with maximum at 1509 nm, which corresponds
to the 4I13/2-4I15/2 transition. The intense photoluminescence in the near-IR region was
observed for Er(6) and Yb(8) complexes.

The luminescence spectra of newly synthesized complexes 1–4 (Sm, Eu, Tb, Dy) were
also measured in acetonitrile solution, Figure 9. The luminescence properties of (Sm)1 and
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(Dy)4 in solutions are similar to those in the solid state. Additionally, the complexes from
group A display broad emission bands located around 440 nm, previously observed in the
emission spectra of solid samples, and absence of f-f emission bands of Sm3+ and Dy3+ ions.
In contrast, the ligand emission is attenuated in the spectrum of complex 2. Moreover, in
this spectrum there are two weak bands related to the electronic f-f transitions in the Eu3+

ion (Figure 9a), i.e., transitions 5D0-7F1 and 5D0-7F2.
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Figure 9. The emission spectra of acetonitrile solution (a) (Sm)1, (Eu)2 and (Dy)4 and (b) (Tb)3a and
(Tb)3b, c = 2 × 10−5 M.

The observed differences in the emission spectra of the solid complexes Tb(III) of two
groups) 3a and 3b were also reflected in the spectra of acetonitrile solutions (Figure 9b). In
solution of compound 3a, in addition to the ligand band located at about 440 nm, on its
slope four bands reflecting the presence of Tb(III) ions, were also observed. These bands
are at 491, 545, 585 and 623 nm and correspond to the 5D4-7Fj i.e., 5D4-7F6, 5D4-7F5, 5D4-7F4

and 5D4-7F3 transitions, respectively. Of them, the most intense transition is the first one,
5D4-7F5. Unlike 3a, the spectrum of 3b displays weak emission band corresponding to
5D4-7Fj transition in Tb3+ ion.

The hydrazone Schiff base ligand transfers the excitation energy to the Eu3+ and Tb3+

ions. The observed ligand-centered π-π* emission band at about 440 nm which indicates
that the LMET in these complexes is not complete. The low intensity of the emission bands
in 2 and 3b (group complexes) proves that this process is inefficient. This process is more
efficient for compound 3a, in which Schiff base ligands are attached to both Tb3+ ions.
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3. Materials and Methods
3.1. Materials

2-(1-methylhydrazinyl)benzoxazole was prepared according to the procedure described
in [29]. Salicylaldehyde, 2-chlorobenzoxazole, methylhydrazine and Sm(NO3)3·6H2O,
Eu(NO3)3·5H2O, Tb(NO3)3·6H2O, Dy(NO3)3·5H2O, Ho(NO3)3·5H2O, Er(NO3)3·5H2O
Tm(NO3)3·6H2O, Yb(NO3)3·5H2O were used as received from Sigma-Aldrich.

3.2. Physical Measurements

The compounds were characterized using microanalyses (CHN), IR, ESI-MS, UV/Vis,
1H NMR, 13C NMR, and single crystal X-ray structural analysis.

IR spectra were recorded in the range of 4000–400 cm−1. Powders of sample were
analyzed on a Nicolet iS50 FT-IR spectrometer, ATR technique was used. Mass spectra were
recorded using electrospray ionization (ESI) techniques. Electrospray mass spectra were
determined in methanol using a Waters Micromass ZQ spectrometer. Microanalyses (CHN)
was obtained using a Perkin-Elmer 2400 CHN micro analyzer. NMR spectra were recorded
in dimethylsulfoxide-d6 on a Bruker Ultrashield 300 spectrometer model operating at
300 MHz with chemical shifts (ppm) referenced to the deuterated solvent. NMR solvent
was purchased from Deutero GmbH. Melting points were determined with a EZ-MeltA
automated Melting Point Apparatus, Stanford Research Systems product, apparatus and are
uncorrected. Thermogravimetric analyses (TGA) were carried out on a Setsys 1200 Setaran
thermogravimetry under nitrogen atmosphere with a heating rate of 5 ◦C/min. Ultraviolet–
visible (UV–Vis) spectra of the compounds in acetonitrile (at concentration of 2 × 10−5 M)
were measured using Shimadzu UV PC 2401 spectrophotometer. Luminescence spectra in
Vis range were recorded on a Hitachi F7000 spectrofluorometer at room temperature with
a 1 cm quartz cell and filters 320 or 395, while in the NIR range were recorded by using
an Andor Shamrock 500 spectrometer (300 L/mm–blaze 1200 nm) equipped with CCD
camera iDus 420 and spectrometer QuantaMasterTM 40s (Photon Technology Instrumental,
Birmingham, AL, USA) equipped with Photomultiplier Tubes H10330C-75 (800–1800 nm).
The samples were excited by the use a LED revolver with high-power 360–370 nm LED.

3.3. Synthesis of the 2-((2-(benzoxazol-2-yl)-2-methylhydrazono)methyl)phenol, HL=C15H13N3O2

Ligand HL was synthesized within two subsequent steps starting from commercially
available 2-chlorobenzoxazole according to the Scheme S1. Formation of product thus
formed was established by 1H NMR, 13C NMR, IR, ESI-MS spectroscopy and the X-ray
diffraction methods. Ligand HL was synthesized according to the protocol described below.

To the colorless solution of A [29] (400.3 mg, 2.2 mmol) in EtOHabs (8 mL) an equimolar
amount of salicylaldehyde (268.7 mg, 234.5 µL, 2.2 mmol) was added. The mixture was
allowed to react for 20 h under inert atmosphere in reflux and for another 4 h at room
temperature. The white precipitate was observed. The product was filter under reduced
pressure. The white needle shaped monocrystals suitable for the X-ray analysis were
obtained by the slow evaporation of CH3CN. Yield: 513.8 mg, 1.9 mmol, 78.3%. Anal.:
Calcd. for C15H13N3O2 (267.28 g mol−1): C, 67.40; H, 4.90; N, 15.72. Found C, 67.86; H,
4.87; N, 15.67%. Melting point: 182 ◦C. 1H NMR δH(300 MHz, DMSO-d6) 10.86 (s, 1H),
8.26 (s, 1H), 7.65 (d, J = 7.8 Hz, 1H), 7.58 (d, J = 7.7 Hz, 1H), 7.48 (d, J = 7.7 Hz, 1H), 7.27 (dd,
J = 15.6, 7.9 Hz, 2H), 7.16 (t, J = 7.2 Hz, 1H), 6.94 (dd, J = 7.4, 5.6 Hz, 2H), 3.69 (s, 3H). 13C
NMR (DMSO-d6, 300 MHz): δ (ppm) 159.81; 156.61; 148.94; 141.97; 140.86; 139.75; 130.83;
128.95; 124.46; 121.86; 119.45; 117.03; 116.38; 109,62; 32.38. ESI-MS: m/z = 266 [C15H13N3O2-
H]−, 267 [C15H13N3O2+H]+. IR (ATR, cm−1): ν = 3041 w (OH), 2575 w (OH····N), 1630 s
(C=N), 1582 s (C=C), 1241 s (C–O) cm−1. UV-Vis (CH3CN): λmax/nm (ε/dm3 mol−1 cm−1)
239.5 (1.9 × 104), 306.5 (2.5 × 104), 331.0 (3.0 × 104).

3.4. Synthesis of the Complexes. General Procedures

All complexes were prepared under similar conditions. To the colorless solution of
ligand HL (20 mg, 40 µmol) in CH3OH (5 mL) the solution of appropriate lanthanide(III)
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nitrate salt [(60 µmol: 26.7 mg Sm(NO3)3·6H2O for 1, 25.7 mg Eu(NO3)3·5H2O for 2,
27.2 mg Tb(NO3)3·6H2O for 3, 26.3 mg Dy(NO3)3·5H2O for 4, 26.5 mg Ho(NO3)3·5H2O for
5, 26.6 mg Er(NO3)3·5H2O for 6, 26.7 mg Tm(NO3)3·6H2O for 7, 26.9 mg Yb(NO3)3·5H2O
for 8] in CH3CN (5 mL) was added. No color change was observed. After 1 h the mixtures
were treated with Et3N (5.6 µL, 40 µmol), which resulted in formation of clear yellow solu-
tions. The final mixture was stirred at room temperature for 48 h under normal atmosphere.
The solution volume was then reduced to 5 mL by roto-evaporation. Precipitation was
carried out by addition of diethyl ether/methanol (1:1.5 mL). The solids were filtered off
and dried in air. For the purpose of elemental analysis, the precipitates were dried under
vacuum for 72 h in order to remove the solvent molecules [40,41]. The complexes obtained
are microcrystalline variously colored powders, whose melting points (decomposition) are
higher than that of the free ligand. Single crystals suitable for X-ray diffraction analysis
were formed by slow diffusion of toluene (group A—1, 3a, 4, 6) and diisopropyl ether
(group B—2, 3b, 5, 6, 7) into sample to obtain by recrystallization of the solid from a mini-
mum volume of CH3OH/CH3CN (1:1) at 4 ◦C over a period of 6–8 weeks. Single crystals
were filtered under reduced pressure and air dried. The complexes were able to turn the
solvent molecules into the crystal by recrystallization from mixed solvents. Solvents used
in the processes of crystallization lead to the formation of different crystal structures and
compositions, and thus affect their properties. Observed structural changes are character-
ized by a slight modification of the number of non-coordinated solvent molecules [42–44].
For the luminescence and UV-Vis studies, single crystals of the product were used [41].

(1) [Sm2(C15H12N3O2)3(NO3)3]·CH3CN group A

Light yellow precipitate, Yield: 24.36 mg, 0.0184 mmol, 63%. Analytical data Calculated
for C45H36N12O15Sm2 (1285.57 g mol−1): Calc. C, 42.04; H, 2.82; N, 13.07. Found: C, 42.18; H,
2.84; N, 13.11%. Melting point: 324 ◦C (decomp.). ESI-MS: m/z = 684 [Sm(C15H12N3O2)2]+,
604 [SmC15H12N3O2(NO3)3]−, 268 [C15H13N3O2+H]+. IR (ATR, cm−1): ν = 3432 w (OH),
3058 w, 2936 w (N-CH3), 1639 s (C=N), 1603 m (C=C), 1460–1287 s, 835 m (NO3

−), 1253 m
(C–O), 1028 m (N–N) 503 w (Sm–O), 476 w (Sm–N) cm−1. UV-Vis (CH3CN): λmax/nm
(ε/dm3 mol−1 cm−1) 308.4 (4.0 × 104), 351.2 (2.6 × 104).

(2) [Eu2(C15H12N3O2)3(NO3)3]·CH3CN·[(CH3)2CH]2O group B

Orange precipitate, Yield: 21.53 mg, 0.0167 mmol, 58%. Analytical data Calculated for
C45H36N12O15Eu2 (1288.78 g mol−1): Calc. C, 41.94; H, 2.82; N, 13.04. Found: C, 41.82; H,
2.97; N, 13.09%. Melting point: 308 ◦C (decomp.). ESI-MS: m/z = 683 [Eu(C15H12N3O2)2]+,
605 [EuC15H12N3O2(NO3)3]−, 268 [C15H13N3O2+H]+. IR (ATR, cm−1): ν = 3416 w (OH),
3108 w, 2975 w (N-CH3), 1642 s (C=N), 1603 m (C=C), 1457–1294 s, 831 m (NO3

−), 1247 m
(C–O), 1032 m (N–N) 505 w (Eu–O), 439 w (Eu–N) cm−1. UV-Vis (CH3CN): λmax/nm
(ε/dm3 mol−1 cm−1) 307.6 (3.5 × 104), 349.6 (2.2 × 104).

(3a) [Tb2(C15H12N3O2)3(NO3)3]·CH3OH·CH3CN·C6H5CH3 group A
(3b) [Tb2(C15H12N3O2)3(NO3)3]·CH3CN·(C2H5)3NHNO3 group B

Light yellow precipitate, Yield: 21.18 mg, 0.0162 mmol, 54%. Analytical data Calculated
for C45H36N12O15Tb2 (1302.70 g mol−1): Calc. C, 41.49; H, 2.79; N, 12.90. Found: C, 41.38; H,
2.69; N, 12.67%. Melting point: 332 ◦C (decomp.). ESI-MS: m/z = 691 [Tb(C15H12N3O2)2]+,
611 [TbC15H12N3O2(NO3)3]−, 487 [TbC15H12N3O2NO3]+, 268 [C15H13N3O2+H]+. IR (ATR,
cm−1): ν = 3666 w (OH), 3057 w, 2975 w (N-CH3), 1637 s (C=N), 1608 m (C=C), 1460–1283 s,
828 m (NO3

−), 1242 m (C–O), 1027 m (N–N) 506 w (Tb–O), 440 w (Tb–N) cm−1. UV-Vis
(CH3CN): λmax/nm (ε/dm3 mol−1 cm−1) 307.2 (4.5 × 104, 346.0 (3.1 × 104).

(4) [Dy2(C15H12N3O2)3(NO3)3]·CH3CN group A

Light yellow precipitate, Yield: 18.67 mg, 0.0142 mmol, 53%. Analytical data Calculated
C45H36N12O15Dy2 (1309.85 g mol−1): Calc. C, 41.26; H, 2.77; N, 12.83. Found: C, 41.06; H,
2.84; N, 12.61%. Melting point: 322 ◦C (decomp.). ESI-MS: m/z = 696 [Dy(C15H12N3O2)2]+,
616 [DyC15H12N3O2(NO3)3]−, 268 [C15H13N3O2+H]+. IR (ATR, cm−1): ν = 3665 w (OH),
3066 w, 2937 w (N-CH3), 1639 s (C=N), 1606 m (C=C), 1464–1289 s, 825 s (NO3

−), 1249 m
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(C–O), 1035 m (N–N) 513 w (Dy–O), 438 w (Dy–N) cm−1. UV-Vis (CH3CN): λmax/nm
(ε/dm3 mol−1 cm−1) 307.2 (3.7 × 104).

(5) [Ho2(C15H12N3O2)3(NO3)3]·3CH3CN·CH3OH group B

Light pink precipitate, Yield: 25.28 mg, 0.0192 mmol, 64%. Analytical data Calculated
for C45H36N12O15Ho2 (1314.71 g mol−1): C, 41.11; H, 2.76; N, 12.78. Found: C, 41.07; H,
2.69; N, 12.53%. Melting point: 267 ◦C (decomp.). ESI-MS: m/z = 697 [Ho(C15H12N3O2)2]+,
617 [HoC15H12N3O2(NO3)3]−, 493 [HoC15H12N3O2NO3]+, 268 [C15H13N3O2+H]+. IR
(ATR, cm−1): ν = 3660 w (OH), 3060 w, 2962 w (N-CH3), 1644 s (C=N), 160 m7 (C=C),
1475–1285 s, 829 m (NO3

−), 1245 m (C–O), 1028 m (N–N) 501 w (Ho–O), 441 w (Ho–N) cm−1.
UV-Vis (CH3CN): λmax/nm (ε/dm3 mol−1 cm−1) 308.0 (4.4 × 104), 352.0 (2.8 × 104).

(6) [Er2(C15H12N3O2)3(NO3)3]·CH3CN group A

Light yellow precipitate, Yield: 25,72 mg, 0.0193 mmol, 65%. Analytical data Calculated
for C45H36N12O15Er2 (1319.37 g mol−1): Calc. C, 40.97; H, 2.75; N, 12.74. Found: C, 40.89; H,
2.81; N, 12.63%. Melting point: 310 ◦C (decomp.). ESI-MS: m/z = 700 [Er(C15H12N3O2)2]+,
557 [ErC15H13N3O2(NO3)2]+, 268 [C15H13N3O2+H]+. IR (ATR, cm−1): ν = 3677 m (OH),
3067 w, 2944 w (N-CH3), 1643 s (C=N), 1605 m (C=C), 1460–1283 s, 828 s (NO3

−), 1251 m
(C–O), 1037 m (N–N), 512 w (Er–O), 437 w (Er–N) cm−1. UV-Vis (CH3CN): λmax/nm
(ε/dm3 mol−1 cm−1) 307.5 (3.7 × 104).

(7) [Tm2(C15H12N3O2)3(NO3)3]·4CH3CN group B

Light yellow precipitate, Yield: 25.17 mg, 0.0190 mmol, 66%. Analytical data Calculated
for C45H36N12O15Tm2 (1322.11 g mol−1): Calc. C, 40.86; H, 2.74; N, 12.71. Found: C, 41.08; H,
2.82; N, 12.69%. Melting point: 322 ◦C (decomp.). ESI-MS: m/z = 701 [Tm(C15H12N3O2)2]+,
620 [TmC15H12N3O2(NO3)3]−, 268 [C15H13N3O2+H]+. IR (ATR, cm−1): ν = 3680 m (OH),
3066 w, 2947 w (N-CH3), 1639 s (C=N), 1605 m (C=C), 1465–1288 s, 826 m (NO3

−), 1249 m
(C–O), 1037 m (N–N), 518 w (Tm–O), 438 w (Tm–N) cm−1. UV-Vis (CH3CN): λmax/nm
(ε/dm3 mol−1 cm−1) 310.5 (4.2 × 104).

(8) [Yb2(C15H12N3O2)3(NO3)3]·4CH3CN group B

Light yellow precipitate, Yield: 25.11 mg, 0.0188 mmol, 63%. Analytical data Calculated
for C45H36N12O15Yb2 (1330.96 g mol−1): Calc. C, 40.61; H, 2.73, N, 12.63. Found: C, 40.81; H,
2.85; N, 12.72%. Melting point: 322 ◦C (decomp.). ESI-MS: m/z = 706 [Yb(C15H12N3O2)2]+,
626 [YbC15H12N3O2(NO3)3]−, 268 [C15H13N3O2+H]+. IR (ATR, cm−1): ν = 3663 w (OH),
3038 w, 2950 w (N-CH3), 1638 s (C=N), 1606 m (C=C), 1462–1286 s, 827 m (NO3

−), 1247 m
(C–O),1030 m (N–N), 519 w (Yb–O), 441 w (Yb–N) cm−1. UV-Vis (CH3CN): λmax/nm
(ε/dm3 mol−1 cm−1) 307.0 (3.7 × 104).

3.5. X-ray Crystallography

Diffraction data were collected by the ω-scan technique, for HL and 6 at 130(1) K,
using mirror-monochromated CuKα radiation (λ = 1.54178 Å), on Rigaku SuperNova
four-circle diffractometer with Atlas CCD detector, and in all other cases at 100(1) K with
graphite-monochromated MoKα radiation (λ = 0.71073 Å), on Rigaku XCalibur four-circle
diffractometer with EOS CCD detector. The data were corrected for Lorentz-polarization
as well as for absorption effects [45]. Precise unit-cell parameters were determined by a
least-squares fit of the reflections of the highest intensity, chosen from the whole experiment.
The structures were solved with SHELXT [46] and refined with the full-matrix least-squares
procedure on F2 by SHELXL [47]. All non-hydrogen atoms were refined anisotropically.
All hydrogen atoms were placed in idealized positions and refined as ‘riding model’ with
isotropic displacement parameters set at 1.2 (1.5 for CH3) times Ueq of appropriate carrier
atoms. In the structure b one of the solvent molecules (methanol) was found disordered
over two positions for which half occupancies were assigned. Some restraints were applied
for these molecules (DFIX, ISOR). In 3a, weak restraints for the displacement ellipsoids
were also applied. Some of the crystals were of relatively poor quality, and the attempts
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to obtain the better ones failed. Therefore, in some cases, alerts appeared in the checking
procedure [48]. However, the basic structural features are reasonably proved.

4. Conclusions

Reactions of lanthanides with polydentate oxygen and nitrogen ligands have attracted
great interest because of the ability of these sites to realize stable chelate complexes with
high coordination numbers. The Schiff base ligand HL and its corresponding lanthanide
complexes of the composition [Ln2L3(NO3)3]·solvent (Ln = Sm3+ (1), Eu3+ (2), Tb3+ (3a, 3b),
Dy3+ (4), Ho3+ (5), Er3+ (6), Tm3+ (7), Yb3+ (8)), were synthesized and characterized. Their
identity was further confirmed by the X-ray diffraction of single crystals. Interestingly,
the details of the metal coordination patterns are different among the obtained complexes.
These results have provided valuable information for possibility of designing new lan-
thanide complexes with structural chemistry depending upon crystallization conditions.
The luminescent properties of ligand HL and compounds 1–8 have been also studied, both
in solution and solid state. The efficient intramolecular energy transfer process from the
triplet state energy level of ligand to excited energy level of lanthanide(III) ions is one
of the factors influencing the luminescence properties of lanthanide(III) complexes. The
occurrence of the luminescence of ligand HL and the absence or weak luminescence of
characteristic emission bands of lanthanide ions in visible region is probably due to the
large energy gap between the lowest triplet state level of the ligand and the excited state of
lanthanides. The intense photoluminescence in the near-IR region was observed for Er(III)
(6) and Yb(III) (8) complexes.
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mdpi.com/article/10.3390/molecules27238390/s1, Scheme S1: General structures of the resulting
complexes (group A and B); Figure S1: 1H NMR spectrum of ligand in DMSO-d6; Figure S2: The
difference Fourier map for the structure HL without the OH or NH hydrogen atom; the position of
this hydrogen next to oxygen is clearly seen; Table S1: Crystal data, data collection and structure
refinement; Figure S3: Thermogravimetric analysis (TGA) curves of representative of complexes (a) 2,
(b) 3, (c) 6; Figure S4: The UV-Vis spectra of group A (a) and B (b) compounds in acetonitrile solution;
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range 5I8-5F4,5S2, c = 2 × 10−3; Figure S6: a–b. The excitation spectra of solid samples: (a) HL, 3a and
(b) 2, 3b; Figure S7: Spectroscopic characteristics of a 369 LED; Figure S8: Photoluminescence spectra
of solid samples 6, 7 and 8 in NIR region. Characterization including crystal and molecular structures,
and structure date of the crystals, 1H NMR of the ligand; TGA of complexes; luminescence properties.
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Abstract: Tellurates have attracted the attention of researchers over the past decade due to their
properties and as less toxic forms of tellurium derivatives. However, the speciation of Te(VI) in
aqueous solutions has not been comprehensively studied. We present a study of the equilibrium
speciation of tellurates in aqueous solutions at a wide pH range, 2.5–15 by 17O, 123Te, and 125Te
NMR spectroscopy. The coexistence of monomeric, dimeric, and trimeric oxidotellurate species in
chemical equilibrium at a wide pH range has been shown. NMR spectroscopy, DFT computations,
and single-crystal X-ray diffraction studies confirmed the formation and coexistence of trimeric
tellurate anions with linear and triangular structures. Two cesium tellurates, Cs2[Te4O8(OH)10] and
Cs2[Te2O4(OH)6], were isolated from the solution at pH 5.5 and 9.2, respectively, and studied by
single-crystal X-ray diffractometry, revealing dimeric and tetrameric tellurate anions in corresponding
crystal structures.

Keywords: tellurates; NMR spectroscopy; trinuclear tellurate; spin-spin coupling; DFT computations;
single-crystal X-ray diffraction

1. Introduction

Over the past decade, the chemistry of telluric acid and its derivatives, tellurates,
has increasingly attracted the attention of researchers [1–5]. Hydroxidocompounds of
Te(VI) are stable in ambient conditions, soluble in water, and less toxic compared to
other tellurium compounds [6]. They can be easily reduced, and therefore, they are
attractive as precursors for a wide range of tellurium-based compounds and materials [7–9].
Moreover, tellurates are being intensively studied as promising materials with nonlinear
optical properties [1,10–14], high proton conductivity [15,16], and ferroelectric and magnetic
properties [17,18]. Tellurate-based materials benefit from high-temperature stability and
optical transparency. Structural diversity allows the use of tellurates as electrode materials
in metal-ion batteries [19,20]. Tellurates with perovskite structures are fundamentally
interesting as oxide-ion conductors in photovoltaic applications [21].

However, most tellurates are produced by conventional hydrothermal solid-state
reactions based on the fusion of the corresponding oxides in the presence of carbonate
at high temperatures, controlling the composition of the final compound by loading the
initial reagents. Hydrothermal synthesis also allows for obtaining tellurates of various
structures and compositions. For example, tetrameric potassium K2[Te4O8(OH)10] and
rubidium Rb[Te2O4(OH)5] tellurates with centrosymmetric tetranuclear [Te4O8(OH)10]2−
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anion [12,22] and potassium tellurate K2[Te3O8(OH)4] [12] with infinite linear chains
∞(Te3O12)6− were prepared by a hydrothermal route. Interestingly, the crystallization
of tellurates from aqueous solutions has not been widely used to obtain the corresponding
Te(VI) compound. The hexameric tellurate K8.5[Te6O27H9]·0.5H3O·17H2O and several
other alkali metal hydrogen tellurates containing binuclear anions were isolated from
aqueous solution [23].

In our previous work, based on 125Te NMR studies, we demonstrated that the interac-
tion of the telluric acid with alkali in aqueous solution results in the formation of tellurate
anions of different nuclearity with dominant dinuclear and trinuclear species [9,24]. The for-
mation of trinuclear tellurate anions corresponding to different 125Te NMR signals was
also proposed [9,24,25]. However, the equilibrium of Te(VI) species in aqueous solutions
with a wide pH range has not been comprehensively studied. Based on CSD [26] and
ICSD [27] databases, there is no crystal structure containing trinuclear tellurate anions.
Therefore, it is necessary to provide a systematic study of the equilibrium processes in
aqueous solutions. This, in turn, can open up new aspects of forming a particular tellurate
structure and selecting the conditions for obtaining a compound of a specific composition.

Herein we present a comprehensive study of the equilibrium in tellurate aqueous
solutions by 17O, 123Te, and 125Te NMR spectroscopy. We also provide DFT calculations to
support our assignments. Single-crystal X-ray diffraction studies of three samples obtained
from cesium tellurate aqueous solutions are also presented.

2. Results and Discussion

The structural data of alkali metal tellurates obtained by crystallization from aqueous
solutions can indirectly provide information on the structure of the tellurate anions in
the initial solutions. Thus, mononuclear tellurate species in molecular or anionic form
(Te(OH)6 and [TeO6H4]2–, respectively) and binuclear anions with different degrees of
protonation [Te2O10H4+x](4–x)–, where x = 0, 1, 2, were isolated from aqueous solutions. At
lower pH values, anions of higher nuclearity (hexanuclear and tetranuclear anions) are
formed. Thus, it can be assumed that, depending on pH and tellurium concentration, all
these forms can coexist in solution. This stipulation is supported by some crystal struc-
tures containing both mononuclear and dinuclear species (K6[Te2O10H4][TeO6H4]·12H2O,
Cs2[Te2O10H6][Te(OH)6]) [23].

In the present work, aqueous cesium tellurate solutions with different pH were inves-
tigated by 17O, 123Te, and 125Te NMR spectroscopy. We have chosen the cesium counter-
cation to provide a maximal concentration of tellurium in the resulting solution since, to
the best of our knowledge, cesium tellurates have the highest solubility in water compared
to the tellurates of other alkali metals. Solutions of a wide range of pH (2.5–15.2) were ob-
tained by the interaction of telluric acid and cesium hydroxide. The tellurium concentration
was 1 M, except for the solution at pH 9.2, which contained only 0.5 M tellurium.

The charges of tellurate anions in solution depend on pH, and it is obvious that at
high pH, the charge of the anion should be higher. Therefore, we attribute the same signals
at the spectrum of different solutions to the species with the same nuclearity (monomer M,
dimer D, and trimer T, see Scheme 1) without discussing the accurate value of the charge
and degree of protonation.
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to monomeric tellurium species (Figure 1) with different protonation degrees depending 
on the pH. This monomer exists as Te(OH)6 molecular form at low pH (<3) (Figure 1a) and 
in deprotonated form as [TeO6H4]2− at higher pH (Figure 1 b,c), which is confirmed by 
single-crystal X-ray data of the Te(VI) hydroxidocompounds isolated from corresponding 
aqueous solutions [28]. The spectrum of solution 2 with pH 5.2 contains an additional pair 
of signals around 685 and 658 ppm corresponding to a triangular trinuclear tellurate anion 
(Figure 1b). Previously, the pair of signals in the same region was incorrectly assigned to 
a linear trinuclear anion (see discussion below) [25]. 

Scheme 1. The structure of tellurate anions of different nuclearity: monomer (M), dimer (D), linear
(LT), and triangular (TT) trimers, tetramer (T), and hexamer (H).

2.1. 125Te NMR Studies and Solution Chemistry

The signal in 125Te NMR spectra with a chemical shift around 707 ppm corresponds to
monomeric tellurium species (Figure 1) with different protonation degrees depending on
the pH. This monomer exists as Te(OH)6 molecular form at low pH (<3) (Figure 1a) and
in deprotonated form as [TeO6H4]2− at higher pH (Figure 1b,c), which is confirmed by
single-crystal X-ray data of the Te(VI) hydroxidocompounds isolated from corresponding
aqueous solutions [28]. The spectrum of solution 2 with pH 5.2 contains an additional pair
of signals around 685 and 658 ppm corresponding to a triangular trinuclear tellurate anion
(Figure 1b). Previously, the pair of signals in the same region was incorrectly assigned to a
linear trinuclear anion (see discussion below) [25].
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Figure 1. 125Te NMR spectra of aqueous solutions with different [Te]/[Cs] ratios obtained by neu-
tralization of telluric acid with cesium hydroxide: (a) solution 1 1 M Те(ОН)6, [Cs] = 0, pH 2.5, (b) 
solution 2 [Cs]/[Te] = 0.1, pH 5.5, (c) solution 3 [Cs]/[Te] = 1, pH 9.2, (d) solution 4 [Cs]/[Te] = 1.5, pH 
11.5, (e) solution 5 [Cs]/[Te] = 2.5, pH 14.3, (f) solution 6 [Cs]/[Te] = 3.5, pH 14.8, (g) solution 7 
[Cs]/[Te] = 4.7, pH 15.2. 

The further increase in pH by the addition of cesium hydroxide results in the for-
mation of a precipitate. A clear solution can be obtained only at pH 9.2, even with a de-
crease in the tellurium concentration from 1 to 0.5 M. The 125Te NMR spectra show a large 
number of new signals upfield from Te(OH)6 signal (Figure 1c,d). However, with a further 
increase in pH, three intense signals with chemical shift 703.9 ppm and in the intervals 

Figure 1. 125Te NMR spectra of aqueous solutions with different [Te]/[Cs] ratios obtained by neu-
tralization of telluric acid with cesium hydroxide: (a) solution 1 1 M Te(OH)6, [Cs] = 0, pH 2.5,
(b) solution 2 [Cs]/[Te] = 0.1, pH 5.5, (c) solution 3 [Cs]/[Te] = 1, pH 9.2, (d) solution 4 [Cs]/[Te] = 1.5,
pH 11.5, (e) solution 5 [Cs]/[Te] = 2.5, pH 14.3, (f) solution 6 [Cs]/[Te] = 3.5, pH 14.8, (g) solution 7
[Cs]/[Te] = 4.7, pH 15.2.

The further increase in pH by the addition of cesium hydroxide results in the formation
of a precipitate. A clear solution can be obtained only at pH 9.2, even with a decrease in the
tellurium concentration from 1 to 0.5 M. The 125Te NMR spectra show a large number of
new signals upfield from Te(OH)6 signal (Figure 1c,d). However, with a further increase in
pH, three intense signals with chemical shift 703.9 ppm and in the intervals 710.9–712.6 ppm
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and 714.6–715.9 ppm remain in the spectra (Figure 1e–g). The ratio of the relative integral
intensities of the first and the third signal is 1/2 and remains unchanged. At the same time,
the ratio of the integral intensities of the central signal and the two lateral ones increases
with an increase in pH from ~1/1 (pH 14.3) to ~3/1 (pH 15.2). The signal at 710.9–712.6 ppm
apparently corresponds to tellurium atoms in dimeric anion [Te2O10H4]4− (D, Scheme 1) or
its protonated forms, which crystallizes from these solutions [23]. This is confirmed by the
fact that the 123Te NMR spectrum of an aqueous solution of dimeric tellurate (see below)
completely coincides with the spectra shown in Figure 1e–g. The constant ratio (1/2) of
the relative integral intensities of signals at δ ~704 ppm and ~714 ppm in the 125Te NMR
spectra at high pH values indicates that they definitely correspond to trimeric tellurate
with two equivalent tellurium atoms (Figure 1e–g).

Thus, 125Te NMR studies of the solution showed the presence of two types of trimeric
anions in solutions at different pH values. The structure of these trinuclear tellurate anions
was unambiguously confirmed by additional NMR studies.

First, the 125Te NMR spectrum of solution 5 ([Cs]/[Te] = 2.5, pH 14.3) with a high
signal-to-noise ratio was collected (Figure 2).
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Figure 2. 125Te NMR spectrum of a tellurate solution 5 ([Cs]/[Te] = 2.5, pH 14.3) (Bruker Avance-500,
Bruker BioSpin GmbH, Ettlingen, Germany).

125Te satellites are visible on both signals of the trinuclear anion, which form an
AB-spin system (2JAB = 277 Hz). The relative intensity ratio of each pair of satellites to
the main signal corresponds to two neighboring tellurium atoms for one of the atoms (B,
δ = 703.8 ppm) and one for the other two remaining atoms (A, δ = 714.6 ppm) (Figure 2).
The chemical shift difference calculated for the AB-spin system coincides exactly with the
experimental one for main signals (10.8 ppm). The linear LT and triangular TT trimers
(Scheme 1) are two possible structures that satisfy the resulting 125Te spectrum. Both LT
and TT structures provide principally the same AB pattern in the 125Te NMR spectra.

The possible existence of the triangle trimer is confirmed by single-crystal X-ray data of
tetrameric tellurates K2[Te4O8(OH)10] and Rb[Te2O4(OH)5] (T), prepared by hydrothermal
route [12,22], with a similar TT structural fragment (Scheme 1). The same fragments were
recently discovered as units of the infinite linear anionic chains in K2[Te3O8(OH)4] [12].
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The hexanuclear tellurate K8.5[Te6O27H9]·0.5H3O·17H2O (H) is also known, in which three
dimer fragments are linked by single oxygen bridges [23].

Previously, aqueous solutions of Te(OH)6 at low pH (<7) were studied by 125Te NMR
spectroscopy using 125Te enriched (up to 92.8%) telluric acid at pH 6.78 [25]. The 125Te NMR
spectrum, in addition to the Te(OH)6 signal and several minor singlets, also contains signals
related to the AB2 spin system with JAB = 682.5 Hz (δA = 657.5 ppm and δB = 682.9 ppm)
incorrectly assigned to the structure of linear trimeric complex LT.

We reproduced this experiment using the telluric acid with 125Te natural abundance
(7.1%) (Figure 3), which is in complete agreement with the published data [25]. The 125Te
NMR spectrum with a high signal-to-noise ratio demonstrates 125Te satellites from both
main signals corresponding to trimeric anion. The satellites form an AB-spin system pattern
(2JAB = 682 Hz) similar to that described above.
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Figure 3. 125Te NMR spectrum of a tellurate solution ([Te] = 0.2 M, pH 6.8).

Assignment of AB-spin systems depicted in Figures 2 and 3 to LT and TT trimeric
structures, respectively, at first glance, can be performed based on the values of spin-spin
constants 2JAB. From general considerations, 2J(125Te–125Te) values equal to 682 and 277 Hz
should correspond to the interaction through two and one oxygen bridge, respectively. An
unambiguous assignment of the two trimer structures can be performed by observing 123Te
(natural abundance 0.9%) satellites from 125Te signals or vice versa. One set of symmetrical
satellites (AX- and BY-spin systems with 2JAX = 2JBY) should be observed for linear trimeric
tellurate LT corresponding to the interaction through two oxygen bridges. At the same
time, two sets of satellites for a signal at 714.6 ppm, corresponding to interactions through
one and through two oxygen bridges, should appear with different values of 2J(125Te–123Te)
for the triangular trimer TT.

2.2. 123Te NMR Studies

We managed to register the 123Te NMR spectrum with a sufficient level of signal-
to-noise to observe 125Te satellites from 123Te signals at natural abundance (Figure 4).
The observation of low-intensity 123Te satellites in the 125Te NMR spectrum is very difficult,
taking into account the significant linewidths and the presence of additional signals from
the AB-spin system. This explains the choice of the less-sensitive 123Te nucleus with a
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lower natural content compared to 125Te. A similar experiment with a natural abundance
of 123Te was carried out to measure indirect spin-spin coupling constants J(123Te–125Te) in
organotellurium 1,8-naphthalene derivatives [29].
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Figure 4. 123Te NMR spectrum of 1 M solution of Cs4[Te2O10H4] in water (pH 14.4) (Bruker Avance-
600, Bruker BioSpin GmbH, Ettlingen, Germany).

In the obtained spectrum, both signals corresponding to trinuclear tellurate contain
only one set of satellites 125Te with 2J(123Te–125Te) = 226 Hz. Multiplication by 1.206
(the ratio of resonance frequencies Ξ(125Te)/Ξ(123Te)) gives a value of 273 Hz, which is in
excellent agreement with the value of 277 Hz obtained from the 125Te spectrum (considering
the linewidth of the signals, ~25–30 Hz).

The singlet of dimeric tellurate D also has one set of symmetrical 125Te satellites
with 2J(123Te–125Te) = 299 Hz. Multiplication by 1.206 gives a value of 361 Hz, which is
comparable with 2J(125Te–125Te) = 277 Hz in LT.

The correctness of our assignment of trimeric tellurates is confirmed by the close
values of chemical shifts of the LT and D signals, which is consistent with their structural
similarity. At the same time, the TT signals are significantly shifted upfield, especially
for the Te(B) atom (658.9 ppm, see Figure 3). This is also confirmed by the fact that the
synthesis of tetrameric tellurate T, which is structurally close to trimer TT, was carried out
at pH~3 [22].

Thus, it follows from the above data that the value of 2J(125Te–125Te) in the two-bridge
Te(µ-O)2Te fragment is approximately two times lower than in the Te(µ-O)Te fragment
with one oxygen bridge. A possible explanation for this nontrivial fact is the significant
difference in the Te-O-Te angles in these fragments. The values of these angles in Te(µ-O)2Te
bridging fragments for reported structures lie in the range of 100–103◦ [23]. At the same
time, for single bridges in the H hexamer, their value is ~128◦ [23], and for the T tetramer,
it is ~133◦ [22]. An increase in the Te-O-Te angle should lead to an increase in the value
of 2J(125Te–125Te). To the best of our knowledge, the values of 2J(125Te–125Te) for tellurates
or related tellurium compounds are currently unknown. The dependence of the geminal
coupling constant on the El-O-El bond angle was studied in detail for Sn(IV) derivatives
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[(R3Sn)2O] [30], formally an isoelectronic derivative of Te(VI). The data of this work confirm
the fact that 2J(119Sn–117Sn) increases with increasing Sn ~ Sn angle. In the series of these
compounds, a 1.5-fold increase in 2J(119Sn–117Sn) from 420.6 to 617.9 Hz is observed with
an increase in the Sn-O-Sn angle from 137.1◦ (R = Ph) to 180.0◦ (R = Bn).

Dimeric tellurate D seems to be also present in the Te(OH)6 solution at pH 6.8, but at a
much lower concentration (Figure 3, singlet with δ (125Te) = 708.6 ppm). Upfield shift with
pH decrease is probably due to a change in the degree of protonation and, accordingly, the
charge of the tellurate anion (obviously, protonation or deprotonation of tellurate anions
cannot lead to the appearance of a new signal in the 125Te NMR spectrum due to fast proton
exchange in aqueous solution). Low-intensity signals of trimeric tellurate TT at 688.6 ppm
and 656.9 ppm (Figure 4) are also present in the spectrum at high pH. At the same time,
the linear trimer LT, which, along with the D dimer, dominates in solutions at pH > 14, is
not observed in the spectra at low pH values (Figures 1a–c and 3). Probably, the remaining
signals (see Figure 1c,d) can be attributed to the diverse polynuclear anionic forms of Te(VI),
which exist in solutions with a relatively low [Cs]/[Te] ratio.

It should be noted that at high pH values (~14–15), the signal widths in the spectra are
an order of magnitude larger (∆ν1/2 ~ 25–40 Hz) compared to a neutral pH 6.8 solution
(∆ν1/2 ~ 4–5 Hz). This is apparently due to an increase in the rate of exchange between
different tellurate anions, accompanied by the breaking of Te-O bonds in the presence of an
excess of hydroxide ions. This is also confirmed by the data of 17O NMR spectroscopy of
aqueous solutions of tellurates (see Supplementary Materials, Section S1, Figure S1).

We can conclude that an increase in the pH of tellurate solutions leads to a shift in
equilibrium toward the formation of the dimeric anion D, which is in equilibrium with the
trimeric anion LT (Scheme 2). The rate of interconversion between the different forms of
tellurate anions in solution increases with increasing pH.
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The existence of this equilibrium is confirmed by the fact that the relative content of D
in a mixture with LT increases with increasing pH (see Figure 1e–g). At low pH, a number
of polynuclear tellurates exist in the solution, including TT, whose structures apparently
contain single-member oxygen bridges.

2.3. DFT Computations

In order to glean insight into the relative stability of LT and TT [Te3O12H6]4− anions,
we have conducted DFT calculations. The optimized geometries of both anions are pre-
sented in Figures 5 and 6, respectively. According to these calculations, the formation
of LT anion in the gas phase is preferable over TT anion (~83 kJ/mol, Supplementary
Materials Tables S1 and S2). The lower energy value for the linear anion also includes
the energy of the four intramolecular hydrogen bonds with O . . . O separations lying
within 2.948–3.059 Å (Figure 5). The evaluated H-bond energies are equal to 15–20 kJ/mol
(Supplementary Materials Table S3). Only one hydrogen bond is found in the structure of
the triangular anion (Figure 6), with a calculated energy value of 27.9 kJ/mol. Considering
the observed H-bond energies, the LT anion is likely to be energetically preferable (by up
to ~40 kJ/mol). However, this relatively small value does not exclude the possibility of TT
anion formation.
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2.4. Crystal Structures

Based on the 125Te NMR data, solutions 2, 3, and 5 were selected as suitable candidates
for the crystallization of trimeric tellurates. Three obtained crystals were collected from
these solutions and characterized by single-crystal X-ray diffraction. Two new crystalline
compounds, cesium octaoxidodecahydroxidotetratellurate Cs2[Te4O8(OH)10] I and cesium
tetraoxidohexahydroxidoditellurate Cs2[Te2O4(OH)6] II were obtained from solutions 2
(pH 5.5) and 3 (pH 9.2), respectively. Previously reported cesium pentaoxidopentahydrox-
idoditellurate tetrahydrate Cs3[Te2O5(OH)5]·4H2O (III, ICSD 417438) crystals [23] were
collected from solution 5. It should be noted that the charges of tellurate anions in II and
III correlate with the pH of the solution. The charge of the ditellurate anion is higher in
solution 5 with pH 14.3. In addition, the tetranuclear form of tellurate T crystallizes from a
solution with a lower pH, which corresponds to the results of the NMR studies (Figure 1).

Both new crystalline hydrogen tellurates are ionic compounds containing centrosym-
metric tetranuclear [Te4O8(OH)10]2− and binuclear [Te2O4(OH)6]2− anions in I and II, re-
spectively, and Cs+ cations coordinated to tellurium-containing anions. Compound I is
isostructural to previously published potassium analog K2[Te4O8(OH)10] [22]. The isomor-
phism of the potassium and cesium salts is not typical, and it is realized only because both
structures contain a bulky anion. Selected bond distances and angles of the centrosymmetric
tetranuclear [Te4O8(OH)10]2− anion in crystal I are given in Supplementary Materials Table S4.
The tetranuclear anion can be represented by one dimeric anion bridged by four axial oxygen
atoms with two Te(OH)6 monomers (Figure 7). On the other hand, the [Te4O8(OH)10]2−

anion contains both linear and triangular trimeric fragments suggested by NMR studies.
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The tellurium atoms have a slightly distorted octahedral coordination. The geometric pa-
rameters of [Te2O4(OH)6]2− anion in II are close to those found earlier in an adduct with
telluric acid Cs2[Te2O4(OH)6][Te(OH)6] (Table S4) [23]. The Te atoms have a slightly dis-
torted octahedral environment. As in the reported adduct, the four axial and two of the four
equatorial oxygen atoms are protonated (Figure 8), resulting in a total charge of −2 for the
anion. There are 11 and 12 oxygen atoms in the coordination environment of the cesium
cation in I and II with Cs-O distances in the range 2.995(2)–3.631(7) and 3.055(2)–3.741(2) Å,
respectively. All hydrogen atoms of tellurate anions in I and II are involved in hydrogen
bonding (Supplementary Materials Table S5, Figure S2).
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Unfortunately, we cannot isolate a sufficient amount of a single-phase product, which
is confirmed by X-ray diffraction of the resulting powders. Further evaporation of solvent
leads to the crystallization of different phases (See Supplementary Materials Section S2,
Figure S3). Both crystalline powders contain small amounts of impurities. In this regard, we
do not describe the yield of products, their vibrational spectra, or their elemental analysis.
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Thus, the structural data of alkali metal tellurates obtained by natural crystallization
from aqueous solutions can indirectly provide information on the structure of tellurate
anions in the initial solutions. On the other hand, obtained results are consistent with
NMR data.

3. Materials and Methods
3.1. Preparation of Solutions and Crystals

The solutions were obtained by neutralization of telluric acid with cesium hydroxide.
The [Cs]/[Te] ratio was changed from 0 to 4.7: solution 1—[Cs]/[Te] = 0; solu-

tion 2—[Cs]/[Te] = 0.1; solution 3—[Cs]/[Te] = 1; solution 4—[Cs]/[Te] = 1.5; solution
5—[Cs]/[Te] = 2.5; solution 6—[Cs]/[Te] = 3.5; solution 7—[Cs]/[Te] = 4.7. Tellurium
concentration in solutions 1, 2, and 4–7, [Te] ≈ 1 M, in solution 3, [Te] ≈ 0.5 M (Table 1).

Table 1. Aqueous solutions with different pH obtained by neutralization of telluric acid with
cesium hydroxide.

Solution [Cs], M [Te], M pH

Solution 1 0 1 2.5
Solution 2 0.1 1 5.2
Solution 3 0.5 0.5 9.2
Solution 4 1.5 1 11.5
Solution 5 2.5 1 14.3
Solution 6 3.5 1 14.8
Solution 7 4.7 1 15.2

Solution 1 was prepared by dissolving telluric acid in water.
Solution 2 was prepared by adding an appropriate volume of 4.7 M cesium hydroxide

solution to solution 1.
Solutions 5–7 were prepared by dissolving an appropriate amount of telluric acid in a

4.7 M cesium hydroxide solution.
Solutions 3 and 4 were prepared by mixing the corresponding volumes of solutions 2

and 5. However, it was not possible to obtain transparent solutions in the [Cs]/[Te] ratio
range greater than 0.1 and less than 1. In this concentration range, a viscous precipitate is
formed, which is insoluble even after prolonged stirring at moderate heating. A transparent
solution with the ratio [Cs]/[Te] = 1 (solution 3) can only be obtained by lowering the
tellurium concentration to 0.5 M.

The [Cs]/[Te] ratios in solutions 1, 2, and 5–7 were calculated from the initial amounts
of telluric acid and cesium hydroxide. In this case, the tellurium concentration in the result-
ing solution was estimated approximately (by the mass of telluric acid and the volume of
water or cesium hydroxide solution, without using volumetric analytical flasks). Accord-
ingly, in solutions 3 and 4, the [Cs]/[Te] ratio was estimated considering the approximate
tellurium concentrations in solutions 2 and 5.

The pH of prepared solutions was measured with Edge HI 2002-02 pH meter (Hanna
Instruments, Vöhringen, Germany) equipped with HI 11310 electrode with automatic
temperature compensation. The accuracy of measurements is equal to ±0.01 pH.

Cesium hydrogen tellurate Cs4[Te2O10H4]·8H2O was synthesized according to the
previously published procedure [23]. Briefly, colorless crystals were obtained by dissolution
of 6.31 g Te(OH)6 (0.0275 mol) in 15 mL of a 6.6 M cesium hydroxide solution. Yield 85.6%
(12.89 g).

Crystalline cesium octaoxidodecahydroxidotetratellurate Cs2[Te4O8(OH)10] I and
cesium tetraoxidohexahydroxidoditellurate Cs2[Te2O4(OH)6] II were obtained by slow
evaporation of solvent from solutions 2 and 3, respectively.
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3.2. 17O, 123Te and 125Te NMR Spectroscopy
125Te NMR spectra were recorded on Bruker MSL-400, Bruker Avance-400, and Bruker

Avance-500 (Bruker BioSpin GmbH, Ettlingen, Germany) spectrometers at resonance fre-
quencies 126.24 and 157.81 MHz, respectively. 123Te NMR spectrum was recorded on a
Bruker Avance-600 spectrometer at resonance frequency 157.05 MHz. 17O NMR spectra
were recorded on a Bruker MSL-400 spectrometer at resonance frequency 54.24 MHz.
Chemical shifts were measured using external references: aqueous solution of Te(OH)6
(707.0 ppm relative to Te(CH3)6 [31]) for 125Te and 123Te and water for 17O.

3.3. Computations

Gaussian09 (Gaussian Inc., Wallingford, CT, USA) was used in all computations [32].
Geometries of the linear and triangular trinuclear anion [Te3O12H6]4− were optimized at
the B3LYP/6-311G++(d,p) level using LANL2DZ basis set with effective core potential for
Te atoms [33]. The normal-mode analysis did not provide imaginary frequencies for the
considered species. The optimized cartesian coordinates of trinuclear anions are presented
in Supplementary Materials Tables S1 and S2.

The energy of intermolecular H-bonds EHB in the considered crystals (Supplementary
Materials Table S3) is evaluated according to ref. [34] as:

EHB [kJ mol−1] = 1124·Gb [atomic units] (1)

where Gb is the positively defined local electronic kinetic energy density at the H···O
bond critical point [35]. The Espinosa approach gives reasonable results for energies of
intermolecular H-bonds and other non-covalent interactions [36–39].

3.4. Single-Crystal X-ray Diffraction

Experimental reflection intensity data for compounds I and II were collected on a
Bruker D8 Venture diffractometer (Bruker AXS GmbH, Karlsruhe, Germany; graphite
monochromatized MoKα radiation, λ = 0.71073 Å) usingω-scan mode at 100 K. Absorption
corrections based on measurements of equivalent reflections were applied [40]. The struc-
tures were solved by direct methods and refined by full-matrix least-squares on F2 with
anisotropic thermal parameters for all non-hydrogen atoms [41]. Hydrogen atoms were
located from different Fourier syntheses and refined isotropically. Selected atom distances
and bond angles are collected in Table S4. Selected crystallographic data for I and II are
provided in Table 2. Atomic coordinates and anisotropic displacement parameters are
given in Supplementary Materials (Tables S6–S9). CCDC 2215218 and 2215219 contain the
supplementary crystallographic data for this paper. These data can be obtained free of
charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html (accessed on 30 November
2022) (or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, U.K.; fax: +44 1223 336033;
e-mail: deposit@ccdc.cam.ac.uk).

Table 2. Crystal data, data collection, and refinement parameters for I and II.

Parameter I II

Formula Cs2Te4O18H10 Cs2Te2O10H6
CCDC 2215219 2215218

fw 1074.30 687.07
Color, habit Colorless, prism Colorless, prism

Cryst size, mm 0.10 × 0.05 × 0.05 0.10 × 0.10 × 0.05
Cryst syst Monoclinic Triclinic

Space group P21/c P1
a, Å 5.7174(3) 6.2963(3)
b, Å 8.4698(4) 6.3962(3)
c, Å 16.6536(9) 7.3552(4)
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Table 2. Cont.

Parameter I II

α, deg 90 67.507(2)
β, deg 97.436(2) 77.178(2)
γ, deg 90 65.661(1)
V, Å3 799.67(2) 248.63(2)

Z 2 1
ρcalc, g/cm3 4.462 4.589

µ, mm−1 11.803 13.116
F(000) 944 300

θ range, deg 2.47 to 30.46 3.01 to 30.48
Total no. of reflns 7894 4145
Unique reflns, Rint 1833, 0.0422 1504, 0.015

Reflns. with I > 2σ(I) 1632 1429
No. of variables 124 76

R1 (I > 2σ(I)) 0.0377 0.0161
wR2 (all data) 0.0849 0.0371

GoF on F2 1.130 1.117
Largest diffPeak/hole, e/Å3 1.881/−2.050 0.800/−1.034

4. Conclusions

A comprehensive study of the equilibrium in tellurate aqueous solutions was carried
out by 125Te, 123Te, and 17O NMR. The coexistence of monomeric, dimeric, and trimeric
tellurate species in chemical equilibrium in the aqueous solutions of cesium tellurates at
a wide pH range was proven. The formation and coexistence of trimeric tellurate anions
with linear and triangular structures were shown for the first time based on NMR studies
and DFT calculations. Three tellurates were crystallized from the studied solutions and
studied by single-crystal X-ray analysis. Two of obtained crystals, cesium octaoxidodec-
ahydroxidotetratellurate Cs2[Te4O8(OH)10] and cesium tetraoxidohexahydroxidoditellu-
rate Cs2[Te2O4(OH)6], were isolated for the first time and shown to contain dimeric and
tetrameric tellurate anions. The latter contains the triangular tellurate fragment, which was
characterized by 125,123Te NMR in the solution.
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//www.mdpi.com/article/10.3390/molecules27248654/s1, Section S1: 17O NMR studies; Figure S1:
17O NMR spectra of: (a) telluric acid aqueous solution; (b) dimer D in water; (c) dimer D in water at
323 K; (d) dimer D in water, enriched by 17O; Figure S2. Crystal packing in II; Table S4: Selected bond
lengths and angles in the structure of I and II; Table S1: Optimized cartesian coordinates of LT anion
[Te3O12H6]4−; Table S2: Optimized cartesian coordinates of TT anion [Te3O12H6]4−; Table S3: Com-
puted values of the electron density, ρb, the local electronic kinetic energy density, Gb, at the O . . . O
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(b) Calculated powder diffractograms were obtained using Mercury (CCDC) software.
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