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Abstract: We reported herein the synthesis, structure determination and emission properties of a
cubic molecular Cd(II) coordination cluster whose faces are composed of 12-MC-4 metallacrown
units built up from Cd?* and 2-methylmercaptobenzohydroxamic acid (L™®PHA) resulting in
[CdHl4(mebHA)12(p6—O)(DMF)lO](ClO4)2-3HZO. The polynuclear complex obtained was charac-
terised by single crystal X-ray diffraction at 193 K. The bulk sample was also analysed by elemental
analysis. UV-Vis and emission spectra of the complex were measured in chloroform, as well as the
emission spectra of the ligand for comparison. The results of the emission studies revealed that both
the ligand and the complex are weakly emissive.
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1. Introduction

In recent years, an enormous amount of attention has been paid to the design of
coordination-driven self-assembly of polymetallic supramolecular architectures with multi-
topic organic ligands by crystal engineering [1-7]. The successful formation of supramolec-
ular self-assemblies depends strongly on the ligand design in many cases, as the nature of
the binding pocket and the metal-ligand interactions are the factors that play a key role in
the control and self-orientation during the self-assembly of the complexes [6—11].

Among these, Metallacrown (MC) complexes, have been of great interest in various
fields of research including molecular recognition, catalysis and magnetism and lumines-
cence, since their first discovery in 1989 by Pecoraro [12-14]. MCs, like their organic crown
ether analogues, contain oxygen donor atoms in their repeating unit bridged by metal ions
and heteroatomic atoms in the ring. The most common types of MCs are 9-MC-3, 12-MC-4
and 15-MC-5. For example, in the case of 9-MC-3 unit the ring consists of nine atoms
with three of them being donor atoms such as oxygen or nitrogen to bind a central guest
metal ion. The first vanadium MC [(VYO)3(shi)s(CH3OH)3] and [Fe4(shi)3(MeOH)3(OAc);]
MC, where shi is salicylhydroximate, showing 9-MC-3 structural motif were reported by
Pecoraro in 1989 [15]. The first vacant Co'l with 12-MC-4 structural motif was reported
by some of us in 2015 and a Cr'!!y complex with a 9-MC-3 structural motif in 2020 [14,16].
If the luminescence properties are to be investigated in MCs, they must be built up via
3d metal ions without the metal being able to quench the luminescence. MC based on
Gallium (3p) as ring ions was reported with lanthanides as a guest metal ion to study the
luminescence properties in 2019 [17]. MCs with metal ions containing filled d-orbitals such
as Zn(II) were also reported to investigate the luminescence properties. In a next step, we
now went down the group to Cd(Il) in order to examine the MC obtained herewith for its
luminescence [18,19]. In comparison to Zing, the size of Cadmium and its completely filled
4d orbitals make it a potentially interesting candidate for luminescence.

Cadmium-based materials are also used in building quantum dots because of the broad
UV excitation, narrow emission and high photostability [20,21]. The potential applications of

Inorganics 2023, 11, 362. https:/ /doi.org/10.3390/inorganics11090362

https://www.mdpi.com/journal/inorganics


https://doi.org/10.3390/inorganics11090362
https://doi.org/10.3390/inorganics11090362
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/inorganics
https://www.mdpi.com
https://orcid.org/0000-0001-9828-2912
https://orcid.org/0000-0003-1431-3641
https://doi.org/10.3390/inorganics11090362
https://www.mdpi.com/journal/inorganics
https://www.mdpi.com/article/10.3390/inorganics11090362?type=check_update&version=1

Inorganics 2023, 11, 362

2 0f9

Cadmium also extend to the usage in solar cells, batteries, alloys and battery storage [22-24].
Cadmium being a soft metal prefers softer donor atoms such as sulphur in comparison
to oxygen, which is one of the common donors in the metallacrown synthesised with
salicylhydroxamic acid. Some of us have previously reported a novel sulphur containing
salicylhydroxamate L™™PHA Jigand synthesized in a three-step reaction procedure, along
with two copper 12-MC-4 metallacrowns based on the ligand [25]. Tong and co-workers in
2016 reported interesting single molecular magnetic behaviour in non-classical Cd containing
4d-4f MC [26].

We herein reported the synthesis, structural determination and emission properties
of a cubic molecular Cd(Il) coordination cluster of which faces were made-up of 12-MC-4
metallacrown units composed from Cd?* and 2-methylmercaptobenzohydroxamic acid
(LmmbHAY ¢ form [Cdll;,(LmmPHA) o (11— O)(DMF);0](ClO4),-3H,0. The emission studies
showed that both the ligand and the complex were weakly emissive.

2. Results and Discussion
2.1. Synthesis

The ligand L™™PHA ysed to prepare the metallacrown was synthesized in three steps
as previously reported by us [25]. In the first step, the methyl 2-mercaptobenzoate was
formed by esterification of 2-mercaptobenzoic acid in methanol under an inert atmosphere.
In the second step, methyl 2-(methylthio)benzoate was formed by methylation of the
thiol group with methyl iodide. Finally, in the last step, a commonly used substitution
reaction with hydroxylamine gave the desired product in moderate yields. The L™mPHA
ligand obtained was complexed with Cd(Il) perchlorate salt in DMF in the presence of
triethylamine as a base to yield colourless block shaped crystals in low yields. The complex
obtained was characterized by single crystal X-ray crystallography, elemental analysis
and IR spectroscopy. The single crystal X-ray structure was obtained from a single crystal
carefully picked up from the mother liquor whereas the elemental analysis and IR were
measured from the bulk sample which was filtered, washed with diethyl ether and dried
in air, as detailed in the complex synthesis section. During this process, the lattice DMF
molecules present in the crystal lattice might have evaporated and the void spaces in the
crystal lattice filled with water molecules from the atmosphere. This is described more
often in the literature [27-31].

2.2. Crystallographic Discussion

The reaction of the L™™PHA Jigand with Cadmium(II) perchlorate in the presence of
triethylamine base in dimethylformamide afforded colourless block-shaped crystalline
[CAY, 4 (LmmPHA) (11 —O)(DMF)10](ClO4),-3H,0 in low yields after fourteen days. A
structural determination at 193 K shows that the complex crystallized in the P2; /c space
group in a monoclinic crystal system (Table 1). One unique unit of a single MC structure is
shown in Figure 1. It is evident from Figure 1 that the non-coordinating sulphur atoms in
ortho-position of the ring in L™™PHA Jed to a lack of pre-orientation, which is the reason
why the metallacrown ring was not built up regularly by four [M-N-O] repeating units, but
instead resulted in an irregular N-O arrangement (Figure 1). One N-O bridge (Cd2-O6-N4-
Cd?) is oriented opposite to the main direction. Interestingly, twelve ligand molecules are
involved to form the polynuclear coordination complex, as shown in Figure 2. In the 12-
MC-4 unit is formed by four ring-forming Cd(II) ions, each of these Cd(II) ions is also part
of three different MCs and, thus, represents the edges of a face-centred cube. The central
core of the complex was, thus, formed by a face-centred cube of 14 Cd(Il) ions. The inner
cavity of this cube is occupied by an oxo (ps—0O?") ligand coordinating the central metal
ion of each MC. Two non-coordinating perchlorate counterions in the lattice constitute to
the overall charge balance. The coordination sphere of the Cd(Il) ions is fulfilled by ten
co-ordinating dimethylformamide molecules which helped to form the cube structure.
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Table 1. Crystallography data of [Cd!;4(L™™PHAY ) (11 —O)(DMF)1](ClO4),-3H,0 complex.

Compound [CdlL 4 (LmmPHA) (11— O)(DMF)101(C104),-3H,0
Empirical formula C144H196Cd14C12N28049512
Formula weight/g mol~1 5132.50
Crystal size/mm 0.14 x 0.097 x 0.02
Crystal system monoclinic
Space group P2y /c
CCDC No. 2239578
Unit cell dimensions
a/A 18.1706(5)
b/A 17.2534(3)
c/A 30.5506(7)
o/ 90
B/ 105.688(2)
v/ 90
Volume /A3 9221.0(4)
Z 2
pcalc./g-cm*1 1.849
u/mm~! 1.826
F(000) 5092
Temperature/K 193(2)
Diffractometer STOE IPDS 2T
Radiation MoK «

@-range for data collection/
Index ranges

1.658 < 0 <25.999

—22<h<21
—21<k<21
—37<1<37
Collected reflections 38914
Independent reflections 18092
Completeness 0.998
Max. and min. transmission 0.9472 and 0.7877
Rint 0.0328
Rsigma 0.0455
Data/restraints/parameters 18092/116/1230
Goodness-of-fit on F2 1.115
Final Ry [I > 20(I)] 0.051
Final wRy [T > 20(D)] 0.0901
Final Ry [alldata] 0.0844
Final wR; [alldata] 0.1044

The results of the Continuous Shape Measures (CShM) on each Cadmium ion are
tabulated in Table 2. The CShM shows that Cd1, Cd3 and Cd5 are all in a slightly distorted
octahedral geometry with six coordinating oxygen atoms. On the other hand, Cd2 exists in
a trigonal prismatic polyhedron. In the case of Cd6 and Cd7, they are surrounded by three
oxygen and two nitrogen atoms, forming a trigonal bipyramidal environment. Cd4 also
possesses the same geometry with two nitrogen donor atoms (N1; N2) and one oxygen
donor atom (O11) in the horizontal plane; additionally, an oxygen atom (O10) and sulphur
atom (51) coordinated from the axial position.

Table 2. SHAPE 2.1 results of each of the seven crystallographically independent Cadmium(II) ions
of Cd(II) 12-MC.

Ion Cd1 Cd2 Cd3 Cd4 Cd5 Cdé Cd7
Structure OC-6 TPR-6 OC-6 TBPY-5 OC-6 TBPY-5 TBPY-5
CShM 0.73 3.54 0.63 2.66 0.67 1.91 1.43
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Figure 1. Excerpt of the cube structure of [CAy (LmmbHAY - (11, —O)(DMF)1](Cl04)5-3H,0. One
single 12-MC-4 motif highlighting the irregular [M-N-O] repetition units. Colour code: Pale
yellow—Cd(II), red—oxygen, blue—nitrogen, yellow—sulphur, grey—carbon. Hydrogen atoms

have been omitted for clarity.

Figure 2. Two different perspectives on the N-O bridged face-centred Cd cube (left and right).
Colour code: Pale yellow—Cd(II), red—oxygen, blue—nitrogen, yellow—sulphur, grey—carbon,
green—chlorine. ORTEP representation with atomic displacement parameters at 50% level of probability.

The crystal structure can also be described as a penetrated 18-MC-6 following the
[M-N-O] units of Cd4, Cd6 and Cd7 (Figures 3 and 4). The cores of the MCs were filled
by two cubes sharing one corner. The cube structure was built by Cd1, Cd2, Cd3, Cd5
and oxygen atoms. The ring-building Cadmium ions are all in the trigonal bipyramidal
coordination geometry (TBPY-5) as confirmed by CShM analysis. The central building
block of the cubes is a cadmium octahedron in which each Cd ion is coordinated by six
oxygen atoms (OC-6). This octahedron of metal ions is capped by two Cd2 ions, which is

the only cadmium showing a trigonal prismatic (TPR-6) coordination environment.
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Figure 3. Ring motif of an 18-MC-6 structure in [CdU(LmmbHAY. o (11 —O)(DMF)14](Cl04)2-3H,O
(left), with penetrating cubes formed from eight Cd ions (right). Colour code: Pale yellow—Cd(II),
red—oxygen, blue—nitrogen, yellow—sulphur, grey—carbon. ORTEP representation with atomic
displacement parameters at 50% level of probability.

Cd2'

Figure 4. 18-MC-6 representation of [Cdlly,(LmmbHAY. (1 O)(DMF)19](ClOy4)-3H,0. The cubic
core is coloured in yellow; the MC ring is coloured in green.

The obtained complex structure is a close analogue of the face-centred cubes with
Ni(II) and Co(II) reported by Zhuang et al. [32]. This also clearly indicates that the non-
crucial role of the sulphur donor atoms in the ligand for the formation of MC, as in the
case of the Ni(II) and Co(Il) reported by Zhuang et al., the face capped cubes is formed by
4-bromo-benzohydroximic acid, which did not possess a donor atom at the ortho position
of the ligand.

2.3. Infrared Spectroscopy

The three characteristic bands at 1677, 1561 and 1311 cm ™! can be assigned to the
carbonyl stretching vibrations of the salicylhydroxamic acid and confirmed the formation
of the desired ligand (Figure 5; left). The respective shifts to 1642, 1568 and 1348 cm ™!
together with the stretching vibration of the coordinated DMF at 1677 cm~! and a strong
perchlorate counterion stretching vibration at 1064 cm~! confirms the formation of the
desired complex (Figure 5; right).
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Figure 5. (Left): FT-Infrared spectra of LmmbHA (b ye). (Right):  complex (red).
[Cd"y(LmmPHA), (116 —O)(DMF)1](ClO4)2-3H,0.

2.4. Luminescence

The luminescence spectra of MC and Ligand (Figure 6) were recorded at ambient
conditions in chloroform at a concentration of 1 x 10~> M. The photoluminescence of
MC is ligand-based and structured with a broad tail in the visible range. The emission
maximum of the free ligand is 360 nm and that of MC is slightly red-shifted with an
emission maximum at 377 nm.
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Figure 6. Absorption spectrum of [CdLy (LmmbHAY, (11, —O)(DMF);](Cl04)5-3H,0 (solid line) and
luminescence spectra of [CAY,,(LmmbHAY - (11, — O)(DMF)10](ClO4)2-3Ho0 (Aexe = 300 nm, orange
dotted lines) and LmmbHA (Aexc = 300 nm, purple dotted lines).

3. Materials and Methods

All chemicals were used without further purification and were purchased from Alfa
Aesar, Acros Organics and Fisher Chemicals. The C, H and N elemental analyses were
carried out on a Foss Heraeus Vario EL (Elementar Analysensysteme GmbH, Langenselbold,
Germany) at the microanalytical laboratories of the department of chemistry at the Johannes
Gutenberg University Mainz. The infrared absorption spectra were collected at room
temperature in a range of 4000-400 cm~! on a Thermo Fischer NICOLET Nexus FT/IR-
5700 spectrometer (Thermo Fischer Scientific, Waltham, MA, USA) equipped with Smart
Orbit ATR Diamond cell. X-ray diffraction data for the structure analysis were collected
from suitable single crystals at 173 K with a STOE IPDS 2T (STOE, Darmstadt, Germany) at
the Johannes Gutenberg University Mainz. The structures were solved with ShelXT [33] and
refined with ShelXL [34,35] implemented in the program Olex2 [36]. The UV-Vis spectra
was recorded using a JASCO V-770 (JASCO, Yokohama, Japan) in a single beam mode
with a data interval of 0.2 nm and a scanning speed of 400 nm/min in chloroform and
emission spectra were recorded with a FLS1000 spectrometer from Edinburgh Instruments
(Livingston, UK) equipped with the photomultiplier detector PMT-980. A xenon arc lamp
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Xe2 (450 W) was used for excitation in chloroform. The emission and UV-Vis data were
plotted in Origin V7.5.

Complex Synthesis

To a 12 mL dimethylformamide, Cadmium perchlorate (94 mg, 0.3 mmol, 1 eq) and
ligand L™mPHA (37 mg, 0.3 mmol, 1 eq) were added as solids and dissolved. Triethylamine
(75 uL, 0.6 mmol, 2 eq) was added to the colourless solution. The reaction mixture was
stirred for 3 h. The resulting colourless mixture was filtered under aerobic conditions to
remove any undissolved impurities. The filtrate was layered with diethyl ether to obtain
colourless block shaped crystals after two weeks in low yields (11 mg, 24%), and the
filtrate was then filtered, washed with diethyl ether and dried in air. IR (ATR, v~ (cm™1):
3440 (vw), 2923 (w), 1668 (m), 1642 (s), 1583 (m), 1568 (m), 1532 (m), 1495 (m), 1466 (w),
1432 (m), 1415 (m), 1386 (m), 1370 (m), 1348 (m), 1255 (w), 1151 (vw), 1085 (m), 1064 (m),
1039 (w), 974 (w), 906 (m), 872 (w), 772 (w), 745 (m), 728 (w), 705 (w), 678 (w), 655 (m),
622 (m), 574 (w), 500 (w), 481 (w), 449 (w), 415 (vw). Elemental Analysis Calculated for
C126H154N22812C12Cd14043-BHQO (M = 4694 g mOlil): C, 31.870/0, H, 3.400/0, N, 6.49%.
Found: C, 31.40%; H, 3.48%; N,6.37%.

4. Conclusions

We reported the successful synthesis of the [Cdlly,(LmmbHAY o (11— O)(DMF)10](ClO4)s-
3H,0 complex and the implementation of a softer sulphur donor atom to form L™mPHA
into a well-studied salicylhydroxamic acid ligand for MCs allowed us to successfully isolate
a 4d MC with Cd(II) ions. The necessary next step is the coordination of a 4f metal ion as a
central guest ion to provoke improved luminescence properties of the reported Cd(Il) MC
complex. A mixed 4d—4f classical MC complex will also be interesting from the magnetic
point of view.
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