
lable at ScienceDirect

Journal of Molecular Structure 1211 (2020) 128057
Contents lists avai
Journal of Molecular Structure

journal homepage: ht tp: / /www.elsevier .com/locate/molstruc
Synthesis, spectral, structure and computational studies of novel
transition Metal(II) complexes of (Z)-((dimethylcarbamothioyl)thio)
((1,1,1-trifluoro-4-(naphthalen-2-yl)-4-oxobut-2-en-2-yl)oxy)

Adesoji A. Olanrewaju a, *, Festus S. Fabiyi a, Collins U. Ibeji b, c, **, Emmanuel G. Kolawole a,
Rajeev Gupta d

a Department of Chemistry and Industrial Chemistry, Bowen University, Iwo, Nigeria
b Department of Pure and Industrial Chemistry, University of Nigeria, Nsukka, Nigeria
c Catalysis and Peptide Research Unit, School of Health Sciences, University of KwaZulu-Natal, Durban, 4041, South Africa
d Department of Chemistry, University of Delhi, Delhi, 110007, India
a r t i c l e i n f o

Article history:
Received 22 October 2019
Received in revised form
29 February 2020
Accepted 11 March 2020
Available online 13 March 2020

Keywords:
Synthesized complexes
Spectroscopic techniques
Stereochemistry
TGA analysis
Computational studies
* Corresponding author.
** Corresponding author. Department of Pure and Ind
of Nigeria, Nsukka, Nigeria.

E-mail addresses: sojylanrey2009@gmail.c
bowenuniversity.edu.ng (A.A. Olanrewaju),
(C.U. Ibeji).

https://doi.org/10.1016/j.molstruc.2020.128057
0022-2860/© 2020 Elsevier B.V. All rights reserved.
a b s t r a c t

Novel transition metal(II) complexes of (Z)-((dimethylcarbamothioyl)thio) ((1,1,1-trifluoro-4-(naph-
thalen-2-yl)-4-oxobut-2-en-2-yl)oxy) (M ¼ Zn, Cu, Ni, Co, Fe and Mn) obtained from N,N0-dimethyldi-
thiocarbamate (SDTC) and 4,4,4-trifluoro-1-(2-naphthyl)-1,3-butanedione (TFNB) have been synthesized
and characterized by diverse analytical and spectroscopic techniques. The bonding nature, stereo-
chemistry and chemical compositions of all the synthesized complexes were inferred from percentage
metal, elemental analyses; infrared, electronic, mass spectra, conductivity, melting points, solubility and
room temperature magnetic moments measurements. Cu(II) complex assumed a square-planar geom-
etry, Mn(II), Fe(II) and Zn(II) complexes were tetrahedral while Co(II) and Ni(II) complexes are octahedral
as deduced from electronic spectra and magnetic moments measurements. The infrared spectra data
indicated that coordination with the metal ions in TFNB was via the carbonyl and enol oxygen atoms,
while in SDTC the two sulphur atoms are involved. All the synthesized metal(II) complexes were co-
valent, as revealed by the conductivity measurements in dimethylformamide (DMF). The comparative
TGA analysis of the metal complexes exhibit their thermal stability in the order: Zn(II) ˃ Co(II) ˃ Mn(II) ˃
Fe(II) ˃ Cu(II), while the computational studies of the complexes corroborate with the proposed structural
geometries. Density functional theory (DFT) calculation showed that the complexes had low energy gap
and higher tendency to interact with electron-accepting species.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Great interest has been developed in coordination complexes of
two-ligand systems of transition metal ions due to their improved
diverse mode of binding and wide areas of applications [1].

Interestingly, they have been so functional in different fields or
natural processes in the laboratory, environment and industry.
They have been used as catalyst, agricultural products, bio-
ustrial Chemistry, University

om, adesoji.olanrewaju@
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chemical substances, electro-chemical/chemical compounds, me-
dicinal substance, and biological products [2e8]. It has been re-
ported that coordination complexes play key roles in homogenous
and heterogenous catalysis [9], water purification, analytical
chemistry, metallurgy, solvent extraction, electrochemistry,
photography, optical, dyestuffs and also used for the formulation
and improvement of semiconductors, superconductors and phar-
maceuticals [5e7].

However, metal complexes that would show exceptional prop-
erties and distinctive reactivity depend on the donor atoms or
structural functional group(s) of the ligands. b-diketones and di-
thiocarbamates were among the promising ligands containing ox-
ygen and sulphur donor atoms that were of good adaptability,
diverse flexibility in coordination with the metal ions, and having
various areas of applications. The enolic hydrogen atom in the
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intramolecular hydrogen bonded keto-enol tautomerism of b-
diketones can be easily replaced by a metal atom or ion and a
ketonic oxygen bonded, thereby a metal complex is formed as a
chelate ring [10]. Among other factors, solvent polarity and the
presence and properties of substituents (either electron with-
drawing groups or electron donating groups) also affect keto-enol
equilibrium [11]. The direct result or importance of the occur-
rence of this greater enol formation is the capacity to form stable
complexes with most metals or metal ions [12] that completely
replace the enolic hydrogen atom in the chelate ring. The strong
complexing properties [13] and wide area of applications of b-
diketone derivatives and their metal complexes in organic and
inorganic chemistry [14e16] have attracted great attention for
several years. Various numbers of b-diketones with diverse sub-
stituents and their complexes have been synthesized, characterized
and reported in literature to possess different chemical, biological,
analytical, bio-chemical, pharmaceutical and catalytic properties
[17e21] both in science and in industry.

In the same vein, dithiocarbamates possess the capability of
stabilizing metals in a wide range of oxidation states [22] and
ability to exhibit different structural resonance forms, especially
with the delocalization of nitrogen unshared pair of electron to the
sulphur ions (i.e from N through the CS2 plane), which enables
them to coordinate or bind with metals conveniently in different
mode and function as monodentate, bidentate chelating as well as
bidentate bridging ligands [23,24]. Several number of aliphatic and
aromatic dithiocarbamate transition metal complexes have been
synthesized, characterized and were reported to possess physical,
biological, chemical and industrial applications [25e28].

Therefore, considering the uniqueness of the two ligands, we
aim to investigate the improved activities of combining the two
distinct ligands with some first row transition metals by deter-
mining their magnetic interactions (spin-crossover, anti-
ferromagnetism or ferromagnetism), thermal stability, electronic
states, intramolecular charge transfer energies, chemical reactivity
strength (electrophilic or nucleophilic site of attack) and coordi-
nation behaviours that lead to geometry proposal through mag-
netic susceptibility measurement, infrared and electronic spectra,
thermogravimetric analysis and density functional theory calcula-
tions (DFT). In connection to this, we report the synthesis, spec-
troscopic characterization, thermal analysis and computational
studies of some 3d transition metal(II) mixed ligand complexes of
N,N0-dimethyldithiocarbamate (SDTC) and 4,4,4-trifluoro-1-(2-
naphthyl)-1,3-butanedione (TFNB).
2. Experimental

2.1. Materials

All the chemicals used (Sodium dimethyldithiocarbamic acid,
4,4,4-trifluoro-1-(2-naphthyl)-1,3-butanedione, manganese(II)
sulphate monohydrate, iron(II) sulphate heptahydrate, copper(II)
sulphate pentahydrate, zinc(II) sulphate heptahydrate, cobalt(II)
chloride hexahydrate, nickel(II) chloride hexahydrate etc.) were of
analytical grade and obtained from standard commercial groups
such as Sigma-Aldrich, Central Drug House (CDH chemicals) and
British Drug House Chemicals Limited (BDH). All the solvents were
also used as received without further purification.
2.2. Syntheses of mixed ligand metal(II) complexes

The mixed ligand complexes of Mn(II), Fe(II), Co(II), Ni(II), Cu(II)
and Zn(II) of sodium dimethyldithiocarbamate, SDTC and 4,4,4-
trifluoro-1-(2-naphthyl)-1,3-butanedione, TFNB, were prepared
according to published procedure [16] with little modification.
Equimolar amounts of SDTC (4.19 mmol, 0.60 g) was added to a
stirring solution of TFNB (4.19 mmol, 1.12 g) in 15 mL 50% ethanol at
room temperature, and to the mixture were added the respective
hydrated metal(II) salts (4.19 mmol, 0.71e1.20 g) in the right pro-
portion. The resultant coloured homogenous solutions were
refluxed for 5e6 h, the period which the products were produced
and precipitated. The products formed were filtered, washed with
ethanol and diethyl ether, then re-crystallized from ethanol and
dried in vacuo over silica gel.
2.3. Analytical and physical measurements

The melting point/decomposition temperature of the free li-
gands and the mixed ligand complexes were determined with a
Mel-Temp electrothermal machine while molar conductance of the
complexes in DMF (1 � 10�3 M solutions) were obtained using
Eutech instruments CON 510 conductivity meter. Complexometric
titration method [29] was used to evaluate the percentage pro-
portion of metals in the complexes, whereas, elemental analyses
(Carbon, Hydrogen, Nitrogen, and Sulphur percentages) were
recorded on Elementar Analysen Systeme GmbH Vario EL-III in-
strument. The solution absorption (UVeVis) spectra of the com-
plexes were recorded with a PerkinElmer l 25 spectrophotometer,
in the range 190e600 nm whereas infrared (IR) spectra were
recorded on a SHIMADZU IR Affinity-1S FTIR spectrophotometer in
the range 4000-400 cm�1. Magnetic susceptibility of each of the
complexes was measured on Sherwood Susceptibility Balance MSB
Mark 1 at 303 (±1) K and various diamagnetic corrections were
calculated using Pascal’s constants [30]. 1H and 13C NMR spectra of
the diamagnetic Zn(II) complex was obtained on a JEOL, JNM-
ECX400Pspectrometer, using DMSO‑d6 solvent and Me4Si internal
standard. The mass spectra of the complexes were obtained on
AT6530A-M(Accurate-Mass)LC-HRMS, Q-TOF components, com-
bined with HPLC Agilent technologies 1260 Infinity and personal
computer(PC).
2.4. Computational details

The ligand and metal complexes were fully optimized using
Density functional theory (DFT) implemented in Gaussian 09 soft-
ware [31]. B3LYP functional with 6-31 þ G(d,p) basis set was
applied for ligand atoms and LANL2DZ for metal ions [32]. The
synergy between this functional [33] and basis sets have been re-
ported to be suitable for compounds containing metal ions
[32e34]. True energy minima were verified by performing fre-
quency calculation for all complexes with no indication of imagi-
nary frequencies. The scaling factor of 0.964 [35] was applied to
obtain the calculated vibrational frequencies and the HOMO-LUMO
orbitals was generated with iso-value of 0.02.

The second-order perturbation theory was applied to obtain the
stabilization energy, E2 via Natural bond orbital calculation. The
donor-acceptor interactions between metals and ligand [36] were
established. The E2 calculations [37] is described by the expression:

E2 ¼DEij ¼ qj
Fði; jÞ2
εj � εi

(1)

where qj is the donor orbital occupancy, εi and εj are diagonal
matrix elements and Fði; jÞ is the NBO Fock off-diagonal element.

The DFT calculation of 1H magnetic shielding constants, with
chemical shifts, obtained on a d-scale relative to the TMS, taken as
reference was performed on Zn(II) using the Gauge-Independent
Atomic Orbital (GIAO) method developed by Wolinski et al. [38].
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Polarizable Continuum Model (PCM) [47] through a single point
(B3LYP/6-311 þ G(2d,p)) calculation [39] was used for determining
the 1H NMR chemical shift (DMSO solvent: dielectric constant,
ε ¼ 46.826).

3. Results and discussion

3.1. Physical properties, analytical and elemental data

The colour, melting point, yield (% yield), percentage metal,
molar conductance and elemental analysis data for the complexes
were presented in Table 1. All the synthesized mixed ligand met-
al(II) complexes were obtained as solid in good yields within
69e85% and found to be air-stable at room temperature. The colour
of ligand TFNB and Mn(II) complex are shades of yellow, Co(II) and
Ni(II) complexes are of green shades while Fe(II) and Cu(II) com-
plexes are dark-brown and grey respectively. Ligand SDTC and
Zn(II) complex also possessed white and dull-white colour
respectively. The complexes were expectedly coloured due to d-
d transition [40].

The melting points/decomposition temperatures of all the
metal(II) complexes were distinctively higher (137e206 �C)
compared to the respective free ligands TFNB and SDTC melting
points (72e118 �C), corroborating coordination. Furthermore, the
closeness of experimental percentage metal, as well as the
elemental (C, H, N, S) analyses datawith their respective theoretical
data of all the metal(II) complexes further established coordination.
The proposed structures, formulae and composition of the metal(II)
complexes were confirmed by the combination of all the analytical
and spectroscopic data.

The covalent nature of the metal(II) complexes were confirmed
by the molar conductance values in the range
8.68e32.60 U�1cm2mol�1 obtained in 1 � 10�3 M DMF solution,
since the values were below 60 U�1cm2mol�1reported for 1:1
electrolyte [41].

3.2. Infrared spectra

The major infrared spectral vibrations of dimethyldithiocarba-
mate, SDTC, 4,4,4-trifluoro-1-(2-naphthyl)-1,3-butanedione, TFNB,
and their complexes 13, 14, 15, 16, 17, and 18 are presented in
Table 2.

The spectra of the metal(II) complexes displayed broad bands
within the region 3366-3518 cm�1, assigned to OH stretching fre-
quency due to crystallized and/or coordinated water molecule. The
assignment of y(OH) enol of ligand TNFB is due to the weak, broad
band in its spectrum at 3066 cm�1 [42]. This band shifted in all the
metal(II) complexes from3066 cm�1 to 3052-3063 cm�1. Moreover,
coordination is observed in all of the metal(II) complexes at the
Table 1
Physical properties, analytical and elemental data of the compounds.

Compounds (Molecular formulae) Weight (g) Colour Yield
(% yield)

Mt. Pt/#
(oC)

TfNBD (L3) C14H9O2F3 266.22 Light- yellow e 72e74
SDTC (L) C3H6NS2Na 143.21 Off-White e 116e118
(13) [MnLL3].H2O C17H16F3MnNO3S2 458.37 Yellow 1.63 (85) 144e146

(14) [FeLL3].H2O C17H16F3FeNO3S2 459.28 Dark-brown 1.60 (83) 137e138
(15) [CoLL3(H2O)2] C17H18CoF3NO4S2 480.38 Teal-green 1.38 (69) 154#

(16)[NiLL3(H2O)2] C17H18F3NNiO4S2 480.14 Pale-green 1.56 (78) 180e182
(17) [CuLL3] C17H14CuF3NO2S2 448.97 Grey 1.57 (84) 206#

(18) [ZnLL3].H2O C17H16F3NO3S2Zn 468.81 Dull-White 1.66 (85) 140e142

Mt.pt. ¼Melting point, # ¼ Decomposition temperature, % ¼ percentage, Theo. ¼ theoret
Hydrogen, N ¼ Nitrogen, S ¼ Sulphur.
carbonyl oxygen atom and C-3 enolic hydroxyl groups [43]. This is
because the y(C]O) and the y(CeO) strong bands of the ligand L3,
suffered bathochromic shift from 1597 cm�1 and 1189 cm�1 to 1588
- 1595 cm�1 and 1179 - 1191 cm�1 respectively [44].

The dithiocarbamate shows a band attributed to y(CeN) at
1234 cm�1, which appeared in the metal(II) complexes as an
overlap of y(CeO) bands. The appearance of sharp bands in the
ligandSDTC at 960 cm�1 and 845 cm�1, assigned to y(C]S) and
y(CeS), shifted in all the metal(II) complexes to 952-966 cm�1 and
858-865 cm�1 respectively, an indication that the sulphur atoms
coordinate to the metal ion, thus, SDTC is bidentate [24].

The bands present in the range 2906e2932 cm�1 were assigned
due to y(CeH) stretching vibrations of the methyl group in the
ligand, SDTC and all the metal(II) complexes. The y(M � O) and
y(M� S) bands were absent in the ligands, but they appeared in the
spectra of the complexes at the range 525e583 cm�1 and 466 -
467 cm�1 respectively, confirming coordination in all the metal(II)
complexes. However, these bands, y(M � O) and y(M � S) has been
reported to be found around 419 - 586 cm�1 and 365 -465 cm�1

respectively [16,45].

3.3. Electronic spectra and magnetic moments

The substantial electronic absorption bands of L, L3 and com-
plexes 13e18 were obtained in DMF as a solution absorption
spectra are given in Table 3.

Generally, two main peaks characterized the electronic spectra
of the compounds between 339 and 332 nm (29,499e30,120 cm�1)
and 300 - 267 nm (33,333e37,453 cm�1), assigned to n/ p* and p
/ p* transitions respectively. The absorption bands in the two
ligands L3 and L, experienced a red shift (bathochromic shift i.e
longer wavelengths) in all the metal(II) complexes due to coordi-
nation/complexation [46].

The complex 13, showed an absorption band at 411 nm
(24,331 cm�1, ε ¼ 100 Lcm�1mol�1), assigned to 6A1/

4E(G) tran-
sition, which was suggestive of a four coordinate tetrahedral ge-
ometry. An observed magnetic moments of 5.65e6.10 B.M is
usually expected for the Mn(II) complexes at room temperature,
regardless of stereochemistry since the ground term is 6A1 and
thus, there is no orbital contribution. In this study, the Mn(II)
complex has a magnetic moment of 5.99 B.M, complementary of
the proposed tetrahedral geometry [47,48].

The electronic spectrum of complex 14, displayed an absorption
band at 469 nm (21,322 cm�1, ε ¼ 300 Lcm�1mol�1), which indi-
cated a four coordinate tetrahedral geometry and is assigned as 5T2
/ 5Etransition. The electronic configuration of Fe(II) is a d6, and it
has a spectroscopic ground term of 5D. An observed magnetic
moment in between 5.0 and 5.5 B.M is usually expected for high
spin Fe(II) complexes and low spin complexes are expected to be
^M % metal
(Exp.) Theo.

Calculated (Found), %

C H N S

e - - e e e e

e - - e e e e

8.68 11.99 (12.31) 44.55 (44.35) 3.52 (3.48) 3.06 (3.02) 13.99
14.04

32.60 12.16 (11.62) 44.46 (44.36) 3.51 (3.50) 3.05 (3.15) 13.96 (13.99)
10.89 12.27 (12.26) 42.51 (42.49) 3.78 (3.76) 2.92 (2.98) 13.35 (13.40)
19.23 12.22 (12.21) 42.53 (42.58) 3.78 (3.83) 2.92 (2.89) 13.35 (13.29)
19.91 14.15 (14.23) 45.48 (45.50) 3.14 (3.08) 3.12 (3.16) 14.28 (14.32)
16.89 13.95 (13.60) 43.55 (43.44) 3.44 (3.13) 2.99 (3.12) 13.68 (13.74)

ical, Exp. ¼ Experimental, ^M ¼molar conductance (U�1cm2mol�1), C ¼ Carbon, H ¼



Table 2
The relevant infrared spectra data of the ligands and metal(II) complexes.

Ligands/Complexes y(OH) H2O y(C]O) y(CeO)/y(CeN) y(C]S/y(CeS) y(OeH) enol y(CeF) y(CeH) Alkyl y(M � O)/y (M � S)

TFNB (L3) e 1597s 1189s e 3066s 1274s e e

SDTC (L) e e 1234s 960s/845s e e 2923s e

(13) [MnLL3].H2O 3412b 1590s 1181s 1126s 952s/865s 800s 3058s 1293s 2913m 582s 466s
(14) [FeLL3].H2O 3406b 1588s 1191s 1129s 962s/863s 798s 3063m 1298s 2926m 583s 467s
(15) [CoLL3(H2O)2] 3518b 3366b 1595s 1183s 1125s 956s/865s 795s 3060s 1299s 2916m 583s 467s
(16)[NiLL3(H2O)2] 3509b 3367b 1605s 1183s 1127s 959s/861s 793s 3057m 1299s 2906m 583s 467s
(17) [CuLL3] e 1595s 1179s 1133s 952s/858s 785s 3052s 1299s 2932m 525s 467s
(18) [ZnLL3].H2O 3375b 1595s 1180s 1125s 966s/865s 793s 3063m 1295s 2930m 583s 467s

s ¼ strong or sharp, b ¼ broad, m ¼ medium, w ¼ weak, wb ¼ weak-broad.

Table 3
Electronic spectra and magnetic moments data of the compounds.

Compounds Regions of absorption nmcm�1
ε Assignments Assumed geometries meff (B.M.)

TfNBD(L3)
C14H9O2F3

267 37,453 p / p* e e

283 35,336 p / p* n / p*
333 30,030

SDTC (L)
C3H6NS2Na

267 37,453 p / p* e e

300 33,333 p / p*
(13) [MnLL3].H2O
C17H16F3MnNO3S2

285 35,088 2100 p / p* n / p* Tetrahedral 5.99
338 29,586 3600 6A1/

4E(G)
411 24,331 100

(14) [FeLL3].H2O
C17H16F3FeNO3S2

331 30,211 2300 n / p* Tetrahedral 5.30
469 21,322 300 5T2 / 5E

(15) [CoLL3(H2O)2]
C17H18CoF3NO4S2

332 30,120 7300 n / p* Octahedral 3.80
460 21,739 150 4T1g(F) / 4T1g(P)
489 20,450 90 4T1g(F) / 4A2g

513 19,493 70 4T1g(F) / 4T2g(F)
(16) [NiLL3(H2O)2]
C17H18F3NNiO4S2

337 29,674 690 3A2g /
3T1g(P) Octahedral 2.35

422 23,697 1400 3A2g /
3T1g(F)

(17) [CuLL3]
C17H14CuF3NO2S2

339 29,499 2200 n / p* Square-planar 1.74
440 22,727 300 2B1g /

2E1g
524 19,084 100 2B1g /

2A1g

(18) [ZnLL3].H2O
C17H16F3NO3S2Zn

335 29,851 7000 M/LC.T Tetrahedral Dia.

nm ¼ nanometer (unit of wavelength (l)), cm�1 ¼ per centimeter or reciprocal centimeter, (unit of wavenumber (ῡ), ε ¼ Molar absorptivity (Lcm�1mol�1),M/L C.T ¼ metal
/ ligand charge transfer,meff ¼ effective magnetic moment, Dia. ¼ Diamagnetic, B.M. ¼ Bohr Magneton.
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diamagnetic. However, this Fe(II) complex has magnetic moment of
5.30 B.M, corroborative of its proposed tetrahedral geometry.

The complex 15 showed three bands at 513 nm (19,493 cm�1,
ε ¼ 70 Lcm�1mol�1), assigned to 4T1g(F) / 4T2g (F) (y1); 489 nm
(20,450 cm�1, ε ¼ 90 Lcm�1mol�1), assigned to 4T1g(F) / 4A2g (F)
(y2); and 460 nm (21,739 cm�1, ε ¼ 150 Lcm�1mol�1), assigned to
4T1g(F) / 4T1g (P) (y3). The Co(II) has a d7 electronic configuration,
and a ground term symbol of 4F. The magnetic moment of 3.80 B.M.
obtained for this complex, was indicative of spin equilibrium (spin-
crossover) between high spin and low spin octahedral geometry
[49e51].

The complex 16, was a Ni(II) complex which exhibited two ab-
sorption bands at 422 nm (23,697 cm�1, ε ¼ 1400 Lcm�1mol�1),
assigned to 3A2g (F) / 3T1g (F) and 337 nm (29,674 cm�1, ε ¼ 690
Lcm�1mol�1), assigned to 3A2g (F) / 3T1g (P) transitions respec-
tively, typical of a six coordinate high spin and low spin octahedral
geometry [52]. The room temperaturemagnetic moments expected
for a low spin and high spin octahedral nickel (II) complex is zero
and 2.9e3.3 B.M. respectively. However, the observed moments for
this complex under study is 2.35 B.M, which was indicative of a
spin-crossover system (state of equilibrium) between the high and
low spin octahedral geometry [53].

The complex 17, gave two absorption bands at 524 nm
(19,084 cm�1, ε ¼ 100 Lcm�1mol�1), assigned to 2B1g / 2A1g and
440 nm (22,727 cm�1, ε ¼ 300 Lcm�1mol�1), assigned to 2B1g /
2E1g transitions respectively, of a four coordinate square-planar
geometry [54,55]. The electronic configuration of Cu(II) is d9;
thus, a spectroscopic ground state term symbol 2D. A magnetic
moment in the range 1.9e2.3 B.M, is typically noticed for mono-
nuclear Cu(II) complexes, without stereochemistry consideration.
Thus, a magnetic moment of 1.74 B.M. obtained for this copper(II)
complex is complementary of a square-planar geometry [56].

The spectrum of complex 18 had a single absorption band at
335 nm (29,851 cm�1, ε ¼ 7000 Lcm�1mol�1), assigned as charge
transfer transition from metal to ligand (MLCT). Since Zn(II) has a
completely filled 3d orbital, no d-d transition is expected. Its
diamagnetic nature confirmed the tetrahedral geometry proposed
[54,57].

3.4. Mass spectra

The results of the mass spectra for the metal(II) complexes are
given in Table 4.

Liquid chromatography high resolutionmass spectra (LC-HRMS)
of the complexes exhibit their m/z as single peaks, with an indi-
cation that their masses are observed as (Mþ1) value. The observed
values were in good accord with that of the calculated masses (M)
of all the complexes. The complexes 13, 14, and 15 exhibit peak at
m/z 459.3658 (found), 458.37 (calc.); 460.2747 (found), 459.28
(calc.) and 481.0140 (found), 480.38 (calc.) respectively.

Furthermore, the m/z peak at 480.3873 (found), 480.14 (calc.);
449.9880 (found), 448.97 (calc.) and 469.8657 (found), 468.81
(calc.) were attributed to complexes 16, 17 and 18 respectively.

Thus, the mass spectral studies in addition with other



Table 4
Data from the mass spectra of the complexes.

Complexes/Chemical formulae Molecular Mass (Calculated) Observed Mass (Experimental) Mþ1

(13) [MnLL3].H2O C17H16F3MnNO3S2 458.37 459.3658
(14) [FeLL3].H2O C17H16F3FeNO3S2 459.28 460.2747
(15) [CoLL3(H2O)2] C17H18CoF3NO4S2 480.38 481.0140
(16)[NiLL3(H2O)2] C17H18F3NNiO4S2 480.14 480.3873
(17) [CuLL3] C17H14CuF3NO2S2 448.97 449.9880
(18) [ZnLL3].H2O C17H16F3NO3S2Zn 468.81 469.8657
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spectroscopic measurements, corroborate the molecular formular/
mass and composition of each complexes.
3.5. NMR spectra

The 1H NMR and 13C NMR were recorded in deuterated DMSO
and only the diamagnetic Zn(II) mixed ligand complex 18 was
determined (Tables 5a and 5b and supplementary data Fig. 1a and
b). The 1H NMR spectra gave a sharp singlet characteristic peak at
2.51 ppm (s, 6H, eNC2H6) which corresponds to the six protons of
the twomethyl group attached to the N atom of the SDTC moiety of
the complex. The one proton attached to the C-12 contained in the
b-diketonemoiety of the complex showed up at a peak of 7.87 ppm.

Moreover, peaks in the region 7.56e7.85 ppm were assigned to
three protons of the naphthyl ring in the TFNB moiety of the
complex, other three protons appeared in the region
8.05e8.12 ppm; while the signal at 8.52 ppm established the sev-
enth proton of the naphthyl ring in the whole complex.

The carbon-13 NMR spectra of the complex 18 exhibited signals
Table 5a
1H NMR spectral data of the diamagnetic Zn(II) mixed-ligan

Compound

napht. ¼ naphthalene ring.

Table 5b
13C NMR spectral data of the diamagnetic Zn(II) mixed-
standard.

Compound
at 45.30 ppm, assigned to C-16 and C-17 (-NC2H6) of SDTCmoiety of
the complex while the signal for C-12 of the b-diketone moiety
appeared in the spectra at 90.74 ppm. The naphthyl ring plus the b-
diketone moiety carbons showed signals at different chemical
shifts, because of their different environment. The C-1, C-6, C-4 and
C-14 signals appeared in the region 124.27e128.08 ppm; C-2, C-5
and C-7 in the region 128.50e129.58 ppm, whereas signals for C-9,
C-8, C-3 and C-10 showed up in the region 130.28e136.20 ppm.

Furthermore, signals at 172.21, 190.39 and 197.40 ppm were
ascribed to C-11, C-13 and C-15 of the whole complex respectively.

Thus, the 1H- and 13C- NMR of the Zn(II) complex corroborate
the proposed structure or geometry.
3.6. Thermal analysis

The TGA plots of the complexes 13, 14, 15, 17 and 18 as obtained
from a suitable and appropriate method earlier reported are shown
comparatively in Fig. 2. Rates of heating were appropriately regu-
lated at 10 �C per minute, under N2 cloud at a stream tempo of
d complex 18 in DMSO‑d6 using TMS internal standard.

1H NMR (d/ppm)

H (i & j) 2.51 ¼ [-N(CH3)2 (6H, s)]
H (h) 7.87 ¼ [-CH (1H, s)
H (d & e)7.56, 7.64 ¼ [napht. (2H,m)]
H (a) 7.85 ¼ [napht. 1H, d]

H (g) 8.52 ¼ [napht. (1H, s)]

ligand complex 18 in DMSO‑d6 using TMS internal

13C NMR (d/ppm)

[C-16,17] ¼ 45.30
[C-12] ¼ 90.74
[C-1, 4, 6, & 14] ¼ 124.27e128.08
[C-2, 5 & 7] ¼ 128.50e129.58
[C-3, 8, 9 & 10] ¼ 130.28e136.20
[C-11] ¼ 172.21
[C-13] ¼ 190.39
[C-15] ¼ 197.40



Fig. 1. a 1H NMR spectra for Zn(II) mixed ligand complex 18 in DMSO‑d6. b: 13C- NMR for Zn(II) mixed ligand complex 18 in DMSO‑d6.
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200 mL/min and temperature region of 30 �Ce700 �C or 800 �C.
It is crystal clear from the thermograms (Fig. 2) that each of the

complexes 13, 14, 15 and 18 exhibit a three steps decomposition
pattern, while complex 17 only decomposes in two steps mecha-
nismwith the loss of the two ligands, 4,4,4-trifluoro-1-(2-naphtyl)-
1,3-butanedione (L3) and dimethyldithiocarbamate ligand (L) in
each step, leaving the oxide of the metal as the residue. The curves
of complexes 13, 14, and 18 show an observable change from 40 �C
to 100 �C when heated, an indication of the loss of water of hy-
dration present in them, while in complex 15, above 100 �C, it was
the loss of the coordinated water molecules. In complex 17, the
decomposition starts at about 190 �C, corroborative of absence of
water of hydration. The second stage of decomposition proceeds in
the temperatures range of over 100e400 �C in all the complexes,
indicative of the weight loss of the ligand, L3 and part of the ligand,
L moiety. The third stage decomposition phase stand for the
removal of the rest part of the ligand L moiety, at a temperature
range of 400e700 �C. They are all thermally stable. Almost in all
cases, the decomposition starts by the loss of crystallized/coordi-
nated water molecule of the complexes. Mostly, the final products
as residue are either oxides of the metal or metal with carbon
fragment oxidized to CO2 and nitrogen or hydrogen being lost as
gases. The thermal studies of all these complexes from their curves
was in good agreement with their proposed structures and their
molecular formulae.

Thus, the comparative TGA curves (Fig. 2) of the metal com-
plexes exhibit their thermal stability in the order: Zn(II) ˃ Co(II) ˃
Mn(II) ˃ Fe(II) ˃ Cu(II).
3.7. Quantum chemical studies

The optimized structures correlate with the proposed structures
for theM(II) mixed ligand-complexes of TFNB and SDTC (Fig. 3). The
optimized ligand and metal complexes (Fig. 4) obtained showed no
negative frequencies. The bond distances between atoms and
metals obtained in this study are similar to previous inter-atomic
distances from our work [58] and in the literature [59,60].
3.7.1. Electronic analysis
The eigen state energies of the highest occupied molecular
Fig. 2. Comparative TGA curves of complexes 13e15, 17 and 18 showing their order of
stability.
orbital (HOMO) and lowest unoccupiedmolecular orbital (LUMO) is
defined by the frontier molecular orbitals [61,62]. These eigen state
energies are vital in determining the chemical reactivity of com-
pounds such as metal complexes [63,64]. The obtained HOMO,
LUMO energies and dipole moment are presented in Table 6.
Smaller energy gap shows that the valence electron in the HOMO
can absorb lower energy and illustrate the readiness of a molecule
to donate and accept electrons respectively [39]. The small DE gap
of complex signifies higher tendencies to donate an electron to an
accepting species with [CoLL3(H2O)2] showing a higher ability
compared to other complexes. The distribution of the electron
density of the HOMO describes the stability and strength of the
transition metals [65].Fig. 5 reveals good stability of all complexes
with regards to the complex formation based on the delocalization
of the electron density around the HOMO orbital. High dipole
moment favours better dipole-dipole interactions with biological
systems [39]. Table 6 showed that all complexes are high dipole
systems with [ZnLL3].H2O and [MnLL3].H2O complexes displaying
stronger dipole-dipole moments compared to other metal com-
plexes suggesting they will show better interaction with dipole
moment species, especially biological systems [39]. The stability
results obtained from the dipole moment agrees with the experi-
mental results obtained for TGA analysis.
3.7.2. Electrostatic potential (EP) analysis
The Electrostatic potential at a specified zone of a compound

refers to the interaction energy between an electrical charge gotten
from the electrons, nuclei and proton of a molecule located at r
[92,93]. VðrÞ was gotten from the expression:
Fig. 3. The proposed structures for the M(II) mixed ligand complexes of TFNB and
SDTC {(a) M ¼ Mn, Fe and Zn when n ¼ 1 respectively, and M ¼ Cu when n ¼ 0. (b)
M ¼ Co or Ni}.



Fig. 4. Optimized geometries of metal complexes obtained at B3LYP/6-31 þ G (d,p)/LANL2DZ for metal ions.

Table 6
The HOMO-LUMO,DE, and dipolemoment of metal complexes obtained by B3LYP/6-
31 þ G (d,p) and LANL2DZ for metal ions.

Complex ELUMO (eV) EHOMO (eV) DE (eV) Dipole moment (Debye)

[CoLL3(H2O)2] �5.32 �5.50 0.18 3.3
[MnLL3].H2O �3.65 �4.02 0.37 9.4
[FeLL3].H2O �4.87 �5.29 0.42 4.4
[CuLL3] �5.06 �5.32 0.26 3.8
[ZnLL3].H2O �5.26 �5.52 0.26 13.7
[NiLL3(H2O)2] �3.53 �4.01 0.48 6.8
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VðrÞ ¼
X
A

ZA
ðRA � rÞ �

ð
rðr’Þ
jr’ � rjdr

’ (2)

ZA represent the charge of the nucleus A located at RA, rðr’Þ is the
electron density function of the molecule and ðr’Þ is the dummy
integration variable.
The ESP typically plays as a beneficial parameter to understand
the probable site for electrophilic or nucleophilic reaction site of
attack [66]. This also gives vital information about non-bonded
interactions [67e69]. The electrophilic reactivity is described by
the blue region of the surface (Positive electrostatic potential) while
the red region signifies negative electrophilic potential associated
with nucleophilic reactivity. The VðrÞ of values associated of each
complex are given in Fig. 6. The negative electrostatic potential is
located around the benzene ring of all complexes. The positive ESP
at the around metal ions in the complexes indicates that all com-
plexes have the tendencies to serves as donors with [CoLL3(H2O)2]
showing higher tendency with higher positive electrostatic po-
tential. This observation is consistent with frontier molecular
orbital describing the distribution of electron density. The red re-
gion signifies negative electrophilic potential associated with
nucleophilic reactivity, negative electrostatic potential is located
around benzene ring in all the complexes because it gives vital
information about non-bonded interactions and the conjugated
nature of the TFNB.



Fig. 5. Frontier molecular orbital describing the distribution of electron density for Co2þ and Zn2þcomplexes obtained using B3LYP/6-31 þ G (d,p)/LANL2DZ for metal ions.
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Fig. 6. Molecular electrostatic potential (MEP) map of (a) [CoLL3(H2O)2 (b) [MnLL3].H2O] (c) [FeLL3].H2O (d) [CuLL3].H2O (e) [ZnLL3].H2O and (f) [NiLL3(H2O)2] complex obtained
B3LYP/6-31 þ G(d,p) and LANL2DZ for metal complexes.
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3.7.3. 1H NMR spectrum analysis
The theoretical 1H NMR spectra obtained at B3LYP/6-

311 þ G(2d,p)-DMSO for Zn(II) is presented in the supplementary
data (Figure S1). Important hydrogen atoms are indicated in the
calculated 1H NMR spectrum. Result obtained revealed good
agreement with experimental 1H NMR chemical shift, with H6
protons which corresponds to the six protons of the two methyl
group attached to the N atom of the SDTC moiety of the complex
showing a small deviation 0.03 ppm, except for H5 with deviation
of 0.68 ppm. The reported deviation in this work is consistent with
that obtained by De Souza et al. [39].
4. Conclusion

The metal(II) complexes (M ¼ Mn, Fe, Co, Ni, Cu, Zn) of mixed
ligands obtained from dimethyldithiocarbamate and 4,4,4-
trifluoro-1-(2-naphthyl)-1,3-butanedione were prepared and
characterized by different analytical and spectroscopic methods.
From the present study, electronic and infrared spectra confirmed
the octahedral geometry of Co(II) and Ni(II) chelates while other
complexes adopted four-coordinate configuration systems (Cu(II)
complex assumed a square-planar geometry, Mn(II), Fe(II) and
Zn(II) complexes were tetrahedral) and the bidentate nature of the
ligands. Non-electrolytic nature of all the metal complexes in DMF
solution is established by molar conductance measurements. They
were air-stable and their order of thermal stability is Zn(II) ˃ Co(II) ˃
Mn(II) ˃ Fe(II) ˃ Cu(II) as confirmed by TGA. The mass spectral and
thermogravimetric analysis data confirm the structural and
molecular/mass formulae proposed for all the complexes.
The computational studies corroborated the proposed struc-

tures and good stability of all complexes with regards to the com-
plex formation based on the delocalization of the electron density
around the HOMO orbital. It also establishes the good complex-
target interactions of the complexes with significant binding po-
tentials and their high dipole moment which favours better dipole-
dipole interactions with biological systems.
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