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ABSTRACT Some metal(II) mixed-ligand complexes of Mn, Fe, Co, Ni, Cu, and Zn, derived from 
4,4,4-trifluoro-1-phenyl-1,3-butanedione (Tf) and para-aminobenzoic acid (Pa) were synthesized. 
Spectroscopic characterization was carried which includes infrared (IR) and electronic spectra (solid 
reflectance) measurements. Melting points, magnetic moments at room temperature, solubility, conductivity 
and percentage metal were also determined. The infrared spectra measurements suggest that the metal atoms 
coordinated to both ligands, Tf and Pa through the O4 chromophores. The magnetic moments, percentage 
metal analysis, and electronic spectra measurements were used to confirm the octahedral geometry of 
Co(II), Ni(II) and the four-coordinate (tetrahedral/square-planar) complexes (Mn(II), Fe(II), and Cu(II)). 
The non-electrolytic nature of all the synthesized complexes was shown by conductivity measurements. 
The density functional theory calculations for all the metal complexes also support experimental results. 
Mn(II) and Fe(II) complexes had lower energy gaps, indicating higher reactivity compared to others.
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INTRODUCTION

The study of coordination compounds has been one of the 
focus for the inorganic chemist. This is because interesting, 
unexpected or undesirable properties, as well as reaction 
routes, may sometimes be discovered. Mixed ligand 
complexes of transition metals have been studied by many 
researchers.[1-5] Moreover, it has been reported that they 
possess: Antitumor,[6] antioxidant,[4] anticancer, imaging 
agent,[7] and antimicrobial activity against pathogenic 
microorganisms.[7] They play a major role in biological 
developments such as metals activation of enzymes,[8] storage 
and active transport of substances through membranes,[9] and 
models for biochemical reactions.[10]

β-diketones or 1,3-diketones is one of the most widely 
used ligands in coordination chemistry.[11] These have been 
found to be important intermediates and components for 
the synthesis of essential heterocyclic compounds such 
as isoxazole, triazole, and pyrazole which have provided 
a platform for the fast exchange of research in the areas 
of organic, bioinorganic, analytical, pharmaceutical, and 
medicinal chemistry.[12-15] The wide application of these 
1,3-diketones is easily explored because of their existence 
in solid form as “keto” and in solution as “enol” tautomers, 
which enable them to form a stable six-membered chelate 
ring on their own and by the replacement of a labile 
hydrogen with a metal cation.[11,16,17] It was revealed by the 
spectroscopic analysis that these keto–enol tautomers exist 
in a state of reversible chemical reaction with each other[18,19] 
equilibrium in situ. Numerous biological properties 
possessed by β-diketones and their metal complexes have 
also been published.[20-24]

Thus, this study was aimed to synthesize new metal(II) 
mixed ligands complexes of 4,4,4-trifluoro-1-phenyl-1,3-
butanedione (Tf) and para-aminobenzoic acid (Pa) with 
good structural diversity, reactivity, and stability.

RESULTS AND DISCUSSION

Analytical data

The complex formation of M(II) sulfates (M = Mn, Fe, 
Cu, and Zn) and chlorides (M = Co and Ni) with ligand 
followed equations (i) and (ii).

MSO4.xH2O + Tf + Pa → [M(Tf)(Pa)] + xH2O� (i)

(M = Mn; x = 1/2), (M = Fe, Cu, Zn; x = 2)

MCl2∙6H2O + Tf + Pa → [M(Tf)(Pa)3/2H2O] + 9/2H2O
� (ii)

(M = Co and Ni)

The ligands, (Tf) and (Pa) melted at 39–40°C and 
188–190°C, respectively; whereas Mn(II), Fe(II), and 
Co(II) complexes melted in the range 128–164°C; while 
Ni(II), Cu(II), and Zn(II) complexes decomposed in the 
range 202–260°C, signifying coordination. Colored metal 
complexes were formed with the exception of white Zn 
(II) complex which might be due to d-d transitions[25]. 
This is expected of Zn(II) complex due to its fully filled 
d-configuration (d10). The percentage metal analysis values 

for experimental and theoretical were very close, which is 
indicative of the proposed masses. However, the formation 
of these mixed ligand complexes with their proposed 
structures was established by the melting and decomposition 
temperatures, percentage metal, room temperature magnetic 
measurements, electronic and infrared spectroscopies, and 
density functional theory calculations. These were done 
since attempts to grow suitable crystals for X-ray diffraction 
measurements were not successful. The analytical data for 
the ligands and the mixed-ligands metal complexes are 
presented in Table 1.

Solubility and molar conductance measurements

The complexes are insoluble in water, sparingly 
soluble in dichloromethane and were most soluble in 
methanol and dimethyl sulfoxide (DMSO). Based on this 
the molar conductivities were measured in DMSO in the 
range 10.40–21.90/ohm cm2/mol . These values are below 
60/ohm cm2/mol, indicating covalent character and because 
of values in the range 60–90/ohm/cm/mol as anticipated for 
1:1 electrolyte.[26,27] The values for each metal complex are 
presented in Table 1.

Electronic spectra and magnetic moments

The ligand bands were observed at 32.89 kK and 28.32-
29.24 kK [Table  2] and were assigned to π→π* and n→ 
π* transitions, respectively. The Mn(II) complex displayed 
single absorption band at 15.53 kK, consistent with a 
four-coordinate, tetrahedral geometry and was assigned to 
6A1→

4E1 transition. The high spin Mn(II) complexes are 
associated with effective magnetic moment near to the spin-
only value of 5.90 B.M; meanwhile, the ground term is 6A1 
and hence, there is no orbital contribution.[28] Based on this, 
a room temperature moment of 4.90 B.M for this Mn(II) 
complex could confirm its tetrahedral geometry.

Fe(II) complex revealed two absorption bands at 
15.50 kK and 18.52 kK. The term symbol for the ground 
state of Fe(II) ions in a d6 configuration, is 5D, which splits 
in tetrahedral crystal field with 5E→5T2 transition and with 
a spin-forbidden transition suggestive of a square planar 
complex. A  moment of 3.4 B.M and 5.0 B.M are usually 
expected for square planar and tetrahedral Fe(II) complexes, 
respectively.[29] A moment of 4.22 B.M was observed, 
which was suggestive of equilibrium between square planar 
and tetrahedral geometry.[29] However, DFT calculation 
revealed that it has a tetrahedral geometry. Furthermore, two 
absorption bands at 17.86 kK and 21.51 kK were exhibited 
by Co(II) complex which is characteristic of six-coordinate 
high spin octahedral geometry; given to 4T1g(F) →4T2g and 
4T1g(F) →4A2g transitions. Moments in the range 4.70–5.2 
B.M are expected for high spin octahedral Co(II) complex. 
The Co(II) complex gave a moment of 6.02 B.M, suggestive 
of a high spin octahedral geometry.[30]

Ni(II) displayed two absorption bands at 15.48 kK 
and 21.98 kK typical of 6-coordinate high spin and low 
spins octahedral geometry and assigned as 3A2g→

3T1g and 
1B1g→

1A1g transitions, respectively. Magnetic moment of 
range 2.8-3.3 B.M were reported with high spin octahedral 
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Ni(II) while low spin octahedral Ni(II) complexes were 
diamagnetic. The Ni(II) complex showed a moment of 2.51 
B.M corroborating spin equilibrium between the high spin 
and low spin octahedral geometry.[31]

Furthermore, Cu(II) complex had two absorption bands 
at 14.56 kK and 19.34 kK assigned to 2B1g→

2A1g and 
2B1g→

2E1g transitions of four-coordinate, square planar 
geometry.[32] A moment of 1.9–2.2 B.M is usually observed 
for mononuclear copper(II) complexes, regardless of 
stereochemistry, expectedly higher than the spin-only 
moment of 1.73 B.M, due to orbital contribution and spin-
orbit coupling.[33] This Cu(II) complex displayed a magnetic 
moment of 1.86 B.M corroborating its mononuclear nature.

The Zn (II) complex was expectedly diamagnetic with 
metal → ligand charge transfer transition at 20.75 kK, as no 
d-d transition is expected since it has a fully filled 3d orbital 

(d10) configuration, indicative of its diamagnetic nature and 
tetrahedral geometry.[34]

The electronic spectra, as well as the room temperature 
magnetic moments in all cases of the metal complexes, 
suggest their mononuclear natures. The Mn(II), Fe(II), 
Cu(II), and Zn(II) complexes assumed four-coordinate 
(tetrahedral/square-planar) geometry while Co(II) and Ni(II) 
displayed six-coordinate (octahedral) geometry [Figure 1].

Infrared spectra

The relative infrared spectral data of the ligands and the 
metal complexes are presented in Table 2. The absorption 
bands are shown by the infrared spectra of Pa at 3457/
cm and 3376/cm are due to υ(NH2)asym and υ(NH2)sym, 
respectively. These bands overlapped with υ(OH) bands 
in the metal complexes with little or no significant shift. 

Table 1: Analytical data of the ligands and their metal (II) complexes
Compounds Form 

mass
% 

yield
Color M.Pt./

D.T(°C)
% Metal 

Theo.(Exp.)
∧

M Μeff (B.M) Geometry

Pa 137.14 Off‑white 188‑190 ‑ (‑) ‑ ‑ ‑

Tf 216.16 Cream 39‑40 ‑ (‑) ‑ ‑ ‑

[Mn(Pa)(Tf)].1/2H2O 415.25 42 Yellow 142‑144 13.23 (13.19) 12.54 4.89 Tetrahedral

[Fe(Pa)(Tf)].2H2O 443.19 72 Ruby red 128‑130 12.60 (12.51) 20.36 4.23 Tetrahedral/

square planar

[Co(Pa)(Tf)]3/2H2O] 437.26 48 Orange 162‑164 13.48 (13.20) 10.40 6.02 Octahedral

[Ni(Pa)(Tf)3/2H2O] 437.04 56 Lime green 202* 13.45 (13.15) 18.20 2.51 Octahedral

[Cu(Pa)(Tf)].2H2O 450.91 91 Pale blue 230* 14.09 (14.23) 21.90 1.86 Square planar

[Zn(Pa)(Tf)].2H2O 452.71 66 White 260* 14.44 (14.64) 14.60 D Tetrahedral
Pa: Para‑aminobenzoic acid, Tf: 4,4,4‑trifluoro‑1‑phenyl‑1,3‑butanedione, Form.: Formula, M.Pt.: Melting point, D.T*: Decomposition temperature, °C: Degree 
centigrade, %: Percentage, Theo.: Theoretical, Exp.: Experimental, ∧M: Molar conductance (ohm−1 cm2 mol−1), D: Diamagnetic, μeff: Effective magnetic moments, 
B.M: Bohr Magneton

Table 2: Infrared and electronic spectra of the ligands and their complexes
Complexes υ(OH) υ(NH2) υ(C=O) υ(C=C) υ(C‑O) υ(M‑O) Electronic 

spectra (KK)
(Pa) 3360m 3457s

3376m

1657s 1623s 1597s 1280s ‑ 29.24, 32.89

(Tf) ‑ ‑ 1599s 1491s

1467s

1254s

1200s

‑ 28.32

[Mn(Pa)(Tf)].1/2H2O 3380b 3380b 1663s

1611m

1576s

1534s

1286m

1254s

457s 15.53

[Fe(Pa)(Tf)].2H2O 3428b 3428b 1692s

1594s

1568s

1537s

1252s 484s

445m

18.52, 15.50

[Co(Pa)(Tf)]3/2H2O] 3305b 3305b 1664sh

1614m

1574s

1537s

1254s 398s 21.51, 17.86

[Ni(Pa)(Tf) 3/2H2O] 3373b 3373b 1614m

1575s

1575s

1537s

1287m 413s 21.98, 15.48

[Cu(Pa)(Tf)].2H2O 3439b 3439b

3289s

1694s

1607s

1574s

1546s

1532s

1253s

1220s

456s

431s

19.34, 14.56

[Zn(Pa)(Tf)].2H2O 3416b 3416b

3295m

1689s 1664sh

1611s

1536s 1289s

1255s

491s 20.75

Pa: Para‑aminobenzoic acid, Tf: 4,4,4‑trifluoro‑1‑phenyl‑1,3‑butanedione, b: Broad, m: Medium, s: Sharp, sh: Shoulder, w: Weak, 1 kK: 1000/cm
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However, the little shift was not due to coordination but 
hydrogen bonding.[35] The (Pa) exhibited a medium band at 
3360/cm assigned to υ(OH), which was shifted in the metal 
complexes to 3305/cm–3439/cm due to coordination of the 
hydroxyl oxygen atom by deprotonation. The strong bands 
at 1657/cm, 1623/cm, and 1599/cm in (Pa) and Tf in the 
enol form were assigned as υ(C=O) stretching vibrations. 
In these bands, there was a hypsochromic/bathochromic 
shift to 1575/cm–1694/cm in the metal(II) complexes 
due to coordination of the carbonyl oxygen atoms to the 
metal atoms.[34] The strong bands exhibited by the ligands 
at 1200/cm, 1254/cm, and 1280/cm assigned to υ(C-O) 
stretching vibrations, which was shifted in metal complexes 
to 1220/cm–1289/cm, also corroborated coordination. The 
new bands in the spectra of the metal complexes at the range 
398/cm–491/cm were assigned as (M-O) vibrations, which 
were not present in the spectra of (Pa) and(Tf), an indication 
of coordination.

Computational results

TD-DFT has been used as powerful tools to model 
the spectroscopic properties of organic and inorganic 
complexes.[36-38] Results revealed a decrease in π-electron 
delocalization in the conjugated system, and which led to 
a hypsochromic shift in its UV-Vis absorption spectra. [Fe 

(Pa)(Tf)].2H2O complex showed two absorption bands at 
15.40, 18.62 kK which designates square planar geometry 
with a spin-forbidden transition. Mn(II) complex also 
gave a forbidden transition with a single band at 15.65 kK 
representative of a tetrahedral geometry. Ni(II) complex 
showed absorption bands of 21.93, 15.38kK also assigned to 
n-π* transition. The Co complex showed two bands between 
17.40 and 22.01 kK which might be an indication of the 
octahedral geometry. Results agreed with experimental 
values, the slight difference might be attributed to the basis 
set and density functional used for computation.[39] Cu(II) 
complex also revealed two bands at 19.25, 15.01 kK. Zn(II) 
complex gave one absorption band which is an indication 
of the tetrahedral geometry. According to DFT calculations, 
a medium v-OH band of 3430/cm was found in the ligand, 
but in the metal complexes, a broadband and bathochromic 
shift which range from 3455 to 3987/cm were observed. 
This partially agrees with obtained experimental result 
[Table S1 in the supplementary]. vM-O band was not found 
in the ligands but appeared in the complexes these might 
be due to coordination to the transition metal ions through 
the carboxylate oxygen. Results agree with experimental 
values, except for few metal complexes which might be due 
to the basis set applied and functional used for computation.

Figure 1: Proposed 2D structures for the mixed ligand metal(II) complexes

Table S1: Calculated Infrared and electronic spectra of the ligands and the complexes 
Complexes υ(OH) υ(NH2) υCH υC=O υC=C υCOO- υM-O Electronic 

spectra (KK)
Pa(p-aminobenzoic 
acid)  

3430m 3535s 3040s 1710s 1523s 1230s - 32.23 

Tf(4,4,4- trifluoro-1-
phenyl-1,3-butanedione) 

‑ ‑ 3066m 
3067s

1925s 1500s  
1499s

1235s - 20.7

[Mn(Pa)(Tf)].1/2H2O 3978b 3482b 2994m  1848s 1626s  
1523m

1232s 
459s 

459s 459s 

[Fe(Pa)(Tf)].2H2O 3779b 3339b  3033m 
3000s

1684s  
1599s

1584s 
1548s

272s 492s 
444m

18.62, 15.40 

[Co(Pa)(Tf)].3/2H2O] 3420b 3305b 2710s  1724m 1588s 1287s 400s 22.01 17.40 

[Ni(Pa)(Tf).3/2H2O] 3381b 3373b 2710s  1614m  
1575s

1662s 
1534s

1341m 422s 21.93, 15.38

[Cu(Pa)(Tf)].2H2O 3381b 3439b 
3289s

3161m  1701s 1523s 
1565s 
1545s

1301s 466s 
442s

19.25, 15.01 

[Zn(Pa)(Tf)].2H2O 3505b 3416b 
3295m

2871w  16870s 
1664s

1567s 1311s 489s 22.02 

Pa: Para‑aminobenzoic acid, Tf: 4,4,4‑trifluoro‑1‑phenyl‑1,3‑butanedione, b: Broad, m: Medium, s: Sharp, sh: Shoulder, w: Weak, 1 kK: 1000/cm
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Figure 2: Frontier molecular orbitals of the metal complexes with the lowest energy gap. Other MO orbitals are presented in 
the supplementary data [Figure S1]

Table 3: Frontier molecular orbital energies, HOMO‑LUMO energy gap and dipole moment of metal complexes 
obtained by B3LYP/6‑31+G** (d,p) and LANL2DZ for metal ions

Complex EHOMO (eV) ELUMO (eV) ∆E (eV) Dipole moment (Debye)
[Co(Pa)(Tf)]3/2H2O] −6.90 −6.26 0.64 12.60

[Cu(Pa)(Tf)].2H2O −4.52 −3.93 0.59 13.41

[Mn(Pa)(Tf)].1/2H2O −4.91 −4.83 0.08 16.32

[Fe(Pa)(Tf)].2H2O −5.51 −5.33 0.18 14.81

[Ni(Pa)(Tf) 3/2H2O] −5.11 −4.82 0.29 13.33

[Zn(Pa)(Tf)].2H2O −5.68 −5.47 0.21 15.88
HOMO: Highest occupied molecular orbital, LUMO: Lowest unoccupied molecular orbital

Figure S1: Frontier molecular orbitals of the other metal complexes 
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Molecular orbital analysis

Frontier molecular orbitals, called highest occupied 
molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO), are the key orbitals of 
compounds involved in reactions[40] and explains the electron 
delocalization.[41,42] The HOMO represents the ionization 
potential while the LUMO refers to the electron affinity. 
From Figure 2, the HOMO; of π-nature is delocalized over 
the C-C bonds of the ligands. A slight decrease of electron 
density was observed in the metal complexes, which further 
explains the hypsochromic shift in electronic transition. 
High HOMO delocalization was observed for Co complex, 

which may be because of high electron cloud around the 
metal ion and the surrounding oxygen atom. The HOMO 
is located over the C=C bonds for both the ligands and 
metal complexes, which represents high ionization potential 
around the neighboring atoms [Figure 2 and Figure S1]. 
All studied metal complexes especially Mn(II) complex 
have low energy gap indicating reactivity and stability.[43,44] 
The increasing order of ∆E energies was Mn(II) ˂ Zn (II) 
˂ Fe (II) ˂ Ni ˂ Cu (II) ˂ Co. All studied metal complexes 
show high dipole moment with Mn(II) as the highest. This is 
an indication of the probable dipole-dipole interaction with 
systems like biological systems [Table 3].

Figure 3: Optimized geometry of ligands and the metal(II) complexes obtained at B3LYP/LANL2DZ and 6-31+G** basis set
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EXPERIMENTAL SECTION

Materials and reagents

Reagent grade Tf, Pa, manganese(II) sulfate monohydrate, 
cobalt(II) chloride hexahydrate, iron(II) sulfate 
heptahydrate, nickel(II) chloride hexahydrate, copper(II) 
sulfate pentahydrate, and zinc(II) sulfate heptahydrate 
were obtained from Aldrich and BDH chemicals. Ethanol 
and DMSO were also used directly as supplied by BDH 
Chemicals Ltd., Poole, England.

Physical properties measurements

The solid reflectance spectra of studied metal complexes 
were recorded using a PC scanning spectrophotometer 
UV-1800/SHIMADZU machine in the range 190–900  nm 
and infrared spectra were recorded on KBr disc on an FTIR 
spectrum BX spectrophotometer (Perkin-Elmer) of range 
4000–400 cm-1. The magnetic moment susceptibilities 
measurement was determined using a Sherwood susceptibility 
balance MSB Mark 1 at 300 K, and diamagnetic corrections 
were calculated using Pascal’s constant. The melting points 
and decomposition temperature were determined with Mel-
Temp electrothermal machine, and molar conductivity 
measurements of 1 × 10−3 M solutions in DMSO were also 
measured using DDS-307A conductivity meter with a cell 
constant of 1.0 at 298 K, while percentage metal analysis 
was carried out by complexometric titration.

Synthesis
Preparation of metal complexes

The synthesis was carried out in accordance with a 
published procedure.[45] To a stirring 10 mL of 50% ethanolic 
solution of 0.95 g (4.38 × 10−3 moles) of Tf, 0.6 g (4.38 × 
10−3 moles) of Pa in 5mL of 50% ethanol was added to give 
a clear solution. To the resultant stirring mixture at room 
temperature, 0.74-1.26 g (4.38 × 10−3 moles) of the hydrated 
M(II) sulfates (M = Mn, Fe, Cu, and Zn) and hydrated M(II) 
chlorides (M=Co and Ni) were added neatly and in bits. The 
result uncolored homogeneous solutions were refluxed for 6 
h and the colored precipitates obtained were filtered, washed 
with ethanol, air-dried and finally kept in a desiccator over 
silica gel for further drying.

Computational details

A theoretical calculation based on quantum mechanics 
was applied to the ligands and the corresponding metal 
complexes. The geometry was optimized using Density 
Functional Theory (DFT/B3LYP)[46,47] methods in conjunction 
with 6-31+G** basis set[48,49] for N, F, C, and O atoms and 
LANL2DZ pseudopotential[50-52] for Mn, Zn, Cu, Ni, Fe, and 
Co atoms. The combination of basis set has been successfully 
applied for metals based on correlation to experiment.[51-54] 

The IR spectra were calculated with the same level of theory 
as an optimization. UV spectra were calculated using Time 
dependent-DFT (TD-DFT/B3LYP) methods in conjunction 
with 6-31G**basis set for N, F, C, and O atoms and LANL2DZ 
for Mn, Zn, Cu, Ni, Fe, and Co atoms. The TD-DFT calculation 
was done using Gaussian 09 [Figure 3].[55]

CONCLUSION

In this study, it was observed that the ligands under study 
displayed functional characteristics as a bidentate ligand. 
They coordinated to the metal ions through the oxygen 
atoms of the carbonyl group in Tf and the carboxylate 
oxygen atoms of the Pa, respectively. The molar conductance 
measurements in DMSO suggest that the metal(II) complexes 
were covalent. Electronic spectra and room temperature 
magnetic moments supported a four-coordinate tetrahedral/
square-planar geometry for Mn (II), Fe(II), Cu(II), and 
Zn(II) complexes; while Co(II) and Ni(II) assumed a six-
coordinate octahedral geometry. Interestingly, some of these 
complexes exhibit special electronic properties such as spin-
crossover and antiferromagnetism. Furthermore, the density 
functional theory calculation also suggested that studied 
metal(II) complexes, especially Mn(II) show good reactivity 
and stability. These properties might be significant in the 
development of drugs against pathogenic microorganisms.
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