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Abstract
The [Co(5-XSalen)(PEt3)(H2O)]ClO4 (where Salen = bis(salicylaldehyde)1,2-ethylenediamine and X = H, MeO, NO2, 
Br) complexes were successfully synthesized and characterized by different techniques such as FT-IR, UV–Vis, 1HNMR, 
13CNMR and 31PNMR. The coordination geometry of the [Co(5-BrSalen)(PEt3)(H2O)]ClO4 complex was determined by 
X-ray crystallography. The complex has six-coordinated pseudo-octahedral geometry in which the O(1), O(2), N(1) and N(2) 
atoms of the Schiff base form the equatorial plane. The cyclovoltammetry was used to study the electrochemical properties of 
cobalt complexes, and the results reveal the anodic peak potential becomes more positive in order to MeO < H < Br < NO2. 
DFT calculations were also done to investigate structures, electronic spectra and infrared spectra of the complexes. The 
synthesized complexes [Co(Salen)(PEt3)(H2O)]ClO4, [Co(Salen)(PBu3)(H2O)]ClO4 and [Co(5-NO2Salen)(PEt3)(H2O)]ClO4 
were incorporated within Montmorillonite-K10 (MMT) nanoclay. Furthermore, structural, thermal and morphological proper-
ties of the prepared nanohybrids were verified by FT-IR, XRD, TGA-DTG, EDX, SEM and TEM techniques. XRD results of 
the new nanohybrid materials elucidate that the Schiff base complexes were placed at the most outerlayer spaces of MMT clay.
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Introduction

Biological activities and chelating agents capability of Schiff 
bases make them as an important and interesting type of 
ligands, especially in application as models for biological 
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systems [1–3]. Schiff base complexes show a good stability 
in different oxidation states and have been applied in a wide 
range of application, e.g., catalysts in organic redox and 
electrochemical reduction [4–7]. Furthermore, these types 
of compounds can be applied as catalysts in some impor-
tant chemical reactions such as alkenes hydrogenation [8, 9], 
amino group’s transformation [10] and oxidation of alcohols 
[11, 12].

Cobalt complexes prepared from Schiff base ligands have 
been studied as models for the cobalamin (B12) coenzymes 
[13] and used as an oxygen carrier [14]. Furthermore, cata-
lytic activity of these series of compounds was studied on 
the preliminary oxygenation of phenols [15] and amines 
[16]. The thermodynamic and redox properties of [CoL(PR3)
(H2O)[+ (L = N2O2 Schiff base) compounds were studied 
previously [17–23]. Recently, the interaction of cobalt Schiff 
base complexes and MMT-K10 was studied [24, 25]. Moreo-
ver, heterogeneous catalytic activity of incorporated palla-
dium compounds onto MMT-K10 was reported [26].

The Schiff bases with general formula of 5-XSalen 
[where Salen = bis (salicylaldehyde) 1,2-ethylenediamine 
and X = H, NO2, MeO, Br] were synthesized by the reaction 
of the 1,2-ethylenediamine with 2-hydroxybenzaldehyde 
and its derivatives (Scheme 1). Moreover, cobalt(III) Schiff 
base complexes were successfully synthesized in ethanol 
and characterized by FT-IR, 1HNMR, 13CNMR, 31PNMR 
and UV–Vis spectroscopy. X-ray crystallography was used 
to determine the coordination geometry of [Co(5-BrSalen)
(PEt3)(H2O)]ClO4 compound. In a follow-up study, nanohy-
brid of the synthesized complexes and Montmorillonite-K10 
(MMT-K10) was prepared in methanol and their properties 

were determined by different techniques such as SEM, 
TEM, TGA-DTG, EDX and XRD. The electrochemical 
method provides highly valuable information on the cata-
lytic processes.

Experimental

Materials

All the chemicals and solvents were commercially available 
reagent and used as received without further purification. 
MMT-K10 clay (cation-exchange capacity, 119 meq/100 g) 
was purchased from Sigma-Aldrich (St. Louis, MO, USA).

Characterizations

Fourier transform infrared (FT-IR) spectra of the samples 
were recorded using a FT-IR JASCO-680 spectrophotometer 
in the range of 4000–400 cm−1 at room temperature with 16 
scan times. The UV–Vis spectra were recorded on a JASCO 
V-570 spectrophotometer in the range of 190–900 nm. The 
1H NMR, 13C NMR and 31P NMR spectra were recorded 
in DMSO-d6 on Bruker-500 MHz. The Bruker smart apex 
II-2009 CCD area detector diffractometer was used to obtain 
the X-ray single crystal structure of the metal complex. The 
X-ray diffraction (XRD) analysis was performed by high res-
olution X-ray diffractometer system with the X’Pert model 
(MRD PANalytical, Almelo, Netherlands). Scanning elec-
tron microscopy (SEM) was recorded on (Quanta FEG 650 
2012, FEI, Hillsboro, OR) system. Transmission electron 

Scheme 1   Structure of Schiff 
bases and their complexes
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microscopy (TEM) was performed using Zeiss Libra (120, 
Carl Zeiss AG, Oberkochen, Germany) system. The ther-
mal stability of specimens was tested using (PerkinElmer 
TGA7 1991, Waltham, MA, USA) thermogravimetric ana-
lyzer from ambient temperature to 900 °C at a heating rate 
of 20 °C/min under nitrogen gas. Cyclic voltammograms 
were carried out by a SAMA Research Analyzer M-500. A 
conventional three-electrode Ag wire and a glassy carbon 
were used as a reference and a working electrode, respec-
tively. The working electrode (Metrohm 6.1204.110, with 
2.0 ± 0.1 mm diameter) was polished and cleaned with 1 μm 
alumina prior to each scan. Tetrabutylammonium perchlo-
rate (TBAP) was used at the supporting electrolyte. The 
solution was deoxygenated by Ar for 5 min. All electro-
chemical potentials were calibrated versus an internal Fc+/0 
(E0 = 0.45 V vs. SCE) couple under the same condition [27].

Synthesis of the Schiff base ligands

The Schiff base ligands were synthesized by condensation of 
1,2-ethylenediamine and benzaldehyde derivatives (1:2 mol 
ratio) in methanol [28].

X2Salen; FT-IR (KBr cm−1) νmax X = H (C=N)(1635), 
(C=C)(1577), (C–O)(1283); X = MeO (C=N)(1617), (C–C)
(1492), (C–O)(1265); X = Br (C=N)(1634), (C=C)(1473), 
(C–O)(1276); X = NO2 (C=N)(1612), (C=C)(1540), (C–O)
(1215), (NO2)(1324).

UV–Vis, λmax (nm) (Ethanol): X  =  H 318(11,400), 
260(31,100), 216 (57,600); X  =  MeO 346(17,700), 
258(29,700), 230(47,900); X = Br 322(7700), 247(29,500), 
224(44,700); X  =  NO2 374(24,000), 250(25,100), 
236(27,000).

Synthesis of the Schiff base metal complexes

1.0 mmol of cobalt(II)acetatetetrahydrate (0.249 g) and 
1.0 mmol of triethylphosphine ((0.144 ml) were added to an 
ethanolic solution of X2Salen (1.0 mmol, X = H: 0.268 g, 
NO2 0.358 g, MeO 0.328 g and Br 0.426 g) and refluxed 
under inert atmosphere for 2 h. The solution was subjected 
by blowing air for 2 h to oxidize the Co(II) complex, and 
then, it was filtered. Furthermore, 1.0 mmol of sodium per-
chlorate (0.140 g) was added to the filtrate, and the resulting 
crystal was appeared after 5 days. The suitable crystals of 
[Co(5-BrSalen)(PEt3)(H2O) [ClO4 for X-ray were obtained 
from methanol after 5 days.

[Co(Salen)(PEt3)(H2O)[ClO4; FT-IR (KBR cm−1) 
νmax (C=N) (1625), (C=C) (1448), (C=O)(1304), (C–H)
(2870–3058), (ClO4

−)(1092). UV–Vis (λmax) (nm)(Ethanol) 
(626)(840), (401)(7400), (320)(9200), (256)(66,000), (210)
(28,100); 1H NMR (DMSO-d6, δ, ppm): 0.905–0.967 (m, 
9H, CH3), 1.458–1.528 (m, 6H, CH2), 3.949 (s, 4H, CH2 
bridge), 6.610–6.639 (t, 2Ar-H, 3J = 7.5), 7.062–7.079 (d, 

2Ar-H, 3J = 7.5), 7.297–7.343 (m 4Ar-H), 8.255–8.260 
(d, 2HC=N, 5J = 2.5). 13C NMR (DMSO-d6, δ, ppm): 
7.51–7.57 (d, 4J = 3, CH3), 14.68–14.88 (d, 3J = 10, CH2), 
58.79 (CH2 bridge), 115.62, 119.52, 122.49, 134.68, 135.31 
and 164.74 (C-Ar), 167.98 (CH=N). 31P NMR (DMSO-d6, 
δ, ppm): 40.73.

[Co(5-MeOSalen)(PEt3)(H2O)[ClO4; FT-IR(KBr 
cm−1) νmax (N)(1629), (C=C)(1471), (C–O)(1294), (C–H) 
(2834–3045), (ClO4

−)(1092); UV–Vis (λmax) (nm)(Ethanol), 
(654)(500), (428)(13,400), (256)(48,400), (210)(28,900); 
1H NMR (DMSO-d6, δ, ppm): 0.920–0.969 (m, 9H, CH3), 
1.446–1.516 (m, 6H, CH2), 3.949 (s, 4H, CH2), 6.862–6.866 
(d, 2Ar-H, 4J = 2.5), 6.997–7.053 (m, 2Ar-H), 7.297–7.343 
(m, 4Ar-H), 8.181–8.210 (d, 2HC=N, 5J  =  2.5). 13C 
NMR (DMSO-d6, δ, ppm): 7.56–7.61 (d, 4J = 2.5, CH3), 
14.63–14.83 (d, 3J = 10, CH2), 55.90 (O–CH3), 58.76 (CH2 
bridge), 114.95, 118.22, 123.18, 124.57, 149.39, and 159.91 
(C–Ar), 167.47 (CH=N). 31P NMR (DMSO-d6, δ, ppm): 
39.76.

[Co(5-BrSalen)(PEt3)(H2O) [ClO4; FT-IR(KBr cm−1) 
νmax (C=N) (1631), (C=C) (1456), (C–O) (1302), (C–H) 
(2870–3070),(ClO4

−) (1088); UV–Vis (λmax) (nm) (Etha-
nol), (630) (500), (412)(2700), (320)(4700), (256)(67,900), 
(205)(27,200); 1H NMR (DMSO-d6, δ, ppm): 0.913–0.992 
(m, 9H, CH3), 1.473–1.567 (m, 6H, CH2), 3.946 (s, 4H, 
CH2), 7.004–7.022 (d, 2Ar-H, 3J = 10), 7.397–7.420 (dd, 
2Ar-H, 3J = 10, 4J = 2.5), 7.550–7.555 (d 2Ar-H, 4J = 2.5), 
8.233–8.239 (d, 2HC=N, 5J = 2.5). 13C NMR (DMSO-d6, δ, 
ppm): 7.56–7.61 (d, 4J = 2.5, CH3), 14.91–15.11 (d, 3J = 10, 
CH2), 59.06 (CH2 bridge), 105.71, 121.17, 124.68, 135.97, 
137.61 and 163.73 (C–Ar), 167.53 (CH=N). 31P NMR 
(DMSO-d6, δ, ppm): 42.71.

[Co(5-NO2Salen)(PEt3)(H2O)[ClO4;FT-IR(KBr 
cm−) νmax (C=C) (1466), (C=N) (1633), (C–H) 
(2885–3110),(ClO4) (1105),(N–O) (1314); UV–Vis 
(λmax) (nm)(Ethanol), (635)(900) (366)(31,600), (252)
(43,900), (212)(26,500); 1H NMR (DMSO-d6, δ, ppm): 
0.934–0.996(m, 9H, CH3), 1.554–1.594 (m, 6H, CH2), 4.014 
(s, 4H, CH2), 7.170–7.188 (d, 2Ar-H, 3J = 9), 8.146–8.170 
(m, 2Ar-H), 8.494–8.506 (m 2Ar-H, and 2HC=N). 13C 
NMR (DMSO-d6, δ, ppm): 7.60–7.66 (d, 3J = 3, CH3), 
15.29–15.49 (d, 3J = 10, CH2), 59.32 (CH2 bridge), 119.00, 
123.05, 129.58, 132.42, 136.79 and 169.01 (C–Ar), 170.24 
(CH=N). 31P NMR (DMSO-d6, δ, ppm): 46.60.

Synthesis of intercalation compounds

An appropriate amount of MMT-K10 (0.75 g) was dispersed 
to methanolic solution containing [Co(Salen)(PEt3)(H2O)
[ClO4, [Co(5-NO2Salen)(PEt3)(H2O)[and [Co(Salen)(PBu3)
(H2O)[ClO4 (about 0.08 g) complexes. The reaction suspen-
sion was further refluxed for 24 h. The green precipitates 
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were filtered and washed several times with methanol and 
acetone.

K10-[Co(Salen)(PEt3)(H2O)[ClO4: FT-IR (KBr cm−1) 
νmax; 3200–3600 (H2O), 1631 (C=N), 1048 (Si–O), 523 
(Mg–O), 464 (Al–O) and 1088–1105 cm−1 (Cl–O).

K10-[Co(NO2Salen)(PEt3)(H2O)[ClO4: FT-IR (KBr 
cm−1) νmax; 3200–3600 (H2O), 1630 (C=N), 1048 (Si–O), 
522 (Mg–O), 464 (Al–O) and 1088–1105 cm−1 (Cl–O).

K10-[Co(HSalen)(PBu3)(H2O)[ClO4: FT-IR (KBr cm−1) 
νmax; 3200–3600 (H2O), 1631 (C=N), 1047 (Si–O), 522 
(Mg–O), 464 (Al–O) and 1088–1105 cm−1 (Cl–O).

Electrochemistry

The electrochemical properties of the complexes were stud-
ied by cyclic voltammetry at ambient temperature. The vol-
tammograms were obtained from approximately 10−3 M 
DMF solutions with a working pt, pt auxiliary and Ag/AgCl 
reference electrodes in the range of − 2 to 0.0 V. The tetra-n-
butylammonium perchlorate (TBAP) (0.1 M) and ferrocene 
were used as supporting electrolyte and internal standard 
to reference the data versus Fc+/0 couple, respectively [29].

Determination refinement of [Co(5‑BrSalen)(PEt3)
(H2O)[ClO4 crystal structure

For [Co(5-BrSalen)(PEt3)(H2O)[ClO4 complex, green crys-
tal with a dimension of 0.50 × 0.18 × 0.08 mm was mounted 
on a glass fiber for the data collection. The least squares 
refinement of diffraction data from 9940 unique reflections 
was used to obtain the cell constants and an orientation 
matrix. Data were recorded at 297 K to a maximum 2θ value 
of 50° in a series of ω scans in 1° oscillations, and the Stoe 
X-AREA software package was used to integrate the data. 
The numerical absorption coefficient (μ) for Mo-Kα radia-
tion is 3.46 mm−1.

A numerical absorption correction was performed using 
X-RED and X-SHAPE software [30], and the data were 
reformed for Lorentz and polarizing effects. The structure 
was solved by direct methods [31] and subsequent difference 
Fourier maps and then refined on F2 by a full-matrix least 
squares procedure using anisotropic displacement param-
eters [32]. The hydrogen atoms were in a difference Fourier 
map and consequently refined isotropically. Atomic factors 
were from international tables for X-ray Crystallography. 
The X-STEP32 crystallographic software package was used 
to perform all the refinements [33].

Computational details

The geometries of the molecules in both the ethanol and 
gas phase have been optimized with Gaussian 09 program 
package [34] at B3LYP/6-31 + G(d) level of theory. To 

modeling the solvent in the calculations, the PCM (polar-
ized continuum model) has been used. The IR spectra of 
the molecules have been calculated at the same level of 
theory. UV–Vis spectra calculations were obtained from 
time-dependent density functional theory (TD-DFT) with 
the same functional and basis.

Result and discussion

FT‑IR characteristics

The FT-IR spectra of the Schiff base ligands and cobalt(III) 
complexes exhibit several bands in the 400–4000 cm−1 
region (experimental section). The azomethine vibra-
tion of the Schiff base ligands was appeared in the range 
of 1617–1635 cm−1. In the formed complexes, the bond 
formation between the metal and the azomethine caused 
the C–N bond stretching shifted to the lower frequencies 
(bathochromic shift) relative to the free Schiff bases [35]. 
The peak in the range of 2870–3110 cm−1 is associated 
with C–H stretching of PEt3 coordinated ligand. However, 
the peak in the range of 1088–1105 cm−1 is due to the 
stretching vibrations of ClO4

− counter ion.
MMT-K10 showed a broad peak in the range of 

3200–3600 cm−1 which is assigned to the interlayer and 
physically absorbed water molecules on the surfaces. 
OH bending showed a weak band at 1645  cm−1, and 
the wide Si–O stretching peak is appeared in the range 
of 900–1300 cm−1. The peaks at 463 and 529 cm−1 are 
related to Mg–O and Al–O, respectively [36]. The FT-IR 
spectra of the intercalation compounds are illustrated in 
Fig. 1.

Fig. 1   FT-IR spectra of the MMT-K10 and complexes
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Electronic spectroscopy

The full-range UV–Vis spectral data of the ligands and syn-
thesized complexes were shown in experimental section. 
All the peaks below 400 nm are involved to π → π* transi-
tion which is related to the aromatic ring in the Schiff base 
ligands. However, the peak at 453 nm involves to π → π* 
transition assigned to azomethine group. This peak was 
shifted to higher wavelengths (490 nm) with the charge 
transfer transition [17, 37–41]. The cobalt(III) complexes 
revealed a d–d transition around 650–700 nm [18, 19].

1H NMR, 13C NMR and 31P NMR spectroscopy

The 1HNMR data of the synthesized cobalt(III) complexes 
were showed in the experimental part. The hydrogen of the 
azomethine was seen in the range of 8.181–8.506 ppm as 
a doublet peak in the different complexes. The hydrogens 
of the aromatic rings (6.610–7.555 ppm) were doublet and 
triplet (doublet of doublet) peaks. Some of these hydrogens 
on NO2Salen were appeared in low field and mixed with 
azomethine hydrogens. The bridge hydrogens were appeared 
in the range 3.946–4.162 ppm. The hydrogens of PEt3 were 
appeared in the range 1.446–1.594 and 0.905–0.996 ppm for 
CH2 and CH3 groups, respectively. These hydrogens split 
with phosphine so were seen as multiplet peaks. The 1H 

NMR spectrum of [Co(5-BrSalen)(PEt3)(H2O)]ClO4 com-
plex showed these hydrogens clearly (Fig. 2).

Furthermore, 13C NMR was used to confirm the structures 
of the synthesized complexes. The numbers of peaks were 
equal to the number of carbons in the complexes. The imine 
carbon was appeared in the range of 167.53–169.01 ppm. 
The six-different lines, belong to the aromatic carbons, were 
seen in the range of 105.62–170.24 ppm. The carbons of 
CH2 bridged appeared in the range of 57.79–59.32 ppm. The 

Fig. 2   1H NMR of [Co(5-BrSalen)(PEt3)(H2O)]ClO4 complex taken into DMSO-d6

Fig. 3   Correlation between the phosphorous chemical shift values for 
complexes and the respective σpa substituent
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carbons of PEt3 were seen in the range 7.51–15.49 ppm as 
two doublet peaks.

The 31P NMR of complexes was also recorded in DMSOd6 
solvent. The peak of phosphorus in the PEt3 was appeared at 
39.76, 40.73, 42.71 and 46.60 ppm in the MeOSalen, Salen, 
BrSalen and NO2Salen complexes, respectively. Based 
on these results, the increase in the electron-withdrawing 
power of the functional groups on the Schiff base ligands 
caused the phosphorus peak displaced to the lower magnetic 
field. Also, there is a good correlation between the Ham-
mett parameter due to the functional groups on the Schiff 

bases and the place of 31P NMR peaks (Fig. 3). This trend 
shows that in a complex with weak Schiff base ligand, like 
[Co(NO2Salen)(PEt3)(H2O)]+, because of withdrawing func-
tional groups, the electron density on the phosphorous is 
lower than a complex containing a Schiff base with donor 
functional groups, like MeOSalen.

Electrochemistry

The electrochemical activities of the synthesized complexes 
were studied at ambient temperature using DMF solvent 
with 0.1 M tetrabutylammonium perchlorate (TBAP, as sup-
porting electrolyte) at a glassy carbon working electrode in 
the potential range from 0.0 to − 2.0 V. Ferrocene (Fc) was 
employed as the internal standard, and Fc+/0 couple was ref-
erenced for all redox potentials.

A typical cyclic voltammogram of [Co(XSalen)(PEt3)
(H2O)[+ complex is shown in Fig. 4. The first peak reduc-
tion observed at a bout − 0.44 V is related to reaction 1:

In this reaction, electron added to the dz2 orbital and the 
product losses its H2O ligand [19, 20, 42]. The second peak 
is related to reaction 2:

Based on the results, all the redox processes in studied com-
plexes have both two electron transfer reactions. Table 1 

(1)
[CoIII(Salen)

(

PEt
3

)(

H
2
O
)

[++ e
−
→]CoII

(

X
2
Salen

)(

PEt
3

)

] + H
2
O

(2)[CoII(Salen)
(

PEt
3

)

[+ e
−
→]CoI(Salen)

(

PEt
3

)

]−

Fig. 4   Cyclic voltammogram of [Co(Salen)(PEt3)(H2O)]ClO4 com-
plex in DMF solvent, scan rate = 100mv/sec

Table 1   Redox potential data 
of cobalt complexes in DMF 
solution

Complex Epc (III/II) Epa (II/III) E1/2 Epc (II/I) Epa (I/II) E1/2

[Co(Salen)(PEt3)(H2O)]ClO4 − 0.440 − 0.321 − 0.380 − 1.260 − 1.329 − 1.294
[Co(5-MeOSalen)(PEt3)(H2O)]ClO4 − 0.475 − 0.345 − 0.410 − 1.264 − 1.35 − 1.307
[Co(5-BrSalen)(PEt3)(H2O)]ClO4 − 0.427 − 0.341 − 0.384 − 1.103 − 1.165 − 1.134
[Co(5-NO2Salen)(PEt3)(H2O)]ClO4 − 0.328 − 0.214 − 0.271 − 0.954 − 1.037 − 0.995

Fig. 5   Correlation between the 
Epa values for complexes and 
the respective σpa substituent
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Fig. 6   a The labeled diagram 
of [Co(5-BrSalen)(PEt3)(H2O)]
ClO4 showing 65% prob-
ability thermal ellipsoids, b 
the optimized structures of 
[Co(5-BrSalen)(PEt3)(H2O)]+ 
calculated at the M062X/
LANL2DZ/6-31G(d)

Fig. 7   A view of the extended network of complex [Co(5-BrSalen)(PEt3)(H2O)]ClO4 showing 20% probability thermal ellipsoids with the inter-
molecular hydrogen bonds (dashed lines)
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shows the oxidation potentials for all the different com-
plexes. The formal potentials E1/2 of the redox couple were 
calculated based on the average of anodic (Epa) and cathodic 
(Epc) potentials peaks. The cyclic voltammetry was used for 
a series of cobalt Schiff base complexes to investigate the 
possible effect of functional groups of Schiff base ligands on 
the oxidation potentials of [Co(5-XSalen)(PEt3)]ClO4. Based 
on the results, the Epa varies due to the electronic effects of 
the substituents at position five. Thus, Epa becomes more 
positive per the sequence MeO < H < Br < NO2. Compara-
ble results have been reported for cobalt(III), vanadyl(IV), 
copper(II) and nickel(II) systems, which assuming that the 
strong electron-withdrawing effects can stabilize the lower 
oxidation state, while electron-donating groups have a 
reverse mechanism [43–45]. Hammett-type relationship was 
found between the appropriate para-substituent parameters 
and E(II/I)1/2 values with variation of electrode potential as 
a function of electron-withdrawing ability due to substituent 
at position 5 (Fig. 5).

Description of the [Co(5‑BrSalen)(PEt3)(H2O)]ClO4

The X-ray diffraction was used to determine the structure of 
the [Co(5-BrSalen)(PEt3)(H2O)[ClO4 complex. The com-
plex was crystallized in the monoclinic space group P21/C 
prior to measurement. A summary of crystal data, experi-
mental details and refinement result are given in Table S1. 
Moreover, angles and bond lengths of [Co(5-BrSalen)(PEt3)
(H2O)[ClO4 complex are listed in Table S2. Furthermore, 
the asymmetric unit of [Co(5-BrSalen)(PEt3)(H2O)[ClO4 
complex is shown in Fig. 6.

Fig. 8   Experimental and theoretical (red spectrum) IR spectra of 
[Co(5-BrSalen)(PEt3)(H2O)]ClO4

Fig. 9   Experimental (black, b) and theoretical (red spectrum, a) UV–
visible spectra of [Co(5-BrSalen)(PEt3)(H2O)]ClO4

Fig. 10   XRD pattern of the MMT-K10 with complex [Co(Salen)(PEt3)(H2O)]ClO4 and [Co(Salen)(PBu3)(H2O)]ClO4
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In this complex, the Salen Schiff base ligand has the 
N2O2 coordination in the equatorial pane and the central 
cobalt atom is coordinated in a distorted octahedral geom-
etry. The P–Co–N/O and O1w–Co–N/O angles are distrib-
uted from 97.43 (17)° to 87.83 (13)° and from 88.83(19)° 
to 87.91(17)°, respectively. The distances of Co–N1, 
Co–N2, Co–O1 and Co–O2 appeared in the range of 
1.876 (5), 1.880 (5), 1.883(4) and 1.884(4) Å, respectively. 
The results are comparable with N2O2-Salen cobalt com-
plexes [46–48]. The Co-p bond distance of apical position 
appeared at 2.214(19). According to the higher transinflu-
ence of the P1 atom with regard to the N1 and N2 atoms, 
the Co-O distances for Schiff base (1.883(4) 1.884(4) Å) 
were smaller than the Co-Ow distance 2.074 (4) Å.

The network of the complex is extended due to the inter-
molecular interaction (hydrogen bonding) in molecules 
which lead to aggregate the supramolecular structure 
(Fig. 7).

Based on the regular distortion, all the angles sur-
rounded by cobalt center deviate significantly from 90°. The 
ligand–cobalt–ligand bonds in the equatorial plane consist 

of two larger and two smaller angles than 90°. The obtained 
data are similar and comparable to those N2O2–Salen cobalt 
complexes [49]. The summation of angles around 360° indi-
cates the cobalt atom exists in a square planer environment 
of N2O2 atoms.

Theoretical section

Table S2 shows the experimental and the calculated results 
for some important bond lengths and bond angles in the 
[Co(5-BrSalen)(PEt3)(H2O)[+ complex. Its optimized geom-
etry is shown in Fig. 6b. As indicated, there is an excel-
lent agreement between the calculated and experimental 
data, which confirms the accuracy of the applied theoretical 
method. So, it seems for the other molecules, in the absence 
of X-ray data, the theoretical results are accurate enough to 
determine their structure. In addition, some important geo-
metrical parameters of other studied complexes are gathered 
in Table S3.

Figure  8 compares experimental and calculated IR 
spectra of [Co(5-BrSalen)(PEt3)(H2O)[+ complex. Some 

Fig. 11   SEM image of the K10-
[Co(Salen)(PEt3)(H2O)]ClO4

10 μm10 μm

4 μm5 μm
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characteristic peaks derived from calculated results and 
the experimental data are shown. The harmonic DFT fre-
quencies were scaled with 0.959 scaling factor [50]. Again, 
a good agreement between calculation and experiment is 
observed. For instance, the calculated C=N vibrational 
frequency is observed at 1609 cm−1 for [Co(5-BrSalen)
(PEt3)(H2O)[+ complex that is closed to the experimental 
value (1630 cm−1). The C–H vibrational frequencies of 
PEt3 coordinated to cobalt(III) are seen in the range of 
2938–3016 cm−1. The calculated stretching frequencies 
of coordinated water are seen in the range of 3490 and 
3611 cm−1 as weak and sharp peaks.

Theoretical and experimental UV–Vis spectra of the 
[Co(5-BrSalen)(PEt3)(H2O)[+ compound are depicted 
in Fig. 9. All the results have been recorded in ethanol 
solvent. Some important absorptions are collected in 
Table S3. As one can see from the feature of figures and 
the absorption bands, there is a good agreement between 
the two sources of data.

The first absorption peak (664 nm) is due to excitation 
from the HOMO (π + d) to the LUMO (d + σ*) orbitals. 
The second line (468 nm) is due to the promotion of electron 
from HOMO − 4 to LUMO + 3. The most intense absorp-
tion peak at about 385 nm (in the calculated spectrum) con-
tains several bands. The most intense band in this region 

is derived from the excitation of electron from HOMO to 
LUMO + 2 orbitals. Finally, the absorption band at about 
289 nm is an excitation from HOMO − 3 to LUMO orbitals.

X‑ray diffraction

To investigate the electronic and steric effects of cobalt 
Schiff base complexes incorporated in to the clay, our studies 
were extended to the interaction of cobalt Schiff base com-
plexes with Montmorillonite-K10 nanoclay [24, 25] and tri 
types of complexes, involves [Co(Salen)(PEt3)(H2O)]ClO4, 
[Co(Salen)(PBu3)(H2O)]ClO4 and [Co(5-NO2Salen)(PEt3)
(H2O)]ClO4 were interacted with Montmorillonite-K10 
nanoclay.

Figure 10 demonstrates the XRD fingerprints of the K10-
CoPEt3 and K10-CoPBu3. The basal spacing (1.006 nm) of 
pure clay (K10) was calculated from the peak position at 
2θ = 8.78° using Bragg’s equation [24]. After interaction 
of MMT with the complexes, the basal spacing peak of 
the K10-CoPEt3 and K10-CoPBu3 appeared at 2θ = 8.81° 
(d = 1.00316 A) and at 2θ = 8.80o (d = 1.00389 A), respec-
tively, with a little different relative to the Montmorillonite-
K10. According to these results, the intercalation reaction 
dose not occurred partially and the complexes absorbed on 
the surface of the clay.

Fig. 12   TEM image of the K10-
[Co(Salen)(PEt3)(H2O)]ClO4

50 nm50 nm

200 nm 100 nm
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SEM and TEM analysis

A surface of K10-[Co(Salen)(PEt3)(H2O)]ClO4 was 
examined by SEM technique and seems smooth with a 
layer structures (Fig. 11). Furthermore, the TEM micro-
images of K10-[Co(Salen)(PEt3)(H2O)]ClO4 nanohybrid 
are presented in Fig. 12. Based on the TEM microimages 
obtained, the thickness of the organoclay layers is in the 
rage of nanocompounds.

Thermal properties

The K10-[Co(Salen)(PEt3)(H2O)]ClO4 decomposes into 
two steps (Figures S1 and S2); the mass loss (7.5%) at 
ambient temperature to 207 °C is due to the moisture and 
physically adsorbed water. The second step of decomposi-
tion (with 11.5% mass loss) is related to the bonded water 
and decomposition of complex. The K10-[Co(NO2Salen)
(PEt3)(H2O)]ClO4 decomposes into two steps, i.e., the 
weight loss (10%) at ambient temperature to 380 °C is due 
to the moisture and the absorbed complexes. The second 
decomposition step (8.5%) is related to the bonded water 
and absorbed complex on the surface of clay.

EDX

The EDX pattern of the MMT-K10 [Co(Salen)(PEt3)(H2O)]
ClO4 is shown in Fig. 13. In the analysis, existence ingredi-
ent of Co, N and P characterized that complex interacted 
with nanoclay. 

Supplementary material

CCDC No. 1472361 contains the supplementary crys-
tallographic data for [Co(5-BrSalen)(PEt3)(H2O)]ClO4. 
These data can be obtained at www.ccdc.cam.ac.uk/
deposit (or from the Cambridge Crystallographic Data 
Center 12, Union Road Cambridge CB2 1EZ, UK; Fax: 
(internet) +44-1223/336-033; E. mail: deposit@ccdc.
cam.ac.uk).
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