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Abstract
In present work, we report a newly synthesized nano-inorganic hybrid magnetic material, [SBCu(II)Gd(III)]@MWCNT-
COOH which is obtained by anchoring of a copper(II)–gadolinium(III) heteronuclear bimetallic complex, [triaqua(2-
hydroxy-1,3-bis(3-methoxysalicylaldiminato)Cu(II)Gd(III)dinitrato)]nitrate monohydrate, [SBCu(II)Gd(III)] to carboxylated 
multiwalled carbon nanotubes (MWCNT-COOH) through a chemical method. MWCNT-COOH have been loaded with a 
number of [SBCu(II)Gd(III)] molecules on their surfaces, which generated multinuclear metal centers. [SBCu(II)Gd(III)]@
MWCNT-COOH was characterized by FT-IR, UV–Vis, TGA, powder XRD, Raman spectroscopy, TEM, HRSEM, EDAX 
and elemental mapping. The DC electrical conductivity of materials was evaluated using two probe method suggesting that 
[SBCu(II)Gd(III)]@MWCNT-COOH is more conducting than [SBCu(II)Gd(III)]. The increased conductivity of [SBCu(II)
Gd(III)]@MWCNT-COOH is confirmed by CV and EIS study. The capacitive and dielectric properties of the materials 
were investigated by Mott–Schottky electrochemical analysis. The positive value of slope signified n-type semiconducting 
nature of materials. The lower slope for [SBCu(II)Gd(III)] signified the strong dielectric behavior of the material. The posi-
tive shift in flat-band potential of [SBCu(II)Gd(III)]@MWCNT-COOH compared to [SBCu(II)Gd(III)] indicated its more 
conducting nature. Further small optical band gap obtained for [SBCu(II)Gd(III)]@MWCNT-COOH than [SBCu(II)Gd(III)] 
by UV–Vis studies suggested better conductivity of nano-inorganic hybrid material. Field dependent magnetization revealed 
enhanced saturation magnetization, remanent magnetization and coercivity of [SBCu(II)Gd(III)]@MWCNT-COOH due to 
generation of multinuclear metal centers on carboxylated MWCNTs. The temperature dependent magnetization measurement 
exhibited overlapping of field cooled and zero field cooled curves in entire temperature range (2–300 K), suggests intrinsic 
ferromagnetism in [SBCu(II)Gd(III)]@MWCNT-COOH. Hence, trend in variation of magnetization with magnetic field 
and temperature opens its utility in spin-based electronic devices.

1  Introduction

Carbon nanotubes (CNTs) have remarkably high surface 
area, high tensile strength, large aspect ratio and unique elec-
trical, mechanical and thermal properties [1]. CNTs are one 
dimensional carbon nanostructures made of sp2-hybridized 
carbon atoms leading to highly delocalized π-electrons sys-
tems, hence have excellent potential to promote communi-
cation between paramagnetic centers at long distances [2]. 
CNTs have considerable interest in electronics and electrical 
applications due to its low density, low threshold voltage, 

large aspect ratio, high current carrying capacity, tuneable 
electrical properties and ballistic electron conduction prop-
erties [3]. The quantum movement of charge carries (elec-
trons) within one dimensional structures of CNTs with neg-
ligible electrical resistivity referred as ballistic conduction 
property, is responsible for its better conductivity compared 
to metals [4, 5]. Therefore, CNTs, in particular, have gener-
ated much interest as a conducting filler and as a promising 
supporting material to enhance electrical conductivity of 
various materials, i.e., polymers [5], nanocomposites [6], 
nanomaterials [7] etc. With these unique structures and 
properties, CNTs have been used for various potential appli-
cations including nanoelectronic devices, optoelectronic 
devices, fuel cells, batteries, photovoltaics, semiconductor 
devices, displays, photonics, catalysts, sensors, drug delivery 
systems, molecular diodes, and magnetic storage devices 
[8–10]. The main obstacle which limited the potential of 
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CNTs in plethora of applications is their insolubility in any 
solvent. However, functionalization can improve solubility, 
reactivity and decrease the toxicity of CNTs and provide 
anchor point for applications dependent post modification 
with various materials [10, 11]. Two main modes used for 
functionalization of CNTs are exohedral (covalent and non-
covalent) and endohedral (via encapsulation) [12].

Among these methods of functionalization, the covalent 
bond mode allows formation of more stable functionalized 
CNTs with modified physical and chemical properties [13]. 
The chemical combination of organic/inorganic materials 
and CNTs in order to obtain nano hybrid structures, fol-
lows mainly two strategies: (i) direct attachment of func-
tional groups to the CNTs surface and (ii) the use of CNTs 
surface bound carboxylic acids as anchor point for further 
modification to obtain various potential applications. Under 
first strategy, Margrave and co-workers [14] first reported 
the fluorination of SWNTs at several different temperatures. 
However, carboxylation is commonly known approach to 
produce stable dispersed CNTs and subsequent derivatiza-
tion of carboxylic group. The anchoring of long alkyl chains 
to SWNTs was first reported by Haddon and co-workers 
[15] via amide linkages followed by several reports on acid 
functionalized MWCNTs [11, 16–18]. CNTs synthesized 
by catalytic CVD method using catalysts, such as Fe, Ni 
or Co exhibit magnetic characteristics [19]. Purification of 
these catalysts typically utilizes the treatment of nanotubes 
by nitric and sulfuric acid, hence decrease in the degree of 
magnetization has been observed. However, some amount 
of Fe catalyst which is hermetically sealed either between 
or within the walls of CNTs remains trapped after acid treat-
ment is responsible for magnetism in MWCNT-COOH [20, 
21].

Schiff bases are one of the most widely used classes of 
ligands in coordination chemistry. These provide binding 
sites to the transition, non-transition, lanthanide and acti-
nide metal ions to fabricate metal complexes with targeted 
properties. Schiff base complexes have considerable inter-
est due to versatility and important biological, catalytic and 
magnetic properties [22, 23]. Some CNT-inorganic hybrid 
materials have been fabricated by anchoring of Schiff 
base metal complexes on CNTs surfaces for their catalytic 
[24–30] and sensing applications [31]. Salavati-Niasari 
et al. reported several papers related to covalent grafting 
of CNTs with monometallic Schiff base complexes such as 
[Ni((OH)2-salen)], [Cu((OH)2-salen)] and [Co((OH)2-salen)] 
and Schiff base complexes of dioxomolybdenum(VI) func-
tionalized CNTs were used as a nano-catalyst for oxida-
tion of phenol [32], ethylbenzene [33], aliphatic and aro-
matic alcohols [34] and epoxidation of cyclohexene [35], 
respectively. BaFe12O19-chitosan Schiff base Ag (I) com-
plexes embedded MWCNTs are reported as high-perfor-
mance electromagnetic materials [36]. Several papers have 

reported preparation of magnetic CNTs [37]. Elias et al. [38] 
reported encapsulation of monocrystalline Fe–Co nanow-
ire inside MWCNTs and inorganic CNT hybrid material 
Mn12O12(O2CCH3)16(H2O)4@GMWNT was prepared via 
encapsulation by Giménez-López et al. [39]. Fabrication 
of iron oxide nanoparticles decorated MWCNTs magnetic 
composites by chemical precipitation method was reported 
by Yong Cao [40]. Light weight PVA membrane based on 
CNTs doped Schiff bases and their iron complexes were 
found to have electromagnetic wave absorption property 
[41]. There is no report on heteronuclear bimetallic Schiff 
base complex functionalized MWCNTs.

In present work, Cu–Gd bimetallic Schiff base complex 
[SBCu(II)Gd(III)] has been synthesized following reported 
procedure [42] with slight modification. Free hydroxyl group 
of the synthesized bimetallic complex was used for cova-
lent attachment of acyl chloride of MWCNTs via simple 
nucleophilic substitution reaction to generate multi nuclear 
metal centers on surface of MWCNTs. These materials have 
been characterized by FT-IR, UV–Vis, TGA, Powder XRD, 
Raman, EDAX, elemental mapping, HRSEM, TEM, CV, 
electrochemical impedance study, DC electrical conductivity 
and magnetic measurements. The enhancement in electrical 
conductivity and magnetic properties of Schiff base complex 
due to its grafting on highly conjugated MWCNT-COOH 
surfaces is reported.

2 � Materials and methods

2.1 � Materials

All the reagents and solvents used were of analytical grade 
and were used without any further purification. The carbox-
ylic acid functionalized multiwalled CNTs > 8%, average 
diameter of 9.5 nm and length of 1.5 μm; 1,3-diamino-2-pro-
panol, 2-Hydroxy-3-methoxybenzaldehyde (o-Vanillin), 
copper(II) acetate monohydrate, gadolinium(III) nitrate 
hexahydrate, thionyl chloride, tetrabutylammonium per-
chlorate and ferrocene were purchased from Sigma Aldrich 
Chemicals Private Limited, India. Organic solvents were 
obtained from SD fine chemicals, India. Potassium ferrocy-
anide, potassium ferricyanide and Potassium chloride were 
supplied by Qualigens (Mumbai, India).

2.2 � Synthesis

2.2.1 � Synthesis of monometallic complex [SBCu(II)]

The complex has been prepared in situ using the method 
[42]. 2-Hydroxy-3-methoxy benzaldehyde (0.304 g, 2 mmol) 
was dissolved in 10 mL dry methanol. To this a solution 
of 1, 3-diamino-2-propanol (0.09 g, 1 mmol) dissolved in 
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dry methanol (5 mL) was added. The reaction mixture was 
allowed to reflux at 60 °C on oil bath for 1 h with stirring. 
After cooling the reaction mixture to room temperature tri-
ethylamine (0.42 ml, 3 mmol) was added followed by addi-
tion of 5 mL methanol solution of copper acetate mono-
hydrate [Cu(CH3COO)2·H2O] [(0.20 g, 1 mmol)]. Reaction 
mixture was again refluxed at 60 °C for 5 h. A light green 
precipitate appeared which was separated by filtration and 
washed with methanol then dried in vacuum over anhydrous 
CaCl2, yield 0.371 g (84%).

2.2.2 � Synthesis of bimetallic complex [SBCu(II)Gd(III)]

Schiff base complex, [SBCu(II)] (0.22 g, 0.5 mmol) was 
dissolved in dry acetonitrile (15 mL) by heating. To this 
gadolinium nitrate hexahydrate, GdIII(NO3)3·6H2O (0.226 g, 
0.5 mmol) dissolved in dry methanol (5 mL) was added 
drop wise and reaction mixture was refluxed at 76 °C on oil 
bath for 6 h with stirring. Evaporation of the solution under 
reduced pressure yielded green viscous mass, which was 
triturated with THF several times to get complex in powder 
form. The complex was filtered, washed with THF followed 
by acetonitrile several times and dried under vacuum, yield 
0.304 g (73%).

2.2.3 � Synthesis of MWCNT‑COCl from MWCNT‑COOH

MWCNT-COOH (0.05 g) was taken in dry DMF (50 mL) 
and sonicated for 1 h at 40–45 °C. After sonication, 25 mL 
of thionyl chloride was added slowly in drops. Reaction mix-
ture was heated at 120 °C on oil bath for 24 h with continu-
ous stirring. Excess of SOCl2 was distilled out and allowed 
to cool at room temperature.

2.2.4 � Synthesis of [SBCu(II)Gd(III)]@MWCNT‑COOH

To the above suspension of MWCNT-COCl, pyridine (1 mL) 
was added followed by [SBCu(II)Gd(III)] (0.20 g) in 10 mL 
dry DMF slowly. The reaction mixture was sonicated for 
1 h at 40–45 °C and heated at 120 °C on oil bath with con-
tinuous stirring for 96 h. The resulting product was washed 
several times thoroughly via centrifugation at 12000 rpm 
for 40–45 min with DMF, THF and finally with methanol. 
The product was dried under vacuum. The synthetic route 
for preparation of nano-inorganic hybrid material is shown 
in Scheme 1.

2.2.5 � Preparation of electrode for electrochemical 
measurement

The surface of the glassy carbon (GC) electrode was cleaned 
by rubbing it over Buehler-felt pad using alumina powder and 
then it was sonicated for 5 min in triple distilled water and 

allowed to dry at room temperature. To prepare the electrode, 
0.1 wt% suspension of the materials was prepared in 1 mL 
DMF and was sonicated for 30 min. After sonication, 10 µL of 
the suspension was coated on the clean GC electrode surface 
and was left to dry at room temperature. Further, these elec-
trodes were used for CV and electrochemical impedance study.

2.3 � Techniques

FT-IR spectra were recorded on PerkinElmer spectropho-
tometer using KBr pellets over the range of 4000–400 cm−1. 
The electronic spectra of all compounds were obtained 
by UV 1700 Pharma Spec, Shimadzu spectrophotometer. 
Thermogravimetric analysis (TGA) was carried out under 
nitrogen atmosphere on Perkin Elmer-STA 6000 instru-
ment with a flow rate of 20.0 ml min−1 and heating rate 
at 10 °C min−1. Powder X-ray diffraction (XRD) patterns 
were obtained by Bruker D8 Advance X-ray diffractometer 
using Cu-Kα radiation (0.1541 nm). Raman spectra were 
recorded on Renishaw micro-Raman spectrometer at 532 nm 
solid state diode laser with 0.5% intensity of 100 milliwatts. 
Transmission electron microscopy (TEM) images were 
obtained from TECNAI 20 G2 microscope with an acceler-
ating voltage of 200 kV. HRSEM (high resolution scanning 
electron microscopy) study was performed on FEI, NOVA 
NANOSEM 450 Scanning electron microscope coupled 
with EDAX spectrometer and Si(Li) detector for elemental 
analysis. In HRSEM analysis, to reduce charging effects of 
MWCNTs, a 2 nm gold coating was applied to MWCNT 
power sprinkled carbon adhesive tabs. The room tempera-
ture DC electrical conductivity measurement was carried out 
with a Keithley 2635B instrument by fabricating a double 
probe conductivity bridge cell. Electrochemical experiments 
were conducted by CHI-660C (USA) work station by using 
a conventional three-electrode system in which a cleaned 
glassy carbon (GC) electrode (area = 0.07 cm2) was used as 
the working electrode while Pt wire was used as a counter 
electrode. Saturated calomel electrode (SCE) i.e. Hg/Hg2Cl2/
KCl(sat.) and Ag/AgCl electrode were used as a reference 
electrode for aqueous and non-aqueous electrochemical 
analysis, respectively. The field dependent magnetization of 
samples was measured by vibrating sample magnetometer 
(Microsense, LLC: EZ9 VSM) and temperature dependent 
magnetization was determined by SQUID based magnetom-
eter (Quantum Design, MPMS-3).

3 � Results and discussion

3.1 � FT‑IR study

FT-IR spectra for MWCNT-COOH, [SBCu(II)], [SBCu(II)
Gd(III)] and [SBCu(II)Gd(III)]@MWCNT-COOH are 
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shown in Fig. 1 and characteristic absorption bands (cm−1) 
with assignment are given in Table 1. The FT-IR spectrum 
of monometallic complex [SBCu(II)] exhibited a sharp peak 
at around 1623 cm−1, attributed to characteristic azomethine 
(–C=N) group of Schiff base bonded to Cu(II). The ν(C=N) 
band of [SBCu(II)] shifted to 1628 cm−1 in the spectrum of 
[SBCu(II)Gd(III)] [42] due to structural changes because 
of chelating nature of azomethine nitrogen and presence of 
nitrate ion bonded to Gd(III). It has been found that on cova-
lent grafting of [SBCu(II)Gd(III)] complex to MWCNT-
COOH, the ν(C=N) band shifted to higher wave number 
and observed at around 1639 cm−1 with comparatively weak 
intensity of band due to low concentration of [SBCu(II)
Gd(III)] complex on MWCNTs surface. In case of MWCNT-
COOH and [SBCu(II)Gd(III)]@MWCNT-COOH, a very 
weak band observed at 1742 and 1743 cm−1 is attributed to 

ν(C=O) of carbonyl group of acid and ester, respectively. In 
MWCNT-COOH, a peak is observed at around 3424 cm−1 
attributed to ν(O–H) of carboxyl group [38]. The bands at 
3464 and 3255 in the spectrum of [SBCu(II)] and a broad 
band at 3300 cm−1 in that of [SBCu(II)Gd(III)] are attributed 
to ν(O–H) of H2O and aliphatic –OH stretching vibrations. 
Absence of ν(O–H) of aliphatic –OH band from spectrum 
of [SBCu(II)Gd(III)]@MWCNT-COOH indicated the 
successfully attachment of [SBCu(II)Gd(III)] complex to 
MWCNT-COOH.

3.2 � UV–Vis spectral study

The UV–Vis spectra of the complexes [SBCu(II)] in ace-
tonitrile and that of [SBCu(II)Gd(III)], MWCNT-COOH 
and [SBCu(II)Gd(III)]@MWCNT-COOH were recorded in 

Scheme 1   Routes for the synthesis of nano-inorganic hybrid material, [SBCu(II)Gd(III)]@MWCNT-COOH and reagents: (i) MeOH (dry), (ii) 
NEt3,Cu(OAc)2.H2O, (iii) Gd(NO3)3·6H2O, (iv) Thionyl chloride, DMF(dry) and (v) Pyridine, DMF(dry)
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solid state (Nujol mull) and in MeOH & DMF solutions. 
As shown in Fig. 2a, the spectrum of [SBCu(II)] exhibited 
bands at 232, 280 and 368 nm attributed to π → π* transi-
tion of the aromatic ring [43, 44]. A broad band observed at 
609 nm due to 2B2g ← 2B1g (dzx, dzy → dx 2 − y2) transition 
of copper (II) is commensurate with square pyramidal geom-
etry around metal ion [45]. Due to distortion in geometry at 
copper center, the d–d band shifted to higher wavelength at 
645 nm in the complex [SBCu(II)Gd(III)]. The transitions 
due to gadolinium (III) in the complex [SBCu(II)Gd(III)] 
overlapped with charge transfer/intraligand transitions 
and therefore could not be identified [44]. In the spectrum 
Fig. 2b of [SBCu(II)Gd(III)]@MWCNT-COOH in metha-
nol solution no absorption bands characteristic of Cu(II) 
and Gd(III) have been observed because of low loading of 
[SBCu(II)Gd(III)]. However in solid state spectrum a large 

number of bands are observed, which are assigned to the 
transitions due to π → π*, n → π* and Gd(III), while the spec-
trum of MWCNT-COOH has a broad band due to overlap-
ping of transitions due to π → π* and n → π*.

In order to study the effect of polarity of solvent on opti-
cal properties of [SBCu(II)Gd(III)], MWCNT-COOH and 
[SBCu(II)Gd(III)]@MWCNT-COOH, the UV–Vis spectra 
were also recorded in DMF solution Fig. 2c–e. The maxima 
of absorption peaks shifted to higher wavelength in DMF 
solution compared to MeOH solution due to the less polarity 
and more Lewis base character of DMF [46]. Further, the red 
shift is observed in absorption peaks in solid state spectra 
compared to that in DMF solution (Fig. 2c) due to increase 
in intramolecular interaction and aggregation [47].

3.3 � Thermogravimetric analysis

Thermal behavior of Schiff base metal complexes and their 
quantification on MWCNTs surfaces was investigated by 
TGA. Figure 3 shows TGA curves of [SBCu(II)], [SBCu(II)
Gd(III)], MWCNT-COOH and [SBCu(II)Gd(III)]@
MWCNT-COOH. The weight loss was observed from 30 to 
900 °C at heating rate 10 °C min−1 under nitrogen atmos-
phere. The TGA data of all the compounds are summarized 
in Table 2. Thermogram of [SBCu(II)] showed total weight 
loss of 65.46% at three stages leaving behind a residue of 
34.54% which is attributed to formation of CuO and some 
undecomposed organic moiety. The complex [SBCu(II)
Gd(III)] showed 1.98% loss due to removal of one lattice 
H2O molecule, 21.83% loss due to removal of C9H11NO and 
two coordinated H2O molecules. Further a weight loss of 
38.19% corresponds to removal of C10H11NO2, 2 NO3

− and 
H2O. The residue (37.46%) corresponds to the formation 
of CuO and GdONO3. The weight loss found in both the 
complexes showed good agreement with the loss of differ-
ent fragments. The TGA results showed that carboxylic acid 
functionalized MWCNTs are thermally very stable. This 
showed 21.58% weight loss in the 315–640 °C temperature 
range corresponding to removal of carboxylic acid group 
of MWCNT-COOH [24]. By comparing the thermogram 
of [SBCu(II)Gd(III)]@MWCNT-COOH with [SBCu(II)
Gd(III)], it has been observed that in [SBCu(II)Gd(III)]@
MWCNT-COOH the weight loss of 15% in the temperature 
range 120–255 °C may be attributed to the loss of some 

Fig. 1   FT-IR Spectra of a [SBCu(II)], b [SBCu(II)Gd(III)], c 
MWCNT-COOH and d [SBCu(II)Gd(III)]@MWCNT-COOH

Table 1   Significant FT-IR 
spectral bands for a [SBCu(II)], 
b [SBCu(II)Gd(III)], c 
MWCNT-COOH and d 
[SBCu(II)Gd(III)]@ MWCNT-
COOH

Compound νOH νCH νC=O νC=N νC=C Phenolic νC–O Alcohlic νC–O Acidic νC–O

(a) 3255 2923 – 1623 1450 1245, 1224 1082 –
(b) 3300 2927 – 1628 1471 1294, 1238 1083 –
(c) 3424 2925 1742 – 1470–1628 – – 1114
(d) 3429 2930 1743 1639 1485 1217 1024 1105
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organic moiety of Schiff base molecule and weight loss 
of 14.59% in the temperature range 255–410 °C may be 
assigned to the decomposition of remaining organic moi-
ety. The weight loss of 57.24% in the temperature range 
410–900 °C may be due to decomposition of amorphous 
carbon as well as CNTs, as decomposition of CNTs starts 
around 700 °C [30]. Hence TGA study revealed that bimetal-
lic Schiff base complex had been successfully functionalized 
on MWCNT-COOH surfaces and anchoring of the complex 
does not affect the thermal stability of MWCNTs [26].

3.4 � Powder XRD study

The powder X-ray diffraction patterns of [SBCu(II)], 
[SBCu(II)Gd(III)], MWCNT-COOH and [SBCu(II)
Gd(III)]@MWCNT-COOH are shown in Fig. 4. The pow-
der XRD pattern of the complex [SBCu(II)] showed intense 
sharp peaks characteristic of the crystalline nature [48, 
49]. XRD pattern of [SBCu(II)] is similar to that of Cu(II) 

Fig. 2   UV–Vis spectra of a [SBCu(II)] and [SBCu(II)Gd(III)], b 
MWCNT-COOH, [SBCu(II)Gd(III)]@MWCNT-COOH in MeOH 
solution and [SBCu(II)Gd(III)]@MWCNT-COOH in solid state, c 

[SBCu(II)Gd(III)], d MWCNT-COOH and e [SBCu(II)Gd(III)]@
MWCNT-COOH in MeOH, DMF solution and in solid state, respec-
tively

Fig. 3   TGA thermograms of [SBCu(II)], [SBCu(II)Gd(III)], 
MWCNT-COOH and [SBCu(II)Gd(III)]@MWCNT-COOH]
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complex reported by Bhaumik et al. [50] suggesting the 
square pyramidal geometry around Cu(II) in [SBCu(II)]. 
The characteristic diffraction peaks of MWCNT-COOH 
appeared at 25.4°, 42.8° and 53.6° corresponding to (0 0 2), 
(1 0 0) and (0 0 4) planes of hexagonal graphite structure 
[51]. These peaks appear at similar positions in [SBCu(II)
Gd(III)]@MWCNT-COOH], i.e., after functionalization 
of MWCNT-COOH with [SBCu(II)Gd(III)]. This signifies 
that the crystallinity and tubular structure of the MWCNTs 
remains essentially preserved [30] after functiona1ization. 
XRD pattern of [SBCu(II)Gd(III)] is signature of its amor-
phous nature and no significant new peaks were detected 
when compared with the pattern of [SBCu(II)].

3.5 � Raman study

Raman spectra of CNTs are reported to have character-
istic G band between 1500 and 1600 cm−1 and D band at 
around 1300–1400 cm−1 that appear in the spectra of all 
graphitic structures. The characteristic D bands are attrib-
uted to disordered sp3 hybridized carbon atoms while sp2 
hybridized carbon atoms are responsible for G band which 
originated from highly ordered sidewalls of MWCNTs. A 
prominent band at 2683 cm−1 is also exhibited by MWC-
NTs which is called as G” or 2D band due to the overtone 
of the D band [52]. The ID/IG ratio depends on the number 
of sp3 carbon atoms present at the defect sites and the 
open ends; it can be used to evaluate the extent of defects 
in nanotubes structure [30]. Raman spectra (Fig. 5) of 
MWCNT-COOH exhibited D and G band at 1343 and 
1578  cm−1 and that of [SBCu(II)Gd(III)]@MWCNT-
COOH at 1346 and 1581 cm−1 respectively. The 2D band 
appeared at 2677 and 2686 cm−1 for MWCNT-COOH and 
[SBCu(II)Gd(III)]@MWCNT-COOH respectively. On 
functionalization, the dispersibility of MWCNT-COOH 
is increased yielding less intertube interactions, hence, 
all the Raman bands of [SBCu(II)Gd(III)]@MWCNT-
COOH are shifted to higher wave numbers compared 
to that of MWCNT-COOH. As a result of dispersion 
and debundling of nanotubes, a further up shifting is 
also observed in Raman bands of [SBCu(II)Gd(III)]@
MWCNT-COOH compared to MWCNT-COOH [52]. The 
ID/IG ratio increased on modification of MWCNT-COOH 
confirming the formation of defects sites on MWCNTs 
surfaces on further functionalization [53].

Table 2   TGA data of a [SBCu(II)], b [SBCu(II)Gd(III)], c MWCNT-COOH and d [SBCu(II)Gd(III)]@MWCNT-COOH]

Compound Stage Temp. range (°C) Weight loss (%) Loss of moiety Residue

Found Calcd.

(a) I 30–144 4.78 4.1 Moisture and H2O C19H20N2O5Cu
II 288–448 34.02 34.25 C9H11NO C10H9NO4Cu
III 448–900 24.66 24.66 C7H8O C3H1NO3Cu

(b) I 41–92 1.98 2.15 H2O (lattice) C19H26N5O17CuGd
II 125–310 21.83 22.26 C9H11NO + 2H2O C10H11N4O14CuGd
III 324–900 38.19 38.79 C10H11NO2 + 2NO3 + H2O CuO + GdONO3

(c) I 30–82 5.19 – Moisture –
II 315–640 21.58 – Carboxylic acid group

(–COOH) of MWCNTs
–

III 640–900 17.73 Decomposition of MWCNTs –
(d) I 33–105 4.41 – Moisture/H2O –

II 120–255 15.00 – C9H11NO + 2H2O –
III 255–410 14.59 – C10H11NO2 + 2NO3 + H2O –
IV 410–900 57.24 – Decomposition of unreacted acid group of 

MWCNTs and tubical structure of MWCNTs.
–

Fig. 4   Powder–XRD patterns of MWCNT-COOH, [SBCu(II)
Gd(III)], [SBCu(II)Gd(III)]@MWCNT-COOH and [SBCu(II)]
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3.6 � TEM study

Structural study of carboxylated CNTs (MWCNT-COOH) 
and [SBCu(II)Gd(III)]@MWCNT-COOH, was carried out 
by transmission electron microscopy (TEM). From TEM 
images (Fig.  6a, b) of MWCNT-COOH and [SBCu(II)
Gd(III)]@MWCNT-COOH, it has been found that the tubu-
lar structure as well as the length of nanotubes remained 
unaffected after functionalization. TEM images showed that 
the external average diameter of nanotubes of MWCNT-
COOH and [SBCu(II)Gd(III)]@MWCNT-COOH, were 
approximately 12 and 26 nm under same magnification 
(100 nm). On comparing the TEM images of both materi-
als, it is found that diameter of MWCNT-COOH increased 
by approximately 14 nm after functionalization [54].

3.7 � HRSEM study

HRSEM study exhibited the morphological changes in 
CNTs after functionalization. From HRSEM images 
(Fig.  6c, e) some agglomerigation of CNTs has been 
found in MWCNT-COOH, which decreased in [SBCu(II)
Gd(III)]@MWCNT-COOH (Fig. 6d, f) on functionali-
zation of MWCNT-COOH with [SBCu(II)Gd(III)]. The 
well separation of nanotubes in [SBCu(II)Gd(III)]@
MWCNT-COOH indicated that debundling and enhance-
ment in dispersibility of nanotubes occurred during func-
tionalization. It is observed that the thickness of CNTs in 
[SBCu(II)Gd(III)]@MWCNT-COOH increased compared 
to MWCNT-COOH, which is also confirmed by TEM 
images [55]. The surface morphology of MWCNT-COOH 
and [SBCu(II)Gd(III)]@MWCNT-COOH is noticeably 
different at both magnifications (100 and 500 nm) which 
is attributed to uniformly attachment of heteronuclear 

bimetallic Schiff base complex on MWCNT-COOH 
surfaces resulting successful formation of [SBCu(II)
Gd(III)]@MWCNT-COOH [30].

3.8 � EDAX study and elemental mapping

EDAX measures surface elemental composition by deter-
mining the binding energy of electrons ejected when mate-
rials are irradiated with X-rays [30]. As shown in Fig. 7, 
EDAX spectra of MWCNT-COOH confirmed the pres-
ence of quantitative amount (weight and atomic percent-
age) of C and O elements while the presence of additional 
Cu, Gd and N elements is shown in [SBCu(II)Gd(III)]@
MWCNT-COOH. This confirmed the successful anchoring 
of SBCu(II)Gd(III)] to MWCNT-COOH. In addition to 
these elements, small quantity of Si, Cl and Au were also 
shown by EDAX spectra of [SBCu(II)Gd(III)]@MWCNT-
COOH and MWCNT-COOH. The contribution of Si ele-
ment is due to Si(Li) EDAX detector of HRSEM micro-
scope [56]. The presence of elemental Cl occurred due to 
some unmodified acyl chloride group of MWCNT–COCl 
during functionalization of MWCNT-COOH with bime-
tallic complex. The peak due to elemental gold in EDAX 
spectra is observed because of gold coating of the samples 
for reducing the charging effect [57]. As shown in Fig. 8a, 
b the EDAX elemental mapping exhibited uniform distri-
bution of all the elements over MWCNT surfaces without 
strong agglomeration.

3.9 � DC electrical conductivity measurement

The room temperature solid state conductivity of SBCu(II)
Gd(III)], MWCNT-COOH and [SBCu(II)Gd(III)]@
MWCNT-COOH were carried out using two probe method. 
The conductivity was determined by making the pellet of 
diameter (10 mm) and thickness (0.5–1.5 mm) of the materi-
als by applying a pressure of 5 tones/cm2 using hand oper-
ated hydraulic press. The silver paste was applied on both 
side of pellet to make the contact of copper wires with the 
conducting surfaces. The bulk resistance of the materials 
was calculated from the current versus voltage (I–V) char-
acteristics (Fig. 9). The DC conductivity of materials has 
been calculated by using resistance and thickness of pel-
let. The values of resistance and conductivity are summa-
rized in Table 3. The order of DC electrical conductivity 
was found to be MWCNT-COOH > [SBCu(II)Gd(III)]@
MWCNT-COOH > [SBCu(II)Gd(III)]. The increased con-
ductivity of [SBCu(II)Gd(III)]@MWCNT-COOH compared 
to [SBCu(II)Gd(III)] is due to large surface area, high aspect 
ratio, ballistic electron conduction and highly conjugated 
π-electron framework of MWCNTs [3].

Fig. 5   Raman spectra of MWCNT-COOH and [SBCu(II)Gd(III)]@
MWCNT-COOH
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3.10 � Electrochemical behavior

3.10.1 � Cyclic voltammetry

Cyclic voltammetry (CV) is a robust analytical technique 
that provides information related to characteristic electro-
chemical processes. CV is commonly employed to investi-
gate the kinetics of redox reactions of materials, their con-
ducting and insulating behavior [58]. All the experiments 
were carried out using material’s drop coated glassy carbon 
(GC) electrodes in 2.0 mM Fe(CN)6

3−/Fe(CN)6
4− (1:1 molar 

ratio) containing 0.1 M KCl. CV curves (current vs. poten-
tial) of GC/[SBCu(II)Gd(III)], GC/MWCNT-COOH and 
GC/[SBCu(II)Gd(III)]@MWCNT-COOH show the redox 
characteristics of all three materials (Fig. 10). The oxida-
tion current value obtained for GC/[SBCu(II)Gd(III)], GC/
MWCNT-COOH and GC/[SBCu(II)Gd(III)]@MWCNT-
COOH are 13, 23.7 and 20.9 µA, respectively. The GC/
MWCNT-COOH shows highest oxidation current attributed 
to their most conducting behavior compared to other mate-
rials. The increase in current of GC/[SBCu(II)Gd(III)]@
MWCNT-COOH compared to [GC/SBCu(II)Gd(III)] 

Fig. 6   TEM images of a MWCNT-COOH, b [SBCu(II)Gd(III)]@MWCNT-COOH at 100 nm magnification and HRSEM images of c and e 
MWCNT-COOH and d [SBCu(II)Gd(III)]MWCNT-COOH, at magnification 100 and 500 nm
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confirmed the successful grafting of [SBCu(II)Gd(III)] with 
MWCNT-COOH.

3.10.2 � Electrochemical impedance measurement

Electrical impedance spectroscopy (EIS) is a frequency 
dependent technique which uses electronically conduct-
ing electrodes for characterizing the electrical proper-
ties of materials and their interfaces [58, 59]. Figure 11 
shows the Nyquist plots of GC/[SBCu(II)Gd(III)], GC/
MWCNT-COOH and GC/[SBCu(II)Gd(III)]@MWCNT-
COOH electrodes in 0.1  M KCl containing 2.0  mM 
Fe(CN)6

3−/Fe(CN)6
4− (1:1 molar ratio) in frequency 

range: 100 kHz–0.1 Hz and applied potential of 0.2 V. It 
is observed that Nyquist plots of the materials does not 
comparise exact semicircular arc (i.e., centres are found 
below the real Z axis), which is signature of non–Debye 
type of relaxation [60]. The Nyquist plots were fitted with 
Randle’s equivalent circuit models for quantitative evalu-
ation of resistive and capacitive behavior of electrode. The 

(Rs(Qf(Rf(QdRct)))) is found most suitable circuit fitted to 
all three electrodes including parameters: Rs, the solution 
resistance, an interfacial double layer capacitance related to 
constant phase element (CPE), here expressed by Q, charge 
transfer reaction as well as diffusion of ions (from elec-
trolyte to interface) responsible for occurrence of charge 
transfer resistance (Rct), Qd related to non-ideal double 
layer capacity and surface film features expressed by Qf and 
Rf [61]. The parameters of best fit Randle’s equivalent cir-
cuit (Rs(Qf(Rf(QdRct)))) are summarized in Table 4. The Rct 
values observed for GC/[SBCu(II)Gd(III)], GC/MWCNT-
COOH and GC/[SBCu(II)Gd(III)]@MWCNT-COOH are 
2.021 × 1014, 1.895 × 105 and 3.379 × 109 Ω, respectively. 
The lowest  Rct value for GC/MWCNT-COOH referred to 
its most conducting behavior among three materials while 
the  Rct value is highest for GC/[SBCu(II)Gd(III)] due to 
the highest resistive or least conducting nature of hetero-
nuclear bimetallic Schiff base complex, [SBCu(II)Gd(III)]. 
The  Rct value of GC/[SBCu(II)Gd(III)]@ MWCNT-COOH 
is intermediate of above two materials, i.e., on successful 

Fig. 7   EDAX spectra of a MWCNT-COOH and b [SBCu(II)Gd(III)]@MWCNT-COOH
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grafting of [SBCu(II)Gd(III)] to MWCNT-COOH, the 
conductivity of GC/[SBCu(II)Gd(III)]@MWCNT-COOH 
is increased compared to the bimetallic complex due to 

conducting nature of MWCNT-COOH. This result is 
in good agreement with the results obtained by cyclic 
voltammetry. 

Fig. 8   a Elemental mapping for MWCNT-COOH. b Elemental mapping for [SBCu(II)Gd(III)]@MWCNT-COOH
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In order to investigate the capacitance and dielectric 
behavior of GC/[SBCu(II)Gd(III)], GC/MWCNT-COOH and 
GC/[SBCu(II)Gd(III)]@MWCNT-COOH, the capacitance 
can be equated from measured total impedance ( Z) , the real 
( Z′ ) and imaginary component ( Z′′ ) with the corresponding 

value of the equivalent circuit representing the cell as given 
below [62],

C�(�) =
−Z��(�)

{
�| Z(�)|2

}

Fig. 9   Current versus Voltage (I–V) curves for [SBCu(II)Gd(III)], MWCNT-COOH and [SBCu(II)Gd(III)]@MWCNT-COOH

Table 3   Slope, flat-band potential (Vfb), dielectric constant (ɛ), resistance and conductivity for GC/[SBCu(II)Gd(III)], GC/MWCNT-COOH and 
GC/[SBCu(II)Gd(III)]@MWCNT-COOH

Material Slope Flat-band potential 
(Vfb)

Dielectric constant (ɛ) Resistance (Ω) Conductivity (Sm−1)

GC/[SBCu(II)Gd(III)] 5.405 − 0.764 2.608 × 1019/ND 1.9 × 106 5.76 × 10−6

GC/MWCNT-COOH 11381 − 0.453 1.238 × 1016/ND 6.7 × 10−1 6.08 × 101

GC/[SBCu(II)Gd(III)]@
MWCNT-COOH

5370 − 0.578 2.625 × 1016/ND 3.9 × 102 2.1 × 10−2

Fig. 10   Cyclic voltammograms of GC/[SBCu(II)Gd(III)], GC/
MWCNT-COOH and GC/[SBCu(II)Gd(III)]@MWCNT-COOH elec-
trodes in 2.0  mM Fe(CN)6

3−/Fe(CN)6
4− (1:1 molar ratio) containing 

0.1 M KCl

Fig. 11   Nyquist impedance plots along with fitted curve for GC/
[SBCu(II)Gd(III)], GC/MWCNT-COOH and GC/[SBCu(II)Gd(III)]@
MWCNT-COOH electrodes in 0.1 M KCl containing 2.0 mM Fe(CN)6

3−/
Fe(CN)6

4− (1:1 molar ratio). Frequency range: 100  kHz–0.1  Hz, and 
applied potential: 0.2 V. Inset shows most suitable Randle’s equivalent 
circuit, (Rs(Qf(Rf(QdRct)))) corresponds to the Nyquist diagrams
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where, � is the angular frequency of the a.c. signal 
( � = 2�f  , f being in Hz). At each applied potential, imped-
ance measurement was made in the full frequency range 
(0.00 Hz–100 kHz) and are shown in Fig. 12. In all three 
cases of GC/[SBCu(II)Gd(III)], GC/MWCNT-COOH 
and GC/[SBCu(II)Gd(III)]@MWCNT-COOH, initially 

C��(�) =
Z�(�)

{
�|Z(�)|2

}

capacitance decreases sharply with increase of the fre-
quency, however at around 200 Hz frequency it becomes 
saturated as at higher applied frequency (> 200 Hz), the 
charge carriers are unable to respond to the applied AC wave 
signals.

Hence, the capacitance (C) was determined at frequency 
100 Hz at different applied potentials (V) in the range of low 
current; 1/C2 was plotted against V (Mott–Schottky plot), 
as shown in Fig. 13. From the linear portion of the curves, 
slope and intercept at potential axis were determined, which 

Table 4   Impedance parameter 
values for GC/[SBCu(II)
Gd(III)], GC/MWCNT-COOH 
and GC/[SBCu(II)Gd(III)]@
MWCNT-COOH

Parameter GC/[SBCu(II)Gd(III)] GC/MWCNT-COOH GC/[SBCu(II)
Gd(III)]@MWCNT-
COOH

Rs (Ω) 98.69 125.8 100.6
Qf 1.138 × 10−6 2.802 × 10−4 1.626 × 10−4

n1 0.8 0.8 0.8
Rf (Ω) 1339 3728 3903
Qd 1.331 × 10−4 4.642 × 10−4 3.185 × 10−4

n2 0.4 0.8 0.6
Rct (Ω) 2.021 × 1014 1.895 × 105 3.379 × 109

Fig. 12   Frequency dependent capacitive behavior of a GC/[SBCu(II)Gd(III)], b GC/MWCNT-COOH and c GC/[SBCu(II)Gd(III)]@MWCNT-
COOH

Fig. 13   The capacitance of the GC/[SBCu(II)Gd(III)], GC/MWCNT-COOH and GC/[SBCu(II)Gd(III)]@MWCNT-COOH electrodes as a func-
tion of applied potential (Mott–Schottky plots)
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revealed the values of dielectric constant and flat-band 
potential for the materials. A solution of 0.1 M KCl contain-
ing 2 mM Fe(CN)6

3−/Fe(CN)6
4− (1:1 molar ratio) was used as 

the electrolyte solution. The capacitance showed an expo-
nential increase with the increasing voltage. Since the plots 
are non-linear, their extrapolation was somewhat uncertain, 
nevertheless, the best possible linear portions of the curves 
were extrapolated, and intercepts at the potential axis were 
obtained. The curves show a positive slope indicating n-type 
semiconductor characteristics of the materials [62]. Further, 
equating the slope with 1.41 × 1020/ɛ ND [63], ɛ (dielectric 
constant) was obtained for a reference donor density, ND of 
the materials. The values of slope, flat-band potential (Vfb) 
and dielectric constant (ɛ) thus obtained are given in Table 3. 
The slopes for GC/[SBCu(II)Gd(III)], GC/MWCNT-COOH 
and GC/[SBCu(II)Gd(III)]@MWCNT-COOH were found 
to be 5.405, 11381 and 5370, respectively with correspond-
ing flat-band potential of − 0.764, − 0.453 and − 0.578 V, 
respectively. The lower slope for GC/[SBCu(II)Gd(III)] 
signified the strong dielectric behavior of the material. 
However the slope for nano hybrid material, GC/[SBCu(II)
Gd(III)]@MWCNT-COOH was in-between that of GC/
MWCNT-COOH and GC/[SBCu(II)Gd(III)] indicating that 
on anchoring of [SBCu(II)Gd(III)] over MWCNT-COOH, 
the dielectric property of material becomes weaker and 
therefore, increased conductivity is obtained. Further, one 
can also observe a positive shift in the flat-band potential 
for hybrid material as compared to GC/[SBCu(II)Gd(III)], 
which shows more conducting nature of GC/[SBCu(II)
Gd(III)]@MWCNT-COOH [62]. Additionally, as the donor 
density is related to conductivity as σ = enµ, where e is the 
electronic charge, n is carriers concentration, µ is mobil-
ity and σ is the electrical conductivity of material [64], the 
maximum charge carriers concentration is expected for GC/
MWCNT-COOH. The similar trend in the conducting prop-
erties of these materials was revealed by CV, EIS, and DC 
electrical conductivity studies.

3.11 � Optical and electrochemical band‑gaps

The UV–Vis spectra of [SBCu(II)Gd(III)], MWCNT-COOH 
and [SBCu(II)Gd(III)]@MWCNT-COOH in MeOH and 
DMF solutions and in solid state (Nujol mull) were used for 
determination of optical band-gap (Fig. 2c–e). Broad absorp-
tion dispersed in entire region of wavelength with no clear 
appearance of peaks were observed for MWCNT-COOH and 
[SBCu(II)Gd(III)]@MWCNT-COOH, and hence the optical 
band-gap ( Eopt

g
 ) by using onset of absorption edge couldn’t 

be obtained and hence evaluated by using Tuac’s relation 
given below [65],

where α is absorption coefficient (cm−1), hν is photon 
energy, Eg is optical band-gap, A is constant and n depends 
on the type of electronic transition being equal to 2 or ½ for 
direct and indirect allowed transition, respectively. By put-
ting the desired values in the above equation, the band-gap 
(Eg) of the materials was obtained by extrapolating the linear 
portion of [(αhν)1/2 vs. hν] or [(αhν)2 vs. hν] plot to α → 0 
for indirect and direct transitions, respectively. It was 
observed that the (αhν)2 versus hν plot retained better linear-
ity in case of all three materials [66] and hence, the Eopt

g
 

value was obtained using this plot.
The UV–Vis spectra were recorded in MeOH and DMF 

solution in order to notice the solvent polarity effect (solva-
tochromism) on occurrence of absorption peaks. It was 
observed that in case of more polar solvent (MeOH), because 
of its low Lewis basicity, the absorption peaks got blue 
shifted that resulted in higher value of band-gap as compared 
to that obtained in DMF [46]. The Eopt

g
 values obtained for 

[SBCu(II)Gd(III)], MWCNT-COOH and [SBCu(II)
Gd(III)]@MWCNT-COOH in MeOH were 4.40, 2.72 and 
4.12 eV, respectively (Fig. 14a–c) while in DMF corre-
sponding band-gaps were 2.98, 2.47 and 2.70  eV 
(Fig. 14d–f), respectively (Table 5). The absorption spectra 
of the materials in solid state was found to be significantly 
modified compared to that in solution, It was red shifted and 
hence the optical band-gap decreased in solid state compared 
to solution. Further, direction of shift depends on the 
strength of interaction and aggregation; if strong, it’s a red 
shift, otherwise a blue shift and hence the red shift is indica-
tive of an increased intermolecular interactions [47]. The 
Eopt
g

 values obtained from solid state UV–Vis spectra of 
[SBCu(II)Gd(III)], MWCNT-COOH and [SBCu(II)
Gd(III)]@MWCNT-COOH were 2.49, 1.06 and 1.60 eV, 
respectively (Fig. 14g–i). However, from spectra in solution 
and solid state the observed optical band-gap followed the 
order MWCNT-COOH < [SBCu(II)Gd(III)]@MWCNT-
COOH < [SBCu(II)Gd(III)]. The lowest Eopt

g
 of MWCNT-

COOH was attributed to their most conducting nature, while 
highest value for [SBCu(II)Gd(III)] represented its least 
conducting behavior. For [SBCu(II)Gd(III)]@MWCNT-
COOH, the Eopt

g
 value is intermediate of other two materials 

suggesting that on anchoring of [SBCu(II)Gd(III)] to 
MWCNT-COOH, resulted in increase of conductivity of 
material. 

Alternatively, the electrochemical band-gap (Eg
CV) of 

materials were obtained by estimation of frontier orbit-
als (HOMO and LUMO levels) from cyclic voltammetry 

(�hv)n = A
(
hv − Eg

)
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(CV) by using conventional three-electrode cell consisting 
of glassy carbon (GC) as working electrode, non-aqueous 
Ag/AgCl electrode as a reference electrode and Pt wire 
as a counter electrode. Tetrabutylammonium perchlorate 
(0.1 M in anhydrous dichloromethane) was used as the 
supporting electrolyte. CV was carried out by drop coating 

of 0.1 wt% suspension/solution of materials in 1 mL abso-
lute DMF to the GC electrode at a scan rate of 10 mVs−1. 
The reference electrode was calibrated with ferrocene/fer-
rocenium (Fc/Fc+) redox couple (with an absolute energy 
level of − 4.80 eV with respect to vacuum) after each scan. 
The electrochemical cell was purged with pure nitrogen 

Fig. 14   Optical band gap for [SBCu(II)Gd(III)], MWCNT-COOH and [SBCu(II)Gd(III)]@MWCNT-COOH in MeOH, DMF solution and in 
solid state (Tuac’s plots)

Table 5   Band-gap for materials 
as obtained from UV–Vis 
absorption and electrochemical 
studies

Materials Eopt
g /MeOH (eV) Eopt

g /DMF (eV) Eopt
g /solid state (eV) Eg

CV (eV)

[SBCu(II)Gd(III)] 4.20 2.98 2.49 1.14
MWCNT-COOH 2.72 2.47 1.06 –
[SBCu(II)Gd(III)]@

MWCNT-COOH
4.12 2.70 1.60 –
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gas for 15 min to remove moisture and diluted gases from 
cell before starting of the experiment. The HOMO and 
LUMO levels were calculated from redox onset potential 
of CV plot by using equations [47]:

where, EFc/Fc+ is the half-wave potential of the ferrocene/
ferrocenium (Fc/Fc+) redox couple being obtained as, (
E1/2, Fc∕Fc+

)
=

(
Eanodic peak potential + Eanodic peak potential

)
∕2.

The anodic and cathodic peak potentials for Fc/Fc+ redox 
couple were found to be 0.750 and 0.590 V, respectively 
giving half-wave potential of the ferrocene/ferrocenium 
( E1/2,Fc/Fc+ ) as 0.67 V. For [SBCu(II)Gd(III)], Eox

onset and Ered
on-

set were found to be 0.99 and − 0.15 V respectively (Fig. 15) 
and hence HOMO and LUMO energies were − 5.12 and 
− 3.98 eV, respectively. The electrochemical band-gap was 
found to be 1.14 eV (Table 5), which is smaller as compared 
to optical band-gap (2.49 eV) obtained in the solid state [47]. 
Further, in case of [SBCu(II)Gd(III)]@ MWCNT-COOH, 
no oxidation peak was observed, this may be due to low 
loading of [SBCu(II)Gd(III)] on MWCNT-COOH surfaces. 
Only reduction peak was observed for MWCNT-COOH, 
due to reduction of oxygen of –COOH group of MWC-
NTs. Hence, the electrochemical band-gap for [SBCu(II)
Gd(III)]@MWCNT-COOH and MWCNT-COOH could not 
be obtained by using CV.

EHOMO = −
(
Eonset
ox

− E1/2, Fc/Fc+
)
− 4.80 eV

ELUMO = −
(
Eonset
red

− E1/2, Fc/Fc+
)
− 4.80 eV

Electrochemical band gap
(
ECV
g

)
=
(
ELUMO − EHOMO

)
eV

3.12 � Magnetic properties

The magnetic behavior of MWCNT-COOH, [SBCu(II)
Gd(III)] and [SBCu(II)Gd(III)]@MWCNT-COOH was 
studied by VSM and SQUID magnetic measurements. Fig-
ure 16 shows the magnetization versus field plot in the range 
− 4000 to +4000 Oe at room temperature (300 K). The fer-
romagnetic nature of MWCNT-COOH is due to residual 
magnetic catalyst (mainly iron) captured during synthesis of 
MWCNTs by CCVD method [19] which remains sheathed 
by several graphene sheets of MWCNTs. The values of 

Fig. 15   Cyclic voltammograms of a GC/ferrocene and b GC/[SBCu(II)Gd(III)], GC/MWCNT-COOH and GC/[SBCu(II)Gd(III)]@MWCNT-
COOH in 0.1 M solution of tetrabutylammonium perchlorate in anhydrous dichloromethane

Fig. 16   Magnetic properties: M versus H (Hysteresis) plot for 
[SBCu(II)Gd(III)], MWCNT-COOH and [SBCu(II)Gd(III)]@
MWCNT-COOH. The inset shows hysteresis characteristic of 
[SBCu(II)Gd(III)]
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coercivity (Hc), remanent magnetization (Mr) and satura-
tion magnetization (Ms) for MWCNT-COOH were found 
59.09 Oe, 0.0196 and 0.1416 emu/g (Table 6), respectively. 
The complex [SBCu(II)Gd(III)] showed magnetic charac-
teristic due to spin interaction between Cu and Gd metal 
centers. The values of Hc, Mr and Ms for [SBCu(II)Gd(III)] 
are 48.52 Oe, 0.00209 and 0.0505 emu/g, respectively. On 
covalent grafting of [SBCu(II)Gd(III)] to MWCNTs sur-
faces the values of Mr and Ms were found to be 0.0114 
and 0.0804 emu/g, respectively, which lie between that 
of MWCNT-COOH and [SBCu(II)Gd(III)]. This is due 
to partial dissolution of the residual metal catalyst in the 
MWCNT-COOH during workup procedure [67]. On the 
other hand, higher remanent and saturation magnetiza-
tion of [SBCu(II)Gd(III)]@MWCNT-COOH compared to 
[SBCu(II)Gd(III)] are due to generation of multinuclear 
metal centers on the surface of MWCNTs. The values of 
Ms for these materials are much lower compared to bulk 
ferromagnetic characteristics of iron. This inconsistency 
may be because of spin canting effect caused by rand-
omization of iron nanoparticles in between the tubes. The 
coercivity (64.64 Oe) for [SBCu(II)Gd(III)]@MWCNT-
COOH is higher than that of MWCNT-COOH (59.09 Oe). 
This is attributed to extended organic functionalization 

on MWCNTs surface. The higher Hc value of [SBCu(II)
Gd(III)]@MWCNT-COOH makes it suitable candidate for 
fabrication of magnetic storage devices [9]. It is observed 
that the Hc value of [SBCu(II)Gd(III)]@MWCNT-COOH 
is relatively much higher as compared to the its Ms and Mr 
values which indicated the weak but irreversible ferromag-
netism characteristic of material [68]. As shown in Fig. 17 
and Table 7, the Hc value of [SBCu(II)Gd(III)]@MWCNT-
COOH is decreasing from 140.43 to 64.64 Oe as tempera-
ture increases from 100 to 300 K, this is due to anisotropic 
nature of Fe nanoparticles encapsulated in the MWCNTs 
[20]. At higher temperature, the alignment of domains get 
disturbed due to thermal motion of electrons, which may 
be cause of decrease in coercivity value with increase in 
temperature [15]. Furthermore, Fig. 18a shows the tem-
perature dependent magnetization of [SBCu(II)Gd(III)]@
MWCNT-COOH at 15000 Oe. Zero field cooled (ZFC) 
and field cooled (FC) measurements were performed in the 
temperature 2–300 K. It is noted that the FC and ZFC plots 
are overlapping with each other in the entire temperature 
region. This confirmed the single magnetic phase nature 
of material. Hence no secondary phase is responsible for 
this ferromagnetism indicating the weak but quite irrevers-
ible ferromagnetic nature of [SBCu(II)Gd(III)]@MWCNT-
COOH [68]. To understand the type of exchange interaction 
of domains in [SBCu(II)Gd(III)]@MWCNT-COOH, the 
linear portion of the χ −1 versus T plot (Fig. 18b) was fitted 
to Curie–Weiss law at two different slopes with intercept in 
both higher and lower temperature regions. The intercept 
at high temperature region shows the strong antiferromag-
netic nature of domains while intercept at low temperature 
is signature of weak antiferromagnetism exchange interac-
tion of domains.    

Table 6   Magnetic data for 
[SBCu(II)Gd(III)], MWCNT-
COOH and [SBCu(II)Gd(III)]@
MWCNT-COOH at 300 K

Materials Coericivity (Oe) Remanent magnetization, 
Mr (emu/g)

Saturation mag-
netization, Ms 
(emu/g)

[SBCu(II)Gd(III)] 48.52 0.00209 0.0505
MWCNT-COOH 59.09 0.0196 0.1416
[SBCu(II)Gd(III)]@

MWCNT-COOH
64.64 0.0114 0.0804

Fig. 17   M versus H (Hysteresis) plot for [SBCu(II)Gd(III)]@
MWCNT-COOH at temperature 100 and 300 K

Table 7   Variation in Hc, Mr and Ms values of [SBCu(II)Gd(III)]@
MWCNT-COOH with Temperature

Tempera-
ture (K)

Coericivity, 
Hc (Oe)

Remanent magneti-
zation, Mr (emu/g)

Saturation mag-
netization, Ms 
(emu/g)

100 140.43 0.0201 0.1052
300 64.64 0.0114 0.0804
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4 � Conclusions

We have utilized the carboxylic acid functionality of 
mutiwalled CNTs for their further functionalization with 
a Cu(II)–Gd(III) heteronuclear bimetallic Schiff base 
complex for the synthesis of a nano-inorganic hybrid 
magnetic material. The successful functionalization of 
MWCNT-COOH with Cu(II)–Gd(III) heteronuclear bime-
tallic Schiff base complex is confirmed by combination 
of spectroscopic and surface analysis like FTIR, UV–Vis, 
powder XRD, Raman, TGA, TEM, HRSEM, EDAX and 
elemental mapping. After incorporation of heteronu-
clear bimetallic Schiff base complex, [SBCu(II)Gd(III)] 
to MWCNT-COOH, the crystalline and tubular structure 
of the MWCNTs remains essentially unchanged as con-
firmed by powder XRD studies. The complex [SBCu(II)
Gd(III)] showing feeble conductivity changes into bet-
ter conducting material [SBCu(II)Gd(III)]@MWCNT-
COOH with higher value of oxidation current and elec-
trical conductivity after grafting to MWCNT-COOH. 
The (Rs(Qf(Rf(QdRct)))) is the best fitted circuit for all 
three materials and shows well agreement with the result 
obtained by cyclic voltammetry and DC electrical con-
ductivity. The Mott–Schottky analysis suggested n-type 
semiconductor characteristics of the materials and stronger 
dielectric behavior of [SBCu(II)Gd(III)] compared to 
[SBCu(II)Gd(III)]@MWCNT-COOH. The trend of opti-
cal band gap is found to be MWCNT-COOH < [SBCu(II)
Gd(III)]@MWCNT-COOH < [SBCu(II)Gd(III)] suggested 
increased conductivity of [SBCu(II)Gd(III)]@MWCNT-
COOH compared to [SBCu(II)Gd(III)]. The newly synthe-
sized nano-inorganic hybrid material, [SBCu(II)Gd(III)]@
MWCNT-COOH exhibited typical ferromagnetic charac-
teristics at room temperature. The Field and temperature 
dependent magnetization trends show weak but quite 

irreversible ferromagnetic nature of [SBCu(II)Gd(III)]@
MWCNT-COOH.
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