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Abstract
The physical properties, such as electric and optical properties, of metal-Schiff base complexes
have been widely investigated. However, their thermoelectric (TE) properties remain unreported.
This work presents Cu(II)-Schiff base complexes as promising materials for TE power
generation. Therefore, three Cu(II)-Schiff base complexes (namely, [Cu(C32H22N4O2)].3 2H2O,
[Cu(C23H17N4O7Br)], and [Cu(C27H22N4O8)].H2O) have been synthesized in nanosized scale.
The electric and TE properties have been studied and comprehensive discussions have been
presented to promote the nano-complexes (NCs) practical applications in the field of TE power
generation. The electrical measurements confirm that the NCs are semiconductors and the
electrical conduction process is governed by intermolecular and intramolecular transfer of the
charge carriers. The TE measurements reveal that the Cu(II)-Schiff base NCs are nondegenerate
P-type semiconductors. The measured Seebeck coefficient values were higher compared to the
values reported in previous works for other organic materials indicating that the complexes under
study are promising candidates for theremoelectric applications if the electrical conductivity
could be enhanced.

Keywords: Schiff base, electrical properties, thermoelectric power, power factor, organometal,
organic semiconductor

(Some figures may appear in colour only in the online journal)

1. Introduction

The energy crisis motivates researchers to look for alternative
energy resources such as thermoelectrics (TE), solar cells and
superconductors [1–10]. Recently, various organic materials
have attracted the interest of many researcher groups as TE
materials [11, 12] but TE properties of the metal-Schiff base
complexes remain unreported. It is well known that the TE
materials can transform waste heat into electrical power and
thus they have been recognized as highly promising trans-
formative technology to reduce global energy consumption.
Besides, they are technically simple, reliable and envir-
onmentally friendly. The efficiency of the TE materials is
determined by the figure of merit ZT = S2σ/K where S is the
Seebeck coefficient, σ is the electrical conductivity and K is
the thermal conductivity. It is hard to achieve high ZT for the
traditional TE materials (such as chalcogenide based

materials) because all the three ZT parameters (S, σ and K )
are highly correlated where up to now there is no method
suggested for enhancing the electrical conductivity without
associated decrease of both the Seebeck coefficient and
thermal conductivity values [13–15]. To overcome this
challenge, many attempts have been made to enhance the
electrical conductivity of organic complexes by incorporation
of highly conductive materials such as single wall carbon
nanotubes (SWCNTs), multi wall carbon nanotubes
(MWCNTs), metals or graphene in order to increase their
efficiency as TE power generators. For example, Gao and
Chen [11] enhances significantly the electrical conductivity of
poly-Schiff bases with 1,4-diazabuta-1,3-diene structures by
adding SWCNTs. However, the room temperature Seebeck
coefficient decreased significantly from ∼55 to 43 μVK–1 by
increasing the SWCNTs content from 10% to 75% SWCNTs.

Physica Scripta

Phys. Scr. 93 (2018) 055801 (8pp) https://doi.org/10.1088/1402-4896/aab4d9

0031-8949/18/055801+08$33.00 © 2018 IOP Publishing Ltd Printed in the UK1

mailto:e.ibrahim@science.sohag.edu.eg
https://doi.org/10.1088/1402-4896/aab4d9
http://crossmark.crossref.org/dialog/?doi=10.1088/1402-4896/aab4d9&domain=pdf&date_stamp=2018-04-04
http://crossmark.crossref.org/dialog/?doi=10.1088/1402-4896/aab4d9&domain=pdf&date_stamp=2018-04-04


Among all metal-Schiff bases, considerable attention has
been focused on the structure of Cu(II)-Schiff base complexes
and the most interesting approach to this issue has been
proposed by Jenniefer et al [16]. They studied four copper (II)
complexes and they found that all compounds contain the
dinuclear units showing a paddle-wheel cage type with a
distorted octahedral geometry. Many works have been pub-
lished in recent years documenting the effect of copper
complexes on biological activities [17, 18] but no publica-
tions can be found available to discuss the transport physical
properties of Cu-Schiff base complexes and their use as TE
power generators.

This work presents a study on the electrical conductivity
and thermoelectrical power of three nanosized Cu(II)-Schiff
base complexes, [Cu(C32H22N4O2)].3 2H2O,
[Cu(C23H17N4O7Br)] and [Cu(C27H22N4O8)].H2O, denoted
as CuL1, CuL2, and CuL2, respectively. The complexes were
synthesized in nanometric scale and comprehensive discus-
sions on their measured electrical and TE properties have
been presented aiming to give complete understanding for the
conduction mechanisms in the complexes. It is worth noting
that the Seebeck coefficient measurements indicate that the
complexes are promising candidates for TE applications.

2. Experimental

2.1. Synthesis of Schiff base ligands

2.1.1. Synthesis of Schiff base ligand L1. The tridentate
imine ligand (L1) were synthesized by the condensation of
equimolar ratio of 2-hydroxy-1-napthaldehyde (5 mmol,
0.86 g) with 2-aminopyridine (5 mmol, 0.47 g) in ethanol.
The resulting mixtures were refluxed for 1 h at 70 °C. After
that, the solutions were gradually evaporated to quarter of its
original volume and then left to cool. The obtained orange
crystals of L1 Schiff base ligand was filtered and then washed
with cold ethanol several times and dried under reduced
pressure in a desiccator. Note that the purity of the
compounds was tested by TLC silica gel (see scheme 1) [19].

2.1.2. Synthesis of Schiff base ligands (L2 and L3). 4-nitro-o-
phenylenediamine (5 mmol, 0.77 g) in 25 ml ethanol was
slowly added to ethanolic solution (25 ml) containing isatin
(5 mmol, 0.74 g), followed by a slow addition of 5-
bromosalicylaldehyde (5 mmol, 1.00 g) or 2-hydroxy-1-
napthaldehyde (5 mmol, 0.86 g) dissolved in 25 ml ethanol
for synthesis of L2 or L3, respectively. A colored precipitate
was obtained on refluxing the solution for 3 h. The precipitate
was filtered by suction and washed thoroughly with ethanol.
The pure compound was dried in desiccator over anhydrous
calcium chloride. The purity of the product was checked by
TLC (see scheme 2) [20, 21].

2.2. Synthesis of Cu(II)-Schiff base nano-complexes (NCs)

2.2.1. Synthesis of CuL1 NC. CuL1 NC was obtained by
mixing the ethanolic solution of 6 mmol (20 ml) of the

prepared Schiff base ligand (L1) with aqueous ethanolic
solution of 3 mmol of Cu(CH3COO)2.H2O (0.60 g). The
resulting mixture was stirred magnetically for 3 h. The
obtained product was evaporated overnight. The formed
solid product was filtered, washed with ethanol, and then
dried in vacuum over anhydrous CaCl2 (see scheme 3)
[22–24].

2.2.2. Synthesis of CuL2 and CuL3 NCs. CuL2 and CuL3NCs
were synthesized by the addition of 5 mmol of
Cu(CH3COO)2.H2O (1.00 g) dissolved in 30 ml of ethanolic
solution into a hot ethanolic solution 30 ml (5 mmol, 2.32 g)
of each Schiff base ligand (L2, L3) in molar ratio (1:1). The
color of the complexes changed immediately. The resulting

Scheme 1. The suggested structure of Schiff base ligand L1.

Scheme 2. Synthesis of Schiff base ligand L2 and L3.
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mixture was refluxed with stirring for 1 h. After the solvent
evaporation, the precipitated solid was filtered off from the
reaction mixture, thoroughly washed with ethanol and
desiccated over anhydrous calcium chloride (see scheme 3).

2.3. Characterization of Cu(II)-Schiff base complexes

Melting points and decomposition temperatures of the pre-
pared Cu(II)-Schiff base NCs were determined using a
melting point device, Gallenkamp, UK. Infrared spectra were
recorded as KBr pellets using Shimadzu FTIR-8300 spec-
trophotometer. Elemental analyses were carried out using
Elemental analyzer Perkin-Elmer (model240c). Transmission
electron microscopy (TEM) studies were performed using a
JEOL JEM-2100F TEM operated at an accelerating voltage of
200 kV. The samples for TEM were dispersed in ethanol,
sonicated and sprayed on a carbon-coated copper grid and
then allowed to air-dry. The electrical properties were studied
by measuring the electrical conductivity as a function of
temperature using a so-called two-probe method in the
temperature range 300–593 K. The temperature dependence
of Seebeck coefficient was determined in order to study the
TE properties of the samples. The measurements were carried
out within a temperature range 83–323 K using specially
made sample holder and hp multimiter model: 34401A. The
electrical conductivity and Seebeck coefficient measurements
were carried out in a vacuum of 10−3 mmHg which was
found to contribute much to the thermal stability during the

measurements. The temperature of the sample and the
temperature gradient in the TE measurement were sensed by
standard copper-constantan thermocouples.

3. Results and discussions

3.1. Material characterization

All the prepared NCs were characterized by elemental ana-
lyses (C, H, N) and infrared spectroscopy. Table 1 illustrates
the analytical and physical data recorded for the NCs under
study. The chemical formulas for the three CuL1, CuL2, and
CuL3 NCs were determined to be [Cu(C32H22N4O2)].3 2
H2O, [Cu(C23H17N4O7Br)], and [Cu(C27H22N4O8)].H2O,
respectively. The melting points and C:H:N ratios were also
determined and tabulated in table 1. The results confirm that
the prepared complexes are stable in air and their decom-
position temperatures are higher than the reported melting
points of their Schiff ligands. This is an evidence for the
higher thermal stability of the prepared ligands via com-
plexation with Cu(II) ions [22, 23, 25].

Infrared spectra of the Schiff base ligands (L1, L2 and L3)
and their Cu(II) NCs (CuL1, CuL2, and CuL3) were recorded
in KBr pellets from 4000 to 400 cm−1. The recorded spectra
bands gave fundamental information about the nature of the
functional group attached to the metal atom. The IR spectra of
Schiff ligands and their Cu(II) NCs were found to be quite

Scheme 3. Schematic scheme for synthesis of (a) CuL1 and (b) CuL2, CuL3 complexes.

Table 1. Analytical and physical data of the Cu(II) complexes.

Analysis (%) found (Calc.)

Compounds Chemical formula (Formulae weight)a Decomposition temperature (°C) C H N

CuL1 [Cu(C32H22N4O2)].3 2H2O >300 65.60 4.15 9.50
CuL2 [Cu(C23H17N4O7Br)] >300 45.62 2.75 9.17
CuL3 [Cu(C27H22N4O8)].H2O (593.55) >300 54.48 3.60 9.31
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complex because they exhibit large number of bands of
varying intensities. Table 2 summarizes the recorded IR data
of the synthesized ligands and Cu(II) NCs. The spectra of
Schiff base ligands exhibit characteristic bands (ʋOH)/H2O
in the range of 3426–3464 cm–1 due to the stretching vibra-
tion of the OH group [22, 23]. These bands disappeared in the
CuL2 NC but shifted to 3455 and 3451 cm–1 for CuL1 and
CuL3 NCs, respectively which can be assigned to the
stretching motion of the uncoordinated water molecules [26].
The phenolic (C–O) stretching vibrations appeared at 1315,
1308 and 1212 cm−1 for Schiff base ligands L1, L2 and L3,
respectively, are shifted towards lower wave numbers values
1285, 1267 and 1172 cm−1 for CuL1, CuL2 and CuL3 NCs,
respectively. These shifts upon complexation confirm the
involvement, of oxygen atom of phenolic group in the che-
lation with C–O–M [27]. The spectrum of the Schiff base
ligand L1 shows a strong band at 1630 cm–1 due to an azo-
methine group (C=N) stretching vibration which indicates the
presence of the imine structure [28]. This band is shifted to
lower wave number 1614 cm–1 in the spectrum of the CuL1

NC indicating the involvement of the nitrogen atom of the
azomethine or imine group in the coordination to the metal
ion [29–31].

Similarly, the absorption frequency of azomethine υ

(C=N) function of Schiff base ligands L2 and L3 shifted to
lower frequency with complexation. The IR spectra of Schiff
base ligands L2 and L3 and their Cu NCs, have displayed
bands at 3196–3199 cm−1 due to amide NH [32] and high
intensity bands at 1689–1736 cm−1 due to the carbonyl
function υ(C=O) [33–35]. The shift of amide carbonyl υ

(C=O) to lower frequency with L2 and L3 complexation
confirms the coordination of oxygen atom of amide υ(C=O)
with the metal ions [33]. The complexation of Cu(II) ion with
ligands was further confirmed by the appearance of new weak
intensity non-ligand bands in the region at 535–731 cm−1 and
442–581 cm−1 in the spectra of the Cu(II) NCs which are
assigned to frequencies of υ(M–O) and υ(M–N) stretching
vibrations, respectively [32, 33]. For copper NCs, two
essential strong to medium bands were found at
1569–1589 cm−1 and 1341–1365 cm−1 which could be
assigned to (υasy COO−) and (υsy COO−) vibrations of car-
boxylate ion of acetate group [36]. The difference between the
asymmetric and symmetric stretching vibration motions

υ[(υasy COO) – (υsy COO)] was found in the range
200–224 cm−1 which matches with monodentated ligational
[37]. The frequency separation (Δυ=υCOOasy – υCOOsym)
in the copper NCs was ∼224 cm−1 suggesting a unidentate
nature for the carboxylate group.

Figure 1 shows TEM images and size histograms of NCs.
The images confirm that the samples consist of irregular
naostructures which are very thin and translucent to the
electron beam. The average sizes of CuL1, CuL2 and CuL3

were determined to be 40, 48 and 20 nm, respectively as has
been illustrated from the histograms in figure 1.

3.2. Electrical properties

The electrical conductivity (σ) was measured as a function of
temperature (T) in the temperature range of 373–593 K.
Figure 2(a) shows that σ of the Cu(II) NCs increases as the
temperature increases indicating a thermally activated con-
duction. Indeed, several models were suggested to describe
the conduction mechanisms in the materials of semi-
conductive behavior. For the complexes under study, the
temperature dependence of the electrical conductivity is well
described by the well-known Arrhenius model. According to
this model, the conduction mechanism is thermally activated
and the relation between the electrical conductivity and
temperature is represented by the following equation:

E

K T
exp , 1o

a

B
s s=

-⎛
⎝⎜

⎞
⎠⎟ ( )

where, σ0 is the pre-exponential factor, KB the Boltzmann
constant and Ea is the activation energy of the electrical
conduction. Figure 2(b) shows the Lnσ versus 1000/T plots.
The two-part configuration of the plots indicates that the
conduction in the NCs is governed by two different
mechanisms with two different activation energies (denoted
as Eal and Eah, at low and high temperature ranges, respec-
tively). The values of Eal and Eah are lower than 1 eV (see
table 3) indicating that the conduction in the samples is not
caused by the transfer of the charge carriers from the filled
valence band to the empty conduction band i.e. the intrinsic
conduction has omitted in case of our samples [1] and only
the impurity (extrinsic) conduction may predominate.

Table 2. The infrared absorption wave numbers (cm−1) of the prepared Schiff ligands and their Cu(II) NCs.

Compounds υ(OH) υ(NH) υ(CH)ar υ(C=N) υ(C=N)py υ(C=O) υ(C–O)ph υ(M–O) υ(M–N)

L1 3426 (s) — 3030 (w) 1630 (vs) 1585 (s) — 1315 (m) — —

CuL1 3455 (b) — 3050 (w) 1614 (s) 1563 (s) — 1285 (m) 577 (w) 478 (w)
L2 3464 (b) 3196 (w) 3068 (w) 1627 (vs) — 1736 (s) 1308 (m) — —

1607 (s)
CuL2 — 3199 (w) 3080 (w) 1603 (vs) — 1695 (s) 1267 (m) 535 (w) 442 (w)

1573 (s)
L3 3437 (b) 3199 (m) 3021 (w) 1634 (vs) — 1740 (s) 1212 (m) — —

1599 (s)
CuL3 3451 (w) 3199 (m) 3039 (w) 1600 (vs) — 1689 (s) 1172 (m) 641 (w) 581 (w)

1573 (s)
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The charge carrier concentration (n) is given by the
formula [38–40]:

n
m K T

h
2

2
e , 2

E
K TB

2

3
2 a

B
*p

=
-⎛

⎝⎜
⎞
⎠⎟

⎜ ⎟⎛
⎝

⎞
⎠ ( )

where m* is the effective mass of the charge carrier (assumed
to be the rest mass of electron), Ea is the activation energy of
the conduction process (equal to Eal or Eah in the low or high
temperature ranges, respectively). Figures 3(a) and (b) show

the temperature dependence of the carrier concentration (n) in
the low and high temperature ranges, respectively. The plots
reveal that as the temperature increases, more and more
charge carriers contribute to the conduction process con-
firming that the conductions are thermally activated type.

The mobility μ was calculated using the formula: μ=σ/
ne where e is the electron charge. The μ–T plots depicted in
figures 3(c), (d) illustrate that the mobility is temperature
dependent and has small values (in order of
10−7

–10−10 m2 v−1 s−1) compared to those representing the
intrinsic or extrinsic conduction mechanisms
(∼10−4

–10−6 m2 v−1 s−1) [41, 42]. This means that the con-
duction in the NCs is not of intrinsic or extrinsic type. Basing
on the available data and the internal structure of the Cu(II)
NCs, the conduction mechanisms in the low and high temp-
erature ranges arise from two scenarios of the electrical car-
riers transfer in the samples. In the low temperature range, the
conduction is governed by the electron transfer inside the

Figure 1. TEM images and particle size distribution of (a) CuL1, (b) CuL2 and (c) CuL3 NCs.

Figure 2. (a) σ versus T and (b) Ln(σ) versus 1000/T plots of Cu(II)-Schiff base NCs.

Table 3. The electrical and thermoelectric parameters of Cu(II)-
Schiff base NCs.

CuL1 CuL2 CuL3

Eal (eV) 0.08 0.02 0.014
Eah (eV) 0.44 0.33 0.26
Ef (eV) 0.015 0.03 0.046
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molecule (intramolecular transfer) where the electron hop
from one atomic site to another if orbitals exist at these sites
with the same energy levels, i.e. the conduction occurs
between the metal atom and the ligand in the complex
molecule. The other scenario appears in the high temperature
range where the conduction is governed by an intermolecular
transfer of π-electrons from one macromolecule to another if
orbitals with the same energy levels exist between complex
molecules [43–46]. It is observed that the EaL values are
lower than those of Eah due to the restriction of the excited
free carriers within the molecule by the barriers macro-
molecules. For comparison, the electrical conductivity values
at 350 K (σ400) of the CuL1, CuL2 and CuL3 NCs are
σ400≈2.16×10−4, 4.81×10−4 and 6.79×10−4, respec-
tively. The CuL3 NC has the highest value of σ400 which may
be attributed to higher transfer rate of the charge carriers
compared to those of CuL1 to CuL2 complexes.

3.3. TE properties

TE power study at low temperature is an important tool
because it may provide crucial information about the features
of the materials which could not be obtained by the electrical
measurements particularly in the case of high resistant
materials. The temperature (T) dependence of Seebeck coef-
ficient (S) of the NCs at hands was determined over a
temperature range 83–313 K and the results are depicted in
figure 4. Note that the S values over the whole temperature
range of measurement are positive indicating that the mate-
rials are p-type semiconductors. Also, S decreases with the
increase of temperature showing a typical feature of non-
degenerate semiconductors. It is worth noting that three
components are expected to contribute to the S value which

are: the diffusion contribution (Sd), the phonon drag
contribution (Sg) (although the experimental data are not
enough to estimate accurately the phonon drag component, it
is expected to be secondary compared to Sd because of the
complexion nature of the metal-ligand complexes) and the
variable range hopping contribution (SVRH) varies as
SVRH∼ T1/2 which is mainly effective at lower temperatures
[47] but its contribution is expected to be very small to be
considered here. Considering the nondegenrate nature of
complexes, the Sd can be represented by the following

Figure 3. Temperature dependence of (a) and (b) carrier concentration and (c) and (d) carrier mobility plots of Cu(II)-Schiff base NCs.

Figure 4. Seebeck coefficient versus temperature of Cu(II)-Schiff
base NCs.
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formula [48]

S
k

e

E

k T
r

5

2
, 3d

fB

B
= + +⎜ ⎟

⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥ ( )

where Ef is the Fermi energy, kB is the Boltzmann constant, e
is the electron charge and r is scattering parameter. The values
of Ef were calculated using the S versus 1000/T plots (not
presented here) and the values are tabulated in table 3. It is
necessary to admit that the calculated values are possible not
very accurate due to the minor contribution of the Sg to the
total thermopower of the samples.

The room temperature Seebeck coefficient values S300 of
CuL1, CuL2 and CuL3 are 90.9, 229.7 and 336.6 μVK–1,
respectively. These values are much higher than those
reported for other Schiff base complexes indicating that the
materials under study are promising as TE generators. For
comparison, Li et al [12] reported a value S300=4.5 μVK–1

for 2-(2-naphthalen-1-yl)vinyl)-thiophene Schiff base). Also,
Gao and Chen [11] studied the effect of SWCNTs content on
the Seebeck coefficient value of poly-Schiff bases with 1,4-
diazabuta-1,3-diene structures. They recorded a value of
S300∼ 55 μVK–1 for the composite of 10% SWCNTs which
decreases significantly with the increase of SWCNTs content
to reach ∼43 μVK–1 for the composite of 75% SWCNTs.
The decrease of S could be attributed to the giant conductivity
of SWCNTs.

It is worth noting that a simplified expression, power
factor (PF=S2σ), is usually used for evaluating the TE
efficiency of materials which exhibit similar and/or low
thermal conductivities [49]. The values of PF for CuL1, CuL2

and CuL3 complexes were calculated at room temperature to
be 1.6, 23.4 and 70.9 (×10−8 μWm−1 K−2). Although the
high value of Seebeck coefficient of our complexes, as was
discussed above, the PF values are much less compared to
those reported for Schiff base composites for example
PF= 77.58 μWcm−1 K−2 for Schiff base/SWCNTs with
1,4-diazabuta-1,3-diene structures and 10.2 μWcm−1 K−2 for
2-(2-naphthalen-1-yl)vinyl)-thiophene Schiff base)/SWCNTs
composites [11, 12]. The low values of PF for our NCs are
reasonable because of their low conductivity which is, gen-
erally, a main restriction of organic materials. The conduction
mechanism in organic complexes is quite different from that
of inorganic materials where it arises from the charge carrier
hopping from one site to another adjacent one. Each monomer
unit of the organic complexes can be viewed as a site. The
strong electron–phonon interaction causes lattice distortion
around the electron which moves along the chain but its
motion is restricted due to trapping by the polarized field
formed itself. There are many attempts to enhance the elec-
trical conduction of the organic complexes via doping
chemistry or producing metal based organic composites [37].
Similarly to the inorganic TE, the major hurdle is that the
enhancement of electrical conductivity via incorporation of
conductive materials like metals, SWCNTs, MWCNTs or
graphene is often accompanied by the resulting low Seebeck
coefficient as the results of [11, 12] have shown. Therefore, it

is crucial to tune the Seebeck coefficient and electrical con-
ductivity to maximize the PF of the Schiff base complexes.

4. Conclusion

The work mainly aims to study the electrical and TE prop-
erties of three different Cu(II)-Schiff base complexes syn-
thesized in nanosized scale. The DC electrical conductivities
for all NCs show semiconductor behavior. The electrical
conductivity values of the materials are much higher than
those reported for bulk samples due to the increase of grain
boundaries which resist the carrier charges transfer. However,
the Cu(II)-Schiff base NCs show higher values compared to
the data reported in other previous works. To determine the
efficiency of the materials for using as TE power generators,
the PF was determined. The PF values are less than those
reported for many organic materials due to the low electrical
conductivity of the materials under study. The high Seebeck
coefficient values recorded for the NCs give motivations for
enhancing the electrical conductivity in order to maximize the
PF and thus enhance the feasibility of using Cu(II)-Schiff
base complexes as TE power generators.
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