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Abstract
The dielectric and electrical conductivity measurements for biologically active nucleic acid compounds reveal 
semiconducting properties and small relaxation times. On the basis of electronic transition within molecules, two 
pathways for the conduction of electricity may be expected. The first conducting process occurring in the lower 
temperature region is attributed to n→π* transitions which require less energy to be performed. In the upper 
temperature region, conduction could be attributed to π→π* transitions which need more energy to participate in 
electronic conduction. The observed increment of conduction in the upper temperature region may be attributed 
to interactions between n→π* and π→π* transitions. Quantum chemical parameters such as the highest occupied 
molecular orbital energy (EHOMO) and the lowest unoccupied molecular orbital energy (ELUMO) were given using 
molecular modeling. Energy gap (ΔE) and parameters which give information about the reactive chemical behavior of 
compounds such as electronegativity (χ), chemical potential (µ), global hardness (η), softness (σ) and electrophilicity 
index (ω) were calculated.
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Introduction
Dielectric measurements are important methods for studying the 
dynamic properties (capacitance, impedence, permittivity and loss 
factor) of dielectrics. This behavior was associated with a hopping 
mechanism in terms of correlated barrier hopping (CBH) model 
for alternating current (a.c.) loss, first developed by Pike for sin-
gle-electron hopping, and has been extended by Elliot for simulta-
neous two electrons hopping [1, 2].

The dielectric relaxation studies are important to understand the 
nature and the origin of dielectric losses, which in turn, may be 
useful in the determination of the structure and defects in solids 
[3-7].

In recent years, the study of the electrical conduction mechanism 
in organic compounds has been the subject of many theoretical 
and experimental investigations. The interest of this topic is stim-
ulated by the applications of these compounds in the development 
of various modern and future technologies of solid-state devices. 
Moreover, the information about the electrical properties of mate-

rials is also necessary for determining the optimum conditions and 
analysis of electrical transport in these materials. Also, both direct 
current(d.c.) and alternating current(a.c.) measurements provide 
important information about the conduction process and the pre-
dominant charge transport mechanism within an organic material 
[7].

Organic semiconductors are of steadily growing interest as active 
components in electronics and opto-electronics. Due to their flex-
ibility, low cost and ease of production they represent a valid al-
ternative to conventional inorganic semiconductor technology [8].

The increasing environmental consciousness throughout the world 
has triggered a search for new products and processes that are 
compatible with the environment.

Experimental
Synthesis of Metal Complexes in The Solid State
These were prepared by mixing metal chloride solutions with li-



gand solutions, Table (1), hence they were refluxed, filtered and 
dried for the separated products. The metal ions were determined 
by atomic absorption techniques and complexometric titrations 
using published procedures [9]. The complexes were digested by 
aqua regia several times to complete decomposition for the organic 
ligand compounds. The analyzed complexes were given in Table 
(2a-b).

Instruments and Working Procedures 
Dielectric and Electrical Conductivity Measurements
1. Four test parameters including impedance |Z|, phase angle θ, 

parallel equivalent static capacitance Cp and loss tangent tan δ 
were measured for the ligands and complexes in the solid state 
at constant voltage 0.80 volt but different temperatures (40-
240°C) and at variable frequencies (500 Hz - 5 MHz) using 
HIOKI “3532-50 LCR HITESTER” instrument.

2. The ligands and complexes were prepared in the form of tab-
lets at a pressure of 6-7 tons/cm2 with 10 mm diameter and 

0.7-4.4 mm thickness. Silver metal was evaporized on the 
major faces of each test piece to improve the contact with 
the measuring electrodes. The tablets were hold between two 
copper electrodes and then inserted with the holder vertical-
ly into cylindrical electric furnace. The potential drop across 
the heater was varied gradually through variable transform-
er to produce slow rate of increasing the temperature to get 
accurate temperature measurements using a pre-calibrated 
Cu-constantan thermocouple attached to the sample.

3. The dielectric constant ε, the dielectric loss εˊˊ, real part of im-
pedance Zˊ, imaginary part Zˊˊ, the conductivities  σa.c. (a.c.: 
alternating current condition), the relaxation times τo, τ and 
the activation energies ΔE of the ligands and complexes were 
calculated [10].

Molecular Modeling
The ChemOffice Ultra 2004 computer and HyberChem programs 
are used for molecular modeling studies of the ligands and their 
complexes.

Table 1: Names, abbreviations, m.p. and structures of the ligands are given*.

Compound Abbreviation M.P.°C Structures
Adenine (AD)              360-365

9-Hydroxyethyladenine (HEAD)   244

Barbituric acid (BA) 248

5-Nitrobarbituric acid (NBA) 176
          

Thiobarbituric acid (TBA) 245

Phenobarbital  (PB) 174-178
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Barbital (B)

 

190

2-Thiouracil (TU) 340

                          Cont.
                          * All these ligands are of white colour except TBA is of yellow colour and were purchased from BDH company.

N
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Table 2a: C, H, N, S elemental analysis for some nucleic acid constituent complexes.

Complex Colour Formula Calculated/(Found) %
C H N S

Co-
Ni(TU)3.4H2O

brown C12H16N6O7S3CoNi 25.28 2.83 14.74 16.87
(25.00) (2.80) (15.20) (17.00)

Hg(BA)2 buff C8H6N4O6Hg 21.13 1.33 12.32 -
(21.60) (1.52) (12.51) (-)

Table 2b: H, N, S, M elemental analysis for some nucleic acid constituent complexes.

Complex Colour Formula Calculated/(Found) %
H N S M

Cr(TU)(OH-)2.
H2O

green C4H7N2O4SCr 3.05 12.12 13.87 22.49
(3.32) (12.50) (14.00) (22.66)

Mn(TU)2.H2O brown C16H16N8O5S4Mn 2.76 19.21 21.98 9.41
(3.00) (20.00) (22.00) (9.88)

Hg(TU)2.4H2O white C8H14N4O6S2Hg 2.68 10.63 12.17 38.07
(3.00) (11.00) (12.00) (38.12)

Results and Discussion 
Dielectric and Electrical Conductivity Measurements 
Dielectric Measurements 
A dielectric materials measurement can provide critical design pa-
rameter information for many electronics applications. For exam-
ple, the loss of a cable insulator, the impedance of a substrate, or 
the frequency of a dielectric resonator can be related to its dielec-
tric properties. The information is also useful for improving fer-
rite, absorber, and packaging designs. More recent applications in 
the area of industrial microwave processing of food, rubber, plastic 
and ceramics have also been found to benefit from knowledge of 
dielectric properties.

The dielectric behaviors of materials under external (a.c.) field 
have high scientific and technological importances. In polar di-
electrics, the molecules, which are normally composed of two or 
more different atoms, have dipole moments even in the absence of 
an electric field, that is, the centres of their positive and negative 
charges do not coincide [11]. Normally the molecular dipoles are 

randomly oriented throughout the material owing to thermal agi-
tation, so that the average moment over any macroscopic volume 
element is zero. In the presence of an externally applied field, the 
molecules tend to orient themselves in the direction of the field as 
shown in the following diagram:

For a parallel-plate condenser in which a dielectric tablet fills the 
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space between the plates, the capacitance is given by [12]:
CP = Aεεo / d
Where εO is the permittivity of a vacuum and its value is approxi-
mately 8.854 x 10-12 F m-1, ε is the dielectric constant of a dielec-
tric, A and d are the area and the thickness of the matter tablet, 
respectively.

The complex dielectric permittivity, ε*(ω)is given as follows [13]: 
ε*(ω) = εˊ(ω) -iε"(ω)
where ε'(ω) and ε"(ω) are the real and imaginary parts of the com-
plex permittivity, respectively. ω is the angular frequency, ω= 2πf 
and i = √-1 .

εˊ(ω) = ε sin θ, ε"(ω) = ε cos θ
where θ is the phase shift. 
The loss tangent, tan δ = ε"/ε', δ = 90°-θ
The real and imaginary parts of the complex impedance are given 
by: 
Z' = Z cos θ, Z" = Z sin θ
where Z' and Z" are the real and imaginary parts of the impedance, 
respectively.

Dispersion arising during the transition from full orientational 
polarization at zero or low frequencies to negligible orientational 
polarization at high radio frequencies is referred to as dielectric 
relaxation [14].

The rate of decay and build-up of the orientational polarization, as 
given by the relaxation time τ, will depend upon the thermal ener-
gy of the dipoles as well as upon the internal or molecular friction 
forces encountered by the rotating dipoles.

The dielectric parameters for the investigated ligands and com-
plexes are illustrated in terms of temperature and frequency (ln f) 
changes, Figures (1-12). The more spotlight points, could be given 
as follows:
1. The capacitance (CP) decreases with increasing the applied 

frequency in some different ranges which may be attributed 
to the effect of charge redistribution by carrier hopping on de-
fects [15, 16]. At low frequency, the charge on defects can 
be rapidly redistributed so that defects closer to the positive 
side of the applied field become negatively charged, while de-
fects closer to the negative side of the applied field become 
positively charged. This leads to screening of the field and an 
overall reduction in the electric field. Because capacitance is 
inversely proportional to the field, this reduction in the field 
for a given voltage results in the increased capacitance ob-
served as the frequency is lowered. In case of high frequency, 
the defects no longer have enough time to rearrange in re-
sponse to the applied voltage, hence the capacitance decreas-
es.

2. ε' and ε" decrease with increasing frequency (ln f), which can 
be explained as follows:

 (a) At low frequencies the dielectric constant for polar ma-
terials is due to the contribution of multi-component of po-
larizability, deformational polarization (electronic and ionic 
polarization) and relaxation polarization (orientational and 
interfacial polarization) [17].

 (b) When the frequency begins to increase, the dipoles will 
no longer be able to rotate sufficiently rapidly, so that their os-
cillations begin to lag behind those of the field. As the frequen-
cy is further increased, the dipole will be completely unable to 
follow the field and the orientation polarization stopped, so ε' 
and ε" decrease at higher frequencies approaching a constant 
value due to the interfacial or space charge polarization only 
[4, 18].

3. The relative permittivity and dielectric loss values for the 
complexes, Figures (8-12), reveal semiconducting features 
based mainly on the hopping mechanism [19].

4. The loss tangent (tan δ) is decreased with increasing fre-
quency, while at certain temperatures for ligands(HEAD, 
NBA) and complexes(Cr(TU)(OH-)2.H2O, Mn(TU)2.H2O, 
Co-Ni(TU)3.4H2O, Hg(TU)2.4H2O) a well-defined peaks are 
observed corresponding to dielectric relaxation phenomena, 
Figures (2, 4, 9-12) [20].

5. The impedance (Z) is mostly decreased with increasing fre-
quency, Figures (1-12). The Z"-Z' relationships are illustrated 
in Figures (13, 14) at different temperatures.

Figure 1: The dielectric parameters (Z, CP, |θ|, ε, ε΄,ε˝, tan δ) - lnf 
relationships for AD at different temperatures  40°C, 60°C, 80°C, 
100°C, 120°C, 140°C, 160°C, 180°C, 200°C, 220°C and  240°C
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Figure 2: The dielectric parameters (Z, CP, |θ|, ε, ε΄, ε˝, tan δ) - ln 
f relationships for HEAD at different temperatures  40°C,  60°C,  
80°C, 100°C, 120°C, 140°C, 160°C, 180°C, 200°C and 220°C

Figure 3: The dielectric parameters (Z, CP, |θ|, ε, ε΄, ε˝, tan δ) - 

lnf relationships for TBA at different temperatures  40°C,  60°C,  
80°C, 100°C, 120°C, 140°C, 160°C, 180°C and  200°C

Figure 4: The dielectric parameters (Z, CP, |θ|, ε, ε΄, ε˝, tan δ)-lnf 
relationships for NBA at different temperatures  40°C,  60°C,  
80°C, 100°C, 120°C, 140°C, 160°C and  170°C
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Figure 5: The dielectric parameters (Z, CP, |θ|, ε, ε΄, ε˝, tan δ)- lnf 
relationships for B at different temperatures  40°C,  60°C, 80°C, 
100°C, 120°C, 140°C and  160°C

Figure 6: The dielectric parameters (Z, CP, |θ|, ε, ε΄, ε˝, tan δ) - lnf 
relationships for PB at different temperatures  40°C,  60°C,  80°C, 
100°C, 120°C, 140°C and  150°C

Figure 7: The dielectric parameters (Z, CP, |θ|, ε, ε΄, ε˝, tan δ) - lnf 
relationships for TU at different temperatures  40°C,  60°C,  80°C, 
100°C, 120°C, 140°C, 160°C, 180°C, 200°C, 220°C and  240°C

Figure 8: The dielectric parameters (Z, CP, |θ|, ε, ε΄, ε˝, tan δ) - lnf 
relationships for Hg(BA)2 at different temperatures  40°C,  60°C,  
80°C, 100°C, 120°C, 140°C, 160°C, 180°C, 200°C, 220°C and 
240°C
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Figure 9: The dielectric parameters (Z, CP, |θ|, ε, ε΄, ε˝, tan δ)-
lnf relationships for Cr(TU)(OH-)2.H2O at different temperatures  
40°C,  60°C,  80°C, 100°C, 120°C, 140°C, 160°C, 180°C, 200°C, 
220°Cand   240°C.

Figure 10: The dielectric parameters (Z, CP, |θ|, ε, ε΄, ε˝, tan δ) 
- lnf relationships for Mn(TU)2.H2O at different temperatures  
40°C,  60°C,  80°C, 100°C, 120°C, 140°C, 160°C, 180°C, 200°C, 
220°Cand  240°C

Figure 11: The dielectric parameters (Z, CP, |θ|, ε, ε΄, ε˝, tan δ) 
- lnf relationships for Co-Ni(TU)3.4H2O at different temperatures  
40°C,  60°C,  80°C, 100°C, 120°C, 140°C, 160°C, 180°C, 200°C, 
220°Cand   240°C
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Figure 12: The dielectric parameters (Z, CP, |θ|, ε, ε΄, ε˝, tan δ) 
- lnf relationships for Hg(TU)2.4H2O at different temperatures  
40°C,  60°C,  80°C, 100°C, 120°C, 140°C, 160°C, 180°C, 200°C, 
220°Cand   240°C

Figure 13: Z˝-Z΄ relationship for ligands at different temperatures

Figure 14: Z˝-Z΄ relationship for complexes at different tempera-
tures   40°C, 60°C, 80°C, 100°C, 120°C, 140°C, 160°C, 180°C,     
   200°C, and  240°C

The evaluation of experimental dielectric data is much facilitated 
by certain graphical methods of display, which permit the deriva-
tion of parameters by geometrical construction. The earliest and 
most used of these methods consists of plotting the imaginary part 
ε'(ω) for a certain frequency against the real part ε"(ω) at the same 
frequency, in cartesian coordinates or in the complex plane [21]. 
This diagram may be called the complex locus diagram or Argand 
diagram and was applied to dielectrics by Cole and Cole, illustrat-
ed in a familiar plot or arc plot [22].

For a dielectric with a single relaxation time the Cole-Cole plot 
is a semi-circle which provides an elegant method of finding out 
whether a system has a single relaxation time or more. The arc plot 
of a dielectric with a single relaxation time is illustrated in Figure 
(15(a) and (b)).

Figure 15: (a) Arc plot for a Debye dielectric; (b) Arc plot for a 
dielectric with a Cole-Cole distribution characterized by the pa-
rameter α (from Cole and Cole) [22].

For polar compounds, a semi-circle is obtained on plotting ε"(ω) 
against ε"(ω) for each temperature [23]. A given point on the 
semi-circle corresponds to a given frequency while the summit 
corresponds to ωτ = 1, Figure (15(a and b)). The plot has the dis-
advantage that ω does not appear in it. This semi-circle Cole-Cole 
diagram has been used to determine the distribution parameter α, 
which measures the width of distribution of relaxation time. Also, 
the macroscopic relaxation time τo and the molecular relaxation 
time τ can be determined [17, 22]. α values are evaluated by mea-

 

(a) (b) 
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suring the angle between the real part of dielectric constant and 
radius of the circle.

If the centres of semi-circles lie ε'(ω) axis, α is zero (Debye type). 
Otherwise, the centre is below ε'(ω) axis and α ≠ 0 (non-Debye 
type) [24]. Two intersections between the real axis ε'(ω) and the 
circular arc, give the relative permittivity at zero frequency (static 
dielectric constant εs) and that at infinite frequency approaching 
the frequencies of light oscillators (optical dielectric constant ε∞) 
[17]. A point on the semi-circle defines two vectors u and v, Figure 
(15 (a and b)), v is the distance on the Cole-Cole diagram between 
the static dielectric constant εs and the experimental point, u is the 
distance between that point and the optical dielectric constant ε∞. 
Cole and Cole generalized the representation of a Debye dielectric 
by a circular arc plot in the complex plane so that it is applied to a 
certain type of distributions of relaxation times, so

where ω is the angular frequency. The parameter α equals zero 
when the compound has only one relaxation time, whereas for a 
series of relaxation times, the value of  α varies between 0 and 1. 
The extent of the distribution of relaxation times increases with in-
creasing parameter α. On the other hand, the value of τo decreases 
with increasing temperature [22]. The molecular relaxation time τ 
could be determined based on the following equation [22]:

The relaxation time is interpreted as the average time which a mol-
ecule spends in one of the equilibrium positions before jumping to 
the other one. The temperature dependence of τ can be expressed 
for thermally activated processes as [17]:

where τo is a constant characteristic relaxation time and represents 
the time of a single oscillation of a dipole in a potential well, Eo 
is the energy of activation for the relaxation of the dipole, k is the 
Boltzmann constant and τ represents the average or most prob-
able value of the spread of the relaxation times. The Cole-Cole 
diagrams for the investigated ligands and complexes at different 
temperatures, Figures (16-27), reveal mainly non-Debye type [24].

The dielectric data obtained from the analysis of Cole-Cole dia-
grams for different ligands and complexes are collected in Table 
(3).

One must focus the attention that the molecular orientation and the 
association in molecular structure are important.

The variation of ln τ as a function of reciprocal absolute tempera-
ture for different ligands and complexes, Figures (28, 29), assigned 
that as the temperature increases, the relaxation time for each re-
laxator becomes smaller in some ranges.

The activation energies for the relaxation processes of different 
ligands and complexes are given in Table (4).

Figure 16: Cole-Cole diagrams for AD at different temperatures
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Figure 17: Cole-Cole diagrams for HEAD at different tempera-
tures

Figure 18: Cole-Cole diagrams for TBA at different temperatures
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Figure 19: Cole-Cole diagrams for NBA at different temperatures

Figure 20: Cole-Cole diagrams for B at different temperatures

Figure 21: Cole-Cole diagrams for PB at different temperatures

Figure 22: Cole-Cole diagrams for TU at different temperatures
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Figure 23: Cole-Cole diagrams for Hg(BA)2 at different tempera-
tures

Figure 24: Cole-Cole diagrams for Cr(TU)(OH-)2.H2O at different 

temperatures

Figure 25: Cole-Cole diagrams for Mn(TU)2.H2O at different tem-
peratures

Figure 26: Cole-Cole diagrams for Co-Ni(TU)3.4H2O at different 
temperatures
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Figure 27: Cole-Cole diagrams for Hg(TU)2.4H2O at different temperatures

Table 3: The dielectric data obtained from the analysis of Cole-Cole diagrams for different compounds

Com-
pound

Tem-
perature 
(K)

ω v u α π/2 α 1 - α τo εs ε∞ τ ln τ

AD 313 345575.2 1.20 1.40 35 0.3889 0.6111 2.24858×10-6 8.85 7.00 2.09190×10-6 -13.0774
333 219911.5 1.20 1.50 35 0.3389 0.6111 3.15625×10-6 8.85 7.00 2.93633×10-6 -12.7384
353 113097.3 1.50 1.40 32.5 0.3611 0.6389 9.85023×10-6 9.09 6.82 9.03028×10-6 -11.6149
373 50265.5 1.30 1.50 31 0.3444 0.6556 1.59929×10-5 9.00 6.68 1.46187×10-5 -11.1332
393 31415.9 1.35 1.55 29 0.3222 0.6778 2.59614×10-5 9.05 6.73 2.37430×10-5 -10.6482
413 12566.4 1.35 1.65 28 0.3111 0.6889 5.94678×10-5 9.14 6.73 5.42410×10-5 -9.82207
433 25132.7 0.90 1.20 47.5 0.5278 0.4722 2.16363×10-5 7.93 6.57 2.03995×10-5 -10.8000
453 21991.1 1.10 0.90 47 0.5222 0.4778 6.92085×10-5 7.86 6.50 6.52168×10-5 -9.63779
473 18849.6 1.00 1.10 45 0.5000 0.5000 4.38443×10-5 7.86 6.50 4.13156×10-5 -10.0943
493 21991.1 1.40 0.90 42.5 0.4722 0.5278 1.05000×10-4 8.41 6.41 9.67067×10-5 -9.24383
513 21991.1 1.80 0.95 32.5 0.3611 0.6389 1.24000×10-4 8.68 6.45 1.13000×10-4 -9.08762
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HEAD 313 27646015.4 2.20 0.90 37.5 0.4167 0.5833 1.67425×10-7 8.44 2.11 1.25568×10-7 -15.8904
333 2.10 1.05 37.5 0.4167 0.5388 1.18691×10-7 8.44 2.00 8.85028×10-8 -16.2402
353 2.10 1.00 35.5 0.3944 0.6056 1.23161×10-7 8.33 2.00 9.19641×10-8 -16.2019
373 2.05 1.00 39.5 0.4389 0.5611 1.30007×10-7 8.33 2.00 9.70764×10-8 -16.1478
393 2.10 1.00 39 0.4333 0.5667 1.33965×10-7 8.33 1.89 9.94414×10-8 -16.1237
413 2.10 1.05 37.5 0.4167 0.5833 1.18691×10-7 8.11 1.78 8.78111×10-8 -16.2481
433 2.10 1.00 40 0.4444 0.5556 1.37519×10-7 8.22 2.00 1.02832×10-7 -16.0902
453 2.05 1.10 37.5 0.4167 0.5833 1.05158×10-7 8.11 1.78 7.77990×10-8 -16.3691
473 2.10 1.00 37.5 0.4167 0.5833 1.29046×10-7 8.11 1.89 9.60549×10-8 -16.1583

τ Ranges for AD and HEAD are (2.09190×10-6-1.13000×10-4and 7.77990×10-8- 1.25568×10-7) respectively.
Com-
pound

Tem-
perature 
(K)

ω v u α π/2 α 1 - α τo εs ε∞ τ ln τ

TBA 313 21362830.0 1.00 2.50 31 0.3444 0.6556 1.15695×10-8 11.39 2.78 8.65426×10-9 -18.5652
333 1.00 2.45 31 0.3444 0.6556 1.19316×10-8 11.25 2.64 8.88770×10-9 -18.5386
353 1.00 2.45 32 0.3556 0.6444 1.16537×10-8 11.11 2.36 8.59428×10-9 -18.5722
373 1.00 2.45 30 0.3333 0.6667 1.22065×10-8 10.71 2.14 8.95069×10-9 -18.5315
393 1.00 2.40 31 0.3444 0.6556 1.23128×10-8 10.71 2.14 9.02864×10-9 -18.5229
413 1.00 2.40 31 0.3444 0.6556 1.23128×10-8 10.86 2.14 9.01732×10-9 -18.5241
433 1.00 2.40 33 0.3667 0.6333 1.17492×10-8 10.11 3.44 9.16537×10-9 -18.5078
473 0.80 2.20 38 0.4222 0.5778 8.12751×10-9 7.73 2.64 6.34360×10-9 -18.8758

NBA 313 20106193.0 1.15 2.60 25 0.2778 0.7222 1.60744×10-8 15.74 3.70 1.19758×10-8 -18.2404
333 22619467.1 1.30 2.10 27.5 0.3056 0.6944 2.21616×10-8 12.14 3.82 1.70988×10-8 -17.8843
353 942477.8 1.70 1.00 32 0.3556 0.6444 2.41725×10-8 22.50 9.44 1.94956×10-6 -13.1479
373 25132741.2 1.90 1.55 8.5 0.0944 0.9056 4.98200×10-8 8.38 4.31 4.17545×10-8 -16.9915
393 20106193.0 0.90 2.35 30 0.3333 0.6667 1.17878×10-8 11.03 2.79 8.85241×10-9 -18.5426
413 25132741.2 1.70 1.65 9 0.1000 0.9000 4.11307×10-8 8.77 4.77 3.48774×10-8 -17.1714
433 21362830.0 1.00 2.40 31.5 0.3500 0.6500 1.21731×10-8 10.00 4.29 9.85615×10-9 -18.4352
443 25132741.2 1.95 1.95 0 0.0000 1.0000 3.97887×10-8 7.87 4.33 3.38230×10-8 -17.2021

B 313 20106193.0 1.00 2.95 18 0.2000 0.8000 1.28645×10-8 17.04 4.44 9.69367×10-9 -18.4518
333 1.20 2.75 20 0.2222 0.7778 1.61172×10-8 16.11 3.70 1.19787×10-8 -18.2401
353 1.20 2.75 18.5 0.2056 0.7944 1.64818×10-8 16.11 3.52 1.21883×10-8 -18.2228
373 21362830.0 1.20 2.75 20 0.2222 0.7778 1.61172×10-8 16.11 3.52 1.19187×10-8 -18.2452
393 1.20 2.75 20 0.2222 0.7778 1.61172×10-8 16.11 3.33 1.18553×10-8 -18.2505
413 1.20 2.75 20 0.2222 0.7778 1.61172×10-8 16.11 3.33 1.18553×10-8 -18.2505
433 22619467.1 1.40 2.55 20 0.2222 0.7778 2.04504×10-8 15.93 3.33 1.50586×10-8 -18.0113

τ Ranges for TBA, NBA and B are (6.34360×10-9- 9.16537×10-9, 8.85241×10-9- 1.94956×10-6 and 9.69367×10-9- 1.50586×10-8) respec-
tively.
Com-
pound

Tem-
perature 
(K)

ω v u α π/2 α 1 - α τo εs ε∞ τ ln τ

PB 313 27646015.4 2.60 1.60 8 0.0889 0.9111 6.16300×10-8 10.35 2.71 4.64656×10-8 -16.8846
333 2.60 1.60 8 0.0889 0.9111 6.16300×10-8 10.12 2.47 4.61007×10-8 -16.8924
353 2.50 1.50 10 0.1111 0.8889 6.42610×10-8 9.76 2.35 4.79982×10-8 -16.8521
373 2.40 1.50 10 0.1111 0.8889 6.13765×10-8 9.53 2.12 4.54689×10-8 -16.9062
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393 2.20 1.40 8.5 0.0944 0.9056 5.95847×10-8 9.06 2.24 4.46337×10-8 -16.9248
413 2.20 1.40 8 0.0889 0.9111 5.94036×10-8 8.82 2.00 4.40925×10-8 -16.937
423 2.10 1.40 13.5 0.1500 0.8500 5.82819×10-8 8.35 1.76 4.29495×10-8 -16.9632

TU 313 25132741.2 1.85 1.40 25 0.2778 0.7222 5.85274×10-8 14.14 3.96 4.44819×10-8 -16.9282
333 25132741.2 2.00 1.40 32 0.3556 0.6444 6.92031×10-8 13.29 4.57 5.40676×10-8 -16.733
353 25132741.2 1.95 1.40 32.5 0.3611 0.6389 6.68352×10-8 12.86 4.43 5.22312×10-8 -16.7676
373 28902652.4 2.10 1.05 30 0.3333 0.6667 9.78605×10-8 12.93 2.56 7.16988×10-8 -16.4508
393 28902652.4 2.10 1.05 29 0.3222 0.6778 9.62066×10-8 12.93 2.37 7.00158×10-8 -16.4745
413 27646015.4 1.90 1.15 30 0.3333 0.6667 7.68159×10-8 12.56 2.56 5.64295×10-8 -16.6903
433 26389378.3 1.90 1.25 33 0.3667 0.6333 7.33994×10-8 12.31 3.38 5.56507×10-8 -16.7042
453 26389378.3 1.90 1.25 30 0.3333 0.6667 7.10127×10-8 12.31 3.54 5.41489×10-8 -16.7315
473 27646015.4 2.20 1.05 31 0.3444 0.6556 1.11785×10-7 11.86 3.43 8.52999×10-8 -16.2771
493 26389378.3 2.10 1.20 32.5 0.3611 0.6389 9.09868×10-8 12.29 3.57 6.94678×10-8 -16.4824
513 26389378.3 2.00 1.30 32.5 0.3611 0.6389 7.43707×10-8 12.31 3.08 5.57831×10-8 -16.7018

τ Ranges for PB and TU are (4.29495×10-8- 4.79982×10-8and4.44819×10-8- 8.52999×10-8) respectively.
Com-
pound

Tem-
perature 
(K)

ω v u α π/2 α 1 - α τo εs ε∞ τ ln τ

Hg(BA)2 313 942477.8 1.60 1.00 32.5 0.3611 0.6389 2.21422×10-6 7.89 5.42 1.98316×10-6 -13.1308
333 125663.7 1.05 1.30 26 0.2889 0.7111 5.89325×10-6 7.75 5.25 5.25957×10-6 -12.1555
353 22619467.1 1.50 2.30 24 0.2667 0.7333 2.46818×10-8 6.66 1.08 1.77887×10-8 -17.8447
373 1.50 2.35 24 0.2667 0.7333 2.39685×10-8 6.38 1.38 1.77071×10-8 -17.8493
393 1.50 2.30 27 0.3000 0.7000 2.40062×10-8 6.31 1.38 1.77542×10-8 -17.8466
413 1.40 2.10 27 0.3000 0.7000 2.47719×10-8 6.17 0.96 1.77993×10-8 -17.8441
433 1.40 2.25 28 0.3111 0.6889 2.22027×10-8 5.92 1.00 1.60520×10-8 -17.9474
453 1.35 2.05 23 0.2556 0.7444 2.52243×10-8 6.00 0.96 1.81615×10-8 -17.824
473 1.30 2.05 24 0.2667 0.7333 2.37561×10-8 6.00 0.87 1.69856×10-8 -17.8909
493 21362830.0 1.20 2.45 27.5 0.3056 0.6944 1.6748×10-8 6.00 1.15 1.22353×10-8 -18.2189
513 21362830.0 1.25 2.40 27.5 0.3056 0.6944 1.82973×10-8 6.15 1.31 1.34974×10-8 -18.1208

Cr(TU)
(OH-)2.H2O

313 25132741.2 1.50 1.30 43.5 0.4833 0.5167 5.24864×10-8 7.43 5.66 4.83185×10-8 -16.8455
333 20106193.0 0.95 2.10 37 0.4111 0.5889 1.29324×10-8 6.53 2.93 1.05558×10-8 -18.3666
353 22619467.1 1.55 1.70 35 0.3889 0.6111 3.80077×10-8 6.33 2.53 3.04021×10-8 -17.3088
373 25132741.2 1.75 1.60 32.5 0.3611 0.6389 4.578×10-8 6.36 0.91 3.27034×10-8 -17.2358
393 25132741.2 1.75 1.60 33 0.3667 0.6333 4.58363×10-8 6.36 0.91 3.27437×10-8 -17.2346
413 25132741.2 1.75 1.60 35 0.3889 0.6111 4.60728×10-8 6.27 0.82 3.27237×10-8 -17.2352
433 25132741.2 1.70 1.50 35 0.3889 0.6111 4.88325×10-8 6.00 1.00 3.52679×10-8 -17.1603
453 25132741.2 1.70 1.50 35 0.3889 0.6111 4.88325×10-8 6.09 0.91 3.49873×10-8 -17.1683
473 25132741.2 1.70 1.50 35 0.3889 0.6111 4.88325×10-8 6.09 1.00 3.52278×10-8 -17.1614
493 25132741.2 1.70 1.50 36 0.4000 0.6000 4.90181×10-8 6.00 0.91 3.51569×10-8 -17.1634
513 25132741.2 1.70 1.50 36 0.4000 0.6000 4.90181×10-8 6.00 0.82 3.49118×10-8 -17.1704

τ Ranges for Hg(BA)2 and Cr-(TU)(OH-)2.H2O are (1.22353×10-8- 5.25957×10-6 and 1.05558×10-8 - 4.83185×10-8)  respectively .
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Com-
pound

Tem-
perature 
(K)

ω v u α π/2 α 1 - α τo εs ε∞ τ ln τ

Mn
(TU)2.
H2O

313 25132741.2 1.90 1.85 25 0.2778 0.7222 4.12854×10-8 8.56 1.33 2.96618×10-8 -17.3334
333 25132741.2 1.90 1.85 26 0.2889 0.7111 4.13092×10-8 8.22 1.11 2.93989×10-8 -17.3423
353 25132741.2 1.75 1.65 23 0.2556 0.7444 4.30612×10-8 7.89 1.56 3.15455×10-8 -17.2718
373 22619467.1 1.30 2.00 20 0.2222 0.7778 2.54084×10-8 7.88 1.41 1.84544×10-8 -17.808
393 25132741.2 1.65 1.60 20 0.2222 0.7778 4.13945×10-8 7.76 1.53 3.03168×10-8 -17.3116
413 23876104.2 1.40 1.70 22.5 0.2500 0.7500 3.23302×10-8 7.41 1.41 2.36041×10-8 -17.5618
433 25132741.2 1.60 1.55 25 0.2778 0.7222 4.15769×10-8 7.44 1.44 3.04003×10-8 -17.3088
453 25132741.2 1.60 1.55 24 0.2667 0.7333 4.15492×10-8 7.33 1.44 3.04203×10-8 -17.3082
473 25132741.2 1.85 1.75 28 0.3111 0.6889 4.31313×10-8 8.11 1.11 3.07220×10-8 -17.2983
493 25132741.2 2.00 1.80 28 0.3111 0.6889 4.63642×10-8 8.56 1.33 3.33107×10-8 -17.2174
513 21362830.0 1.35 2.10 30 0.3333 0.6667 2.41275×10-8 9.73 1.47 1.73001×10-8 -17.8726

Co-Ni
(TU)3.4
H2O

313 26389378.3 2.30 1.70 20 0.2222 0.7778 5.58931×10-8 9.00 1.56 4.04914×10-8 -17.0222
333 2.20 1.55 25 0.2778 0.7222 6.15401×10-8 8.56 1.44 4.44776×10-8 -16.9283
353 2.00 1.45 25 0.2778 0.7222 5.91492×10-8 7.89 1.33 4.27564×10-8 -16.9677
373 1.70 1.40 20 0.2222 0.7778 4.86389×10-8 7.29 1.29 3.52949×10-8 -17.1595
393 2.00 1.45 30.5 0.3389 0.6611 6.16346×10-8 6.91 1.36 4.51333×10-8 -16.9136
413 1.95 1.50 30 0.3333 0.6667 5.61676×10-8 6.91 1.18 4.06423×10-8 -17.0185
433 2.10 1.30 31 0.3444 0.6556 7.87553×10-8 6.54 1.85 5.99295×10-8 -16.6301
453 1.95 1.40 30 0.3333 0.6667 6.22918×10-8 6.73 1.36 4.57238×10-8 -16.9006
473 2.15 1.25 31 0.3444 0.6556 8.66666×10-8 6.62 1.85 6.58509×10-8 -16.5359
493 2.00 1.45 31 0.3444 0.6556 6.18892×10-8 6.73 1.27 4.51524×10-8 -16.9132
513 21362830.0 1.10 2.00 20 0.2222 0.7778 2.17031×10-8 7.22 1.22 1.56912×10-8 -17.9702

τ Ranges for Mn(TU)2.H2O and Co-Ni(TU)3.4H2Oare (1.73001×10-8 - 3.33107×10-8 and 1.56912×10-8 - 6.58509×10-8)  respectively.
Com-
pound

Tem-
perature 
(K)

ω v u α π/2 α 1 - α τo εs ε∞ τ ln τ

Hg
(TU)2.4
H2O

313 21362830.0 1.70 2.50 16 0.1778 0.8222 2.92844×10-8 9.33 1.67 2.12701×10-8 -17.666

333 1.20 2.10 17 0.1889 0.8111 2.34804×10-8 7.89 1.89 1.75285×10-8 -17.8594
353 1.05 1.90 15 0.1667 0.8333 2.29755×10-8 7.73 1.60 1.69022×10-8 -17.8958
373 1.10 2.10 20 0.2222 0.7778 2.03835×10-8 7.53 1.41 1.48613×10-8 -18.0245
393 1.10 2.10 22.5 0.2500 0.7500 1.97654×10-8 7.29 1.18 1.42434×10-8 -18.067
413 1.30 2.20 30 0.3333 0.6667 2.12629×10-8 7.18 1.45 1.56066×10-8 -17.9756
433 1.10 2.40 30 0.3333 0.6667 1.45249×10-8 7.18 1.64 1.07892×10-8 -18.3447
453 1.10 2.10 21 0.2333 0.7667 2.01394×10-8 7.44 1.44 1.47256×10-8 -18.0337
473 1.10 1.80 0 0.0000 1.0000 2.86063×10-8 7.47 1.73 2.12792×10-8 -17.6655
493 942477.8 2.10 1.90 14 0.1556 0.8444 1.19454×10-6 21.14 7.05 9.29151×10-7 -13.889
513 4398.2 1.20 1.50 25 0.2778 0.7222 1.67000×10-4 24.55 14.09 1.43000×10-4 -8.8511

τ Ranges for Hg(TU)2.4H2Ois (1.07892×10-8- 1.43000×10-4) .

     Volume 5 | Issue 1 | 79J Chem Edu Res Prac, 2021 www.opastonline.com

Continued:



Figure 28: ln τ-1000/T relationship for ligands

Figure 29: ln τ-1000/T relationship for complexes

Table 4: The activation energies Eo(kJ mol-1) for the relaxation 
processes of compounds

Compound Eo( kJ mol-1)
AD 4.85
HEAD 3.97
TBA 2.66
NBA 5.37
B 0.27
PB 0.54
TU 5.05
Hg(BA)2 6.43
Cr(TU)(OH-)2.H2O 5.34
Mn(TU)2.H2O 5.99
Co-Ni(TU)3.4H2O 8.65
Hg(TU)2.4H2O 5.85

Electrical Conductivity Measurements
The alternating current conductivity(σ) is calculated according to 
the following equation [10]:

The frequency dependence of a. c. conductivity for ligands and 
complexes at different temperatures is illustrated in Figures (30, 
31). The behavior shows that the a. c. conductivity gradually in-
creases with increasing the frequency. At lower frequencies the 
grain boundaries are more effective than grains in electrical con-
duction hence the hopping of ions are bound at lower frequen-
cies. As the frequency of the applied field increases the conductive 
grains become more active and promote the conduction mecha-
nism [25].

From the practical standpoint, materials may be classified accord-
ing to their conductivities into three categories [14]:

                                          Conductivity range

i. Conductors 106-108Ω-1 m-1

ii. Semiconductors 105-10-7Ω-1 m-1

iii. Insulators 10-8-10-20Ω-1 m-1

However, the conductivity of the conductors decreases with in-
creasing temperature whilst that of semiconductors and insulators 
increases with increasing temperature [14].

In the present ligands and complexes, the conductivities have a 
magnitude close to that of semiconductors, where the electrons in 
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the orbitals are not of sufficient mobility to be promoted [26-33]. 
The study of the conduction mechanism of organic materials leads 
to an increasing use of these materials in commercial devices such 
as solar energy panels, scintillation counter and also in some tech-
nological applications such as photocopy process [34].

The investigation of electron transport in disorder systems has 
been gradually developed.

The investigation of gap states is of particular interest, because of 
their effect on the electrical properties of semiconductor materials 
[35, 36]. Several concepts proposed by many workers start from 
the premise that the contribution of carriers hopping between lo-
calized states to electrical conductivity is expected in amorphous 
semiconductors [37-39]. The hopping conduction can be easily 
distinguished from that of the band conduction by measuring the 
frequency dependence of conductivity, which as expected, is due 
to conduction in localized states [39-42].

Theories proposed for a.c. conduction in amorphous semiconduc-
tors have mostly assumed that carrier motion occurs through quan-
tum mechanical tunneling (QMT) between localized states near 
the Fermi-level [43, 44].

The classification of organic compounds on the basis of semicon-
ducting properties was originally proposed by Garrett [45]. This 
classification consisted of polymers, charge transfer (CT) com-
plexes and molecular crystals. Another mode of classification was 
given to four groups [46]: (i) molecular crystals bonded by rela-
tively weak Van der Waals forces, (ii) complexes which also ex-
hibit, in addition to the Van der Waals interaction, a varying degree 
of covalent and coordinate bonding, (iii) polymers which are really 
macromolecules held together by ionic and covalent bonding, and 
(iv) free radicals or their salts.

Eley proposed a theory of charge carrier formation and migration 
in organic semiconductor based on simplified assumption that 
the electron should tunnel from the first excited molecular orbital 
through a conductivity of levels [47-49]. Hansel model for electri-
cal conduction mechanism of organic solids is based on [50]:
1. The conductivity depends on the mobility of π-electrons. 
2. In the molecule, the π-electrons are localized in the molecule 

framework and their delocalization requires activation energy. 
3. The delocalized π-electrons migrate to the neighbouring mol-

ecule by tunnel effect. As the temperature increases, the bonds 
are exhausted resulting in an increase of the conductivity. 

Figure 30: A.C. conductivity σ-lnf relationship for ligands at dif-
ferent temperatures 

Figure 31: A.C. conductivity σ-lnf relationship for complexes at 
different temperatures   40°C,  60°C,  80°C, 100°C,  120°C, 140°C, 
160°C, 180°C, 200°C,  220°C and   240°C

The electrical conductivity of substances at a given frequency var-
ies exponentially with the absolute temperature according to the 
Arrhenius relation [51]: 

σ = σo e
-ΔE/kT
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where σ is the electrical conductivity at an absolute temperature T, 
σo is the pre-exponential factor, ΔE is the activation energy.

Therefore, the temperature dependence of the electrical conduc-
tivity is characterized by the two constants: the activation energy 
(ΔE) and the pre-exponential factor (σo).

The variations of ln σ as a function of reciprocal absolute tem-
perature for ligands and complexes at different frequencies are il-
lustrated in Figures (32, 33). The activation energy data and ln σo 
values for ligands and complexes are given in Table (5).

A discontinuity in the conductivity curve at a transition tempera-
ture can be ascribed to a molecular rearrangement or different 
crystallographic or phase transitions [52, 53]. The magnitude of 
the conductivities along with the values of the energy gaps indicat-
ed slight semiconducting properties. The most realistic description 
of the complexes involves an interaction of the metal orbitals with 
the ligands to give new molecular orbitals (MO), which are de-
localized over the whole molecular complex. In view of the high 
degree of covalency in the M-O and M-N bonds, it is no longer 
permissible to distinguish the central metal from the ligands. The 
complexes must be regarded as individual entities.

The experimental results of a.c. conductivity σ, have been analyzed 
in terms of various theoretical models. Application of correlated 
barrier-hopping (CBH) model reveals that electronic conduction 
takes place by bipolaron or mixed polaron hopping process [54].

The relationship between molecular structure and electrical prop-
erties was deduced [55, 56]. On the basis of electronic transition 
within molecules, two pathways for the conduction of electrici-
ty may be expected [57]. The first conducting process occurring 
in the lower temperature region is attributed to n→π* transitions 
which require less energy to be performed. In the upper tempera-
ture region, conduction could be attributed to π→π* transitions 
which need more energy to participate in electronic conduction. 
The observed increment of conduction in the upper temperature 
region may be attributed to interactions between n→π* and π→π* 
transitions.

The lower temperature range is the region of extrinsic semicon-
ductor where the conduction is due to the excitation of carriers 
from donor localized level to the conduction band. In the upper 
temperature range, the intrinsic region is reached where carriers 
are thermally activated from the valence band to the conduction 
band [58]. This behavior can be explained as follows: the upper 
temperature range may be attributed to the interaction between the 
electrons of d-orbitals and the p-orbitals of the ligand [59]. This 
interaction will lead to small delocalization of the p-electronic 
charge on the ligand which tends to increase the activation ener-
gy. The presence of d-electrons in a narrow energy band leads to 
magnetic ordering and degeneracy of d-bands with respect to the 
orbital quantum number, which is only partially lifted in a crystal 
field [60, 61].

In all ligands and complexes, during thermal agitation, an addi-
tional increase in electrical conductivity occurs, which probably 
indicating a discontinuity of the chemical bonds existing in the 

structure. This is a useful criterion for ascertaining the nature of 
the metal-ligand bonding [62].

It is found that the activation energy decreased with increasing the 
atomic number of the metal in the Mn(TU)2.H2Oand Hg(TU)2.4H2O 
complexes , which indicates that the presence of holes in the sys-
tem has little effect on the mobility of charges [63, 64].

For the complexes, the metal ion forms a bridge with the ligands, 
thus facilitating the transfer of current carriers with some degree 
of delocalization in the excited state during measurements. Mean-
while, this leads to an increase of the electrical conductivity with a 
decrease in energy of activation [65].

Figure 32: ln σ-1000/T relationship for ligands at different fre-
quencies  10 kHz, 50 kHz,  100 kHz, 500 kHz and  1000 kHz
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Figure 33: ln σ-1000/T relationship for complexes at different frequencies  10 kHz,  50 kHz,  100 kHz, 500 kHz and  1000 kHz

Table 5: The activation energy data ΔE(kJ mol-1) and ln σo values for compounds at different frequencies

Compound Frequency(kHz) ln σo ΔE(kJ mol-1)
AD 10 -18.50 6.24

50 -18.66 1.33
100 -14.57 17.43
500 -17.27 1.67
1000 -18.67 1.20

HEAD 10 -6.23 37.09
50 -5.51 36.78
100 -5.87 34.61
500 -8.46 23.79
1000 -9.28 20.22

TBA 10 -19.53 7.23
50 -19.19 5.22
100 -15.95 10.36
500 -16.32 9.89
1000 -13.09 10.63

NBA 10 -13.55 29.70
50 -18.43 8.23
100 -17.29 7.45
500 -16.93 3.92
1000 -9.69 21.43

B 10 -19.22 3.76
50 -18.31 2.49
100 -18.28 0.56
500 -17.12 3.14
1000 -16.90 0.62

PB 100 -12.90 25.36
500 -6.10 49.88
1000 -15.17 4.16

TU 10 -2.18 65.78
50 -1.23 65.38
100 0.55 71.27
500 -1.21 60.04
1000 7.25 95.70

     Volume 5 | Issue 1 | 83J Chem Edu Res Prac, 2021 www.opastonline.com



Compound Frequency(kHz) ln σo ΔE(kJ mol-1)
Hg(BA)2 10 -4.47 60.91

50 -5.13 54.84
100 -4.44 56.39
500 -6.06 45.55
1000 -3.71 54.32

Cr(TU)(OH-)2.H2O 10 -16.33 10.97
50 -16.21 8.02
100 -15.84 7.96
1000 -15.78 8.18

Mn(TU)2.H2O 10 6.88 99.23
50 7.70 98.40
100 9.66 104.81
500 7.26 91.40
1000 8.36 94.82

Co-Ni(TU)3.4H2O 10 -11.01 34.78
50 -10.96 30.76
100 -10.02 33.58
500 -9.23 31.86
1000 -4.39 50.94

Hg(TU)2.4H2O 10 0.76 73.11
50 0.87 69.70
100 2.20 73.30
500 2.03 67.99
1000 2.84 69.11

Molecular Modeling
The molecular modeling calculations are widely increasing nowa-
days for the expectation of the mechanism of the reactions and the 
identification of the products [66].

This saves time and money. The multidentate ligands including 
nitrogen, sulphur and oxygen atoms are versatile and useful for 
assembly new molecules, because they can coordinate many tran-
sition metal ions. Thus, the syntheses and structures of new com-
plexes are significant for understanding the biological phenomena 
and exploiting artificial models [67].

Also, a theoretical support for the experimental findings regarding 
the donor atoms could be obtained on comparing the molecular 
models of the complexes with that of the free ligands.

For example the molecular modeling calculations of the com-
pounds BA and Hg(BA)2, Figures (34, 35) (a(ChemOffice mod-
eling), b(HyperChem modeling)) are given concerning the bond 
lengths, bond angles, dihedral angles and HyberChem data.  These 
calculations are based on using molecular orbital package (MO-
PAC) for minimizing energies where the Austin Model 1(AM1) 
method is used, also Parameterized Model 3(PM3) is applied for 
HyberChem.

Quantum chemical parameters such as the highest occupied mo-
lecular orbital energy (EHOMO) and the lowest unoccupied molecu-
lar orbital energy (ELUMO) were given using HyberChem modeling, 
where energy gap (ΔE) and parameters which give information 
about the reactive chemical behavior of compounds such as elec-
tronegativity (χ), chemical potential (µ), global hardness (η), soft-
ness (σ) and electrophilicity index (ω) were calculated, Table (6).

The concepts of these parameters are related to each other, the 
energies of the (HOMO) and (LUMO) orbitals of the molecule 
are related to ionization potential (I) and the electron affinity (A), 
respectively, and their relations with χ and µ are given by the fol-
lowing equations [68-72]:

I= -EHOMO                      µ= -χ

A= -ELUMO

Large χ values characterize acids and small χ values are found for 
bases.

OMOHLUMO EEE −=∆
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The qualitative definition of hardness is related to the polarizabili-
ty, because a decrease of the energy gap usually leads to an easier 
polarization of the molecule [68].

The inverse of the hardness is equal to softness, (σ) as follows:

The energy difference between the HOMO and LUMO (HO-
MO-LUMO gap) can be used to predict the strength and stability 
of transition metal complexes.

Hard molecules have a large HOMO-LUMO gap while, soft mol-
ecules have a small HOMO-LUMO gap.

Soft molecules have small excitation energies to the excited states, 
therefore they will be more polarizable and more reactive than the 
hard molecules.

Hard molecules resist changes in their electron number and dis-
tribution.

The electrophilicity index (ω) in terms of chemical potential (µ) 
and hardness (η) is given from the equation [73-75]:

BA, TBA and B have a largest values of χ, Table (6).

HOMO-LUMO gap is decreased and softness increased upon 
complexation with BA ligand, which give stabilization for com-
plex formation.

Figure 34: The molecular modeling of Barbituric acid (BA), a) 

ChemOffice,  b) HyperChem

HyperChem Calculations
Total energy: -40174.049 (kcal/mol).
Binding energy: -1420.823 (kcal/mol).
Isolated atomic energy: -38753.226 (kcal/mol).
Electronic energy:  -165585.243 (kcal/mol).
Core-core interaction: 125411.193 (kcal/mol).
Heat of formation: -124.178(kcal/mol).
Dipole moment: 0.810 Debye.
HOMO: -10.828eV; LUMO: -0.421eV.
Net charges of atoms: (1(-0.024), 2 (0.230), 3(-0.361), 
4(-0.024), 5(0.251), 6(-0.334), 7(-0.145), 8(0.251), 9(-
0.334),10(0.127),11(0.127),12 (0.117) and 13(0.118)).

Figure 35: The molecular modeling of Hg(BA)2, a) ChemOffice, 
b) HyperChem 

HyperChem Calculations
Total energy: -80283.147 (kcal/mol).
Binding energy: -2713.185 (kcal/mol).
Isolated atomic energy: -77569.963 (kcal/mol).
Electronic energy:  -447712.500 (kcal/mol).
Core-core interaction: 367429.353 (kcal/mol).
Heat of formation: -209.409 (kcal/mol).
Dipole moment: 3.087 Debye.
HOMO: -10.030eV; LUMO: -0.652eV.

a

a

b

b
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Net charges of atoms: (1(-0.317), 2(0.328), 3(-0.343), 4(-0.251), 
5(0.168), 6(-0.229),7(-0.097), 8(0.283), 9(-0.369),10(0.745),11(-
0.317),12(0.327),13(-0.343),14(-0.251),15(0.168),16(-0.229),17(-

0.097), 18(0.283), 19(-0.369), 20(0.237), 21(0.237), 22(0.111), 
23(0.109), 24(0.111) and 25(0.109)).

Table 6: Quantum chemical parameters (eV) of compounds calculated by PM3 method

Compound EHOMO ELUMO ΔE= (EL-EH) χ µ η σ ω
AD -8.557 -0.234 8.323 4.3955 -4.3955 4.1615 0.2403 2.3213
HEAD -8.778 -0.411 8.367 4.5945 -4.5945 4.1835 0.2390 2.5229
BA -10.828 -0.421 10.407 5.6245 -5.6245 5.2035 0.1922 3.0398
Hg(BA)2 -10.030 -0.652 9.378 5.3410 -5.3410 4.6890 0.2133 3.0418
TBA -9.529 -1.750 7.779 5.6395 -5.6395 3.8895 0.2571 4.0884
B -10.761 -0.328 10.433 5.5445 -5.5445 5.2165 0.1917 2.9466
PB -8.388 -1.077 7.311 4.7325 -4.7325 3.6555 0.2736 3.0634
TU -9.278 -1.343 7.935 5.3105 -5.3105 3.9675 0.2520 3.5541
Hg(TU)2.4H2O -9.251 -1.265 7.986 5.2580 -5.2580 3.9930 0.2504 3.4619
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