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Dielectric relaxation and alternative current conductivity of a new organic
compound 2-(1,2-dihydro-7-methyl-2-oxoquinoline-5-yl) malononitrile (DMOQMN)
have been investigated. X-ray diffraction (XRD) at room temperature reveals
that DMOQMN samples have a polycrystalline structure of the triclinic sys-
tem. The analysis of the dielectric constant and dielectric loss index suggested
the dominant polarization is performed and the Maxwell-Wagner—Sillar type
polarization is dominating at low frequency and high temperature. These
results have been confirmed by the XRD and dielectric modulus. The esti-
mated relaxation time and the activation energy are 9 x 1072 s and 0.43 eV,
respectively. Our results indicated that the conduction mechanism of
DMOQMN is controlled by the correlation barrier hopping (CBH) model.
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INTRODUCTION

Organic semiconductors have received great
attention consistent with their advantages of poten-
tial low-cost, flexibility and wide-spread fabrica-
tion."? Organic semiconductors are used in a wide
range of optoelectronic and electronic devices, such
as field-effect transistors (FETs),> organic light-
emitting diodes (OLEDs),* photovoltaic cells®® and
photodetectors.”

The screening of new organic semiconductors
with certain inserted properties of the electronic
devices could be a major area of research. Quinoline
is one of the organic families, which is a class of
heterocyclic compounds with many pharmaceutical
applications.® ! Tt is used as a treatment for cancer
and biological activity.'®'® The quinoline deriva-
tives and complexes are important in vital techno-
logical applications such as OLEDs, energy
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conversion devices and electron transport mate-
rial.’ 2-(1,2-dihydro-7-methyl-2-oxoquinoline-5-yl)
malononitrile (DMOQMN) is one of the quinoline
derivatives and its molecular structure is shown in
Scheme 1.

The dielectric relaxation spectroscopy (DRS) gives
evidence about the orientation and translation
adjustment of the mobile charges present in the
dielectric medium.®'® This method is sensitive to
the molecular fluctuation of dipoles inside the
structure of semiconductor material. These fluctu-
ations are related to the molecular mobility of
groups, dipoles or whole segments of the material.
The contributions of dielectric polarization compo-
nents such as electronic, ionic and orientational
polarization are responsible for the variation of the
dielectric constant values.!”'® Moreover, at low
frequency and high temperature, the material
becomes electrically conductive and shows an
increase in the dielectric constant, ¢, as a result of
the interfacial polarization and electrode polariza-
tion. In polycrystalline semiconductors, the
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Scheme 1. Molecular structure of 2-(1,2-dihydro-7-methyl-2-oxo-
quinoline-5-yl) malononitrile (DMOQMN) compound.

interfacial polarization is due to the trapping of free
charge carriers at the boundaries, which exist
between crystalline phases.'® Despite the techno-
logical applications of this material in OLED tech-
nology®® and as emitting materials,?! the literature
survey shows a lack of study of dielectric relaxation
and alternating current (AC) conductivity for
DMOQMN materials. Because cyanide (CN), car-
bonyl (C=0) and NH groups have a strong dipole
moment, relaxation processes of DMOQMN can be
examined. Therefore, in this work we have investi-
gated the structure, dielectric relaxation and the AC
conductivity of DMOQMN for the first time. More-
over, we have investigated the structure of
DMOQMN by using Fourier transform infrared
(FTIR) and x-ray techniques.

EXPERIMENTAL TECHNIQUES

The DMOQMN was prepared by direct reaction
between 5-chloro-7-methylquin-2-(1H)-one and
malononitrile in a molar ratio of 1:1 in the presence
of sodium acetate in boiling DMF. The details of
DMOQMN synthesis were described previously.??
The powder of DMOQMN was ground in a mortar to
get fine particles. The bulk sample in the form of
round pellets (diameter 12 mm; thickness 2.83 mm)
was obtained by compressing the DMOQMN powder
under a pressure of 2 x 10® Pa. Two gold (Au)
electrodes were made on both sides of the pellet using
thermal evaporation (Edwards 306A) under a pres-
sure of about 10~* Pa and deposition rate of 2.5 A/s.

FTIR spectra, in the spectral range 4000 cm '—
400 cm !, were used to study the molecular structure
of DMOQMN using an ATI Mattson IR spectropho-
tometer. The structural characteristics of DMOQMN
were investigated by x-ray diffraction (XRD) pat-
terns. A Philips x-ray diffractometer (model X’ pert)
operated at 40 kV and 25 mA was used in the
measurements utilizing monochromatic CuK, radia-
tion. The diffraction patterns were recorded natu-
rally with a checking speed of 2° per minute.

The AC conductivity and dielectric measurements
were completed utilizing a programmable automatic
RLC bridge (Hioki type 3532 Hitester). For the
specimen under study, the capacitance, C, the
impedance, Z, and the phase angle, ¢, were
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Fig. 1. Fourier transforms infrared (FTIR) spectra for powder
DMOQMN.

measured. The dielectric constant, ¢, and the
dielectric loss, ¢”, were recorded in the frequency
ranges of 42 Hz-5 MHz and temperature range
303—413 K. The ¢ and ¢” were calculated from the
equations:

¢ =dC/eS (1)

and
¢ =¢tand (2)

where d is the thickness of the sample, ¢, is the
permittivity of free space, S is the surface area of
the electrode of the sample holder and 6 = 90—¢.
The total conductivity, o, was calculated from the
following equation: ¢ = d/ZS. The temperature of
the sample was recorded by using a NiCr-NiAl
thermocouple with an accuracy of £1 K.

RESULTS AND DISCUSSION

Molecular and Crystalline Structure of
DMOQMN

FTIR spectroscopy has been utilized to investi-
gate the molecular structure of DMOQMN as shown
in Fig. 1. The peak, which is located at 3135 cm ™ *, is
attributed to N-H vibrations. The vibration of
aromatic C—H stretching is observed at 3000 cm !
while the band appearing in the region 1072.5—
1282.86 cm ! is ascribed to the presence of the C-H
in-plane bending vibration and C-H. The out-of-
plane bending vibration appears at 712.22 cm '.
The band appearing at 1666.44 cm ! is associated
with C=0 stretching vibration and the band at
2209.33 is due to C=N vibrations. The asymmetric
C-H stretching vibration in CHs; appears at
2928.69 cm .

The XRD pattern of DMOQMN in powder form is
shown in Fig. 2. It is clear that many diffraction
peaks with different intensities are observed,
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showing a polycrystalline structure. Using the
CRYSFIRE computer program®® the system and
the lattice constant of DMOQMN sample have been
computed. The analysis posted a triclinic structure
with lattice parameters a = 10.984 A, b = 11.045 A,
c =18.888 A, o = 101.66°, = 57.64° and y = 64.19°
and with space group P-1. Moreover, the CHECK-
CELL program®® was used for indexing the Miller
indices, which have been calculated and are pre-
sented in Fig. 2 for all diffraction peaks of the
investigated sample. The obtained values of Miller’s
indices, hkl, are also shown in Fig. 2.

Dielectric Spectra of DMOQMN

The frequency-temperature dependence of & of
DMOQMN at some constant temperatures is shown
in Fig. 3a. It is clear that the values of ¢ decrease
gradually with an increase in the frequency and
attain almost a constant value at higher values of the
field frequency. Also, ¢’ increases with the increase in
temperature. In general, the polarization of the
investigated sample is due to electronic, dipolar and
space charge polarization. Since the structure of
DMOQMN is polycrystalline, the electronic polariza-
tion is the most important and contributes to the total
polarization process. The decrease in ¢ with the
increase in the frequency can be attributed as follows:
the polarization process of the polar material is due to
the contribution of multi-components such as defor-
mational polarization (ionic and electronic) and
relaxation polarization (orientation and space
charge). As the frequency increases the dipoles due
to deformation, polarization will not be able to rotate
in the direction of the applied field. With further
increasing of the frequency, these dipoles will not be
able to completely follow the electric field and polar-
ization is stopped. So, ¢’ decreased and approached a
constant value at higher values of frequency. Conse-
quently, the total polarization, in this case, is mainly
due to the space charge polarization. The increase in
¢ with the increase in temperature at low frequency
indicates that the polarization process of DMOQMN
is dipolar in nature.'® So, the polarization of the
dipolar groups (CN, C=0, and NH) plays an
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Fig. 2. XRD pattern of DMOQMN in the powder form.

important role throughout this process. Obviously,
at higher temperatures, these dipoles tend to orient
more with the field direction as the thermal agitation
facilitates rotation of the dipoles.

The frequency-temperature dependence of &’ of
DMOQMN at some constant temperature exhibits
similar behavior and it is depicted in Fig. 3b. The
higher values of ¢ at low frequency can be assigned
to the crystal structure of DMOQMN, which is
polycrystalline with a triclinic crystal system. Thus,
the free charge can be gathered at the interphases
between these crystal phases near the electrode.
This impact can be attributed to the charge trapping
of the interface between the polycrystalline
phases.?® So, the Maxwell-Wagner—Sillars (MWS)
is predominant as a type of polarization.

The electrical response of polar material like
DMOQMN can be analyzed by a complex modulus
formalism. An electric modulus formalism is an
advantageous gadget to dissect and explain the
dynamical parts of the electrical transport phenom-
ena. The major feature of M* formalism is that the
electrode or the interfacial polarization impact can
be curbed.?®?” Usually, in polar material, which is
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Fig. 3. Frequency dependence of (a) dielectric constant (¢") and (b)
dielectric loss (¢”) of DMOQMN at different temperatures.



1096

interfacial polarization is obscured by the conduc-
tivity and dielectric permittivity which can take
very high values at low frequency and at high
temperature. So, to overcome this difficulty, M*
formalism has been used to analyze the electrical
conductivity of the polar material.

ggle complex dielectric modulus M*(w) formulated
by~°:

1
M (o) = =M +iM"
() = gy =M+ 3)
o P amdM =" (4)
&2 + &/'2 &2 + &2

where M’ and M” are the real and imaginary parts
of the dielectric modulus, respectively.

Figure 4a displays the frequency dependence of
M’ for DMOQMN at some constant temperatures. It
is evident that for each temperature, M’ reaches a
constant value at a higher frequency above 1 MHz.
However, M’ approaches zero at a lower frequency
(400 Hz). This confirms the presence of an appre-
ciable electrode and ionic polarization in the tem-
perature range of study. Therefore, it can suggest
that the nature of the crystal structure of
DMOQMN, which is polycrystalline, leads to con-
structing interfaces between the crystalline phases.
These interfaces give rise to interfacial polarization
or MWS polarization.?? This phenomenon appears
in the heterogeneous structure due to the accumu-
lation of charges at the interfaces and formation
space charges close to the electrode. Interfacial
polarization results in the permittivity mode and at
a high value of ¢, decreases rapidly with the
increase in the field frequency. For this study, the
electric modulus and the relaxation behavior can be
attributed to the MWS effect.

Figure 4b shows the frequency dependence of M”’
for DMOQMN at some fixed temperatures. A relax-
ation peak was observed for DMOQMN sample.
This pattern provides wider information about the
charge transport such as the conduction mecha-
nism, conduction relaxation, and ion dynamics as a
function of frequency and temperature.?® M” has
small values at the low-frequency region, revealing
the case of polaron hopping, where the charge
carriers are moved over a long distance. Further-
more, M” has a maximum peak at each tempera-
ture, for which a relaxation mechanism is
applicable. By increasing the frequency above the
peak, the carriers seem to be confined to a potential
well, thus becoming mobile over a short distance.®
As the temperature is increased, the motion of the
charge carriers turns out to be faster, leading to a
decreased relaxation time, with a subsequent shift
of the peak value of M” toward higher frequencies.
This behavior proposes that the relaxation is ther-
mally activated, and charge carrier hopping is
occurring.®’
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Fig. 4. Frequency dependence of (a) the real part of the dielectric
modulus, (M) and (b) the imaginary part of the dielectric modulus,
(M”) of DMOQMN at different temperatures.

The conductivity relaxation frequency, w,, con-
forming to M .., yields the most plausible conduc-
tivity relaxation time (r,,) and it was obtained from
the condition wyty, = 1. The temperature depen-
dence of 1, is obtained from M” spectra shown in
Fig. 5. It noted that 7, exhibits an activated behav-
ior obeying the Arrhenius law>":

Tm = To €Xp(AER/kT) (5)

where 1, is the relaxation time at infinite temper-
ature, AER is activation energy and kg is the
Boltzmann constant. The obtained values of 7, and
AER are calculated from the interceyt and slope of
the linear fit which equal 9.2 x 107'® s and 0.43 eV,
respectively. The activation energy has a lower
value than those reported for some organic
compounds.>°

M"” curves can be reduced to a master curve with
o and M7 . Figure 6 illustrates the master curve
for DMOQMN samples at some constant tempera-
tures. It is clear that the shape exhibits asymmetric
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Fig. 6. The normalized plots of M'/M!,, versus In(w/wmax) for
DMOQMN.

behavior and is broader than that of Debye relax-
ation.? This behavior can be described by a non-
Debye type of relaxation time governed by’

¢(t) = exp(—t/7), 0<p>1 (6)

where ¢(¢) is the time evolution of the electric field
in the sample and f is the Kohlrausch exponent. A
nonexponential type relaxation governed by Eq. 6
suggested that the ion migration can be taking place
via hopping accompanied by a consequential time-
dependent mobility of other charge carriers of the
same type in the vicinity. This will cause an
additional relaxation of the applied electric field.

AC Conductivity of DMOQMN

AC conductivity is an important factor which
gives information about the transport phenomenon
in materials. It is a good method for determining the
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Fig. 7. Variation of the total conductivity, oac(®), with Inw at different
temperatures for DMOQMN.

hopping dynamics of the charge carrier. Figure 7
shows the total conductivity, o(w), as a function of
frequency at different temperatures for a
DMOQMN sample. It is clear that the o(w) spectra
show weak frequency dependence at low frequen-
cies, and then it increases rapidly at higher fre-
quencies. Similar behavior has been observed in
many organic materials.?*™*3

The dependence on the frequency of the applied
field on the conductivity (o) can be described by the
Jonscher equation®*:

o(w) = opc + oac(w) = opc(w) +Aw® (7)

where opc and gac(w) correspond to the DC and AC
conductivity, respectively, A is a pre-factor that
depends on temperature and composition, w is the
angular frequency and s is the power exponent
factor that can take the value range from
0< s< 1% The exponent s is very important,
which determines the dominant type of conduction
mechanisms.*® The values of the frequency expo-
nent, s, is calculated from the slope of the linear
lines of In o5¢ versus Inw and is illustrated in Fig. 8
as a function of temperature. It is observed that the
value of s decreases with the increase in tempera-
ture and approaches 0.741 at 413 K where the
correlated barrier hopping model (CBH)*? is the
most suitable mechanism to describe the AC con-
ductivity of DMOQMN in the study range of tem-
perature. This behavior is in agreement with other
organic materials.??~*?

In a CBH model, the electrical conductivity oac
due to bifolaron hopping to a first approximation is
given by*":
2N2e [ 8e2 \® o® 3
OAC = oy (sWM> 73S ®

where Wy the maximum barrier height at an
infinite inter-site*® and is given by:
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The values of Wy as a function of temperature are
shown in Fig. 8. It is observed that Wy, decreases
with increase in temperature. This leads to the
decrease of the exponent s with the increase in
temperature.

The temperature dependence of AC conductivity
at different frequencies is shown in Fig. 9. It is
observed that DMOQMN has a semiconductor
behavior in the full range of temperature, where
Inoac changed linearly with the reciprocal of the
absolute temperature. At a higher temperature,
In 6ac has high values; this may be attributed to an
increase in the number of charges, which makes
hopping increase. The increase in conductivity with
the increase in temperature is due to the increase in
the thermally activated electron drift velocity of
charge carriers according to the hopping conduction
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Fig. 10. The variation of AC activation energy, AExc with frequency
for DMOQMN.

mechanism. The activation energy calculated from
the modified Arrhenius equation of oa¢ is given by:

oac = 0o(—AEac/ksT) (10)

where o, is a pre-exponential constant, and AE z¢ is
the activation energy of AC conduction.

Figure 10 shows the relation between AE,c and
the field frequency. It is seen that AE ¢ decreases
with the increase in the frequency. This behavior
confirms that the conduction mechanism of AC
conductivity 1is controlled by hopping type
conduction.*®

CONCLUSION

The FTIR spectra, XRD, dielectric properties,
dielectric modulus and AC conductivity of novel
DMOQMN have been investigated. XRD shows that
DMOQMN is a triclinic polycrystalline structure. At
low frequency and higher temperature, the outcome
results of the frequency dependence of ¢’, ¢”, M’ and
M” revealed that the interfacial or MWS is the most
probable type of polarization. Finally, both electric
modulus and AC conductivity indicate that the
conduction mechanism of DMOQMN is controlled
by CBH type conduction.
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