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Thermal, structural, alternating-current (AC) conductivity (rAC), and dielec-
tric properties of ethyl-2-amino-6-ethyl-5-oxo-4-(3-phenoxyphenyl)-5,6-dihy-
dro-4H-pyrano[3,2-c]quinoline-3-carboxylate (HPQC) thin films have been
studied. Thermogravimetry analysis and differential scanning calorimetry
confirmed the thermal stability of HPQC over a wide temperature range.
Fourier-transform infrared spectroscopy and x-ray diffraction analysis were
carried out on HPQC in powder form and as-deposited thin film. The crystal
system and space group type were determined for HPQC in powder form. The
AC conductivity and dielectric properties were determined in the frequency
range from 0.5 kHz to 5 MHz and temperature range from 296 K to 443 K.
The AC electrical conduction of HPQC thin film was found to be governed by
the small-polaron tunneling mechanism. The polaron hopping energy (WH),
tunneling distance (R), and density of states (N) near the Fermi level were
determined as functions of temperature and frequency. The dielectric prop-
erties of HPQC thin film were studied by analysis of Nyquist diagrams, the
dissipation factor (tan d), and real (e¢) and imaginary (e¢¢) parts of the dielectric
constant.
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INTRODUCTION

Low cost and easy manufacturing are the main
reasons for use of organic materials in fabrication of
various electronic and photonic devices.1 Quinoline
is an N-heterocyclic organic compound in which one
of the ring carbon atoms is replaced by nitrogen
atom.1 The donor–acceptor (D–A) nature of the
main backbone of quinoline derivative has resulted
in great interest for use in the field of organic
electronics.2 Moreover, simple modifications to the
donor or acceptor groups can change the physical
properties of the quinoline.2 Quinoline derivatives
as organic biologically active compounds are
involved in various medical applications.3 Quinoline

derivatives can also be used for synthesis of conju-
gated molecules and polymers.4 They are charac-
terized by excellent mechanical properties,4 thermal
stability,5 high photoluminescence efficiency,4 non-
linear optical properties,6 and good film-forming
properties,7 enabling significant applications in
highly efficient organic electronics such as optical
waveguides,8 organic light-emitting diodes
(OLEDs),4 dye-sensitized solar cells,9 and
photodiodes.10

The physical, e.g., structural, thermal, optical,
photovoltaic, electrical, and dielectric, properties of
quinoline derivatives depend on the substitution
atoms or groups (i.e., electron-withdrawing group,
electron-donating group, and metal complex).7,10–15

In our previous study, the effect of two different
donor substitution groups, namely chlorophenyl
(Ch-HPQ) and phenoxyphenyl (Ph-HPQ), on the(Received December 16, 2017; accepted May 18, 2018;
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structural, optical, and dielectric properties of thin
films of 4H-pyrano[3,2-c]quinoline derivatives was
investigated.7,12 Also, the electrical and photoelec-
trical properties of heterojunction diodes prepared
using each compound were investigated based on
current–voltage characteristics.10 Generally, pres-
ence of phenoxyphenyl as a more donating substi-
tution group improved the physical properties of the
4H-pyrano[3,2-c]quinoline derivative thin films.
HPQC with the molecular structure shown in
Fig. 1 has the Ph-HPQ structure, but the carboni-
trile (CN) group is replaced by carboxylate
(CO2C2H5) group. Literature survey reveals that
thermal, structural, AC conductivity, and dielectric
studies of HPQC thin film have not been reported to
date. Therefore, in the work presented herein, the
thermal behavior of this compound was studied to
determine the temperature range over which it
could be used in different applications. Fourier-
transform infrared (FTIR) spectroscopy represents
a good tool to study the molecular stability of HPQC
against thermal evaporation. Studies of the HPQC
structure are very important for better understand-
ing of its transport properties. Also, the alternating-
current (AC) conductivity (rAC) provides deep
understanding of the type of conduction mechanism
operating in a material. These studies were carried
out on HPQC thin films prepared by thermal
evaporation technique, sandwiched between two
gold electrodes for application in solar cells, photo-
diodes, and OLEDs in future work.

EXPERIMENTAL PROCEDURES

Fabrication of Samples

Synthesis of HPQC compound in powder form was
mentioned in Ref. 16. HPQC thin film was prepared
by conventional thermal evaporation technique
using a high-vacuum coating unit (model E 306 A,
Edwards Co., UK). HPQC was volatilized using a
quartz crucible, heated using a molybdenum boat in

vacuum of 5 9 10�4 Pa. Film thickness was con-
trolled using a quartz crystal thickness monitor
(model, TM-350 Maxtek, Inc., USA). For electrical
measurements, HPQC thin film was sandwiched
between two gold electrodes, vaporized from a boat-
shaped molybdenum filament. The gold was deter-
mined to form an ohmic connection with the HPQC
thin film.

Thermal Analysis

Thermogravimetry analysis (TGA) and differen-
tial scanning calorimetry (DSC) of the HPQC com-
pound in powder form were carried out
simultaneously using a Netzsch STA 409 in helium
environment in the temperature range of 295 K to
676 K.

Fourier-Transform Infrared Spectroscopy

A PerkinElmer infrared spectrophotometer
(model 887) was used to perform FTIR spectroscopy
of HPQC in powder and thin film forms. A tablet
with thickness of 1 mm and area of 25 mm2 was
formed by mixing 1 mg HPQC powder with 49 mg
vacuum-dried IR-grade KBr and compressing using
a hydraulic press at pressure of 10 tons cm�2 and
room temperature.

X-ray Diffraction Analysis

The structure of HPQC in powder form was
confirmed by x-ray diffraction (XRD) analysis
(Philips X’Pert MPD) using Ni-filtered Cu Ka radi-
ation (k = 1.5408 Å) with x-ray tube voltage and
current of 40 kV and 30 mA, respectively.

AC Electrical Measurements

Electrical measurements were performed by two-
point probe technique on HPQC thin film in sand-
wich structure (Au/HPQC/Au) in air under dark
condition. The sample temperature during electrical

Fig. 1. Molecular structure of HPQC.
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measurements was recorded using a NiCr-NiAl
thermocouple.

A programmable automatic LCR bridge (Hioki
3532 Hitester) was used to measure the capacitance
(C), conductance (G), and dissipation factor (tan d)
of the Au/HPQC/Au sample. Measurements were
carried out in the temperature (T) range of 296 K to
443 K and the frequency (f) range of 0.5 kHz to
5 MHz in parallel circuit mode.

RESULTS AND DISCUSSION

Thermal Test

Figure 2a shows the TGA and DTG curves for
HPQC compound in powder form. Weight loss was
observed at around 260�C due to dissociation of the
HPQC molecule backbone.17 Figure 2b shows the
DSC curve of HPQC powder, revealing thermal
stability in the temperature range of 25�C to 272�C,
in good agreement with the TG analysis. The
presence of carboxylate group is responsible for
the high thermal stability of HPQC compound.5

Therefore, all thermal studies on HPQC were
performed below 272�C (545 K).

Structural Properties

FTIR Spectroscopy

The FTIR spectra of HPQC compound in powder
and thin-film form are shown in Fig. 3a and b,
respectively, revealing several absorption bands
that were assigned according to Ref. 18 as follows:
the three medium peaks at around 3390 cm�1,

3286 cm�1, and 3218 cm�1 were attributed to
stretching vibrations of N–H in prim-amino (NH2)
groups. The very intense peak at 1685 cm�1 is due
to stretching vibrations of C=C. The vibration at
1655 cm�1 and 1633 cm�1 is due to carbonyl group
(C=O). The medium peak at 1490 cm�1 is attributed
to C=C stretching vibrations. The medium peak at
1377 cm�1 is due to C–N vibrations. The three
peaks at 1284 cm�1, 1255 cm�1, and 120 cm�1 are
attributed to in-plane C–H bending vibrations of
aromatic ring. The four peaks at around 1087 cm�1,
1024 cm�1, 958 cm�1, and 885 cm�1 are attributed
to alkyl C–C stretching vibration in phenazine ring.
The three peaks at around 819 cm�1, 765 cm�1, and
748 cm�1 are all attributed to out-of-plane C–H
bending vibration in the phenazine ring. The four
peaks at around 705 cm�1, 646 cm�1, and 595 cm�1

are all attributed to in-plane C–C bending vibration
in phenazine ring. The bands were nearly the same
for HPQC compound in powder and thin-film form,
indicating stable molecular structure of HPQC
compound against thermal evaporation.

X-ray Diffraction Analysis

Figure 4a and b show the XRD patterns for HPQC
in powder form and as coated thin film, respectively.
The many peaks with different intensities in Fig. 4a
indicate that HPQC in powder form is polycrys-
talline. Figure 4b shows amorphous structure for
the HPQC thin film. The XRD pattern of HPQC in
powder form was indexed using CRYSFIRE soft-
ware,19 revealing monoclinic crystal system in space
group P21 with lattice parameters a = 18.66 Å,

Fig. 2. (a) TGA, DTG, and (b) DSC curves of HPQC compound.
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Fig. 3. FTIR spectra for HPQC compound in (a) powder and (b) thin-film form.
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b = 37.32 Å, c = 11.2 Å, a = 90�, b = 106.1�, and
c = 90�. CHECKCELL software was used to calcu-
late the Miller indices (hkl) for each diffraction peak
as shown in Fig. 4a.20

AC Conductivity

The measured capacitance (C) and dissipation
factor (tan d) were used to calculate the real (e¢) and
imaginary parts (e¢¢) of the dielectric constant using
the following relations21:

e0 ¼ c
d

e0A
; ð1Þ

e00 ¼ e0tan d; ð2Þ
where d = 720 9 10�9 m and A = 1 9 10�6 m2 are
the thickness and cross-sectional area of the thin
film, respectively. e0 is the permittivity of free space
(8.854 9 10�14 F/cm), and x is the angular fre-
quency. The AC conductivity rAC was calculated
using the following relation22:

rAC ¼ e0xe
00: ð3Þ

Figure 5 shows rAC as a function of frequency for
HPQC thin film at various temperatures, reveal-
ing a slight increase with frequency at low
frequencies but a rapid increment at high fre-
quencies, a behavior observed for different cate-
gories of material, including organics,12,23

polymers,24 and ceramics.25 The change in the
rAC behavior occurs at the hopping frequency xp,
which shifted to higher frequency with increase of
temperature. The behavior of rAC can be fit using
the following relation26:

rAC ¼ rDC þ A0xs ¼ rDC 1 þ x=xp

� �s� �
; ð4Þ

where rDC is the DC conductivity, A¢ is a constant,
and s is a factor whose magnitude and temperature
dependence determine the conduction mechanism
in operation. The values of rDC and xp are listed in
Table I, increasing with temperature.

Figure 6 shows that the value of s in the high-
frequency region increased with temperature. Many
theories have been applied to explain the AC
conductivity of disordered materials.27,28 The above
data trend for s is indicative of the small-polaron
tunneling mechanism (SPTM), as found for many
quinoline derivative complexes14,29 and other
organic compounds.30 For the SPTM, the AC con-
ductivity rAC is given by the following equation28:

rAC ¼ peð Þ2

12
KBTa

�1xN2R4; ð5Þ

where a�1 is the spatial extension of the polaron
(a�1 = 1 Å�1 31), N is the density of states near the
Fermi level, and R is the tunneling distance, given
by the following relation28:

R ¼ 1

2a
ln 1=xs0

� �
� WH=KBT

� �h i
; ð6Þ

where s0 is the characteristic relaxation time, on the
order of an atomic vibrational period � 10�13 s32

and WH is the polaron hopping energy. The

Fig. 4. XRD pattern of HPQC in (a) powder form and (b) as-de-
posited thin film.

Fig. 5. AC electrical conductivity as function of frequency at various
temperatures for Au/HPQC/Au sample.
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frequency exponent s for SPTM can be evaluated
using the following relation28:

s ¼ 1 � 4

ln 1=xs0

� �
� WH=KBT

� � : ð7Þ

The value of WH can be calculated by fitting of
Eq. 7, yielding a value of 0.5 eV. The dependence of
the tunneling distance R on frequency for the HPQC
thin film at various temperatures is shown in Fig. 7.
The tunneling distance decreased with increase of
both frequency and temperature. The magnitude of
R is on the order of 10�10 cm, comparable to values
for organic compounds from the same family as well
as other quinoline derivatives.12,15,30 Figure 8
shows the dependence of N on frequency and
temperature for the HPQC thin film. The value of
N increased exponentially with increasing fre-
quency and linearly with increasing temperature.
The magnitude of N is on the order of 1027 eV cm�3,
comparable to values for other quinoline deriva-
tives.12,15,30 It is obvious that rAC increases with

frequency due to the increase of N and decrease of
R.

The temperature dependence of rAC was studied
at different frequencies. Figure 9 shows plots of
ln rAC against 1000/T for HPQC thin film. It is clear
that the electrical conductivity increased linearly
with increasing absolute temperature. The plots
exhibit two separate regions with different slopes,
suggesting that the electrical conductivity is a
thermally activated process from different localized
states in the gap or its tails.33 The activation energy
for conduction DE was calculated at different fre-
quencies from the slopes of lines in Fig. 9 using the
Arrhenius law34:

r ¼ r0exp DE=KBT

� �
; ð8Þ

Table I. Calculated values of rDC and xp at different
temperatures for HPQC thin film

T (K) rDC 3 10210 (X21 cm21) xp (kHz)

296 0.6 7.04
313 0.84 8.26
333 1.1 9.51
353 1.6 10.4
373 5.7 15.3
393 15 22.9
413 16.8 28
423 30.7 156
433 79.5 252.7
443 193 488.9

Fig. 6. Variation of frequency exponent s of Au/HPQC/Au sample
with temperature.

Fig. 7. Frequency dependence of tunneling distance R for Au/
HPQC/Au sample at various temperatures.

Fig. 8. Frequency dependence of density of states N for Au/HPQC/
Au sample at various temperature.
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where r0 is the preexponential factor and DE is the
AC activation energy for conduction. The obtained
values of DEI at low temperatures and DEII at
relatively high temperatures were found to decrease
exponentially with increasing frequency, as shown
in Fig. 10. The decrease of DE with frequency can be
attributed to electronic jumps between localized
states as the frequency of the applied field is
increased.35

Impedance Studies

The dielectric properties of HPQC were investi-
gated using the complex impedance (Z*), complex
permittivity (e*), and dissipation factor (tan d) in the
frequency range of 0.5 kHz to 5 MHz at different
temperatures. The real (Z¢) and imaginary parts
(Z¢¢) parts of Z* can be estimating from the

measured parallel G and C using the following
relations36:

Z0 ¼ G

G2 þ x2c2
; ð9Þ

Z00 ¼ cx
G2 þ x2c2

: ð10Þ

Figure 11 shows the Nyquist plots for HPQC thin
film at different temperatures. At the lower tem-
peratures, the Nyquist plots are nearly straight
lines. The linear slope decreased with increasing
temperature, and the lines transformed to arcs with
increasing temperature. Such deviations from ideal
RC behavior may be due to the existence of a
constant-phase element (CPE).37–39

Fig. 9. AC conductivity as function of temperature at different fre-
quencies for Au/HPQC/Au sample.

Fig. 10. Variation of activation energy with frequency for Au/HPQC/
Au sample.

Fig. 11. Nyquist plots for Au/HPQC/Au sample at different temper-
atures.

Fig. 12. Frequency dependence of dissipation factor (tan d) for Au/
HPQC/Au sample at different temperatures.
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Figure 12 shows that tan d increased slowly with
rising temperature but decreased with increasing
frequency. At low temperatures, no peaks were
found as a function of frequency. At higher temper-
atures, one peak was observed in the low-frequency
region, shifting to higher frequency with increasing
temperature. This behavior may be due to loss
dominated by thermally activated carrier hopping
across a barrier at higher temperatures.40

Figure 13 shows that e¢ decreased with increasing
frequency at constant temperature. No peaks were
found as a function of frequency, which may be
considered to indicate that a lattice polarization-
type phenomenon with dipole formation did not
occur.41 Figure 14 shows e¢ as a function of temper-
ature at constant frequency. Note that e¢ showed

strong temperature dependence at low frequencies
but was nearly constant at high frequencies. The
increase of e¢ with temperature can be attributed to
polarization connected with thermal motion of
electrons.42

Figure 15 shows that e¢¢ decreased with increas-
ing frequency at constant temperature. Dielectric
loss originates from conduction, dipole, and vibra-
tional losses.1 Also, it increased slowly at lower
temperatures then sharply with further tempera-
ture increment at constant frequency, as shown in
Fig. 16. The increase of e¢¢ with temperature can be
attributed to the fact that dipoles in polar materials
cannot orient themselves at low temperatures.

Fig. 13. Frequency dependence of e¢ for Au/HPQC/Au sample at
different temperatures.

Fig. 14. Temperature dependence of e¢ for Au/HPQC/Au sample at
different frequencies.

Fig. 15. Frequency dependence of e¢¢ for Au/HPQC/Au sample at
different temperatures.

Fig. 16. Temperature dependence of e¢¢ for Au/HPQC/Au sample at
different frequencies.
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When this becomes possible, the orientation polar-
ization increases, thereby increasing e¢.43

CONCLUSIONS

DSC and TG confirmed that HPQC is thermally
stable in a wide temperature range from 295 K to
545 K. FTIR spectroscopy indicated stability of the
molecular structure of HPQC compound against
thermal evaporation. XRD analysis of HPQC in
powder form revealed monoclinic crystal system in
space group P21 with lattice parameters
a = 18.66 Å, b = 37.32 Å, c = 11.2 Å, a = 90�,
b = 106.1�, and c = 90�. As-deposited thin film
showed amorphous structure. The AC electrical
conduction in HPQC thin film is governed by the
small-polaron tunneling mechanism (SPTM). WH

was calculated to be 0.5 eV, the magnitude of R was
on the order of 10�10 cm, the values of N increased
exponentially with increasing frequency and line-
arly with temperature, being on the order of
1027 eV cm�3. The temperature dependence of the
AC conductivity was studied at different frequen-
cies. The obtained values of DEI at low temperatures
and DEII at relatively high temperatures were found
to decrease exponentially with increasing fre-
quency. Impedance data are presented as Nyquist
diagrams for different temperatures. The dielectric
properties of HPQC in thin-film form, including
tan d, e¢, and e¢¢, increased slowly with temperature
but decreased with increasing frequency.
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