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Abstract

PVA-Ag / coumarin nanocomposites with different concentrations of coumarin have been
prepared and characterized. The reliance of dc conductivity on temperature has been studied in the
temperature range 303 — 393 K. The ac conductivity and dielectric properties of the
nanocomposites, have been studied in the frequency range 100 Hz — 10 MHz and temperature
range 303 — 393 K. The results depicted that electrical conductivity increased by raising coumarin
concentration. The activation energy has decreased as the content of coumarin increases up to 12
wt. %, then it increases as coumarin content increases. The ion transport number t ion of the
prepared samples have been calculated by Wagner's dc polarization method. It can be observed
that the ion transport number t ion lies in the range 0.7 < tion < 0.91 which implies that conduction
in the samples is ionic. The study of frequency dependence of both dielectric constant and
dielectric loss showed a decrease with increasing the frequency while they increase with increasing
the temperature. The loss tangent (tand) depicted a peak with the frequency, which points to a

dielectric relaxation in these nanocomposites with relaxation time decrease with temperature.
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Introduction

The new high-performance materials from polymer-metal/dye nanocomposites with owns
unique characteristics such as flexibility, economically, lightweight and high performance are one
of the main focal points of research because of its applications in microelectronic, optical
integrated circuits, automobiles, drug delivery, sensors, injection-molded products, membranes,

packaging materials, aerospace, coatings, adhesives, fire-retardants and medical devices [1-9].
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Among all polymers, polyvinylalcohol (PVA) has been attracted considerable research
attention thanks to its unrivaled properties, easy preparation, durability, raises, chemical resistance,
thermostability, high mechanical properties, and electrical properties. Besides, PVA was used as
a stabilizing agent in Ag nanoparticle [10-12].

Different additives are usually added to the polymer to modify and improve their properties
[13-17]. Inorganic additives such as transition metal have a considerable effect on the electrical
and dielectric properties of PVA polymer. Few researchers reported the enhancement of the
electrical properties of this polymer by adding Ag [18- 20].

Coumarin dye composed of two rings linked with each other. These rings are a lactone and
benzene. These two rings have a double bond structure or conjugated m-system. It is worth to
mention, this conjugated n-System facilitates the electron exchanges between PVA and coumarin.
The electronic features of coumarin have been investigated broadly and realized that it raises the
time of reaction as well as decreases the resistivity in general therefore from among all dyes has
attracted great interest. [21-25].

This study aims to synthesize, stabilize PVA-Ag /coumarin nanocomposites without
employing conventional reducing agents by casting method and enhance both electric and

dielectric properties.

Materials and method
2.1 Materials

Polyvinylalcohol [CH2CH(OH)]n (99.8% purity), silver nitrate AgNOs (99.8 % purity) and
coumarin (CeHs02) were brought from the Alfa Aesar Chemicals.

2.2 Preparation

PVA-Ag/coumarin nanocomposite films were prepared by in situ chemical reduction
approaches under a hot condition supported by a solution casting techniques as following: a
solution of PVA was prepared by solving 3 gm of PVA in 100 ml deionized water with continual
stirring at 70 °C for 2 hours even the mixture was fully solved. Then, freshly AgNO5 solution
prepared by dissolving 0.3 gm/30 ml deionized water with continuous stirring for 20 minutes at
room temperature was added to the PVA solution under a hot condition (60-70 °C) and the reaction
was kept for 1 hour to reduce the silver nitrate to silver nanoparticles by the (-OH group) in PVA

Finally, the coumarin dye solution was prepared by dissolving 0.8 gm/400 ml deionized water with
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continuous stirring for 1 hour at room temperature. Different amount of coumarin dye was added
with (0, 4, 8, 12, 16, 30) wt. %. The mixture was let about 24 hours at room temperature to verify
a homogenous and air bubble-free. Finally, the solution is purely spilled into a petri-dish and
evaporate for 6 days at 40 °C.
2.3 Measurements

Crystal structures of prepared nanocomposites have been examined by X-ray diffraction(
XRD) X-ray- D/Max 2200 V- Rigaku- Japan at room temperature with CuKs (A =0. 15406 nm
). TGA studied are carried out using radiation SDT Q600 V20.9 Build 20 from room temperature
and up to 600 °C with heating rate 10 °C /min. To study the dc electric conductivity, samples
with a diameter of (1 cm) and thickness of (0.01 cm) were taken and the silver paste was deposited
on both the film surfaces to ensure good electrical contacts. Samples covered with silver paste
were sandwiched between the two similar brass electrodes of a spring-loaded sample holder. The
entire assembly was placed in a furnace monitored by a temperature controller, the heating rate
was adjusted to be 1 °C /min. The dc electrical conductivity was studied in the temperature range
293-393 K. Dielectric and ac electrical measurements were studied in the temperature range 303—
393 K and frequency range of 100 Hz— 10 MHz using Gw Instek LCR —-B110G. To calculate the
ion transport number t ion Of the prepared samples Wagner's dc polarization technique has been
measured. Where the samples between two stainless electrodes were subjected to dc voltage and

the current was measured as a function of time.

3. Results and discussions

3.1. Structure Characterization

The XRD pattern of PVA-Ag/coumarin nanocomposites is depicted in Fig. 1. It can be
seen the main peak at 20 =19.9° for all the samples, which represents the crystalline peak of the
semi-crystalline PVA polymer [26]. The peak intensity is decreased by increasing the content of
the coumarin dye referring to the decreasing in the crystalline of the nanocomposite films. Also,
a clear peak was observed at 20 =9.8°, this peak neither belongs to AgNO; nor pure PVA crystalline
spectra, but it possibly arises from scattering the atomic plane of some crystalline patterns PVA -

Ag™ complex [27]. The intensity of this peak decreases with increasing the coumarin content,
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which reveals a strong interaction occurring between the PVA - Ag nanocomposite and the
coumarin dye. This means that the coumarin dye has a strong effect on controlling the reaction, i.e
the coumarin may accelerate the reaction between PVA and Ag. XRD showed also one another
peak in all the samples at 20= 32.1° characterized for (111) of the FCC structure of silver with

interplanar spacing 0.279 nm [28-32].
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Fig. 1. XRD of PVA-Ag/coumarin nanocomposites.

TGA of PVA-Ag/coumarin nanocomposites with concentrations (16 and 30 wt%
coumarin) as representative samples are depicted in Fig.2. It can be depicted that there are four
evident regions in the temperature range 47°C — 540 °C. The sample 16 wt.% coumarin is
thermally stable even 248 °C while the sample 30 wt.% coumarin is thermally stable till 253 °C.
Then, the degradation of the material begins at a temperature of 230 °C. The amount of the
ultimate product after the decomposition was 8.7% (0.3089 mg) for sample 16wt.% coumarin and
9.451% (0.6178mg) for sample 30 wt.% coumarin. The weight loss noticed at higher temperatures
can be attributed to the pyrolysis process. The final product [carbon] is greater in the sample 30
wt.% coumarin than the sample 16 wt.% coumarin and not evaporate in the temperature range

from 400 °C to 539 °C. Samples ( 0,4,8,12) wt.% coumarin have the same behavior.
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Fig. 2. TGA of PVA-Ag / coumarin nanocomposite representative samples (16,30) wt.%

coumarin.
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3. 2. DC conductivity

The variations of dc conductivity of PVA - Ag /coumarin nanocomposites with different
coumarin concentrations as a function of temperatures are depicted in Fig. 3. It is evident that the
dc conductivity increase with increasing the temperatures and the coumarin contents for all

samples. The dc electrical conductivity is provided by [33]:

Ogc = 0o EXP (_E") 1)

KgT

where g, is the pre-exponential factor, E, the activation energy, kg the Boltzmann constant and T
is the absolute temperature. The increase in dc conductivity with temperatures may be assigned to
the mutations from the semicrystalline/ crystalline phase to the amorphous one. Also, this increase
may be due to the mechanism of hopping among coordination sites, relaxation of local structural
and polymer segmental motion [34]. The calculated activation energies are given in Table 1. It is
noticed that the activation energy has decreased as the content of coumarin increases up to 12 wt.
% then it increases as coumarin content increases. This decrease may be due to the amorphous
nature of the polymer that facilitates the fast Ag ion motion in the polymer network and the local
energy levels in the forbidden energy gap which act as traps for charge carriers. The increase in
activation energy as coumarin content increases may be attributed to the polymer chain favors
hopping motion than segmental motion.

Table 1. Activation energy (E,), mobility (1) and the number of charge carriers (N) of PVA-
Ag/coumarin nanocomposites.

Concentration E, U N
(wt. %) (eV) (m?/ volt.sec) (m?)
0 0.484 6.2x 10 2.6 x 10%
4 0.345 8.3 x10° 1.7 x 10%°
8 0.287 2.2 x 107 1.33 x 10%°
12 0.359 5x 107 1.3 x 10%
16 0.543 2.8 x 10 8.4 x 10/
30 0.634 1.7 x 103 4.9 x 10"
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Fig. 3. The temperature dependence of cdc conductivity, for PVA —Ag/ coumarin nanocomposites.
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Fig. 4. shows the o, conductivity dependence of coumarin content at room temperature. It can
be seen that the dc conductivity increases with increasing the amount of coumarin. This increase
may be due to: (a) the coumarin fills up the interstitial sites among the polymer chains in the
amorphous phase and joins these chains to some kind of bonds by a charge exchange process
among the OH groups of PVA and dopant molecules. (b) The PVA/Ag complex formation, which
obstructs the polymeric chain mobility. This complex formation increases with the doping level
which may lead to an increase in PVA conductivity. (c) the motion of the carriers which impeded
at the crystalline—amorphous interfaces at higher dopant concentrations, the presence of the
molecular aggregates generally obstructs tend to preferentially diffuse into the amorphous regions
of the polymer. The presence of aggregates in these regions cause a reduction of the crystalline—
amorphous interface, which affects the conductive pathways through the amorphous regions. This
process of reduction in the interstitial barrier increases the transition probability of electron

hopping across the barrier [35].
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Fig. 4. Variation of odc conductivity with coumarin concentration.
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3.3 Current-Voltage Characteristics

I-V characteristics of PVA-Ag/coumarin nanocomposites with concentrations (8 and 12
wt% coumarin) as representative samples are depicted in Fig. 5. It was obvious that there are two
regions the Ohmic region and the space charge region. Under the effect of the high electric field,
the concentration of free charge carriers caused by electrodes is greater than that of thermal-
generated charging carriers. So, the Child-Langmuir law is applied and the density of current Js is
denoted by [36]:

10~y 2pue 2

]S: b3

where Vs is the voltage,  is the charge carriers mobility, & is the permittivity of the sample and b
is the thickness of the sample. The electrical conductivity in the Ohmic region is given by,
o=Nqp 3)

where N is the concentrations of charge carriers and q is the electron charge. By using equations (
2 & 3)), the values of N and p can be estimated and tabulated in Table 1. It can be observed that
u increases with increasing the concentration of coumarin. This increase in u may be due to that
coumarin fill up the free volume holes and occupy the interstitial positions among the polymer
chains in the amorphous phase and joins these chains to some kind of bonds by a charge exchange

process among the OH groups of PVA and dopant molecules.
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Fig. 5. Current-voltage characteristic for PVA —Ag/ coumarin nanocomposites representative

samples (8, 12) wt.% coumarin.
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3. 4. AC conductivity

The frequency dependence of the ac conductivity of PVA - Ag /coumarin nanocomposites
as a function of temperature is given in Fig. 6. It can be seen that ac conductivity obeys the power
law [37]

Ogc (W) = Aw?® (4)

where A is the pre-exponential factor, w is the angular frequency and s is the frequency exponent.
It is observed that at relatively low frequency the conductivity represents almost frequency-
independent behavior, while a strong dependent appears at the high-frequency range. The increase
in oac With increasing frequency may be due to the increase of the absorbed energy from the ac
applied field which leads to an increase in the number of charge carriers that contribute to the
conduction process. The increase in cac With increasing coumarin contents may be attributed to
the reduction of the crystalline regions in PVA and enhance the amorphous region, here with
allowing more charge carriers to share in the conduction which confirmed by XRD. The values of
the exponent s have been calculated using the least square fitting for equation (4) at different
temperatures for all prepared samples and listed in Table 2. It can be observed that the exponent
s lies in the range of 0.6 < s < 0.85, which implies that conduction in the samples is ionic. Also, it
can be observed that the values of s go down with increasing the content of coumarin and
temperature. There are many theories like classical hopping over a barrier, i.e., correlated barrier
hopping (CBH) and quantum tunneling that described the dependence of s on temperature [38].
Under the CBH model, the charge carriers jump between the sites above the potential barrier that

separates it. The frequency exponent s is provided by the equation [39]

S=6- kT ®)

<Wh—kBTln (wiro)>

where kg is Boltzmann constant, W, is the height of the barriers, and t,, is the relaxation time.

The conductivity power law nature is a general behavior that originates from the hopping of
electron within the trap sites found in the matrix band gap. Also, the extent of the frequency
exponent clarifies the magnitude of many body interactions among electrons, impurities, and other
charged defects. Since these interactions are strongly based on temperature, the frequency
exponent s is also temperature dependent. The coumarin dye is known to contain a large number

of trap sites needed for the ac conduction. Electrons are enclosed and liberated from these traps
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during the hopping process which is known as the (CBH) phenomena. However, in the present
case, it is observed that the values of s decrease when coumarin content increases. This may be
due to as the temperature and coumarin content increase, the amorphousty and density of traps
increase. The values of s depict that the (CBH) model is the most appropriate model to characterize

the electrical conduction mechanism for the prepared sample.
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Fig. 6. The frequency dependence of cac conductivity, for PVA —Ag/ coumarin nanocomposites
representative sample (30) wt.% coumarin.
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Table 2. Frequency exponent s of PVA-Ag/coumarin nanocomposites at different temperatures.

Concentrations 0 4 8 12 16 30
((wt. %)
Temperature

(K)
323 0.80 0.8 0.79 0.65 0.74 0.63
343 0.79 0.83 0.82 0.73 0.66 0.62
363 0.66 0.75 0.68 0.70 0.51 0.55
383 0.50 0.56 0.48 0.51 0.43 0.39
393 0.43 0.47 0.40 0.43 0.36 0.32

Regarding the general behavior of o,. (w), there is a critical frequency, wp, after which
the conductivity described by equ.4, the conductivity reaches twice its value at a critical frequency
op (which is defined as the hopping rate) and is given by wp=(cac/A)'*. The values of wp are
calculated at different temperatures for prepared samples. Fig. 7. depicted the temperature
dependence of the hopping rate (w,,) for the prepared samples. The values of wp for all samples
are thermally activated in the mentioned temperature range accordingly to the following relation:

w, ~ Exp (—E,/kgT) (6)

where Eo, is the energy of activation that shifts the w®p to a higher frequency with
increasing temperature. The values of E» has been calculated by using the least square
fitting of equation 6 and given in Table 3. It can be noticed that the addition of
coumarin markely arises the values of Ee, then it decrease gradually with increase
coumarin content as depicted in Fig. 8 This decrease in E. with decreasing coumarin is
due to, that the increase in coumarin enhances more ions of Ag * to contribute in

conduction.
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Table 3. The values of the relaxation time t,,, the energy of activation (E,, E,,;) and pre-
exponential factor (w,) of PVA-Ag/coumarin nanocomposites.

Coumarine T Ty X 1073 E, En wg
(wt. %) (K) (sec) (eV) (eV) (Hz)
0 393 1.06 0.4 0.598 1.6 X
383 1.87 10°

363 17.7

343 26.5

323 455
4 393 0.69 0.75 0.731 2.6 X
383 1.77 10°

363 15.9

343 31.8

323 79.5
8 393 0.63 0.6 0.711 7.2 X
383 1.59 10°

363 6.36

343 22.7

323 63.6
16 393 1.59 0.25 0.476 2.2 X
383 15.9 10*

363 31.8

343 31.8

323 79.5
30 393 1.59 0.18 0.391 9.8 x
383 3.18 10

363 15.9

343 31.8

323 53
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Fig. 7. Temperature dependence of the hopping rate w,, for PVA —Ag/ coumarin nanocomposites.

IJSER © 2021
http://www.ijser.org


http://www.ijser.org/

International Journal of Scientific & Engineering Research Volume 12, Issue 4, April-2021 1191
ISSN 2229-5518

0.8

H
0.7-

0.6- |

0.5-

0.41

= (eV)

0.3-

0.2-

0.1

0 5 10 15 20 25 30
Coumarin concentration (wt.%)

Fig. 8. E,, with coumarin content.

IJSER © 2021
http://www.ijser.or



http://www.ijser.org/

International Journal of Scientific & Engineering Research Volume 12, Issue 4, April-2021 1192
ISSN 2229-5518

The variations of ac conductivity of PVA - Ag /coumarin nanocomposites as a function of
temperature for different coumarin concentrations at different frequencies are depicted in Fig. 9.

The ac electrical conductivity provided by Arrhenius formula as:

Ogac = 0 EXP (;i;) (7)

It can be seen that the ac conductivity increases with temperature at a specific constant frequency.
The increase in 6ac may be due to the increase in energy absorption, which leads to an increase in
the charge carriers numbers that participate in the conduction process. This discloses that the
conduction mechanism could be a hopping one. Also, this variation can be attributed to the
common effect for the change of conductance with temperature and the trap distribution nature in
the polymer networks. The values of activation energy at different frequencies have been
calculated by using the least square fitting of equation (7). The values of Ea are depicted in Table
4. It can be noticed that the activation energy Ea decreases with both increasing frequency and
coumarin content. This may be due to that the applied field supports the jumps of charge carriers
among the localized states. Also the increase in coumarin content creat more traping sites which
results in the observed decrease in activation energy values which leads to an increase in
conductivity [40].

Table 4. Activation energy (E,) of PVA-Ag/coumarin nanocomposites at different frequency.

Concentration 0 4 8 12 16 30
(wt. %)

Frequency E, E, E, E, E, E,
(Hz) (eV) (eV) (eV) (eV) (eV) (eV)
200 0.55 0.51 0.59 0.38 0.48 0.46
500 0.51 0.48 0.57 0.33 0.49 0.43
1000 0.5 0.48 0.54 0.31 0.55 0.42
5000 0.42 0.37 0.45 0.24 0.33 0.35
10000 0.35 0.28 0.37 0.21 0.3 0.31
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Fig. 9. The temperature dependence of cac conductivity for PVA —Ag/ coumarin nanocomposites

representative sample (16) wt.% coumarin.
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Fig.10. depicted the variation of polarization current as a function of time for PVA —Ag/
coumarin nanocomposites to ensure that the main charge carriers in such nanocomposites are ions.
It can be depicted that initially the current decreases with time and then it reaches a plateau value.
The values of tion were found to be varied between 0.7- 0.91. This indicates that the conduction
in our samples is mainly ionic and this confirmed also in the calculation of frequency factor s in

ac conductivity.
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Fig. 10. Variation of polarization current as a function of

nanocomposites representative sample (30) wt.% coumarin.
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Also, the Nyquist diagram for the faradic impedance was confirmed the charge
carriers' conduction type, as shown in fig .11. It can be seen that in the high frequency

region there is a broadened semicircle followed by a spikle in the lower frequency

region. The spikle indicates that conduction in our prepared samples is ionic.
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Fig. 11. Nyquist diagram for the faradic impedance for PVA —Ag/ coumarin nanocomposites

representative sample (30) wt.% coumarin.
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3. 5. Dielectric spectroscopy

Fig. 12. depicted the dependence of the real part of dielectric permittivity (¢") for PVA-
Ag/coumarin nanocomposites at different temperature and frequency. It can be seen that ¢
decreases rapidly with increasing frequency. But at higher frequencies, the dielectric constant
attains constant behavior since beyond a certain frequency the dipole moments find it difficult to
follow the quickly switching electrical field, which leads to the incompetence of the dipolar
molecules in the polymer to respond with increasing the rates of the applied field. This behavior
is similar to a number of reported polymers [41-43]. It is also observed that €' increases with
temperature and coumarin concentration. The increases €' with temperature may be assigned to the
increase in charge carrier density due to the increase in the dissociation of ion aggregates. On the
other hand, as the temperature increased, the viscosity of polymeric films decreased and the dipoles
have sufficient energy and can orient themselves easily in the direction of the applied electric field
[44]. Also, the chain segments get sufficient thermal energy to speed up its rotational motion and

consequently, the increase in polarization occurs [45,46].
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Fig.13. depicted the variation of €' with coumarin concentration at room temperature. It is
evident that €' increases with increasing coumarin contents. This behavior is real at low content of
coumarin concentration up to 12 wt.%. This increase may be attributed to the formation of some
defects sites in the band gaps of a polymer as a result of the occurrence of chain clip. Generally,
these defects may indicate a sign of the existence of charge carriers traps in the bandgap of the
polymer; it may be capturing the charge carriers. Therefore, coumarin increases the ability of the
polymer to store charge. At high concentrations of a coumarin dye, the number of dipoles
increases, disrupting the movement of them and thus decreasing values of €'. This behavior is
extended to a concentration of 16 wt% coumarin. After that, the value of €' returns to increases. In
fact, at high content of coumarin the values of €' results from a competition between the increasing
of dipoles number, due to increasing the dye content, and the disrupting of their movement, which
results in a decrease in the values of €. Thus we can say that at high content of coumarin the

increasing number of dipoles is predominant.
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The imaginary parts of dielectric permittivity (¢") as a function of the frequency of PVA
- Ag/coumarin nanocomposites are shown in Fig. 14. It can be observed that the values of &"
decrease rapidly with increasing frequency. The high values of €'’ at low frequency could be
attributed to the mobile charges within the polymer matrix. At high frequency, periodic field

relation is so fast that there is no excess ion diffusion in the direction of the electric field [47-48].
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representative sample (8) wt.% coumarin.

The dielectric properties of PVA-Ag/ coumarin nanocomposites are studied through the
dipolar relaxation model with the assignment of relaxation time. Fig.15 depicted the frequency

dependence of the diclectric loss tand of the PVA-Ag/ coumarin nanocomposites at different
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temperatures. The tand behavior shown a peak that refers to a dielectric relaxation in these

nanocomposites which, can be described as [39]
wT
=(gn — L — 8
Tan é = (g9 — €) oo @) 8
From Fig.15. It can be seen that by increasing the temperature the loss peak position is
shifted to higher frequencies. This behavior may be due to the presence of a wide spectrum of
times relaxation. The relaxation time ( t,,=1/om) can be estimated from the position of the loss
peak in the tand verse the frequency behavior. The relaxation time follows the Arrhenius law

donate by[49]:
W, = Wo EXP (_E—"’) ©)

KgT

The values of the energy of activation E,,, the pre-exponential factor w, and the relaxation
time 7,,, have been calculated and tabulated in Table 4. It can be seen that 7,, decreases with
increasing temperature and concentration of coumarin. The decrease in t,,, with temperature may
be due to that the thermal energy of charge carriers increases, so they collide more frequently and
hence the average relaxation time which is the average time between successive collisions are
decreasing. the reduction in the relaxation time with increasing coumarin concentration may be
attributed to the increase in amorphousty so the polymer chains are more flexible and are capable
of orienting themselves relatively more easily and rapidly. On the other hand, the dipoles in the
side chain of the polymer will orient themselves with certain frequencies governed by the elastic
restoring force which binds the dipoles to their equilibrium positions and the rotational frictional
forces exerted by neighboring dipoles. Also more and more free charges may accumulate on the

interface resulting in a decrease of relaxation time as the concentration of coumarin increases.
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4. Conclusion

PVA-Ag / coumarin nanocomposites have been successfully prepared and characterized.
Electric Conductivity and dielectric properties have been investigated. The dc conductivity of
nanocomposites increased with increasing coumarin concentration. The dc electrical conductivity
followed the Arrhenius law with activation energies between 0.54 and 0.3 eV for the different
samples. The addition of coumarin increase the charge carrier mobility and the number of charge
carrier concentration. The ac conductivity obeys the power law. The frequency exponent s
decreases with the increase of dopant coumarin level. Such behavior of s has been interpreted by
the CBH model. The existence of coumarin in the PVA matrix enhances the average polarization
and then the dielectric constant &’. The dielectric constant of the nanocomposites is very large and
almost dependent on frequency. These studies indicate that PVA /Ag can be effectively doped with
coumarin to enhance its electrical conductivity and alter its conduction behavior. Results show that
PVA-Ag /30 wt.% coumarin sample is a potential candidate for photovoltaic devices and organic
applications.
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