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Abstract: The impact of the charge transfer complex on the dielectric relaxation processes in free
poly(methyl methacrylate) (PMMA) polymer sheets was investigated. The frequency dependence of
dielectric properties was obtained over the frequency range 0.1 Hz-1 MHz at temperatures ranging
between 303 K and 373 K for perylene dye and acceptors (picric acid (PA) and chloranilic acid (CLA))
in an in situ PMMA polymer. The TG/dTG technique was used to investigate the thermal degradation
of the synthesized polymeric sheets. Additionally, the kinetic parameters have been assessed using
the Coats—Redfern relation. The dielectric relaxation spectroscopy of the synthesized polymeric sheets
was analyzed in terms of complex dielectric constant, dielectric loss, electrical modulus, electrical
conductivity, and Cole—Cole impedance spectroscopy. «- and [3-relaxation processes were detected
and discussed. The o(w) dispersion curves of the synthesized polymeric sheets show two distinct
regions with increasing frequency. The impedance data of the synthesized polymeric sheets can be
represented by the equivalent circuit (parallel RC).

Keywords: PMMA polymer; charge transfer complexes; relaxation processes

1. Introduction

The presently existing technologies based on inorganic semiconductor materials plat-
forms suffer from rigidity and mechanical stiffness, which degrades the device performance.
Polymers have received increasing attention in solution-processable technology due to
their flexibility, transparency, and reduced weight. They have gained widespread consider-
ation in recent years due to their valuable electronic, optoelectronic, electrochemical, and
non-linear optical properties [1-6].

Poly(methyl methacrylate) or so-called acrylic glass is an electron donor material that
can be used in the synthesis of solid polymeric materials. It has an amorphous structure
due to the presence of the ester group in its backbone chain. PMMA is a polar dimensional
stable thermoplastic material with high transparency and high strength [7]. On the other
hand, the donor-acceptor interfaces of the small organic molecules exhibit smaller areas as
well as higher crystallinity, which are opposed to charging transfer and exciton dissociation.
Furthermore, polymer films with good molecular m—m stacking typically display high
mobility for the electric charge carrier. The solar cells based on small organic molecules
are characterized by a high open-circuit voltage (Voc) since it is mainly determined by
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the difference between the highest occupied molecular orbital (HOMO) of the donor
molecule and the lowest unoccupied molecular orbital (LUMO) of the acceptor molecule.
To improve electric charge generation and transport properties, the blend structure and
surface morphology must also be enhanced [8-10].

The analysis of the dielectric relaxation characteristics of insulating polymers is diffi-
cult due to their dependency on backbone chain structure and impurities. The complex
dielectric relaxation process is a powerful method for studying the molecular dynamics
in a wide range of materials including glasses, oxides, and polymers. The wide range
of frequencies allows investigations of various relaxation processes concurrently. The
small changes in the dielectric properties of polymer as a response to the application of
a frequency-dependent electric field can be measured with high accuracy [11-14]. Di-
electric properties of hybrid PMMA /RGO/Fe;O3 nanocomposites fabricated by in situ
polymerization increased the dielectric constant of PMMA [15]. The complex dielectric
permittivities of polymer nanocomposites comprising a PMMA matrix and ZnO, SnO,, and
TiO, nanofillers (20 Hz to 1 MHz) were investigated by Sengwa and Dhatarwal [16]. They
reported that the complex dielectric permittivities increased with the increase in the SnO,
and ZnO concentrations, whereas TiO, loading lowered the permittivities as compared to
the host PMMA matrix film. Dielectric characterization of polyvinyl chloride/poly(methyl
methacrylate) was investigated [17]. The studied PVC/PMMA blends were found to be
miscible for PMMA weight ratio less than or equal to 60%. An increase in the dielectric loss
when the PMMA weight ratio increases was observed.

The 7-conjugated organic materials that have alternating double bonds (as perylene
dye) depict the mobility of electrons along the polymer backbone (delocalization) and
usually lead to stabilization of the molecule. The strategy of the current research article is
to explore the impact of the charge-transfer (CT) complexes of perylene dye, and acceptors
(iodine, picric acid, and chloranilic acid) on the dielectric relaxation processes in in situ
PMMA polymers. The frequency and temperature dependence of the dielectric constant
and the electrical conductivity have been examined to discover and predict the electronic
conduction mechanisms in the synthesized polymeric sheet samples.

2. Materials and Methods

All chemicals used throughout this work were pure grade. Perylene (CyoHyp; >99%),
and acceptors were purchased from Sigma-Aldrich. The chemicals were used as received.
The general chemical structures of donor and acceptors are as follows (Figure 1):

The preparation of the charge-transfer (CT) complex of PMMA-perylene dye, PMMA-
perylene-PA and PMMA-perylene-CLA polymer sheets was reported by Altalhi et al. [18].

Thermogravimetric analysis of the synthesized polymeric sheet samples in the temper-
ature range of 303-873 K with a rate of 10 K min~! was analyzed by a Shimadzu (TGA-50H)
thermal analyzer.

The dielectric relaxation processes of the synthesized polymeric sheets were investi-
gated using a high-resolution impedance analyzer spectrometer (Schlumberger Solartron
1260), supplied with a measuring cell and an electrometer amplifier. Silver conductive paste
was used as an ohmic electrode. The complex dielectric permittivity e*(w) of the polymeric
sheet samples can be obtained as follows [14]:

e (w) = e —ie —g—i d
TETEIT U wZeoU

)

where £1 and ¢, are the real and imaginary parts of the complex permittivity, respectively. d
and U are the thickness and the cross-sectional area of polymeric sheet samples, respectively.
w is the angular frequency (=271f) and ¢ is the permittivity of vacuum.
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Figure 1. Chemical structures of PMMA, perylene donor and PA and CLA acceptors.

3. Results and Discussion
3.1. Thermogravimetric Analysis

Figure 2a—d illustrate the degradation of free PMMA, PMMA-perylene dye, PMMA-
perylene-PA, and PMMA-perylene-CLA polymeric sheets during thermal decomposition.
The obtained data from the TG method show that one to three different stages of frag-
ments. The PMMA polymer sheet (Figure 2a) has only an intense broad band within the
temperature range 252-419 °C, which is supported by the maximum dTG peak at 374 °C,
accompanied by additional weight loss of 52.65% that can be attributed to the evolution
of the carbon dioxide gaseous phase, and few unoxidized carbon atoms are formed as
a residual product. In the case of polymer sheets consisting of perylene dye in in situ
PMMA (Figure 2b), the first thermal decomposition step is assigned to the decomposi-
tion of perylene dye, attributed to the small endothermic dTG at 231 °C and weight loss
(found = 10.811%) detectable in the 167261 °C temperature range. The second thermal
degradation stage is due to the decomposition of PMMA, which, displayed in the broad
endothermic peak with experimental mass loss, is 82.465% in the 310-429 °C temperature
range with dTG peaks at 370 °C. The residual mass is equal to 6.724%, which is attributed
to the unoxidized few carbon atoms. Regarding the thermal decomposition of the two
PMMA-perylene-PA and PMMA-perylene-CLA polymer sheets (Figure 2c,d), they have
three stages at first (193-240 °C), second (243-315 °C), and third (317—435 °C) and first
(114-134 °C), second (248-318 °C), and 3rd (319419 °C) with the dTG peaks at 212, 291, and
371 °C and 121, 294, and 374 °C, respectively. The thermal decomposition steps in the Np
environment pass through three species as donor (perylene dye), acceptor (PA or CLA), and
PMMA decompositions and the residual product is un-oxidized free carbon atoms. These
thermal decomposition steps have a weight loss that changes with various thermodynamic
behaviors [18]. A substantially broad endothermic peak with a mass loss shown at the
temperature range of 317435 °C to be 88.183% and 43.377% for PMMA-perylene-PA, and
PMMA-perylene-CLA polymer sheets, respectively, can be attributed to the acceptors and
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PMMA species and residual unoxidized carbon atom formation. The observed difference
between mass loss curves of PMMA-perylene-PA and PMMA-perylene-CLA polymer
sheets is related to the difference in the molecular formula of acceptor that the PA acceptor
has a rich amount of oxygen atoms allowed to facilitate the oxidizing of free carbon atoms.
The thermal analysis of the PMMA-perylene-iodine polymer sheet was not performed
because the polymer sheet contains iodine, as iodine has sublimation properties, which
does not give accurate thermal cracking values.
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Figure 2. Cont.
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Figure 2. (a) TG and dTG curves of free PMMA polymer sheet; (b) TG and dTG curves of PMMA-
perylene polymer sheet; (¢) TG and dTG curves of PMMA-perylene-PA polymer sheet; (d) TG and
dTG curves of PMMA-perylene-CLA polymer sheet.

3.2. Kinetic Thermodynamic Study

To determine the kinetic thermodynamic parameters dependent on the thermogravi-
metric curves regarding the non-isothermal decomposition reactions, there are several
equations [19-26] that can be used to analyze a TGA curve. Concerning the estimation
of thermodynamic parameters of our synthetic polymeric sheets of PMMA-perylene dye,
PMMA-perylene-PA, and PMMA-perylene-CLA, Table 1 contains some parameters such as
range of stability, dTG peaks, and kinetic thermodynamic parameters. The Coats—Redfern
relationship [21,22] is employed to calculate the kinetic thermodynamic parameters (AH, AS
and AG). The results of the thermodynamic data of the thermal decomposition peak in each
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of three materials I, II, and III are calculated based on the Coats—Redfern relationship [21,22]

as follows. In(1 ) 7R e
— In — X

where « and ¢ are the fraction of the fraction decomposed at time t and the linear heating
rate, respectively. R is the gas constant and E is the activation energy in k] mol L.

Table 1. Kinetic and thermodynamic parameters data of PMMA-perylene dye (I), PMMA-perylene-PA
(II), and PMMA-perylene-CLA (III) polymer sheets.

Parameter
Compounds E A AS AH AG r
(k] mol—1) s Jmol-1K-1) (kJmol-1) (k] mol-1)
I 99 3.99 x 108 —82 96 138 0.9954
II 46 2.67 x 10% —155 44 99 0.9943
111 65 4.05 x 100 —-26 54 54 0.9962

A plot of ln<w

was calculated and Z (Arrhenius constant) can be deduced from the intercept. The enthalpy
of activation AH and the free energy of activation, AG, can be calculated (Table 1) via
the equation

) against + was found to be linear, from the slope of which E

AH = E — RT,; AG = AH — TuAS )

The negative values of activation entropy (—AS) revealed that the associated charge
transfer compounds in in situ polymeric sheets are more ordered than the initial reactants;
so, the thermal degradation steps of charge transfer compound are non-spontaneous and
thermally stable. From the Arrhenius plots, it was found that the correlation coefficient
factors of the thermal degradation stages are in the range of ~0.99, showing a good linear fit.

3.3. Dielectric Polarization and Relaxation Processes

Electric permittivity £*(w) is the furthermost meaningful and common demonstration
of the dielectric data in polymers. The energy storage ability of the polymer can be shown
by the real part of the dielectric permittivity (e1). Alternatively, the energy dissipation
(absorption of the polymer) due entirely to the material medium can be shown by the imag-
inary component (g2). For the synthesized polymeric sheets, the frequency dependences of
€1 and &, were obtained at a temperature range of 303-373 K and over a frequency ranging
between 0.1 Hz and 1 MHz. The frequency and temperature dependences of ¢; for the
polymeric sheets are shown in Figure 3a—e. An increase in £; with decreasing frequency
over the investigated temperature range (dispersion of ¢1) was observed. Alternatively,
at constant frequency, a decrease in &1 with decreasing temperature (the mobility of polar
molecules increases) was observed.
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Figure 3. (a—e): The frequency dependence of the €1 of the synthesized polymeric sheets.

The baseline of 1 without the contribution of free charge migration and dipole orien-
tation can be obtained from unrelaxed €1 (&, 0r €oo; i.€., €1 measured at f — oo), which is
identified as the plateau reached in &1 at high frequencies when all polarization fluctuations
due to orientation polarization cease. The decrease in &; with increasing frequency can
be described based on several types of polarization (orientation, and electronic). All types
of polarizations may be effective in low frequencies. However, at higher frequencies, the
£1 may be quite small because some polarization types may not be effective. Temperature
dependency and the contribution of the different types of polarizations may not be same.
Additionally, the higher degree of dipole orientation in the polymeric sheets can be obtained
from the relaxed permittivity or static permittivity (e, or €s; i.e., €1 measured at f — 0).
The oscillator or dielectric strength (Ae) of the polymeric sheets can be describes from
the relation, Ae = &, — ¢,,. The dielectric strength of the polymer provides information
about the voltage that the synthesized polymeric sheet can withstand before breakdown
occurs [27]. In addition, the dielectric strength of the synthesized polymeric sheet repre-
sents the effective moment of the orienting unit increases with a temperature increase on
the whole, in which certain units of the chain are gradually motivated with increasing
temperature, and the dielectric polarization is enhanced. The dielectric relaxation time is
gradually decreased with increasing temperature. This is evidence that the response time of
the polymeric chain polarization is progressively harmonious with the alternative electric
field [28]. The temperature dependence of ¢;, &, and Ae of the synthesized polymeric sheets
are shown in Figure 4. At higher frequencies, electric dipoles are unable to follow the fast
variations in the AC field, resulting in low values of ¢,. At low frequencies, higher values
of e+ were observed as a result of the electric dipoles responding faster with the AC field. In
addition, space charge polarization occurred due to presence of different boundary regions
and a difference in conductivity, so dielectric constant increases with the increment of
temperature [29-31]. Moreover, at 303 K, Figure 4 shows that the ¢, has a value of 3.42, 3.91,
3.87,4.28 and 3.62; ¢, has a value of 3.86, 4.22,4.25, 4.62 and 3.97; and the A¢ has a value of
0.44,0.31, 0.38, 0.34 and 0.35 for free PMMA, PMMA-perylene dye, PMMA-perylene-PA,
and PMMA-perylene-CLA, respectively.
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Figure 4. The temperature dependence of ¢,, €, and Ae of the synthesized polymeric sheets.

In general, dielectric losses exhibit a bell-shaped curve. The dielectric loss peaks for
most polymers are asymmetric (distorted) and broad. The frequency dependence of ¢, at
different temperatures for the polymeric sheets are shown in Figure 5a—e. For temperatures
below 353 K, a broad second dielectric relaxation peak appears in (g;) for all polymeric
sheets corresponding to the 8 relaxation. The magnitude of the maximum height of the
peaks are temperature independent. The intra molecular fluctuations may be the source of
B relaxation that is affected by partial rotation of the side group around the bond, linking
it to the main chain (heterogeneous local environment) [32,33]. For temperatures above
353 K, two peaks of dielectric relaxation appear in ; for all polymeric sheets corresponding
to the & and B relaxation. a relaxation is associated to the glass transition of the polymer
and refers to cooperative transitions.

The experimental relaxation behavior of the above results can be described by the
empirical dispersion function reported by Havriliak-Negami (HN) [34,35].

& — &y

€ (a)):€u+m

with 0<a,p<1 4)

Here, « and B are exponent parameters ranging between 0 and 1. For the Debye
dispersion function, « =1, § = 1, Cole—Cole dispersion § = 1, & # 1, whereas for the
Cole-Davidson function, « =1, B # 1.
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For many electrical engineering applications, the loss tangent or so-called dissipation
factor (tan 6 = e5/¢€1) is also frequently used to describe the amount of energy dissipated
inside the polymer due to the alternative field. It is an amount of polymer polarization
inertia with respect to the applied electric stimulus. The tan § can be used to demonstrate
a dielectric of polymer in cases where the geometry of the polymer is not known. The
frequency and temperature dependences of tan J for the polymeric sheets are shown in
Figure 6a—e. The loss tangent at lower frequencies is related to the loss of the interfacial
polarization, while the loss tangent at higher frequencies is related to the change in dipole-
relaxational polarization [36].

1 Free PMMA (a) ——303 K
] ——313 K
——323 K
——333 K
10'1'_
82 ]
10-2 ALY | ML | ML | ML | T ML | T
10" 10 100 10> 10° 10* 10° 10°
f(Hz)
b PMMA-perylene dye ——303K
(b) pery y ol
0 —=—323 K

10" 10° 100 102 10° 10* 10° 10°
f (Hz)

Figure 5. Cont.
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Figure 5. (a—e): The frequency dependence of the ¢ of the synthesized polymeric sheets.
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Another representation of the complex relative permittivity (¢*) is the complex electric
modulus (M*). The M* formalism gives a clearer characterization of the dipolar relaxation
mechanisms of the synthesized polymeric sheets. The M* formalism is described by the
following relation [25].

1 . €1 . &
M= — == M; +iMp = +i 5
e* ! 2T 212 24 ©)
The frequency and temperature dependences of the imaginary part of the electric
modulus (M) for the polymeric sheets are shown in Figure 7a—e. At low frequencies, large
contributions of nonlocal relaxations of the polymeric sheets can be successfully suppressed
by using M, plots.

(a) Free PMMA 33K

b - ——303K
. (b) PMMA-perylene dye 3K
107 -
‘S
<
~—
107+
10-3 ML | ML | ML | ML | ML | ML | T
10" 10 100 10> 10° 10* 10° 10°

S (Hz)

Figure 6. Cont.
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Figure 6. (a—e): The frequency dependence of the tan § of the synthesized polymeric sheets.



Molecules 2022, 27,1993

0.007
] (a) Free PMMA ——303K
0.006 ——313 K
: ] ——323K
] S ——333K
0.005 - Bk 343K
i & 353 K
0.004 36K
o ——373K
E ]
0.003
0.002
0.001
0-000 WAL IR L IR ALLLY BRI ELAALLL BN LLLY L LAY BELELELLLLL IR B
102 10" 10° 10" 102 10° 10* 10° 10°
S (Hz)
0.005 K
|(b) PMMA-perylene dye I3K
—=—323 K
0.004 - ——333K
343 K|
353 K
0.003 - 363K
. —— 373K
N Sk
=
0.002 -
0.001 -
0-000 AELRRLLLL BRI LLLL BN BRI LLLY LA BRI, BRI LA B B
102 10" 10° 10' 102 10 10* 105 10°
S (Hz)
0.005 - ——303K
1 (c) \1 PMMA-perylene-PA . 313k
0.004 ]
0.003
N
=
0.002
0.001 -
0.000

Figure 7. Cont.

102 10° 10

S (Hz)

10" 10° 10'

10° 10




Molecules 2022, 27,1993

16 of 24

0.005
i ——303K
1(d) PMMA-perylene-1, — 313k
| ——323K
0.004 - | — 333K
i 343K
0.003
N
=
0.002
0.001
10" 10° 10" 102 10® 10* 105 10°
S (Hz)
0.005 R
|(e)  PMMA-perylene-CLA . 353k
: - —=—323K
0.004 | ——333K
: 343K
\ g 353K
0.003 - . AN AR —— 363K
' 4 AR —— 313K
N %
=
0.002
0.001 -
0.000

10" 10° 10' 102 10° 10* 105 10° 107
S (Hz)

Figure 7. (a—e): The frequency dependence of the M, of the synthesized polymeric sheets.

The characteristic relaxation time for the -relaxation peak in the synthesized poly-
meric sheet has been defined as the reciprocal frequency of the peak maximum
(Tmax = 1/ fmax) where fyqx is the peak frequency of the e, My and tand. The relaxation
process in the synthesized polymeric sheets networks can be determined via the Arrhenius
equation [37,38]:

fmax :fO exp(_i?u) (6)

where fy = fuax at T — 0, and k is the Boltzmann constant. The transition probabilities
between consecutive minimum energy configurations of the dipoles (minima of the po-
tential valleys) are related with the activation energy AE,. In this case, as follows from
Equation (6), with increasing temperature, the relaxation time decreases exponentially,
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and the activation energy does not show any dependence on temperature. The values of
the relaxation activation energy parameter (AE;) for the synthesized polymeric sheets are
compared in Table 2. This table shows that the values of the activation energies (AE;) for
the molecular rotation in the perylene complexes of (iodine, picric acid, and chloranilic) fall
in the range of 0.51-0.79 eV. These values of the activation energies (AE,) are comparable
with those for the less hindered rotation in free PMMA. Higher activation energies for the
C3 rotation were observed for the charge transfer complexes, especially the strong com-
plexes of perylene with nitro (picric acid) and halogens (chloranilic acid). The higher-order
axis of rotation (i.e., C3) is called the major axis of rotation. When the major Cn axis has
even n, it has a C2 process bound to that axis. The C2 vertical axes and their associated
processes must be indicated by initial and double uppercase letters. Ang and Dunell [39]
reported a connection between AE, for the C3 rotation to predictable structural variation in
perylene dye as a result of charge transfer to an electron acceptor [39]. Their efforts were
not promising owing to a shortage of accurate molecular structural data for many of the
perylene dye complexes. AE, for the C3 rotation increases with an increase in the electron
affinity of the acceptor in the series of PA > CLA > I,. Since electron affinity is a measure of
the strength of the acceptor type, the rotational barrier in the donor dye (perylene) increases
as the acceptor strength increases. As for the molecular rotation, the AE; of the complexes
with PA and CLA is higher than that of iodine. In perylene-I,, AE, for the rotation of iodine
molecule about the o-7t* bond is equivalent to that for the aromatic character of perylene
reorientation. We can conclude that perylene and perylene-I, show similar dynamical
behavior [40-43].

Table 2. Activation energy of the synthesized polymeric sheets.

Activation Energy (eV)
Polymer Sheet Sample
From &, Peak Value From M, Peak Value From tand Peak Value

Free PMMA 0.85 0.88 0.91
PMMA-perylene dye 0.52 0.50 0.54
PMMA-perylene-PA 0.79 0.76 0.76
PMMA-perylene-I, 0.53 0.51 0.56
PMMA-perylene-CLA 0.74 0.76 0.74

3.4. AC Electrical Conductivity Dispersion

Figure 8a—e show the real part of the complex electrical conductivity o(w) spectra
over the temperature range 303-373 K and frequency range 0.1 Hz-1 MHz for the synthe-
sized polymeric sheets. These figures are characterized by the transition above threshold
angular frequency (wg) from a low-frequency direct electrical conductivity (cy.) plateau to
a dispersive high-frequency range. The dc conduction in the disordered polymer appears
to be associated to the presence of a polarization process, which is associated with a short
range of mobile electric charges. These mobile electric charges contribute to the oy, at
low frequency region [44]. After the critical angular frequency, the o(w) dispersion of the
polymeric sheets shows two distinct regions with increasing frequency. The dependence of
the o(w) on the angular frequency is found to follow the form:

o(w) = 04e + A w4 Bw> 7)

where A’ and B are two constants, while s; and s; are fractional exponents. At the first
region, the o(w) is nearly temperature independent where S; =~ 1, demonstrating obviously
that the nearly constant loss (NCL) phenomenon is predominant. In this model, there is a
negligible frequency dependence of ¢ [44,45]. Polymer/backbone segments are greatly
flexible, and they respond with frequency variation due to rapid changes in the polarity
of the applied field, as well as in temperature. The origin of NCL to the polymer chain



Molecules 2022, 27,1993 18 of 24

relaxation strongly depends upon temperature for the pure polymeric system. However,
Das et al. reported that NCL has been attributed to the nature of polymer relaxation rate
for polymer salt concentration [46]. According to studies that have been reported so far, the
following properties are recognized for the NCL. The dielectric loss does not depend on
frequency so much and follows such a power law as (e ~ f7Y, v =0.1-0.3 ) [47]. In the
second region, Sy ~ 0.6 and independent of temperature may be attributed to the quantum
mechanical tunneling mechanism of charge carriers over the potential barrier separating
two energetically favorable centers in a random distribution. The QMT mechanism has
been reported to be the dominant operating conduction mechanism in many synthesized
polymeric materials [48-51].

105
w04 (@) Free PMMA
10
107 5
T 10°1
O o]
) 10° 4 ——303K
10710 ——313K
b 10 —— 323K
101 4 ——333K
. 343K
107 5 353K
A3 ] ——363K
10 —+—373K
10-14 RERBLLLLL IR LY B LL B, LRI LLL DL, IR LY BRI LAY |
10 10° 10’ 102 10° 10* 10° 10°
S (Hz)
10 5
105 ] (b) PMMA-perylene dye
10 4 Mﬁg&
3 33&&“"‘““ *
1075 ” s
= 10.8 "; ,r*'M
§ 1 G
= 10° JQQQ”
n o ——303K
~ 1010 4 _ﬁ.;gw" ——313K
© M —— 323K
101 e ——333K
3 e 343K
107 4 ey 33K
43 ] -’ ——363K
1075 ——373K
1014 1—

10" 10° 10" 102 10® 10* 10° 10°

S (Hz)

Figure 8. Cont.



Molecules 2022, 27,1993

19 of 24

PMMA-perylene-PA

f(Hz)

10° 102 103 104 105 108

(d)

PMMA-perylene- |,

——303 K
——313K
—=—323 K
——333 K

343 K

353K
——363 K
——373 K

10" 10° 10" 102 10° 10* 10°

S (Hz)

108

10+
10° 4
10°° 5
107 4
10 4
10° 4
10704
10"
1024
102 5

O (S/cm)

(e)

PMMA-perylene-CLA

2 ,"'@“
]

O
e :—:unﬂﬂn

oo
gann
g
o

1014

10" 10° 10" 102 10° 10* 10°

S (Hz)

Figure 8. (a—e): The frequency dependence of the o (w) of the synthesized polymeric sheets.



Molecules 2022, 27,1993

20 of 24

The complex impedance (Z*(w)) of the polymeric sheets can be analyzed by using

the following relation [52]:
G

Zy (w) = (G2 + w2C2) ®)
Z (w) = G2 szCZ) ©)

where G is the conductance of the investigated polymeric sheet. Figure 9a—e display the
Nyquist plot (complex impedance plot) of the polymeric sheets at different temperatures.
The Nyquist plot consists of one semicircle demonstrating the bulk resistance of the poly-
meric sheets. The semicircle decreases and bends towards the Z; (w) axis with increasing
temperature. The equivalent circuit can be expressed by the capacitor and resistor in
parallel (parallel RC element) [53,54].
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4. Conclusions

Perylene dye and acceptors (iodine, picric acid and chloranilic acid) in an in situ
PMMA polymer were synthesized in methanol solvent at room temperature. TG/dTG
showed that the synthesized charge transfer compounds in an in situ PMMA polymer
are thermally stable. The calculated kinetic and thermodynamic parameters for PMMA-
perylene dye are E = 99 (k] mol~1), AS = —82 J mol~! K~1), AH =96 (J mol~! K~1) and
AG =138 Jmol ' K1), for PMMA-perylene-PA are E = 46 (K mol 1),
AS=—-155(Jmol ' K1), AH=44 Jmol * K1) and AG = 99 (J mol~! K1), and for
PMMA-perylene-CLA are E = 65 (k] mol 1) AS = —26 (J mol ! K~ 1), AH = 54 (J mol ! K1)
and AG =54 (] mol~! K~1). The frequency dependences of the dielectric properties of poly-
meric sheet samples were obtained over the frequency range 0.1 Hz-1 MHz at temperatures
ranging between 303 and 373 K. Two main mechanisms are observed to describe the molec-
ular motions in the synthesized polymeric sheets; at the lower temperature regime, the
[-relaxation is dominant while the segmental o relaxation is dominant at higher temper-
atures. It was found that the ¢, has a value of 3.42, 391, 3.87, 4.28 and 3.62; ¢, has a
value of 3.86, 4.22, 4.25, 4.62 and 3.97 and Ae¢ has a value of 0.44, 0.31, 0.38, 0.34 and 0.35
for free PMMA, PMMA-perylene dye, PMMA-perylene-PA, and PMMA-perylene-CLA,
respectively. The activation energies AE, obtained from dielectric relaxation data fall in
the range 0.51-0.79 eV. The nearly constant loss (NCL) and quantum mechanical tunneling
mechanisms were used to explain the AC conduction mechanism. The complex impedance
spectra of the polymeric sheets were clarified by parallel RC element.

Author Contributions: Conceptualization, A.A.,, ZM.A.-A.,, LM.A-H,, TA.A, M\S.R,, AM.H. and
A.A.A.; Data curation, A.A., ZM.A.-A.,, LM.A.-H,, TA.A.,, M.S.R,, AM.H. and A.A.A.; Formal
analysis, A A, ZM.A-A, LM.A-H,, TA.A, MSR.,, AM.H. and A.A A ; Funding acquisition, A.A.,
ZM.A-A,LM.A-H, TAA,MSR, AMH. and A.A.A;; Investigation, A.A.,, ZM.A.-A.,, LM.A-H.,
TA.A,MSR, AMH. and A.A.A ; Methodology, A. A, ZM.A.-A,, LM.A-H,, TA. A, MSR.,, AM.H.
and A.A.A.; Project administration, A.A.,, ZM.A.-A,, LM.A.-H., TA.A, M.\SR,, AM.H. and A.A.A,;
Resources, A.A., ZM.A.-A.,,LM.A-H.,, TA.A, M.SR.,, AM.H. and A.A.A.; Software, A.A.,, ZM.A.-A.,
LM.A.-H, TAA, MSR., AMH. and A.A A,; Supervision, A.A.,, ZM.A-A, LM.A-H, TAA,
MS.R, AM.H. and A.A.A.; Validation, A.A., ZM.A.-A., LM.A.-H,, T A.A., M.S.R.,, AM.H. and
A.A.A,; Visualization, A.A., ZM.A.-A,, LM.A-H.,, TA.A, M.SR.,, AM.H. and A.A.A.; Writing—
original draft, A.A.,, ZM.A.-A.,, LM.A-H.,, TA.A, M.S.R,, AM.H. and A.A.A.; Writing—review &
editing, A.A.,, ZM.A.-A.,, LM.A-H., TA.A, M.S.R,, AM.H. and A.A.A. All authors have read and
agreed to the published version of the manuscript.

Funding: Taif University Researchers Supporting Project number (TURSP-2020/04), Taif University,
Taif, Saudi Arabia.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: Taif University Researchers Supporting Project number (TURSP-2020/04), Taif
University, Taif, Saudi Arabia.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Sumana, V;; Sudhakar, Y.; Anitha, V.; Nagaraja, G. Microcannular electrode/polymer electrolyte interface for high performance
supercapacitor. Electrochim. Acta 2020, 353, 136558. [CrossRef]

2. Anju, V,; Narayanankutty, S.K. High dielectric constant polymer nanocomposite for embedded capacitor applications. Mater. Sci.
Eng. B 2019, 249, 114418. [CrossRef]

3.  Aziz, S.B,; Abdullah, O.G.; Hussein, A.M.; Ahmed, H.M. From Insulating PMMA Polymer to Conjugated Double Bond Behavior:
Green Chemistry as a Novel Approach to Fabricate Small Band Gap Polymers. Polymers 2017, 9, 626. [CrossRef] [PubMed]

4. Aguilar, M.R,; Roman, J.S. Smart Polymers and Their Applications; Woodhead Publishing: Sawston, UK, 2019; pp. 1-11.


http://doi.org/10.1016/j.electacta.2020.136558
http://doi.org/10.1016/j.mseb.2019.114418
http://doi.org/10.3390/polym9110626
http://www.ncbi.nlm.nih.gov/pubmed/30965928

Molecules 2022, 27,1993 23 of 24

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Khalifeh, S. Polymers in Organic Electronics: Polymer selECTION FOR ELEctronic, Mechatronic & Optoelectronic Systems; ChemTec
Publishing: Scarborough, ON, Canada, 2020; pp. 1-48.

Narain, R. Polymer Science and Nanotechnology: Fundamentals & Applications; Elsevier: Amsterdam, The Netherlands, 2020; pp.
3-19.

Sengwa, R.; Choudhary, S. Dielectric properties and fluctuating relaxation processes of poly(methyl methacrylate) based polymeric
nanocomposite electrolytes. J. Phys. Chem. Solids 2014, 75, 765-774. [CrossRef]

Qian, D.; Zheng, Z.; Yao, H.; Tress, W.; Hopper, T.R,; Chen, S.; Li, S.; Liu, J.; Chen, S.; Zhang, J.; et al. Design rules for minimizing
voltage losses in high-efficiency organic solar cells. Nat. Mater. 2018, 17, 703-709. [CrossRef]

Wang, Z.; Zhu, L.; Shuai, Z.; Wei, Z. A-n-D-m—-A Electron-donating small molecules for solution-processed organic solar cells: A
Review. Macromol. Rapid Commun. 2017, 38, 1700470. [CrossRef]

Gedefaw, D.; Prosa, M.; Bolognesi, M.; Seri, M.; Andersson, M.R. Recent Development of Quinoxaline Based Polymers/Small
Molecules for Organic Photovoltaics. Adv. Energy Mater. 2017, 7, 1700575. [CrossRef]

Arzhakov, M. Relaxation in Physical and Mechanical Behavior of Polymers; CRC Press: Boca Raton, FL, USA, 2019; pp. 30-59.

Farea, M.O.; Abdelghany, A.M.; Oraby, A.H. Optical and dielectric characteristics of polyethylene oxide/sodium alginate-modified
gold nanocomposites. RSC Adv. 2020, 10, 37621-37630. [CrossRef]

Matin, R.; Bhuiyan, A.; Hossain, T. Carrier transport behavior in as-deposited and iodine-doped plasma polymerized 2, 6-
diethylaniline thin films. Thin Solid Films 2018, 668, 38—44. [CrossRef]

Hassanien, A.M.; Atta, A.A.; Azza, AW.; Ahmed, EM.A; Alsubaie, A ; El-Nahass, M.M.; Altalhi, T. Investigation of structural,
electrical and optical properties of chitosan/fullerene composites. Mater. Res. Express 2019, 6, 125304. [CrossRef]

Ul-Hagq, Y.; Murtaza, I.; Mazhar, S.; Ullah, R; Igbal, M.; Zeeshan-ul-Hugq; Qarni, A.A.; Amin, S. Dielectric, thermal and mechanical
properties of hybrid PMMA /RGO/Fe; O3 nanocomposites fabricated by in-situ polymerization. Ceram. Int. 2020, 46, 5828-5840.
[CrossRef]

Sengwa, R.; Dhatarwal, P. Polymer nanocomposites comprising PMMA matrix and ZnO, SnO,, and TiO; nanofillers: A
comparative study of structural, optical, and dielectric properties for multifunctional technological applications. Opt. Mater. 2021,
113, 110837. [CrossRef]

Mzir, T.; Khemici, M.W.; Dahmane, M.; Mzir, M.; Doulache, N. Dielectric characterization of polyvinyl chloride/polymethyl
methacrylate (PVC/PMMA) blends by TSDC technique. Int. J. Polym. Anal. Charact. 2018, 23, 675-683. [CrossRef]

Altalhi, T.; Gobouri, A.; Refat, M.S.; El-Nahass, M.; Hassanien, A.; Atta, A.; Al Otaibi, S.; Kamal, A. Optical spectroscopic studies
on poly(methyl methacrylate) doped by charge transfer complex. Opt. Mater. 2021, 117, 111152. [CrossRef]

Evstropiev, S.; Karavaeva, A.; Dukelskii, K.; Kiselev, V.; Evstropyev, K.; Nikonorov, N.; Kolobkova, E. Transparent bactericidal
coatings based on zinc and cerium oxides. Ceram. Int. 2017, 43, 14504-14510. [CrossRef]

Altalhi, T.; Gobouri, A.A.; Refat, M.S.; El-Nahass, M.M.; Hassanien, A.M.; Atta, A.A.; Saad, H.A.; Al-Hazaa, A.N. Structural,
electrochemical and optical properties of 1,2,4-Triazine derivative. Appl. Phys. A 2020, 126, 815. [CrossRef]

Jaroslav, S.; Satava, V.; Wendlandt, W.M. The study of heterogeneous processes by thermal analysis. Chem. Inf. 1973, 7, 333-556.
Coats, A.W.; Redfern, ].P. Kinetic Parameters from Thermogravimetric Data. Nature 1964, 201, 68—69. [CrossRef]

Takeo, O. A new method of analyzing thermogravimetric data. Bull. Chem. Soc. Jpn. 1965, 38, 1881-1886.

Vyazovkin, S.; Koga, N.; Schick, C. Handbook of Thermal Analysis and Calorimetry: Recent Advances, Techniques and Applications;
Elsevier: Amsterdam, The Netherlands, 2018.

Menczel, ].D.; Prime, R.B. Thermal Analysis of Polymers: Fundamentals and Applications; John Wiley & Sons, Inc.: Hoboken, NJ,
USA, 2009.

Flynn, J.H.; Wall, L.A. A quick, direct method for the determination of activation energy from thermogravimetric data. J. Polym.
Sci. Part B Polym. Lett. 1966, 4, 323-328. [CrossRef]

Katariya-Jain, A.; Deshmukh, R. Effects of dye doping on electro-optical, thermo-electro-optical and dielectric properties of
polymer dispersed liquid crystal films. |. Phys. Chem. Solids 2021, 160, 110363. [CrossRef]

Zhang, Y.; Wang, W.; Zhang, J.; Ni, Y. Dielectric relaxation processes in PVDF composite. Polym. Test. 2020, 91, 106801. [CrossRef]
Fahim, ZM.E.; Bouzzine, S.M.; Aicha, Y.A.; Bouachrine, M.; Hamidi, M. The bridged effect on the geometric, optoelectronic and
charge transfer properties of the triphenylamine-bithiophene-based dyes: A DFT study. Res. Chem. Intermed. 2018, 44, 2009-2023.
[CrossRef]

Lunkenheimer, P.; Schneider, U.; Brand, R.; Loidl, A. Glassy dynamics. Contemp. Phys. 2000, 41, 15-36. [CrossRef]
Lunkenheimer, P,; Loidl, A. Dielectric spectroscopy on organic charge-transfer salts. J. Phys. Condens. Matter 2015, 27, 373001.
[CrossRef]

Khazaka, R.; Locatelli, M.L.; Diaham, S.; Bidan, P.; Dupuy, L.; Grosset, G. Broadband dielectric spectroscopy of BPDA/ODA
polyimide films. J. Phys. D Appl. Phys. 2013, 46, 065501. [CrossRef]

Raicu, V.; Feldman, Y. Dielectric Relaxation in Biological Systems: Physical Principles, Methods, and Applications; Oxford University
Press: Oxford, UK, 2015; pp. 33-59.

Alvarez, F; Alegra, A.; Colmenero, J. Relationship between the time-domain Kohlrausch-Williams-Watts and frequency-domain
Havriliak-Negami relaxation functions. Phys. Rev. B 1991, 44, 7306-7312. [CrossRef]

Fillbrandt, M.; Wellert, S.; von Klitzing, R.; Schonhals, A. Thermal and corrosion (in)stability of polyamide 6 studied by
broadband dielectric spectroscopy. Polymer 2015, 75, 34—43. [CrossRef]


http://doi.org/10.1016/j.jpcs.2014.02.008
http://doi.org/10.1038/s41563-018-0128-z
http://doi.org/10.1002/marc.201700470
http://doi.org/10.1002/aenm.201700575
http://doi.org/10.1039/D0RA07601E
http://doi.org/10.1016/j.tsf.2018.10.012
http://doi.org/10.1088/2053-1591/ab5295
http://doi.org/10.1016/j.ceramint.2019.11.033
http://doi.org/10.1016/j.optmat.2021.110837
http://doi.org/10.1080/1023666X.2018.1484417
http://doi.org/10.1016/j.optmat.2021.111152
http://doi.org/10.1016/j.ceramint.2017.07.093
http://doi.org/10.1007/s00339-020-03995-4
http://doi.org/10.1038/201068a0
http://doi.org/10.1002/pol.1966.110040504
http://doi.org/10.1016/j.jpcs.2021.110363
http://doi.org/10.1016/j.polymertesting.2020.106801
http://doi.org/10.1007/s11164-017-3211-1
http://doi.org/10.1080/001075100181259
http://doi.org/10.1088/0953-8984/27/37/373001
http://doi.org/10.1088/0022-3727/46/6/065501
http://doi.org/10.1103/PhysRevB.44.7306
http://doi.org/10.1016/j.polymer.2015.08.016

Molecules 2022, 27,1993 24 of 24

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Zhang, H.; Wei, X.; Qu, J.-P. Microstructure evolution and mechanism of PLA/PVDF hybrid dielectrics fabricated under
elongational flow. Polymer 2021, 224, 123719. [CrossRef]

Kononov, A.A.; Castro, R.A.; Glavnaya, D.D.; Anisimova, N.I.; Bordovsky, G.A.; Kolobov, A.V.; Saito, Y.; Fons, P. Dielectric
relaxation and charge transfer in amorphous MoS; thin films. Phys. Status Solidi B 2020, 257,2000114. [CrossRef]

Slutsker, A.L; Polikarpov, Y.I; Vasil’Eva, K.V. Determination of the activation energy for complicated relaxation processes. Phys.
Solid State 2002, 44, 1604-1610. [CrossRef]

Ang, T.T,; Dunell, B.A. A Proton Spin-Lattice Relaxation Study of Molecular Motion in Several Addition Complexes of Trimethy-
lamine and Trimethylphosphine. Can. J. Chern. 1974, 52, 1840-1847. [CrossRef]

Person, W.B. Electron Affinities of Some Halogen Molecules and the Charge-Transfer Frequency. J. Chem. Phys. 1963, 38, 109.
[CrossRef]

Hoffman, B.M.; Eames, T.B. Free-radical molecular complexes. II. Boron halides and aluminum chloride. J. Am. Chem. Soc. 1971,
93, 3141-3146. [CrossRef]

Clippard, PH.; Hanson, J.C.; Taylor, R.C. Crystal and molecular structures of three trimethylamine-boron halide adducts:
(CH3)3NBCls, (CH3)3NBBrs, and (CHj3)3NBI3. J. Cryst. Mol. Struct. 1971, 1, 363-371. [CrossRef]

Tsuneyoshi, T.; Nakamura, N.; Chihara, H. Proton magnetic relaxation in tetramethylammonium chlorate. J. Magn. Reson. 1977,
27,191-195. [CrossRef]

Tsonos, C. Comments on frequency dependent AC conductivity in polymeric materials at low frequency regime. Curr. Appl. Phys.
2019, 19, 491-497. [CrossRef]

Ke, S.; Huang, H.; Ren, L.; Wang, Y. Nearly constant dielectric loss behavior in poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
biodegradable polyester. J. Appl. Phys. 2009, 105, 96103. [CrossRef]

Das, A.; Thakur, A.K.; Kumar, K. Origin of near constant loss (NCL) in ion conducting polymer blends. J. Phys. Chem. Solids 2015,
80, 62-66. [CrossRef]

Kubo, E.; Minoguchi, A.; Sotokawa, H.; Nozaki, R. Nearly constant dielectric loss of polyhydric alcohols. J. Non-Cryst. Solids 2006,
352,4724-4728. [CrossRef]

Mott, N.F; Davis, E.A. Electronic Processes in Non-Crystalline Materials; Oxford University Press: Oxford, UK, 2012.

Elbayoumy, E.; El-Ghamaz, N.A.; Mohamed, ES.; Diab, M.A.; Nakano, T. Dielectric permittivity, AC electrical conductivity and
conduction mechanism of high crosslinked-vinyl polymers and their Pd(OAc), composites. Polymers 2021, 13, 3005. [CrossRef]
[PubMed]

El-Ghamaz, N.A.; Ahmed, T.S.; Salama, D.A. Optical, dielectrical properties and conduction mechanism of copolymer (N,N’-
bissulphinyl-m-benzenediamine-p-phenylenediamine). Eur. Polym. J. 2017, 93, 8-20. [CrossRef]

Mansour, S.A.; Al-ghoury, M.E.; Shalaan, E.; El Eraki, M.H.I.; Abdel-Bary, E.M. Dielectric dispersion and AC conductivity of
acrylonitrile butadiene rubber-poly(vinyl chloride)/graphite composite. J. Appl. Polym. Sci. 2011, 122, 1226-1235. [CrossRef]
Mariappan, C.R.; Govindaraj, G.; Roling, B. Lithium and potassium ion conduction in A3TiB'P3012 (A = Li, K; B’ = Zn, Cd)
NASICON-type glasses. Solid State Ion. 2005, 176, 723-729. [CrossRef]

Barsoukov, E.; Macdonald, J.R. Impedance Spectroscopy Theory, Experiment & Applications; John Wiley & Sons, Inc.: Hoboken, NJ,
USA, 2005.

Mogug-Milankovi¢, A.; Santi¢, B.; Day, D.E.; Ray, C.S. Dielectric behavior and impedance spectroscopy of bismuth iron phosphate
glasses. J. Non-Cryst. Solids 2005, 351, 3235-3245. [CrossRef]


http://doi.org/10.1016/j.polymer.2021.123719
http://doi.org/10.1002/pssb.202000114
http://doi.org/10.1134/1.1501366
http://doi.org/10.1139/v74-263
http://doi.org/10.1063/1.1733447
http://doi.org/10.1021/ja00742a007
http://doi.org/10.1007/BF01201126
http://doi.org/10.1016/0022-2364(77)90068-3
http://doi.org/10.1016/j.cap.2019.02.001
http://doi.org/10.1063/1.3125271
http://doi.org/10.1016/j.jpcs.2015.01.003
http://doi.org/10.1016/j.jnoncrysol.2006.01.107
http://doi.org/10.3390/polym13173005
http://www.ncbi.nlm.nih.gov/pubmed/34503045
http://doi.org/10.1016/j.eurpolymj.2017.05.022
http://doi.org/10.1002/app.34240
http://doi.org/10.1016/j.ssi.2004.11.008
http://doi.org/10.1016/j.jnoncrysol.2005.08.011

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Thermogravimetric Analysis 
	Kinetic Thermodynamic Study 
	Dielectric Polarization and Relaxation Processes 
	AC Electrical Conductivity Dispersion 

	Conclusions 
	References

