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Abstract: This study investigates the optical and dielectric properties of nitrile butadiene rubber (NBR) reinforced with varying con-
centrations of N220 carbon black (CB). Ultraviolet (UV)-visible spectroscopy, in the range of 200-800 nm, was used. The optical
spectrum showed a high absorption peak at approximately 220 nm, indicating that the material is suitable as a strong absorber of ultra-
violet radiation. The direct optical band gap decreases slightly from 5.55 eV to 5.34 eV as CB content increases. The Urbach energy
values, around 1.5 eV, suggest the formation of structural disorder and band tail states induced by CB-rubber interfacial interactions.
The optical parameters such as extinction coefficient and refractive index exhibit characteristic variations around 220 nm, correspond-
ing to strong absorption and high photon—carrier coupling. Dispersion behavior, interpreted through the Wemple-DiDomenico and
Sellmeier models, reveals consistent variations in the effective oscillator energy, dispersion energy, and oscillator length strength. Dielec-
tric analysis demonstrates that both the static and high-frequency dielectric constants are sensitive to CB loading, while the real part
of the dielectric constant dominates over the imaginary component across the spectrum. Generally, the optical and dielectric findings
demonstrate that the incorporation of N220 CB substantially modifies the energy band structure, optical dispersion, and charge carrier
dynamics of NBR composites. These characteristics suggest their promising potential for optoelectronic and UV-sensing applications,
where tunable optical absorption and dielectric response are critical.
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1. Introduction

Nitrile butadiene rubber (NBR), a synthetic copoly-
mer comprised of acrylonitrile (CH,=CH-CN) and butadiene
(CH,=CH-CH=CH,), is widely used in industrial and automo-
tive applications, including oil seals, hoses, belts, and brake linings
[1, 2]. To further enhance its functional performance, various rein-
forcing fillers are incorporated into NBR matrices. Among these,
carbon black (CB) remains one of the most ubiquitous conduc-
tive and reinforcing additives in rubber composites [3, 4]. One
commonly used grade is N220 CB, a fine amorphous form of car-
bon typically employed in high-performance rubber formulations.
N220 exhibits stability, excellent UV and light fastness, chemical
inertness, and a high burning point (above 400 °C) [5-7].

In the last decades, the scope of research on polymer—filler
composites has broadened, with increased interest in linking opti-
cal, dielectric, and electronic behaviors to microstructure. For
instance, Taha et al. [8] explored the optical characteristics of
NiO-doped polyvinyl chloride (PVC/NiO), revealing that the addi-
tion of NiO nanoparticles resulted in increased refractive index
and normalized absorption. Alfaramawi [9] examined the optical
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properties of butyl rubber/general purpose furnace CB composites
at varying CB concentrations. Due to the high ultraviolet (UV)
absorption capability of the CB filler, most of the incident UV light
was absorbed within the composites. Samthong et al. [10] ana-
lyzed the morphology, thermal, and tensile properties of poly(lactic
acid) blends that comprised NBR with different acrylonitrile con-
tents, both with and without dynamic vulcanization facilitated by
dicumyl peroxide. Parvathi et al. [11] investigated the optical and
thermal stability, alongside temperature-dependent electrical prop-
erties, of chlorinated natural rubber (CI-NR) combined with zinc
ferrite (ZnFe,O,4) nanocomposites. Their findings suggested that
doping CI-NR with ZnFe, Oy led to a reduction in bandgap energy
and enhanced thermal stability of the rubber nanocomposites as
nanoparticle content increased. Rejani and Beena [12] studied the
optical properties of manganese oxide/polyindole (Mn,O3/PIND)
hybrid structures, observing that the optical absorption in the
UV-visible (UV-Vis) region indicated that polyindole possesses a
direct bandgap, which narrows from 4.4 eV to 3.3 eV with the
formation of the hybrid.

Recently, Naser et al. [13-15] studied the optical proper-
ties of foil nanocomposites using three types of neat polymers:
polystyrene, poly (methyl methacrylate), and polyvinyl alcohol
mixed with zinc oxide, silver, and aluminum nanoparticles. All
foil nanocomposites exhibited high UV absorption but low visible
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absorption, especially when mixed with Ag and Al nanoparti-
cles in the 200-400 nm range. The results showed a decreasing
energy band gap from 4.40 ¢V to 3.7 eV as the concentrations of
Al nanoparticles increased. Alam [16] reported and reviewed the
methods of filler dispersion in rubber composites for optimizing
the properties of rubber composites.

Despite these advances, comprehensive studies linking
UV-Vis absorption behavior, optical band structure (band gap
and Urbach tails), refractive index dispersion, and dielectric
response in rubber/CB systems remain relatively scarce. Here,
we address this gap by systematically investigating NBR/N220
composites with varying CB loadings, focusing on their opti-
cal absorption (200-800 nm), optical dispersion, and dielectric
characteristics. The novelty of this work lies in presenting a
comprehensive optical—dielectric investigation of NBR composites
reinforced with nano-sized N220 CB through combined evalua-
tion of the optical band gap, Urbach energy, extinction coefficient,
refractive index (via Wemple-DiDomenico (WD) and Sellmeier
models), and dielectric parameters including permittivity, relax-
ation time, plasma frequency, and loss functions. This work
provides a unified framework linking filler concentration to charge
carrier dynamics and photon—material interactions. The systematic
correlation between optical and dielectric properties in NBR/N220
composites can effectively tune both the optical band struc-
ture and dielectric polarization behavior, offering a new pathway
for developing multifunctional elastomeric materials for advanced
optoelectronic, photothermal, and UV-sensing applications.

2. Experimental

2.1. Materials

The materials used in this study are medium-grade NBR with
acrylonitrile content 30-35% (supplied by Transport and Engi-
neering Co., Alexandria., Egypt), Intermediate Super Abrasion
Furnace CB of grade N-220 (supplied by Alexandria Carbon
Black Co., Alexandria, Egypt), zinc oxide (ZnO) of purity 99.5%
(supplied by Aldrich Company, Germany) as activators, stearic
acid of purity 97-99% acts as dispersing/activating fatty acid
(supplied by Aldrich Company, Germany), fine pale yellow sul-
fur (S) powder of purity 99% as a vulcanizing agent (supplied

by Aldrich Company, Germany), 2’-dibenzothiazole disulfide
(MBTS) C4HgN,S,; of purity 98% as an accelerator, dioctyl
phthalate (DOP) of purity 99% as a processing oil, and
N-isopropyl-N’-phenyl-p-phenylene diamine (IPPD4020) of purity
99% as an antioxidant, antiozonant, and antiflex.

2.2. Methods

The NBR primary matrix with content of 100 phr (part per
hundred parts of rubber by weight in grams), 2 phr of stearic
acid, 5 phr of zinc oxide, 2 phr of sulfur, 10 phr DOP processing
oil, 2 phr of MBTS accelerator, and 1 phr of IPPD4020 antiox-
idant/antiozonant were combined thoroughly with N220 CB of
concentrations 50, 60, 70, 80, 90, and 100 phr.

Two roll mills with dimensions of 300 mm in length and 150
mm in diameter, a slow roll speed of 18 rpm, and a 1.4 gear ratio
were employed in this process. The mixing process was carried out
according to the “Compounds and Prepared Standard Vulcanized
Sheets (ASTM D 3182)” [17, 18]. Following the mixing process,
the rubber composites were allowed to rest for a full day prior to
vulcanization. Vulcanization was carried out using an electrically
heated platen hydraulic press, which maintained the temperature at
150 + 2 °C and applied a pressure of 15 MPa for 15 minutes. The
resulting sheets were shaped as 5 X 5 cm? with a thickness of 1 mm.
From these sheets, small samples measuring 1 X 1 cm? were cut for
characterization, and each sample was coded according to its CB
content, labeled as N50, N60, N70, N80, N90, and N100, as the
N220 CB content is 50, 60, 70, 80, 90, and 100 phr, respectively.

2.3. Optical characterization techniques

UV-Vis spectroscopy was utilized to measure absorbance and
reflectance over a wavelength range of 200-800 nm, using an
EVO300 PC model spectrophotometer.

3. Results and Discussion

3.1. Optical characterization

The reflectance spectrum of a material provides valuable
insights into its optical and dielectric characteristics. Figure 1(a)
illustrates the relationship between measured reflectance (R) and

Figure 1
Variation of reflectance with incident photon wavelength of NBR/N220 composites with various N220 CB concentrations: (a) from 200
to 800 nm wavelength range and (b) in the UV range of the electromagnetic spectrum
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Figure 2
Kubelka—Munk function F(R) versus photon wavelength in the
range 200-260 nm of NBR/N220 CB composites at various CB

concentrations
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incident photon wavelength from 200 to 800 nm for various
NBR/N220 composites, while Figure 1(b) shows such a graph in
the UV range.

The reflectance spectra of the NBR/N220 composites show a
pronounced absorption-like edge in the UV (= 300 nm), followed
by a broad minimum in the visible region (=~ 400-600 nm) and a
weak upturn toward the near-IR for the highest filled sample. This
behavior is consistent with strong electronic transitions in the poly-
mer (7-7* from C=C/C=N groups) combined with broadband
absorption from the graphitic domains of the CB; the addition of
N220 progressively attenuates the reflectance across the measured
range, indicating increased light absorption and enhanced multiple
scattering from the filler network [19].

Throughout all wavelengths, reflectance behavior demon-
strates a pattern that is related to absorbance. It is convenient to
convert the diffuse reflectance (DR) data to an effective absorp-
tion function. The theory that makes it possible to use DR spectra
was proposed by Kubelka and Munk [20]. Originally, they pro-
posed a model to describe the behavior of light traveling inside a
light-scattering specimen from the relation:

(1-R)

AR) = —53

0
where (R = R%/100) and F(R) is the so-called remission or
Kubelka—Munk function. The Kubelka—Munk function in diffuse
reflection represents the absorption coefficient. Figure 2 shows
F(R) versus wavelength (in the range 200-260 nm) for NBR/N220
composites of various CB content. Since F(R) represents the
Kubelka—Munk function, it’s proportional to the absorption coef-
ficient, so this graph highlights how optical absorption evolves with
CB content in the UV region.

The variation of the Kubelka-Munk function F(R) with
wavelength for the NBR/N220 composites (Figure 2) reveals a
noticeable absorption feature in the deep-UV range (200-260
nm). All samples exhibit a distinct minimum near 220 nm, fol-
lowed by a sharp increase in F(R) toward shorter wavelengths,
corresponding to the strong electronic transitions associated with

Figure 3
Plot of (F(R).E)? versus photon energy to estimate the direct
optical band gap of NBR/N220 composites with various N220
CB concentrations
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m—* excitations in the conjugated C=C and C=N groups of the
NBR matrix. With increasing CB (N220) loading, F(R) values rise
systematically across the spectrum, reflecting enhanced absorption
and scattering due to the formation of a conductive filler net-
work. This trend confirms the light-attenuating nature of N220,
where graphitic domains introduce additional 7—7* transitions
and localized electronic states within the polymer band structure
[21]. The upward shift in F(R) intensity from N50 to N100 sug-
gests an increasing density of absorbing centers and interfacial
charge-transfer interactions between the rubber matrix and CB
aggregates.

Tauc’s equation provides a method to establish the relationship
between photon energy and absorption coefficient (represented by
F(R)), expressed as follows [22]:

F(R).E = C(E — EoP'Y" Q)

In this equation, E represents the photon energy, (E°P') denotes
the optical band gap, C is a constant that does not depend on
energy, and m indicates the type of optical transition. Specifically,
m takes the value of ' for direct allowed transitions and 2 for
indirect allowed transitions. To determine the direct optical energy
gap (E°P") of the NBR-N220 composites, Equation (2) is utilized.
Figure 3 presents a plot of (F(R).E)* versus photon energy, from
which the direct optical band gap is estimated by extrapolating the
linear portion of the curve at the absorption edge.

The estimated direct optical energy gap values for all
NBR/N220 samples are presented in Table 1. Notably, there is a
slight decrease in the direct optical band gap from 5.55 to 5.34 eV
as the CB content increases. This trend can be logically attributed
to the enhanced conductivity of the composite with a higher con-
centration of CB. The inclusion of CB in NBR rubber can alter
the material’s absorption coefficient and energy structure as a result
of the interactions between the rubber matrix and the CB parti-
cles. A significant alteration in the material is the formation of
band tail energy, also known as Urbach energy, which is primar-
ily attributed to localized states within the band gap associated
with semicrystalline materials [22]. The relationship between the
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absorption coefficient (represented by F(R)) and the incident
photon energy is described by the Urbach relation [23]:

F(R) =agyexp (£) 3)
E,

where (E,) represents the Urbach energy and («) denotes the
Urbach constant. Consequently, plotting (In F(R)) against (E)
enables the determination of both parameters through Equation
(3). Figure 4 illustrates this graph for the various NBR/N220 com-
posites. E, is determined from the inverse of the slope of the
straight-line portion, while ¢ is found by locating the intercept on
the vertical axis. Table 1 lists the estimated values of both Urbach
energy and Urbach constant for each sample.

It is noteworthy that Urbach energy has values between 1.1
and 1.6 eV for the NBR/N220 composites. This range appears
significantly higher than those values reported in previous studies
of similar rubber/CB systems [24, 25]. This is probably because
the introduction of CB particles may disturb the molecular order-
ing of NBR chains. Additionally, the interfaces between CB and
rubber matrix may create localized states and potential fluctu-
ations. Also, poor filler dispersion or strong CB agglomeration
enhances this disorder, and this results in increased density of
localized states leading to broader Urbach tail and consequently
higher E, [26]. On the other hand, CB contains sp*> domains,
defective graphitic structures, and amorphous carbon regions. The
electronic transitions in these regions (7—7*, sp*>-sp* disorder) add

Figure 4
Urbach plot of In F(R) against photon energy of the different
NBR/N220 composites
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Figure 5
Extinction coefficient of NBR/N220 composites with varying
N220 CB concentrations versus photon energy
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broad absorption features extending into the visible region. These
additional localized electronic states overlap with the rubber band
tail, effectively broadening the exponential absorption region [27].

A crucial factor associated with absorption measurements is
the extinction coefficient (k), also referred to as the absorption
index. This coefficient quantifies the percentage of electromagnetic
waves lost due to absorption and scattering over a unit length of
the medium. The extinction coefficient can be calculated using the
following relation [22]:

FR). 1

k = I 4)

Figure 5 illustrates how the extinction coefficient varies with
the wavelength of incident photons in the UV range for the
investigated NBR/N220 composites at various concentrations of
N220 CB. The graph shows that the extinction coefficient ini-
tially increases as the wavelength increases, reaching a maximum
at around 220 nm, which is close to the absorption edge. Beyond
this point, k continues to decrease with further increases in wave-
length. Notably, there is a clear correlation between the trends of
both the extinction coefficient and absorbance in the UV range,
particularly at 220 nm. The corresponding energy level is near the
energy gap of the NBR rubber composites, indicating a signifi-
cant absorption of radiation energy at this juncture. Consequently,
this characteristic suggests possible potential use for utilizing these
rubber systems in practical applications as sensors and actuators

E(eV) for detecting and absorbing ultraviolet electromagnetic waves.
Table 1
Direct optical band gaps, Urbach energy, and Urbach constant of NBR/N220 composites with various N220 CB
concentrations
Parameter Samples
N50 N60 N70 N80 N90 N100

E (eV) 5.55 5.52 5.49 5.44 5.39 5.34
E, (eV) 1.52 1.45 1.37 1.61 1.41 1.11
o, (cm™) 0.073 0.062 0.057 0.188 0.067 0.021

(3]
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The material’s refractive index (n) is correlated to the
reflectance through the relation [28]:

L U+R) + 2R

(1-R )

The behavior of the refractive index of NBR-N220 composites in
the UV wavelength range, as shown in Figure 6, reveals several key
characteristics that are important for practical applications. Ini-
tially, as the incident wavelength increases from 200 to 220 nm, the
refractive index increases from approximately 1.8 to 2. This initial
rising trend suggests enhanced light interaction within the material,
which could be attributed to factors such as absorption character-
istics, material structure, or electronic transitions that occur within
this wavelength range. However, beyond 220 nm, the refractive
index decreases monotonically, reaching a value close to 1.5 as
the wavelength approaches 300 nm. This decrease may indicate a
shift in the dominant optical properties of the composites, pos-
sibly reflecting changes in the material’s electronic band structure
or variations in light scattering and absorption mechanisms. The
notable behavior observed around 220 nm could serve as a dis-
tinctive feature for applications in optics and photonics, especially
in fields that utilize UV light, such as sensor technology, optical

Figure 6
Variation of refractive index with incident photon wavelength of
NBR/N220 composites with different N220 CB concentrations
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Figure 7
Plot of (nz-l)’1 versus E? for NBR/N220 composites with various
CB content to determine the parameters E, and E; according to
the WD single effective oscillator model
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filters, or coatings. The ability to manipulate the refractive index in
this range can lead to innovations in device design, where precise
control over light propagation and interaction is critical. Fur-
ther investigation into the underlying mechanisms responsible for
these changes in refractive index could provide valuable insights for
optimizing the performance of NBR-N220 composites in various
technological applications.

The refractive index dispersion can be characterized using the
WD single effective oscillator approach [29, 30]. In the WD model,
the refractive index is given by the relation:

E E,
2 _ 2
E0 E

n? =1+

(6)

where E; is the dispersion energy and E, is the energy of the
effective single oscillator.

The energy E, is the oscillator strength, which indicates
the average energy of interband optical transitions, whereas the
energy E, gives an idea about the material’s band structure.
This is obvious from Figure 7 by plotting (n2-1)"! versus E2 for
the investigated NBR/N220 samples. The resultant slope of the
straight line is (-1/E,E,;), while the intercept with the vertical axis

300
equals (E,/E,;). The calculated parameters E, and E; are listed in
A (nm) Table 2.
Table 2

Optical dispersion characteristic parameters of NBR/N220 composites at different CB concentrations as obtained
from analysis of WD single oscillator and Sellmeier approaches

Parameter Samples

N50 N60 N70 N80 N90 N100
Eq (eV) 4.401 4.532 3.98 5.296 4477 3.99
E, (eV) 6.311 6.304 6.256 6.508 6.379 6.252
M, 0.697 0.718 0.636 0.813 0.701 0.638
M_; (eV)? 0.016 0.018 0.016 0.019 0.017 0.016
n, 1.306 1.316 1.282 1.349 1.307 1.285
2o (um) 0.198 0.198 0.199 0.193 0.196 0.199
Sg (1m)? 18.04 18.58 16.14 21.99 18.33 16.41
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The dispersion parameters E, and E,, obtained from the WD
approximation, are utilized to estimate the moments of the optical
spectra M_; and M_; as [29, 30]:

3
M_, , MZ

E = 7S (7

0 M_y Td T
The computed values of E, and E,; are included in Table 2.
The dispersion of the refractive index can also be examined
using the Sellmeier equation [31]. This equation employs the
Kramers—Kronig relationship, which connects optical absorption
with the refractive index, to determine the wavelength-dependent
refractive index as follows:

2 2
nS-l _ 7L0
= H3) ®

where A, is the average oscillator wavelength and ng is the
static refractive index, also known as the long-wavelength refrac-
tive index. The plot of (n2-1)! versus A2 is shown in
Figure 8 for the NBR/N220 composites. From the slope of the
straight line, [k%/(nf-l)], and the intercept with the vertical axis
[l/(ng-l )], one can determine n; and Ay and hence estimate the
oscillator length strength S, = [(n2-1)/ )L(Z)]. Table 2 gives the esti-
mated values of n,, Math input error, and S, for the investigated
NBR-N220 composite samples.

Figure 8
Plot of (n2-1)? versus (1) 2 of NBR/N220 composites with
various CB concentrations to estimate the parameters ng and A
from the Sellmeier relation
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3.2. Dielectric properties

The interaction of incident electromagnetic waves and poly-
meric rubbers is characterized by various dielectric parameters.
The static dielectric constant (e5), measured at zero or very low
frequencies of the incident waves (long wavelengths), can be
calculated using the following relation [29]:

g = n} ©)

Based on the values of n, estimated before, the static dielectric
constant is determined for the investigated composites and listed
in Table 3.

The dielectric response of a solid when exposed to low-
wavelength electromagnetic waves is characterized by its high-
frequency dielectric constant (e.,). This parameter is connected to
the material’s refractive index as well as the wavelength of the
photons, as described by the following equation [32]:

2
> _ . [_e N\
"= e (nc2£0)<m*>/1

where N is the charge carrier density, e is the electronic charge, €,
is the permittivity of free space, m™* is the effective mass, and c is
the speed of light. Equation (10) establishes a linear relationship
between 72 and A2, which is illustrated in Figure 9. The point where
the straight line intersects the vertical axis at (A2= 0) provides the
high-frequency dielectric constant, (€,,), which is summarized in
Table 3 for all composite samples.

(10)

Figure 9
Plot of n? versus A% of NBR/N220 composites with different
N220 CB concentrations
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Table 3
Dielectric dispersion parameters, static and high-frequency dielectric constants, and plasma frequency of NBR/N220
composites at different CB concentrations

Parameter Samples
N50 N60 N70 N80 N90 N100
€ 1.84 1.72 1.77 1.67 1.84 2.45
€ 2.76 2.89 2.67 2.96 2.48 2.15
w,(10'7 Hz) 9.2 9.41 9.136 8.583 8.648 8.945
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Figure 10
(a) Real part and (b) imaginary part of the dielectric constant versus wavelength of the incident photon for NBR/N220 composites with
various CB concentrations
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The complex dielectric function (¢*) of a material with the two
components—the real part (¢;) and the imaginary part (g5)—is
typically expressed as:

¥ =g -lgy (11)
The real part of the dielectric function represents the mate-
rial’s response to an electromagnetic field in terms of how much it

can store energy (dielectric constant), while the imaginary part of
the dielectric function is connected to the energy loss in the mate-

rial due to the electric field (absorption loss), and i = \/—1 is the
imaginary number. The two parts of the dielectric constant are
related to the optical parameters by [32]:
g = n® —k% e = 2nk (12)
Dielectric dispersion refers to the frequency-dependent behavior
of these components. As frequency changes, both (¢;) and (g;)
can change. Frequency dependence can be manifested in several
regimes, often characterized by relaxation processes, resonances,
and polariton effects. Understanding these aspects is critical for
various applications in materials science, electronics, and photonics.
Figure 10(a) and (b) illustrate the variation of the dielec-
tric constants ¢; and ¢,, respectively, with the incident photon
wavelength for the NBR/N220 composites at various CB con-
centrations. It is noticed from Figure 10 (a) and (b) that the
values of g, are greater than those of ¢,. This discrepancy can be
attributed to the strong correlation between €; and the refractive
index, where k2 is considerably lower than n2. Conversely, the
lower value of the imaginary dielectric constant could be a result
of its dependence on k, leading to a diminished product of nXk.
As a response to the incident waves, the duration required
for various conductive sources in NBR/CB composite to revert to
their original positions is referred to as the dielectric relaxation
time (7). It plays an important role in both dielectric and mechan-
ical behavior. The correlation between the relaxation time and the
dielectric constants is given by [33]:

r= & (Eoo'El)
C 1553

(13)
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Dielectric relaxation time 7 versus the incident photon wavelength
for NBR/N220 CB composites of different CB contents
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Figure 11 illustrates how the dielectric relaxation time varies
with the incident photon wavelength for NBR/N220 composites.
Notably, a pronounced decrease in 7 is observed at almost 220
nm, which aligns with the region of strong absorption.

Several relaxation processes coexist due to the complex struc-
ture of the material: the first process is the dipolar relaxation,
which exists in the NBR matrix due to the reorientation of polar
groups such as ~C=N and ~C=0 in NBR under an alternat-
ing electric field. Another relaxation type is denoted by interfacial
(Maxwell-Wagner—Sillars) relaxation, which is found at NBR/CB
interfaces. This is caused by charge accumulation at the interfaces
between conductive CB particles and insulating NBR. This is the
dominant dielectric relaxation mechanism in NBR/CB compos-
ites [34]. Ionic or space-charge relaxation can also be initiated by
the trapped charges or impurities due to slow migration or hop-
ping of charges through the composites [35, 36]. Additionally, there
can be mechanical (viscoelastic) relaxation attained from the poly-
mer chains associated with chain segment motion, glass transition
(at-relaxation), and side-group motion (f-relaxation) [37].
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Figure 12
Variation of £; with 2 at high wavelength range for NBR/N220
CB composites at different CB concentrations
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Rubber by itself is an insulator; it has no mobile charge
carriers and thus cannot sustain electron plasma oscillations.
Plasma-like collective electron behavior can appear in localized,
percolated conductive networks within rubber/CB composites but
not in the classical sense of a free electron plasma [38]. When
CB is added to the rubber, realistic changes are found. CB is a
semimetallic, graphitic material. Its conductivity arises from 7—m*
conjugated carbon networks, sp* domains interconnected with dis-
ordered sp® regions, and quantum tunneling or hopping between
adjacent CB aggregates. When CB particles are loaded into rub-
ber, at low CB content, the composite remains insulating (isolated
CB clusters). At the percolation threshold (~10-20 wt% CB), CB
particles form a conductive network, allowing electron hopping
or tunneling through the rubber matrix. At high CB content,
the system behaves semimetallic, showing frequency-dependent
conductivity and plasmon-like absorption in optical or THz
spectra [39].

Recent modeling work of polymer—CB interfaces and percola-
tive morphologies explicitly uses generalized Drude descriptions to
explain the observed dielectric dispersion in percolative composites
[38, 40]. In a rubber/CB complex disordered system, the plasma-
like frequency (w),) can be calculated based on the wavelength of

Figure 13
Variation of (a) volume energy loss function, (b) surface energy loss function, and (c) loss tangent, with the incident photon wavelength
for NBR/N220 composites of various CB contents
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the incident wave, the high-frequency dielectric constant, and the
real part of the dielectric constant as [41]:

252
wy A
c2

(14)

The plasma frequency, then, can be determined by plot-
ting ¢; versus A%, at high wavelength range; this is illustrated in
Figure 12. The slope of the fitted straight line equals (- a)g /c2)
from which w), is evaluated. The result is listed in Table 3. Several
studies show that percolative CB composites can be interpreted as
collective/plasmonic oscillations at ultra-low plasma frequencies.
This supports the notion of network-confined plasmon-like modes
rather than a bulk metal plasma [41].

When the material is subjected to electromagnetic radiation,
the rapid oscillation of charge carriers within the bulk and on the
surface of the solid leads to energy loss that is linked to the optical
properties and dielectric function. The dielectric loss is charac-
terized by three functions: volume energy loss function (VELF),
surface energy loss function (SELF), and loss tangent (tan &).
These parameters depend on the dielectric constant and can be
determined using the following relationships [42]:

VELF = —2 _ SELF = — %L 1uns = 2

e +¢3 @+ 1248 €]
(15)

Figure 13 shows how these loss functions vary with the incident
photon wavelength for NBR-N220 composite samples. It is evident
from the figure that up to about 220 nm (the strong absorption
zone), the dielectric loss functions rapidly decrease with increasing
incident photon wavelength and then increase steadily [43].

4. Conclusion

NBR composites filled with varying contents of N220 CB
were fabricated via conventional mixing and vulcanized at 150 °C
under 15 MPa. Optical characterization revealed strong ultraviolet
absorption that intensified with increasing CB loading, reflect-
ing enhanced lightfiller interactions and network formation. The
optical and dielectric parameters analyzed using the Urbach, WD,
and Sellmeier models confirmed that the addition of N220 sig-
nificantly modifies the electronic structure and optical response
of the NBR matrix. The observed variations in absorption coef-
ficient, optical band gap, refractive index, and dielectric constant
underscore the tunability of these composites for potential use
in flexible electronic and optoelectronic devices. Further studies
are recommended to elucidate the correlation between mechan-
ical reinforcement and optical functionality to enable targeted
performance optimization of NBR/CB systems.
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