
ORIGINAL PAPER

On the dielectric and photoluminescence characterizations of single-
walled carbon nanotube/polymer composites
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Abstract: A glass fiber reinforced polymer (GFRP) nanocomposite incorporating single-walled carbon nanotubes

(SWCNTs) was fabricated to investigate the effects of nanotube incorporation on the optical and dielectric properties.

Photoluminescence (PL) measurements were performed to characterize the optical properties of the carbon nanotube–

reinforced nanocomposite. Luminescence spectra and the chromaticity diagram were recorded in the wavelength range of

350–900 nm at room temperature. Additionally, PL spectra of the material were obtained at varying temperatures ranging

from 10 to 300 K. The emission spectrum of the SWCNT-reinforced nanocomposite exhibits intense emission features,

with a prominent excitation at 349 nm. The nanocomposite exhibits a strong emission peak at 398 nm corresponding to

violet emission, along with a broad band spanning 420–520 nm in the blue–green region. It also shows a weak emission

band at 758 nm in the near infrared (NIR) region. The Commission Internationale de l’Éclairage (CIE) chromaticity

coordinates of the nanocomposite were determined as (0.205, 0.242), locating the emission near the boundary between the

blue and green regions of the CIE diagram. These findings suggest that the synthesized nanocomposite is a promising

candidate for solid-state lighting devices and light-emitting diode (LED) applications. The dielectric parameters and

relaxation behavior of the unsaturated polyester matrix–based nanocomposite were analyzed using impedance spec-

troscopy over a broad frequency range. The real component of the complex dielectric permittivity, which is the dielectric

constant, and the imaginary component, which is the dielectric loss, was calculated at different temperatures. It was

observed that the nanocomposites exhibit high dielectric constants at low frequencies due to the Maxwell–Wagner–Sillars

(MWS) interfacial polarization mechanism, which gradually diminishes at higher frequencies as polarization processes

become less effective. Furthermore, dielectric loss responses exhibit similar trends with respect to both temperature and

frequency variations.
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1. Introduction

Carbon nanotubes have attracted considerable attention

owing to their exceptional mechanical strength, tunable

electrical conductivity, and outstanding dielectric proper-

ties, making them highly promising fillers for polymer-

based nanocomposites [1–3]. The dielectric response of

solid materials has been extensively described using Jon-

scher’s universal dielectric response (UDR) model, while

the relaxation behavior of polymeric systems has been

successfully interpreted through the Havriliak–Negami

formalism [4, 5]. In polymer nanocomposites, dielectric

relaxation predominantly originates from the presence of

immobilized filler particles within the polymer matrix,

which restrict dipolar motion and charge transport [6].

Under an applied electric field, filler particles, catalyst

residues, and unavoidable impurities tend to migrate

toward and accumulate at polymer–filler interfaces, where

they become trapped and give rise to interfacial (Maxwell–

Wagner–Sillars) polarization [7]. To elucidate such inter-

facial polarization mechanisms and dielectric characteris-

tics, McCrum et al. introduced analytical approaches

including the electric modulus formalism [8]. Subse-

quently, Maffezzoli et al. pioneered the use of dielectric

spectroscopy to monitor diffusion processes in epoxy-

based polymer systems [9]. Samir et al. further*Corresponding author, E-mail: aykut17ilgaz@gmail.com
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demonstrated that increasing carbon nanotube concentra-

tion leads to enhanced dielectric constant and dielectric

loss values, particularly in the low-frequency region using

the Havriliak–Negami model [10]. More recently, Jyoti

et al. investigated the dielectric response of graphene

oxide–carbon nanotube reinforced hybrid composites [11],

while Mergen et al. examined the combined dielectric and

optical properties of polystyrene/graphene nanoplatelet and

polystyrene/multi-walled carbon nanotube nanocomposites

[12]. In addition, Ilgaz reported the influence of resin type

on the dielectric behavior of single-walled carbon nan-

otube-loaded sheet molding composites [3], and Bayırlı
et al. revealed the relationship between impedance char-

acteristics and fractal morphological features in single-

walled carbon nanotube/polyester composites [13]. Despite

these comprehensive studies, the interplay between nan-

otube-induced interfacial polarization, morphological

complexity, and dielectric response in unsaturated polye-

ster-based nanocomposites remains insufficiently under-

stood, providing the primary motivation for the present

work.

Beyond their dielectric performance, single-walled car-

bon nanotubes (SWCNTs) exhibit pronounced nonlinear

optical properties, rendering them highly attractive mate-

rials for ultrafast photonic applications [14–18]. Numerous

studies have demonstrated that SWCNTs possessing

ultrafast recovery times, when incorporated into composite

matrices at appropriate concentrations, can function

effectively as saturable absorbers, exhibiting optical

transparency under high-intensity illumination due to their

semiconductor-like band structure [11, 19–22]. To exploit

these nonlinear optical characteristics in fiber laser sys-

tems, two primary types of SWCNT-based mode-lockers

have been developed, namely transmission-type and

evanescent-field-type configurations [23, 24]. Fiber lasers,

in particular, provide an excellent platform for investigat-

ing diverse soliton dynamics owing to their inherent

advantages, including high beam quality, compact archi-

tecture, and superior energy efficiency [25, 26]. In a related

context, Tubio et al. investigated the long-term durability

and performance of fiber-reinforced polymer composite

(FRPC) materials and proposed a novel fabrication

approach incorporating phosphor particles as luminescent

sensing elements, highlighting the potential of multifunc-

tional composite systems that integrate optical functional-

ity with structural performance [27].

In this study, the combined effects of the B8003 agent

and single-walled carbon nanotubes (SWCNTs) on the

dielectric and photoluminescence properties of glass fiber

reinforced polymer (GFRP) composites based on an

unsaturated polyester matrix were systematically investi-

gated. Particular emphasis was placed on elucidating the

roles of organic compound incorporation and carbon

nanotube doping in tailoring the dielectric response and

optical emission characteristics of the polymer composite

system. Impedance spectroscopy measurements were con-

ducted at room temperature to evaluate the dielectric

behavior of the composites, including the dielectric con-

stant and dielectric loss over a broad frequency range. In

parallel, photoluminescence spectroscopy was employed to

examine the temperature-dependent optical properties of

the GFRP materials. Finally, the advantages and limitations

associated with the incorporation of B8003 and SWCNT

fillers in terms of their influence on dielectric performance

and luminescence behavior are discussed.

2. Experimental details

2.1. Material

The nanocomposite produced in this study has a laminated

structure consisting of multiple laminae arranged in dif-

ferent orientations, with each lamina composed of ran-

domly distributed glass fibers embedded within the

polymer matrix. FWR6-type glass fibers with an average

diameter of 12.81 lm were incorporated into the composite

at a content of 27 wt.% and were supplied by Şişecam

(Turkey). In addition to the glass fiber reinforcement, the

matrix system contained 28 wt.% unsaturated polyester

resin. The single-walled carbon nanotubes (SWCNTs) used

in the experiments were obtained from Tuball Matrix and

possess an average diameter of 1.7 nm, an average length

of approximately 12 lm, a purity of 96%, and a density of

1.82 g cm-3. Accordingly, the aspect ratio—defined as the

length-to-diameter ratio of the reinforcing filler—was cal-

culated to be approximately 7058 for the SWCNTs

employed in this study.

A reactive coupling agent, B8003, was incorporated into

the composite formulation to enhance mechanical strength.

The B8003 agent is an organic reinforcing component

synthesized to contain propylene glycol monomethyl ether

acetate (PMA) and non-aromatic amines (detection limit:

0.3 wt.%). The nanocomposite formulation comprised 1

wt.% single-walled carbon nanotubes (SWCNTs) and 2.9

wt.% B8003, along with additional constituents including

31 wt.% calcium carbonate, 1.8 wt.% styrene, 1 wt.%

thickener and stabilizer, 0.7 wt.% peroxide, and 4.9 wt.%

padding material. Furthermore, 1.7 wt.% zinc sulfide was

added to enhance the photoluminescence characteristics of

the nanocomposite specimens.

During sample preparation, single-walled carbon nan-

otubes (SWCNTs) were initially dispersed in an ultrasonic

bath (QSonica 125 Ultrasonic Bath) to remove residual

impurities such as metal catalyst particles and amorphous

carbon. Sonication was also employed to promote effective
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nanotube dispersion and alignment within the suspension,

thereby enhancing inter-tube interactions and ensuring a

homogeneous distribution. Subsequently, vacuum filtration

was carried out using glass microfiber filters (Millipore) to

further purify the SWCNTs. Following the initial sonica-

tion step, unsaturated polyester resin was introduced into

the SWCNT suspension to facilitate strong interfacial

interaction between the nanotubes and the polymer matrix.

The resulting mixture was subjected to a second sonication

process to improve dispersion quality. Thereafter, addi-

tional reinforcement components were incorporated, and

the suspension was mechanically mixed for 1.5 h to obtain

a uniform, dough-like consistency. The prepared mixture

was then transferred into molds, where compression

molding was performed at temperatures ranging from 400

to 440 K under a pressure of 90–130 bar. After a molding

duration of 3 min, the fabricated nanocomposites were

pressed into test plates for subsequent characterization.

As observed in the scanning electron microscopy (SEM)

micrographs presented in Fig. 1, the constituent phases of

the composite matrix—particularly the cylindrical glass

fibers and the calcium carbonate particles appearing as

bright regions—are clearly distinguishable due to their

distinct morphologies and relative volume fractions, and

are irregularly distributed throughout the matrix. This

heterogeneous distribution, which may also be interpreted

as local clustering, can be attributed to polarization effects

and stress fields developed at the polymer–filler interfaces.

In contrast, carbon nanotubes are difficult to directly

identify in the SEM images owing to their nanoscale

dimensions and high aspect ratio, especially when com-

pared with larger reinforcement components such as glass

fibers and calcium carbonate particles.

2.2. Photoluminescence measurements

Photoluminescence (PL) spectroscopy is a non-contact

optical characterization technique widely employed to

probe electronic transitions, chemical structure, and defect-

related processes in solid materials, as well as photocat-

alytic reaction mechanisms. In this study, PL emission

spectra were recorded in the visible spectral region using

an ANDOR SR500i-BL spectrometer, both at room tem-

perature and as a function of temperature over the range of

10–300 K, with measurements performed on solid-state

samples. The low-temperature PL results reveal pro-

nounced spectral features associated with defect states,

including dislocations and impurity-related centers within

the composite structure. High-sensitivity Fourier-transform

photoluminescence microspectroscopy enables the detec-

tion of low concentrations of both intentional and unin-

tentional impurities, which can critically influence material

quality and optoelectronic performance. Excitation was

provided by a frequency-tripled Q-switched Nd:YLF

pulsed laser operating at a wavelength of 349 nm.

2.3. Impedance measurements

Single-walled carbon nanotubes (SWCNTs) possess a high

electron density and exhibit pronounced anisotropic

polarizability, allowing them to be readily deformed under

an external electric field. This characteristic renders the

nanotube surfaces highly susceptible to the formation of

induced dipoles. In the polymer matrix, functional groups

such as carbon–oxygen bonds along the polymer chains

carry permanent dipole moments. The local electric fields

generated by these dipoles in the vicinity of the nanotube

surfaces interact with the delocalized p-electron cloud of

the SWCNTs, leading to the induction of dipole moments

on the nanotube surfaces. As a result, attractive dipole–

dipole interactions develop at the polymer–nanotube

interface, thereby enhancing interfacial coupling. The

influence of increased interfacial and dipolar polarization

arising from these interactions on the dielectric behavior of

the composite materials was systematically investigated

using impedance spectroscopy.

For impedance analysis, bar-shaped specimens with a

length of 28 mm, a thickness of 5 mm, and a width of

8 mm were prepared. Both surfaces of each sample were

coated with silver electrodes deposited by thermal evapo-

ration to ensure good electrical contact. Capacitance and

resistance measurements were performed using an LCR

meter (HP 4284) over a frequency range from 0.01 Hz to

1 MHz. The real (Z0) and imaginary (Z00) components of

the complex impedance (Z*) were extracted as functions of

frequency, where the real component corresponds to the

resistive response and the imaginary component representsFig. 1 SEM micro-section of tested specimen
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the energy loss associated with dielectric relaxation pro-

cesses. Using these parameters with the obtained geometric

capacitance values, the dielectric constant and dielectric

loss factor can be calculated as follows, respectively [11]:

e0 fð Þ ¼ Z00

2pfC0Z2
ð1Þ

e00 fð Þ ¼ Z0

2pfC0Z2
ð2Þ

where f is the applied frequency, and Co is the capacitance

of the sample. The dielectric constant, defined as the real

part of the complex dielectric permittivity, represents the

ability of a material to store electrical charge and electro-

magnetic energy. In nanocomposite systems, a portion of

the input energy is dissipated as heat due to microstructural

imperfections such as pores, microcracks, impurities, and

defects, which induce local thermal fluctuations and

degrade material performance. In carbon nanotube–based

composites, metal catalyst residues (e.g., Fe and Ni) orig-

inating from nanotube synthesis processes, as well as

amorphous carbon regions, constitute the primary manu-

facturing-related defects. Structural defects such as

vacancy defects and Stone–Wales transformations are also

commonly observed in nanotube-doped materials. In

addition to intrinsic defects, surface contamination and

residual impurities on carbon nanotubes play a significant

role in governing interfacial interactions. Collectively,

these defects and impurities hinder effective nanotube

integration within the polymer matrix, thereby adversely

affecting both mechanical integrity and electrical transport

properties. The associated energy dissipation mechanisms,

predominantly manifested as heat loss, are quantified by

the imaginary component of the dielectric permittivity,

commonly referred to as dielectric loss.

3. Results

Figure 2 presents the photoluminescence (PL) emission

spectra of the SWCNT-reinforced nanocomposite. The

spectrum exhibits a pronounced emission peak centered at

398 nm, a broad emission band extending from 420 to

520 nm, and an additional weak emission feature around

758 nm. These dominant emission bands are attributed to

oxygen-related functional groups, such as C–O and –OH

moieties, where the observed transitions originate from

p ? p* electronic transitions of the p-electron system and

n ? p* transitions associated with nonbonding electrons

within the composite structure [28, 29]. The relatively low

PL intensity observed in the nanocomposite, comparable to

that of the neat resin matrix, indicates a reduced radiative

recombination rate. This weak PL emission can be

explained by the presence of dominant non-radiative

recombination pathways within the SWCNT–polymer

matrix, as well as exciton dissociation at defect sites along

the polymer chains. Such processes effectively inhibit the

recombination of photo-generated electron–hole pairs,

thereby prolonging charge carrier lifetimes and enhancing

charge separation efficiency. These characteristics render

the SWCNT-reinforced nanocomposite a promising can-

didate for a range of photonic and optoelectronic

applications.

Fig. 2 Luminescence spectrum of the polymer composite as-synthe-

sized in the range of 350–900 nm at room temperature

Fig. 3 CIE chromaticity diagram of the sample at room temperature

excited at 349 nm
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Figure 3 presents the CIE (Commission Internationale

de l’Éclairage) chromaticity diagram, which provides a

quantitative representation of the emission color coordi-

nates (x, y). The nanotube-modified nanocomposite exhi-

bits a blue-dominant chromaticity, with CIE coordinates

determined as (x = 0.205, y = 0.242), reflecting the influ-

ence of the composite blend system on the emitted color

characteristics [30, 31]. Optical illumination materials

often display luminescence behaviors distinct from con-

ventional luminescent systems due to the presence of

multiple energy transfer pathways from trap states to

luminescent centers, particularly across the room-temper-

ature (RT) to low-temperature (LT) regime. At room

temperature, certain spectral features may remain unre-

solved as a result of thermal quenching effects, which

suppress radiative recombination processes. Low-temper-

ature measurements, therefore, enable the emergence of

critical spectral details that are otherwise masked at higher

temperatures. To further examine temperature-dependent

luminescence behavior, a simple yet effective approach

based on controlled variation of the excitation light inten-

sity was employed to probe the emission response of the

luminescent material [32].

Figure 4a presents an isometric plot illustrating the

variation of photoluminescence (PL) intensity as a function

of wavelength (350–900 nm) over a temperature range

from 10 to 300 K. Figure 4b shows the corresponding two-

dimensional PL contour map of the B8003/SWCNT/GFRP

nanocomposite. As the temperature increases, the overall

emission intensity exhibits a gradual decrease, whereas no

discernible shift in the emission band positions is observed.

This behavior can be attributed to temperature-induced

expansion of carbonyl groups and polymeric chains, which

increases the average C–C and C–O bond distances within

the composite structure. The resulting enhancement of non-

radiative relaxation pathways leads to thermal quenching,

thereby reducing the photoluminescence intensity without

altering the emission wavelengths.

When a composite material is subjected to an external

electric field, pronounced differences arise between the

dielectric constants and electrical conductivities of its

constituent phases, leading to disparities in charge carrier

mobility. These differences promote the accumulation of

charge carriers at phase boundaries, resulting in long-lived

space charge regions at the interfaces. The separation of

opposite charges across these interfaces gives rise to a

macroscopic interfacial dipole moment, which underlies

the enhanced dielectric response observed in heteroge-

neous composites at low frequencies, as shown in Fig. 5.

This phenomenon is referred to as interfacial polarization,

or Maxwell–Wagner–Sillars (MWS) polarization, and is a

characteristic feature of multiphase dielectric systems. As

the frequency of the applied alternating electric field

increases, both interfacial and dipolar polarization mecha-

nisms progressively lose their ability to follow the rapidly

oscillating field due to their finite relaxation times. Con-

sequently, the overall polarization within the material

diminishes, manifesting macroscopically as a decrease in

the dielectric constant (e0).
The influence of temperature on the dielectric constant

of nanotube-doped composites is non-monotonic and

strongly dependent on the dominant polarization mecha-

nisms. With increasing temperature, enhanced charge car-

rier mobility facilitates greater interfacial charge

accumulation, while increased segmental motion of the

polymer chains enables more effective alignment of dipolar

groups, collectively leading to an increase in polarization

density and dielectric constant. However, at higher fre-

quencies, the relaxation times of these polarization pro-

cesses remain insufficient to respond to the rapid field

reversals, and thus the dielectric constant may exhibit little

or no enhancement despite increasing temperature. Since

this behavior is closely related to nanotube doping density

and interfacial structure, trends observed at low frequencies

cannot be directly generalized to the high-frequency

regime.

The variation of dielectric loss with frequency at dif-

ferent temperatures is illustrated in Fig. 6. It is evident

from the figure that the dielectric loss decreases mono-

tonically with increasing frequency, indicating an inverse

dependence on frequency. Several mechanisms contribute

to the dielectric loss factor, including DC conductivity,

interfacial polarization, dipolar polarization, and electrode

polarization. The absence of a distinct relaxation peak in

the dielectric loss spectra eliminates the contribution of

dominant dipolar relaxation processes and indicates that

DC conduction and interfacial polarization are the primary

loss mechanisms. These interfacial effects are mainly

attributed to the agglomeration of nanotubes localized at

the polymer–nanotube interfaces [11].

Furthermore, the dielectric loss is strongly influenced by

temperature. In a manner similar to the temperature

dependence of the dielectric constant, the dielectric loss

increases with increasing temperature. At low frequencies,

dielectric losses are predominantly associated with the

segmental motion of unsaturated polyester chains, partic-

ularly near the glass transition region of the material. At

higher frequencies, however, the orientational polarization

of polymer chains fails to follow the rapidly varying

applied electric field. Consequently, the loss component

diminishes in this frequency range due to the lack of phase

synchronization between the polarization response and the

external field [33].
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4. Conclusions

In this study, the dielectric and luminescence properties of

polyester composites reinforced with single-walled carbon

nanotubes (SWCNTs) and the B8003 coupling agent were

systematically investigated. The luminescence behavior of

the nanocomposites was examined both at room tempera-

ture and over the temperature range of 10–300 K. The

recorded luminescence spectra exhibited a prominent

emission peak at 398 nm, a broad emission band spanning

420–520 nm, and a relatively weak peak centered around

725 nm. These emission features are mainly attributed to

C–O and –OH related moieties within the composite

structure, p ? p* transitions of p-electrons, and n ? p*

transitions involving nonbonding electrons. A noticeable

reduction in luminescence intensity was observed with

increasing temperature, which is associated with thermal

quenching effects. As the temperature rises, the expansion

of carbonyl groups and polymeric chains increases the

average C–C and C–O distances, thereby enhancing non-

radiative recombination pathways and reducing the radia-

tive emission intensity. In addition, the Commission

Internationale de l’Éclairage (CIE) chromaticity diagram

revealed that the emission lies in the blue–green region,

with the CIE color coordinates determined to be (0.205,

0.242) under an excitation wavelength of 349 nm. Based

on these findings, the SWCNT-reinforced polyester

nanocomposite demonstrates promising dielectric and

luminescent characteristics, indicating its potential suit-

ability for photonic devices, fluorescent lighting systems,

blue–green light-emitting diodes, and imaging

applications.

The dielectric response of the composite was investi-

gated as a function of applied frequency in the temperature

Fig. 4 Low-temperature PL

spectrum from composite

specimen (a) isometric plot and

(b) contour map, which

emphasizes that different

spectral regions peak in

intensity at different

temperatures
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range of 300–500 K. The results indicate that both the

dielectric constant (e0) and the dielectric loss (e00) are

strongly dependent on frequency. The relatively high val-

ues of the dielectric constant observed in the low-frequency

region are mainly attributed to interfacial polarization,

commonly referred to as the Maxwell–Wagner–Sillars

(MWS) effect, arising from contrasts in electrical con-

ductivity and dielectric permittivity between the con-

stituent phases, in addition to the orientational polarization

of dipolar groups within the polymer chains. Since MWS

polarization develops over extended interfacial regions

compared to electronic polarization, it is characterized by a

considerably longer relaxation time. Consequently, inter-

facial polarization makes a significant contribution to the

real part of the dielectric permittivity, particularly at low

frequencies. With increasing frequency, both e0 and e00

exhibit a pronounced decrease, as the MWS and dipolar

polarization mechanisms are unable to follow the rapid

oscillations of the applied electric field. The absence of a

well-defined relaxation peak in the frequency-dependent

dielectric loss spectra suggests that dielectric losses pre-

dominantly originate from interfacial polarization pro-

cesses distributed over a wide range of relaxation times. In

addition, structural defects, impurities, and charge-carrier

trap states within the composite are likely to enhance

localized conduction paths and interfacial charge accu-

mulation, thereby contributing further to dielectric losses

[34]. Temperature also plays a critical role in determining

the dielectric response. At low frequencies, an increase in

temperature enhances polarization density, leading to

higher values of both the dielectric constant and the

dielectric loss. In contrast, at high frequencies, thermally

induced disorder and nonuniform polarization associated

with increased thermal excitation may suppress effective

polarization processes. Owing to the strong dependence of

this behavior on filler concentration and composite

microstructure, no generalized conclusion can be drawn

regarding the temperature effect at high frequencies. A

comprehensive interpretation of these results therefore

requires correlation with the thermal characteristics of the

material, which will be addressed in future work.
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