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Abstract. This article presents a review of contemporary studies on the production of composite materials based on 
polymethyl methacrylate (PMMA) and polypropylene (PP) with improved properties. The formation of a coherent 
scientific understanding of the processes involved in producing nanocomposites underpins the development of next-
generation materials. In such systems, conventional polymers serve as the matrix, while carbon nanotubes act as the 
conductive filler. The study of effects that arise from the introduction of ultra-small quantities of carbon nanoparticles is of 
key importance here: it is precisely these effects that enable a dramatic change in a wide range of polymer properties 
without significantly increasing material costs. Alongside experiments aimed at improving conductive polymers, 
multiscale modeling is playing an increasingly priority role. Computational experiments reduce development costs and 
predict the stability of materials under load, transforming modeling into a key driver of technological progress in the field 
of organic electronics. Confirming the effectiveness of computational methods, the authors of this article present the 
findings of their own research on the interaction mechanisms between the aforementioned polymers and single- and 
double-walled carbon nanotubes, which led to the creation of a composite polymer system. This research was conducted 
using a modern quantum-chemical method – density functional theory (DFT). Thus, the presented review not only 
summarizes existing achievements in the field of CNT/PMMA and CNT/PP composites, but also establishes a new 
methodological vector in which computational methods (particularly DFT) become an equal and, at early stages, a priority 
tool for designing nanocomposites with predictable properties. 
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Аннотация. Статья содержит обзор современных работ, посвященных получению композиционных материалов 
на основе полиметилметакрилата (ПММА), полипропилена (ПП) с улучшенными характеристиками. 
Формирование целостных научных представлений о процессах получения нанокомпозитов лежит в основе 
создания материалов нового поколения. В таких системах матрицей служат традиционные полимеры, а функцию 
проводящего наполнителя выполняют углеродные нанотрубки. Ключевое значение здесь приобретает изучение 
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эффектов, возникающих при введении сверхмалых количеств углеродных наночастиц: именно они позволяют 
кардинально изменить широкий спектр свойств полимеров без значительного удорожания материала. Наряду  
с экспериментами по улучшению проводящих полимеров все более приоритетную роль играет многомасштабное 
моделирование. Вычислительные эксперименты сокращают затраты на разработку и прогнозируют стабильность 
материалов при нагрузках, что превращает моделирование в ключевой драйвер технологического прогресса  
в области органической электроники. Подтверждая эффективность вычислительных методов, авторы приводят  
результаты собственных исследований механизмов взаимодействия перечисленных полимеров с одно-  
и двуслойными УНТ, приведших к созданию композитной полимерной системы, выполненных с использованием 
современного квантово-химического метода – теории функционала плотности DFT. Таким образом, 
представленный обзор не только обобщает существующие достижения в области композитов УНТ/ПММА  
и УНТ/ПП, но и задает новый методологический вектор, в котором вычислительные методы (в частности, DFT) 
становятся равноправным, а на начальных этапах – приоритетным инструментом проектирования нанокомпозитов 
с прогнозируемыми свойствами. 
 
Ключевые слова: полиметилметакрилат; полипропилен; углеродные нанотрубки; полимерные нанокомпозиты; 
метод теории функционала плотности; адсорбционное взаимодействие; электропроводящие свойства. 
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1. Introduction 

 

Over the past decades, interest in nanostructures 
based on conductive polymers has steadily increased 
in both fundamental science and applied industries. 
This field has seen particularly rapid development in 
the last ten years, driven by the discovery of unique 
properties in nanoscale forms of these materials and 
significant increases in the efficiency of devices 
based on them [1]. 

Market growth is driven by the automotive and 
diesel industries, as well as the general demand for 
lightweight, high-performance, and affordable 
electronic components. However, to reach the mass 
market, it is necessary to dramatically improve the 
processability of these polymers. The main 
challenges relate to their sensitivity to temperature 
and time fluctuations, as well as the nonlinear nature 
of their physicochemical properties. 

The focus of modern research is on the creation 
of polymer composite materials reinforced with 
nanoscale fillers, including carbon nanotubes (CNTs) 
[2–6]. As evidenced by an analysis of the extensive 
scientific literature [7–9], CNTs occupy a key 
position in the field of composites due to their unique 
combination of thermal, mechanical, electrical, and 
optical properties. Growing interest in integrating 
CNTs into various polymer matrices is stimulating 
the development of CNT-based polymer 
nanocomposites, as well as hybrid polymer/fiber 
composites, which boast exceptional performance 
characteristics [10]. Advances in the technologies for 
producing such materials are considered among the 
most significant advances in nanoscience, as well as 
for biomedical, aerospace, construction, and other 
industries [11–15]. 

Along with in-depth experimental research 
aimed at improving the stability and processability of 
conductive polymers, the development of theoretical 
and computational foundations for their behavior 
under real-world operating conditions is of 
fundamental importance. 

The development of multiscale modeling of 
conductive polymers will be able to link quantum-
chemical calculations of binding energies, molecular 
dynamics descriptions of charge transfer, and 
continuum models of mechanical relaxation into  
a unified picture. Computational experiments should 
precede synthesis, minimizing development costs, 
and accompany production, allowing for the 
prediction of long-term material stability under cyclic 
loads and temperature fluctuations. This approach 
transforms modeling from an academic tool into  
a key driver of technological progress in organic 
electronics and “smart” materials. 

A promising approach to assessing the 
effectiveness of nanofillers involves quantifying the 
interaction between the nanofiller and the polymer 
matrix by studying the electron-energy parameters of 
the process. This not only improves efficiency but 
also minimizes the need for practical testing.  
The quality of the adsorption interaction determines 
the stability of the resulting polymer-CNT complex. 
Given the difficulties associated with directly 
measuring the interaction energy of the studied 
complexes experimentally, computational methods 
offer a good alternative. Density functional theory 
calculations for solid-state systems yield results that 
are in good agreement with experimental data. 
Therefore, this method allows for studying the 
interaction between different types of nanofillers and 
polymers. 
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The aim of this study is to review modern 
approaches to producing polymethyl methacrylate 
and polypropylene-based composite materials with 
improved properties, as well as to develop and 
validate a computational approach (based on density 
functional theory (DFT)) for quantitatively assessing 
adsorption interactions in a polymer-carbon nanotube 
complex, ensuring the best balance between the 
accuracy of describing the electron-energy 
parameters and computational costs. 

Determining the optimal functional and basis set 
for density functional theory calculations is  
a prerequisite for achieving computational reliability 
and depends on a number of factors, such as the 
purpose of the study, the size and complexity of the 
system, the type of interactions, computational 
resources, etc. For large systems (e.g., biomolecules 
or materials), a tradeoff between accuracy and 
computational costs may be required. Thus, the 
optimal choice of functional and basis set is a balance 
between the required accuracy and available 
computational resources. 

We investigated the effectiveness of functionals 
in studying nanoparticles with semiconductor-like 
conductivity using GaAs quantum dots and 5CB  
(4-pentyl-4-cyanobiphenyl) liquid crystals [16]. 
Theoretical calculations showed that the B3LYP 
functional is the most preferable for such systems, as 
the obtained results are in good agreement with 
experimental results and theoretical calculations by 
other authors [17–19]. In [20], we tested the choice of 
functionals and basis sets for the quantum-
mechanical DFT calculation method for TiO2 
nanotubes. There are also works by other authors in 
which the B3LYP functional in combination with the 
3-21G basis set, known as B3LYP/3-21G, has 
demonstrated accurate results for a number of 
chemical systems, including complex organic 
molecules such as natural resins or polymers [21, 22]. 

 
2. PMMA-CNT polymer composite materials 

 

Polymethyl methacrylate (PMMA) is  
a lightweight, non-toxic synthetic polymer with high 
transparency, weather resistance, and good physical, 
mechanical, and electrical insulating properties (Fig. 1). 
It is characterized by high impact strength, light 
transmittance, processability, and biocompatibility 
[23]. Due to this, PMMA is widely used in lighting 
engineering, medicine, aviation, and mechanical 
engineering. However, its thermal and mechanical 
stability are insufficient to meet modern industrial 
requirements, making modification of the material  
a pressing issue. The creation of new PMMA-based 
composites with predictable physical and mechanical 
properties will significantly expand its applications. 

 
Fig. 1. The structural formula of polymethylmethacrylate 

 
2.1. Experimental study of PMMA-CNT  

composite materials 
 

The introduction of carbon nanotubes into 
polymer matrices plays a key role in expanding the 
potential application of composites, providing an 
increase in the elastic modulus and strength.  
To achieve the desired result, the method of 
producing the composite material plays a significant 
role. For example, in [24], using the 3D mixing 
method, various concentrations of multiwalled CNTs 
(MWCNTs) were introduced into PMMA to create 
polymer nanocomposites, followed by injection 
molding. Properties such as permittivity, 
conductivity, dielectric loss tangent, and electric 
modulus at intermediate frequencies were studied. 
The authors state that the findings have significant 
potential for application in electronics, sensors, and 
advanced materials, which emphasizes the novelty 
and practical significance of the study. 

In [25], PMMA/MWCNT composites with 
concentrations of 2.5, 5, and 10 wt. % were obtained 
by mixing solutions. It was found that at 5 wt. % with 
the addition of 5 wt. % MWCNTs, the elastic 
modulus and hardness increase by 44 and 27 %, 
respectively, relative to pure PMMA. A further 
increase in the nanotube content to 10 wt. % leads to 
a decrease in these parameters by 23 and 28 %, 
respectively, compared to the sample containing 
5 wt.%. Dynamic mechanical analysis in the 
frequency range of 50–210 Hz showed that the 
composite with 5 wt. % MWCNTs outperforms pure 
PMMA in elastic modulus across the entire studied 
range. Thus, the authors of [24] confirmed the 
feasibility of using low MWCNT concentrations in 
PMMA composites for operation under low- and 
medium-frequency loads. 

Studies [26, 27] have shown that an increase in 
the CNT content leads to an increase in the elastic 
modulus and a decrease in fracture strain. In [28], the 
effect of process parameters (pressure, holding time, 
melt temperature) and the CNT concentration on the 
mechanical properties of composites was studied 
using the injection molding method. It has been found 
that with an increase in the nanotube content from  
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0 to 1.5 wt. %, tensile strength and elongation at 
failure decrease by approximately 30 and 40 %, 
respectively, while hardness increases slightly. 

A significant amount of research has been 
devoted to the development of highly effective 
PMMA/CNT-based materials for electromagnetic 
shielding [29, 30]. 

In [29], the absorption characteristics of 
electromagnetic radiation by PMMA/CNT 
nanocomposite foam with a laminated configuration 
were studied. The layered structure ensured an 
absorption band extension to 3.5 GHz (8.9–12.4 GHz), 
which is 0.8 GHz wider than that of a single-layer  
2 mm thick foam, as well as a reduction in reflection 
losses over a wide frequency range. This was 
achieved by reducing reflectivity in the upper layer 
and increasing absorption in the lower layer.  

In the review paper [31], various methods for 
synthesizing foamed carbon materials (3D printing, 
supercritical foaming, carbonization, etc.) were 
considered, and the electromagnetic interference 
shielding properties of polymer composites 
reinforced with CNTs were analyzed, including 
existing problems and prospects for their solution. 

The optimization of structural solutions for 
improving absorption characteristics is of particular 
interest. In [32], a foam plastic design with 
alternating layers of pure PMMA and PMMA/CNTs, 
forming a gradient structure, was proposed.  
The absorption band was 3.2 GHz (8.8–12.0 GHz), 
and the minimum reflection loss reached − 30.2 dB at 
8 wt. % CNTs. 

In [33], the possibility of producing 
PMMA/CNT composite granules combining high 
electrical conductivity and optical transparency was 
demonstrated. Using the electrostatic assembly 
method, homogeneous decoration of PMMA particles 
with nanotubes was achieved at their content of only 
0.0068–0.068 vol. %, which ensured the formation of 
conductive channels. 

In [34], composites based on PMMA granules 
with a coating of MWCNTs dispersed in  
a thermoplastic polyurethane (TPU) matrix were 
studied as sensing elements for pressure 
measurements. As the load increases, the granules 
converge, forming three-dimensional conductive 
networks across the interphase boundaries, ensuring 
early contact even at low pressures. An additional 
advantage is the increased thermal conductivity of the 
material. The authors recommend these composites 
for use in pressure measurement systems. In [35], the 
possibility of controlling the electrical conductivity of 
PMMA/MWCNT nanocomposites through 
halogenation was demonstrated, enabling the 

formation of a stable percolation network and 
achieving high conductivity. 

In [36], a technology for producing flexible 
monopole antennas from PMMA films filled with 
single-walled carbon nanotubes (SWCNTs) was 
presented. The characteristics (reflection coefficient, 
radiation patterns, and gain) were evaluated in the 
unbent and bent states, confirming the potential for 
using such films. In [37], rectangular and circular 
polymer antennas were developed in which carbon 
nanotubes completely replace copper in the 
conductive elements and grounding. The achieved 
balance between dimensions, gain and efficiency 
demonstrated the practical suitability of such designs. 
 

2.2. Theoretical modeling of the PMMA-CNT 
composite system 

 

The reviewed studies were devoted to the 
strengthening of a polymer matrix by carbon 
nanomaterials, as well as imparting conductive 
properties to it. A comparison of the mechanical 
properties before and after the introduction of the 
filler showed that carbon nanotubes are capable of 
reinforcing the matrix. Furthermore, it was 
established that their addition to a polymer dielectric 
can lead to the emergence of electrical conductivity. 
The contribution of researchers to the development of 
nanocomposites is outstanding. Nevertheless, the 
mechanisms of strengthening the same matrix by 
different types of nanotubes are of particular interest; 
this aspect requires further study. The DFT method 
has proven itself as one of the most accurate 
approaches for atomic analysis of the structure, 
stability, mechanical and electronic properties of new 
materials [38]. Modern DFT modeling also allows for 
the prediction of the characteristics of carbon 
nanocomposites [39]. In [40], extended tight binding 
(xTB), DFT, symmetry-adapted perturbation theory 
(SAPT), and molecular dynamics (MD) simulations 
were used to understand the interaction of PMMA 
polymer with industrial gases (H2, O2, N2, and H2O). 
A theoretical experiment allows us to investigate the 
behavior of gas molecules in the presence of PMMA, 
which is important for understanding their adsorption 
and solubility in the polymer matrix. 

In [41], molecular dynamics was used to analyze 
the interaction of β-blockers with PMMA in a pure 
matrix and in water, providing reliable information 
on the potential role of PMMA at the molecular level 
in the environment when in contact with 
pharmaceutical pollutants. 

In [42], theoretical modeling of PMMA 
composites with SWCNTs was performed.  
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In [52], it was shown that the addition of 5 wt. % 
carbon nanotubes to polypropylene improves the 
mechanical properties: the tensile strength increases 
by 11 %, Young’s modulus by 33 %. Furthermore, 
the thermal stability of the composite increases by 
more than 30 °C compared to the original polymer. 

The authors of [53] used microwave treatment to 
improve the mechanical properties of PP/MWCNT 
nanocomposites with a 10 % volume fraction of filler. 
This method promotes uniform volumetric hardening 
and increased strength. A strain rate sensitivity study 
showed that the tensile strength varied from 5.74 to 
15.7 MPa depending on the loading rate. The highest 
flexural strength (21.91 MPa) and flexural modulus 
(2.69 GPa) were recorded at a rate of 1.25 mm⋅min–1. 
In [54], the effect of MWCNTs on the mechanical 
properties of polypropylene fiber concrete (PPFC) 
was studied. MWCNTs were dispersed in water using 
ultrasound and added in three dosages (0.05–0.15 % 
of the cement mass) with varying polypropylene fiber 
content (0.5–1.5 % of the mixture volume). The tests 
included compressive strength, flexural strength, 
tensile strength, elastic modulus, rebound number, 
and ultrasound velocity. Optimal results were 
obtained with 0.10 % MWCNTs and 1.0 % PPF: 
compression – 49.4 MPa, bending – 6.4 MPa, tension – 
4.9 MPa, elastic modulus – 42257 MPa, rebound 
number – 47.0, ultrasound velocity – 5567 m⋅s–1.  
The addition of MWCNTs significantly improved the 
properties of PPFC, especially with this combination. 

A number of studies [55, 56] are devoted to the 
study of creep and recovery of polypropylene with 
the introduction of carbon nanotubes. In [56], using 
coarse-grained MD modeling, it was shown that 
doping with CNTs increases the creep resistance of 
the nanocomposite. In [57], M. Sabet studied the 
effect of SWCNTs and MWCNTs on the thermal 
behavior and crystallization of isotactic 
polypropylene. It was found that the addition of 
nanotubes increases the crystallization temperature 
and the critical cooling rate without significantly 
changing the melting temperature. A percolation 
threshold of 0.5 wt. % was found for MWCNTs,  
at which the physical properties improved without the 
use of a compatibilizer. The increased interfacial 
surface area promotes increased thermal stability of 
the polymer, which opens up opportunities for the 
creation of high-performance nanocomposites based 
on PP. The authors of [58] also observed an 
improvement in the thermal stability of PP/CNT 
polymer composite materials. 

The potential of using carbon nanotubes to 
impart high electrical conductivity to materials has 
long been confirmed [59–62]. Researchers worldwide 

are particularly interested in the development of 
conductive polymers and studying the potential for 
their practical use. In recent years, such polymers 
have found application in the creation of electronic 
devices, batteries, artificial muscles, solar energy 
conversion systems, and various types of sensors  
[63, 64]. 

In [65], it was shown that with an increase in the 
MWCNT content, the electrical conductivity of 
PP/MWCNT composites changes from insulating to 
semiconducting. Up to 3 wt. % of the material is non-
conductive, but when this threshold is exceeded,  
a conductive network forms, and the conductivity 
increases sharply from 10–12 to 10–1 S⋅m–1, which 
corresponds to a percolation transition. Moreover, the 
conductivity is independent of the injection molding 
temperature. 

In [66], statistical percolation theory methods 
were used to establish the electrical percolation 
threshold for PP/SWCNT composites at 1.4 wt. % 
(critical value t = 2.05). An optimized melt mixing 
process enabled the formation of a conductive 
network with an SWCNT content of approximately 
1.28 wt. %. However, given the superior properties of 
SWCNTs compared to MWCNTs, such a low 
percolation threshold may not meet expectations. 

In a number of studies [67–69], special 
nanocomposite production modes are used in addition 
to the introduction of CNTs to achieve conductive 
properties in polymeric materials. In [68], the effect 
of injection molding parameters on the crystalline 
structure and electrical resistance of PP/MWCNT 
composites was studied. The materials were produced 
by twin-screw melt extrusion followed by injection 
molding. With the same MWCNT content, increasing 
the mold temperature and injection speed resulted in 
a decrease in specific electrical resistance. 

 
3.2. Theoretical modeling of the PP-CNT  

composite system 
 

In parallel with the experimental work, a number 
of theoretical studies were conducted to explore the 
potential for improving the properties of 
polypropylene. In [70], the construction of seven 
models of PP-based composite materials was 
presented, and molecular dynamics (MD) simulations 
were conducted to determine the thermodynamic 
properties of these composite models. This study 
aimed to elucidate the microstructural mechanisms 
underlying the improved mechanical properties 
observed in functionalized MWCNT/PP composites. 
Furthermore, the study compared the effects of 
grafting different numbers of functional groups on 
improving the mechanical properties of PP composites. 
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Molecular models of CNT/PP nanocomposites 
containing randomly dispersed bundles of carbon 
nanotubes were also investigated in [71].  
The modeling results showed that the properties of 
the modeled nanocomposite continuously improve 
with increasing nanotube content due to the effective 
CNT/PP interphase boundary and the reinforcing 
effect of the CNTs themselves.  

In [72, 73] theoretical studies of the interaction 
processes of polypropylene (PP) polymer with carbon 
nanotubes of various types, diameters and layer 
density are presented. The adsorption process of one 
monomer unit (С3H6) of polypropylene, as well  
as a PP fragment [–СН2СН(СН3)–]n consisting of  

15 structural units, was modeled. The Еad values 
revealed the fact of physical adsorption of the 
polymer fragment with the CNT cluster. Thus, our 
results allowed us to predict the possibility  
of creating stable complexes of a composite  
polymer material based on nanotube-reinforced 
polypropylene. In this case, the adsorption energy 
value is fundamentally independent of the CNT layer 
density. We also analyzed the electron-energy 
structure of complexes formed by SWCNTs and 
DWCNTs and a polypropylene fragment [74].  
The analysis of the band gap width ΔEg of the 
complexes revealed that the system has  
a semiconductor conductivity type (Figs. 4, 5). 

 

 
 

Fig. 4. Visualization of single-electron energy spectra of clusters of single-layer CNTs,  
a fragment of PP and interacting PP + CNTs modeling the structure of a composite polymer material [74] 

 

 
 

Fig. 5. Visualization of single-electron energy spectra of clusters of two-layer CNTs,  
a fragment of PP, and interacting PP + CNTs modeling the structure of a composite polymer material [74] 
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Thus, the introduction of the nanotubes under 
consideration into the polymer matrix of 
polypropylene, which is a dielectric by conductivity 
type, leads to the appearance of semiconducting 
properties in the resulting polymer nanocomposite. 

 
4. Conclusion 

 

The analysis of experimental studies on polymer 
composites based on polypropylene and polymethyl 
methacrylate with added carbon nanotubes 
demonstrates the wide range of applications for such 
materials. According to current data, PP/CNT and 
PMMA/CNT composites represent a promising area 
for further research and practical application. 
Improving production technologies opens up 
opportunities for creating new physical objects with 
both fundamental and applied significance.  
This review examines not only the unique 
physicochemical properties of polymers but also the 
effects arising from their modification with 
nanofillers. The composites obtained in this way 
exhibit enhanced mechanical, electrical, and radio-
absorbing properties, opening up broad prospects for 
their application in various industries. 

Ab initio calculations (DFT) reliably establish 
that the introduction of modified MWCNTs into 
PMMA and PP matrices leads to a restructuring of 
the electron-energy structure. Modifying carbon 
nanotubes in a polypropylene and polymethyl 
methacrylate matrix creates additional energy levels 
in the polymer's band gap, facilitating more efficient 
charge transfer at the interface. 

Thus, the synthesis of DFT modeling data and 
fabrication technologies opens up prospects for 
creating polymer composites with tailored properties, 
defining a strategy for the further development of 
functional materials. 
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