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General Introduction 

 

At the one of the first conferences on nanotechnology that was held at the Institute 

for Molecular Manufacturing in Palo Alto (California, USA) in October 1989 [1], 

delegates from Japan announced that for several years their country considers the 

development of molecular systems as the basis for the XXI century technologies and "if 

the rest of the world wants to participate in joint development of nanotechnologies it would 

be better to wake up and start acting". Now you can confidently assert that one of the most 

promising directions of development of modern science is nanotechnology. Basic on the 

title of "nanotechnology" one can say that this scientific direction works with objects, 

which size is in nanoscale (term "nano" means 10
-9

 m). Thus, nanotechnology is the 

process of obtaining and use of materials that consist of nanoparticles (nanomaterials, 

nanocrystals, nanocomposites, etc.) [2]. 

It is well known that nanofilled polymer materials are more efficient and 

economically sound in comparison with conventional polymers or polymer composites, 

because they are characterized by significantly enhanced mechanical, thermal, electrical 

and other properties, even at low (up to several percents) nanofiller loading due to its 

specific interaction with polymer matrix at the nanoscale. There are many types of 

nanoparticles that can be the potential nanofillers for polymer systems. For example, 

inorganic nanoparticles: nanoparticles of gold, silver, calcium phosphate, silicates; 

molecular nanostructures: dendrimers, carbon nanotubes (CNTs), fullerenes; nanofibers; 

graphene; natural nanomonocrystals: quartz monocrystals, rock salt, Iceland spar, 

diamond, topaz etc. [2]. However, since recent time an attention of scientists is focused on 

the study of structure-properties relationship of CNTs due to their unique properties as well 

as the CNTs-containing polymer nanocomposites [2-32]. 

Carbon nanotube is a cylindrical structure with a diameter from one to several tens 

of nanometers and length up to tens of micrometers, consisting of one or more hexagonal 

planes of graphite (graphene) rolled up to tubes usually ended by hemispherical head [28]. 

CNTs are currently the most promising nanomaterial, which can optimize the 
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characteristics of materials used in various industries (microelectronics, airspace and 

automotive industries etc.). CNTs are characterized by high elasticity owing the large 

aspect ratio of length (L) and diameter (D) (L/D>1000) and have high strength (≥ 30 Giga 

Pa) and Young's modulus (≥ 1 Tera Pa). CNTs can be conductor like metals or 

semiconductor: they can transport electrons over long distances without significant 

interruption that makes them more effective than copper [3, 4]. This unique combination of 

mechanical and electrical properties makes CNTs to be an ideal reinforcing agent for many 

materials and products including polymers. 

Information about the first polymer nanocomposites containing as filler CNTs was 

published in 1994 by Ajayan et al. [5]. Since that time thousands works presented the 

results on creation of new CNTs-containing polymer nanocomposites with a unique 

complex of physical-chemical, mechanical and electrical properties were published [2-28]. 

In order to create CNTs-containing polymer nanocomposites the most important is to 

ensure effective dispersion of CNTs in polymer matrix and to achieve high adhesion 

between nanotubes and polymer, for example, by chemical modification 

(functionalization) of CNTs surface. 

Nanocomposites containing CNTs have already found commercial applications: in 

the electronics industry for protecting integrated circuits from anti-static shock, in the 

automotive industry for preventing electrostatic stress in the fuel lines and pumps; for 

producing ultrastrong threads, nanowires, transparent conductive surfaces, in chemical 

industry for encapsulation of active molecules, etc. [27, 28]. As the polymer matrix in 

CNT-containing nanocomposites the various thermoplastic and thermosetting polymers are 

used. However, recent studies have shown that one of the most promising methods of 

obtaining polymer/CNTs nanocomposites is their producing from monomers or oligomers 

(having low viscosity) in the presence of CNTs (i.e. in situ synthesis). At such conditions 

the greatest efficiency of dispersion of nanotubes in polymer matrix formed is achieved 

and, therefore, one can expect high efficiency from using of CNTs in polymer 

nanocomposite. 

Heterocyclic esters, namely, cyclic oligomers of butylene terephthalate and 

oligomers of cyanate esters of bisphenols, are a promising class of reactive oligomers for 

the synthesis of thermostable CNTs-containing polymer nanocomposites with a complex of 

properties that can be controlled within a wide range by changing synthesis conditions, 
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content of CNTs, and method of forming of polymer material and so on. At the beginning 

of the work on this thesis any publications on this subject were not available. So, 

investigation in this field of nanoscience and nanotechnology, in fact, only launched. 

Urgency of the topic. Synthesis of polymer composites is an alternative way to 

create new polymer materials with a valuable complex of properties that satisfy the 

requirements of high-tech industries. Search for new or modified monomers and 

oligomers, as well as fillers of different nature, which enable the controlled regulation of 

the whole complex of physical, chemical and mechanical properties of polymer materials 

and composites and, especially, changes in these properties over a wide range, is the urgent 

task of Macromolecular Chemistry. Over the last decade the interest in nanofillers, and 

aspecially CNTs, has increased significantly. It is known that using of nanofillers leads to 

the creation of new nanocomposites having an exceeding complex of properties in 

comparison with conventional composites. It is economically beneficial as it enables both 

to save material resources and to reduce the weight of composite product, article, which is 

important for high-tech industries such as airspace, microelectronics, etc. An additional 

advantage of CNTs-containing nanocomposites is that depending on the content of CNTs 

they can be both dielectrics and exhibit electrical conductivity in a wide range with low 

percolation threshold. In terms of the polymer component, the nanocomposites obtained by 

in situ polymerization of low viscosity oligomers, which usually provides effective 

dispersion of nanoparticles in a polymer matrix formed are of special interest.  

Oligomers of cyanate esters of bisphenols (Cyanate Ester Resins), cyclic oligomers 

of esters, for example, cyclic oligomers of butylene terephthalate, are perspective 

oligomers for producing thermostable nanocomposites. These oligomeric esters can be 

grouped under common name heterocyclic esters. During polycyclotrimerization of 

dicyanate ester of bisphenol A polycyanurate network (PCN) is formed. Polycyanurates are 

high crosslink densely polymers with a unique combination of physical and chemical 

properties, namely high thermal- and heat resistance, high glass transition temperature    

(Tg > 520 K) and fire resistance, high adhesion to various substrates (metals, carbon-, 

organic and glass fiber plastics, etc.). PCNs are recognized dielectrics with low value of 

dielectric constant (i ≈ 2.5 ÷ 3.2), PCNs does not practically absorb water and so on.  

Cyclic oligomers of butylene terephthalate (CBT) easily transform under certain 

conditions of synthesis to poly(butylene terephthalate) (cPBT) with the properties 
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attributed to the classical PBT. Review of the literature has shown that research on the 

synthesis and properties characterization of nanostructured polymer composites of 

oligomeric heterocyclic esters and carbon nanotubes are only in the beginning stage. So far 

comprehensive investigations of kinetics of polymerization reactions, as well as of 

structure-properties relationships for nanocomposites based on PCN and PBT filled with 

CNTs have not been carried out yet. The influence of the forming method of PBT/CNTs 

nanocomposites on their morphology and thermal properties was not investigated, the 

range of changing electrical properties of PBT/CNTs and PCN/CNTs nanocomposites with 

varying CNTs loading has not been established yet, etc. Therefore, one of the urgent tasks 

of Macromolecular Chemistry is development of methods of synthesis of polymer 

nanocomposites from oligomers of heterocyclic esters and carbon nanotubes and 

establishment of relationship between synthesis conditions, composition and structure and 

basic physical and chemical properties of the nanostructured materials produced. 

Links with scientific programs, plans, themes. This study was performed at 

Department of Chemistry of Heterochain Polymers and Interpenetrating Polymer Networks 

of Institute of Macromolecular Chemistry of the National Academy of Sciences of Ukraine 

(IMC NASU) according to the scientific planes of the Institute in the framework of 

Ukraine state budjet themes: "Creation of nanostructured and functional polymer 

materials" (2007-2010); "Development of nanotechnology of production of hybrid organic-

inorganic composite nanomaterials with high heat resistance and adhesion strength and low 

dielectric loss for the elements of aircrafts, space and microelectronics industries" (2010-

2014). Part of the work on the thesis was also fulfilled at IMP@LYON1 of University 

Claude Bernard Lyon 1 (CNRS, France) according to “Agreement for international joint 

supervision of a thesis” between IMC NASU and University Claude Bernard Lyon 1 and 

with the concurrence of the Highest Attestation Commission of Ukraine (ヽ 03-76-07/335 

of 05.02.2008). 

The aim and the tasks of the research. The aim of the study is to develop the 

methods of synthesis of heat-resistant polymer nanocomposites from oligomers of 

heterocyclic esters of different chemical structure in the presence of multiwalled carbon 

nanotubes and to establish a relationships between the conditions of synthesis, composition 

and viscoelastic, thermal-physical, thermal and electrical properties of the nanostructured 

materials obtained. 
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 Realization of this aim supposed to solve the following tasks:  

 to develop the methods of preparing of new polymer nanocomposites from 

cyclic oligomers of butylene terephthalate or oligomers of dicyanate ester of bisphenol A 

by in situ synthesis in the presence of MWCNTs;  

 to identify the morphological features, dimensional characteristics, structure 

and properties of MWCNTs used, to optimize the methods of their dispersing in the 

oligomers of heterocyclic esters, and to determine the optimal methods of forming the 

samples of nanomaterials;  

 to study the influence of MWCNTs and their content on kinetics of 

reactions of Ring-Opening Polymerization (ROP) of cyclic butylene terephthalate 

oligomers with formation of linear Poly(butylene terephthalate) and polycyclotrimerization 

of oligomers of dicyanate ester of bisphenol A during synthesis of polycyanurate network; 

 to study the influence of linear or crosslinked structure of polymer matrix, 

forming conditions and composition of nanocomposites on morphology and viscoelastic, 

thermal-physical, thermal, electrical and other physical-chemical properties of the 

nanostructured polymer materials obtained. 

The object of the research. Obtaining of new nanostructured polymeric composites 

by in situ synthesis of polymers with oligomeric heterocyclic esters containing a filler.  

 The subject of the research. Synthesis of new nanostructured polymeric 

composites based on linear Poly(butylene terephthalate) from cyclic oligomers of butylene 

terephthalate or crosslinked polycyanurates from oligomers of dicyanate ester of bisphenol 

A and MWCNTs and establishment of the impact of the nanofiller on specific properties of 

polymer matrix formation and the main characteristics of the nanocomposites obtained. 

 Methods: kinetics of chemical reactions and chemical structure - Fourier 

Transform Infra-Red spectroscopy (FTIR), melt rheometry, Raman spectroscopy; phase 

structure and morphology of composites were investigated using Scanning Electron 

Microscopy (SEM), Transmission Electron Microscopy (TEM) and Differential Scanning 

Calorimetry (DSC); to determine the relaxation characteristics - Dynamic Mechanical 

Thermal Analysis (DMTA), thermal stability was determined by the method of 

Thermogravimetric Analysis (TGA). The methods of determination of thermal 
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conductivity and electrical conductivity under an alternative or direct current were also 

used. 

Scientific novelty of the results: in the study for the first time the nanocomposites 

from cyclic oligomers of butylene terephthalate or oligomers of dicyanate ester of 

bisphenol A and MWCNTs were obtained using in situ method. For the first time the 

kinetic regularities of both the reaction of Ring-Opening Polymerization (ROP) of cyclic 

butylene terephthalate as well as polycyclotrimerization of dicyanate ester of bisphenol A 

in the presence of CNTs were studied. For the first time the influence of the forming 

method of samples of the nanocomposites synthesized from the cyclic butylene 

terephthalate in the presence of CNTs on the morphology, thermal, mechanical, and 

electrical properties of the materials obtained was found. Percolation thresholds of 

electrical conductivity for both the types of nanocomposites have been determined. For the 

first time it has ben established that at PCN synthesis the presence of MWCNTs in the 

reaction mixture hinders reaching higher conversion of cyanate groups leading to 

formation of polycyanurate network of lower crosslink density that is confirmed by 

reducing glass transition temperature of PCN. However, the nanocomposites obtained have 

high thermal stability and improved strength properties. 

The practical significance of the results. The regularities found are the basis for 

creation of new efficient nanostructured polymer composites. The possibility to regulate 

the physical-chemical properties of the latter over a wide range by varying CNTs content 

has been found. The practical significance of the work is the possibility to expand the 

functionality and the areas of practical application of high performance CNTs-containing 

polymer nanocomposites based on poly(butylene terephthalate) or polycyanurate network, 

creation of nanomaterials of improved mechanical and thermal characteristics, conductors 

or insulators (depending on CNTs content), applicable as adhesives, coatings, compounds, 

etc. in airspace industry, microelectronics and others. 

Applicant's personal contribution in the presented thesis was the search and analysis of 

corresponding literary data, carrying out experimental and theoretical research work, 

analysis and interpretation of the results obtained as well as formulating the conclusions of 

the fulfilled scientific investigatons. Problem definition and determination of the research 

objectives, a part of theoretical and experimental studies were performed in conjunction 

with the research supervisor, Prof., Doctor. Sci. Fainleib A.M. in collaboration with 
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Doctors Korskanov V.V., Grigoryeva O.P., Starostenko O.N. and Gysakova K.G. in the 

IMC NASU (Kyiv, Ukraine). Planning and execution of theoretical and experimental 

studies were also performed in conjunction with scientific supervisor, Head of research 

CNRS, Doctor Boiteux G., involving Director of Laboratory of polymer materials and 

biomaterials of University Claude Bernard Lyon 1, CNRS, France, Doctor Seytre G., 

Professor Cassagnau Ph., Doctor Rybak A., and Doctor Gain O. in the IMP@LYON1 

(CNRS, France), as well as in conjunction with Professor Ulanski J,  head of Department of 

Molecular Physics, Technical University of Lodz, Poland. Applicant took a part in 

preparation of publications and presentation the results on international conferences and 

symposia.  

Approbation of the results. Results of the research were presented at scientific 

conferences: XI Ukrainian Conference on Macromolecular Compounds (October 1-5, 

2007, Dnipropetrovsk, Ukraine), VI Open Ukrainian conference of young scientists from 

Macromolecular Chemostry "IMC-2008", Kiev, Ukraine, September 30 - October 3, 2008, 

4
th

 International Symposium on Nanostructured and Functional Polymer-Based Materials 

and Nanocomposites (April, 16-18, 2008, Rome, Italy), 5
th

 International Conference on 

Broadband Dielectric Spectroscopy and Its Applications (BDS2008 (August, 25-29, 2008, 

Lyon, France), International conference "Nanostructured Systems: Technology - Structure 

- Properties - Applications" (NSS-in 2008) (Uzhgorod "Vodogray", Ukraine, October, 13-

16, 2008), 5
th

 International ECNP conference on nanostructured polymers and 

nanocomposites (Paris, France, April 15-17, 2009) World Forum on Advanced Materials 

"POLYCHAR 17" (Rouen, France, April, 20-24, 2009), Polymer Reaction Engineering 7 

(Niagara Falls, Canada, May, 3-8, 2009), Eurofiller 2009 (Alessandria, Italy, June 21-25, 

2009), XII Ukrainian Conference on Macromolecular Compounds,18-20 October 2010, 

Kyiv, Ukraine), and etc. 

Publications. The applicant is the author of 23 scientific applications, including 6 

articles in scientific journals, 2 patents and 15 abstracts and materials of the conferences. 
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1.1. Synthesis, structures and properties of carbon nanotubes 

 

In this chapter the recently published works on development and characterization of 

structure-properties relationships for polymer nanocomposites containing different types of 

carbon nanotubes (SWCNTs, MWCNTs, and functionalized CNTs) have been analyzed. 

Note that due to rapid development of the nanoscience during last 15-20 years large 

number of reviews, book chapters and books related to advantages in the field of 

nanomaterials and nanotechnologies have been published [2-44]. According to the topic of 

the thesis the main attention in this chapter is attended to analysis of scientific pudlications 

on synthesis, structure and properties of CNTs-filled nanostructured polymer composites 

obtained from heterocyclic esters of different chemical architecture. 

It is known that CNTs were discovered accidentally. In 1991 Japanese scientist 

Iijima evaporated graphite in electrical arc and obtained on cathode the precipitate 

consisting of very thin threads and fibers [45]. The study of the precipitate with an electron 

microscope revealed that the diameter of these filaments was only a few nanometers, and 

the length reached several micrometers (Fig. 1.1). They were the first multiwall CNTs 

investigated; it was found that they consisted of different numbers of graphene layers. 

There are also references to earlier discovery of carbon nanotubes. So in 1976 Oberlin et 

al. [46] have published work describing the thin carbon tubes with diameters less than 100 

Å, which were obtained by chemical vapor deposition, but more detailed investigation of 

the structure of these tubes was not carried out. Group of Russian scientists in 1977 

recorded the formation of "hollow carbon dendrites" [47], the mechanism of their 

formation was proposed and structure of the walls was describe. "Nature" [48] has 

informed in 1992 that CNTs were observed even in 1953. In 1952 Radushkevich and 

Lukyanovich [49] reported of electron microscopic detection of fibers with a diameter of 

about 100 nm obtained by thermal decomposition of carbon monooxide on an iron catalyst. 

Unfortunately, all these studies were not extended. 

Nanocomposites containing carbon nanotubes are of a great interest nowadays 

because they have outstanding complex of properties. There are some recently published 

books and fundamental reviews on CNTs [10 – 15], several scientific journals dedicated to 
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Fig. 1.1. First electronic micrographs of multiwall carbon nanotubes, ぜでゑぞどs [45].  

 

nanoscience and nanotechnology and specialized journals: Fulleernes, Nanotubes and 

Carbon nanostructures; Carbon Nanotechnology; The Science and Technology of Carbon 

Nanotubes; Science of Fullerenes and Carbon Nanotubes, and ect. 

 Typically, CNTs are long tiny cylinders of graphite structure with cap at each end 

(Figs. 1.1-1.3). The length of these nanotubes ranges from few tens of nanometers to 

several micrometers, and the wall thickness 0.07 nm. CNTs are classified as either single-, 

double- or multi-walled nanotubes (SWCNTs, DWCNTs MWCNTs respectively) [4, 6, 

18]. SWCNTs consist of only a single cylinder, DWCNTs – from two and MWCNTs 

consists of 3 to ≤ 30 concentric tubes. SWCNTs have an average diameter of 1.2 – 1.4 nm, 

DWCNTs outer diameter is in the range of 1.3 – 5 nm and 10 – 50 nm for MWCNTs. The 

aspect ratio for CNTs is on average 100 – 3000 [4, 7-9, 10, 12-16]. CNTs can be considered 

as a graphene sheet (graphene is a monolayer of sp
2
-bonded carbon atoms) rolled into a 

seamless cylinder. The carbon atoms in the cylinder have partial sp
3
 character that 

increases as the radius of curvature of the cylinder decreases. MWCNTs consist of nested 

graphene cylinders coaxially arranged around a central hollow core with interlayer 

separations of 0.34 nm, indicative of the interplane spacing of graphite.    
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Fig. 1.2. Schematic view of Carbon Nanotube [28]. 

 

 

Fig. 1.3. Schematic drawing of: 1 – Single-walled carbon nanotubes (SWCNTs), 2 – 

Double-walled carbon nanotubes (DWCNTs), 3 – Multi-walled carbon nanotubes 

(MWCNTs) [42]. 

 

The C–C bond length is acc = 0.14 nm, hence shorter than that in diamond, indicating 

greater strength [16]. The unique structure provides exceptional properties of CNTs. The 

range of values of SWNT tensile modulus is E = 1 to 1.5 TPa (that of diamond 1.2 TPa), 

tensile strength is 11 to 63 GPa (10-100 times higher than the strongest steel at a fraction of 

the weight) [4-6, 9, 16]. Electrical resistivity is about 10
-4 

W-cm, thermal conductivity 2 

kW/(m©K), thermal stability in vacuum up to 2800°C [16-18]. In addition hollow structure of 

CNTs makes them very light: specific weight varies from 0.8 g/cm
3
 to 1.8 g/cm

3
.  

Nanotubes form different types which can be described by chiral vectors (n, m) [4, 

16]. Basically, one can roll up the graphene sheet along one of the symmetry axis: this 

gives armchair, chiral or zig-zag nanotube (Fig. 1.4). Chirality of CNTs, affects the 

conductance of the nanotube. CNTs can be metallic (armchair type) or semi-conductung 

(chiral and zig-zag). 

             1                                2                                                    3 
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Fig. 1.4. Formation of Carbon Nanotube of different chirality: 1 – Zig-Zag (n, 0), 2 – 

Chiral (n, m) and 3 – Armchair (n, n) [28] . 

 

Recent studies have shown that the CNTs belong to one of the most strong and hard 

materials in the world [29-32]. This is due to two reasons: first, it is a carbon-carbon bond - 

one of the strongest in a nature (Table 1.1). Secondly, the carbon-carbon bond in nanotubes 

is oriented along the axis that increases their strength more. Because of the specific unique 

structure the CNTs have very high values of Young’s modulus (> 1 Tera Pa) and strength 

(> 30 Giga Pa) [42-44]. 

 

Table 1.1. Energy of homonuclear bonds [29] 

Chemical bonding 

 

で–で N–N O–O Si–Si P–P S–S 

Bonding energy (kJ/mol) 348 163 146 226 201 264 
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However, the hollow structure of the CNTs makes them extremely light:  

specific weight ranges from 0.8 (for single-wall CNTs) to 1.8 g/cm
3
 (for multi-walled 

CNTs), for comparison, the specific weight of graphite is ~ 2.26 g/cm
3
 [43, 44, 49]. 

From a theoretical point of view in CNTs-containing nanocomposites Young's modulus 

can be as high as in the individual CNTs if between nanotubes and polymer matrix will be 

close (on a nanoscale) bonding and, therefore, even at very low concentrations of CNTs in 

the polymer matrix, loading can effectively be transmitted to each individual carbon 

nanotube [41]. One can say that to achieve high physical-mechanical properties of the 

nanocomposite the problem of efficient dispersing of CNTs in polymer matrix has to be 

solved. It is clear that chemical purity of CNTs and their functionalization can significantly 

affect the properties of polymer nanocomposites obtained on their base [24-27, 41, 50-52]. 

 

As it was noted above, the CNTs consist of one or more hexagonal layers of 

graphene rolled up into a hollow cylinder. Graphene in turn is a flat two-dimensional layer 

of the regular hexagon of carbon atoms (Fig. 1.5) [29, 30]. If to cut out a rectangle from the 

graphene layer and to connect its opposite edges, a seamless hollow cylinder is formed, i.e.  

SWCNTs. Ideal surface SWCNT contains only regular hexagon of carbon atoms [35]. 

Such nanotube is a cylinder, open at both ends. However, these nanotubes can be closed 

with one or even both sides, such as semi fulerenovoho type, but these nanotubes are not 

ideal - besides their regular hexagon surface will contain a pentagon or a triangle (Fig. 1.6). 

 

 

 

Fig. 1.5.  Structure of graphene monolayer [29]. 
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Fig. 1.6. Closed carbon nanotubes, containing five-members cycles [35].  

 

There are a number of methods for producing CNTs that involve high temperatures: 

the carbon arc (CA) discharge, pulsed-laser vaporization (PLV) of graphite, thermal or 

plasma-assisted chemical vapor disposition of hydrocarbons (CVD), gas-phase catalytic 

growth from carbon monoxide [18, 19]. CNTs can also be produced by diffusion flame 

synthesis, electrolysis, use of solar energy, heat treatment of a polymer, and low-

temperature solid pyrolysis, ball milling of graphite powder with subsequent annealing. 

However the mechanisms of these processes are less studied and it has been unclear how to 

scale up production to the industrial level using such approaches [17-19].  

Chemical vapor deposition of hydrocarbons is a classical method that has been used 

to produce various carbon materials such as carbon fibers and filaments for over twenty 

years. The CVD method gives great purity MWCNTs with high aspect ratio. CNTs can be 

produced in large quantity and low cost by this method. These high-temperature processes 

are rather efficient and robust, but yield a mixture of metallic and semiconducting tubes, 

and a mixture of (n, m) nanotube chiral indices. 

What the properties make nanotubes to be a promising object for future 

nanotechnologies? First, as shown above, they have very high mechanical strength – 

SWCNTs are much stronger than steel. Nanotubes - is not the first carbon material based 

on graphite, carbon fibers are widely known, they are formed from long and thin layers of 

graphite [2, 17, 23]. However, the nanotubes - is the strongest carbon fiber. 

Introduction of CNTs can increase thermal and electrical conductivity of the polymer 

material, significantly improve its mechanical characteristics and add to composite the new 
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functional properties (the ability to remove static charges, dissipate and absorb radio 

waves, laser radiation, enhance electroluminescence), etc. [24 - 27, 41, 50-52]. 

Recently, much attention has been given to the use of CNTs in composite materials 

to improve their exceptional mechanical and electronic properties. Basically, for obtaining 

conductive CNTs-polymer composites, the highly electrical conductive CNTs filler is 

dispersed into the polymer matrix. Hence, a three-dimensional conductive network of the 

CNTs in the polymer matrix is obtained. 

 There are some important issues in integration of CNTs to polymer matrix. To 

maximize the advantage of CNTs as effective reinforcements in high performance 

composites, they should not form aggregates and must be well dispersed to prevent slippage. 

So, the first issue is using exfoliated CNTs (or slightly bundled CNTs). There are several 

techniques to improve the dispersion of CNTs in polymer matrices, such as by optimum 

physical blending, in-situ polymerization and chemical functionalization [16, 20-22].   

 
Like in fullerenes, the surface of nanotubes can be modified by chemical means 

that enables even to transform them to a soluble state [43]. Due to the high specific surface 

the nanotubes can be used as a substrate for heterogeneous catalysts. Unique electronic 

properties of nanotubes make possible to use them in constructions of diodes, transistors, 

electronic guns and probe microscopes [26]. Mechanical strength of nanotubes is used in 

composite materials for producing super light weight and super strong tissues for clothing 

of fire fighters, astronauts and others. CNTs - is one of the important components of 

electromechanical nanodevices. So there are many fields of application of nanotubes. Now 

the main task for the researchers is to create a technology, which will enable to obtain 

homogeneous nanotube of terged size, shape and properties. 

 

 1.2. Nanocomposites based on thermoplastic poly(butylene terephthalate) from 

cyclic butylene terephthalate and carbon nanotubes  

 

Beside conventional polymer composites (fiber reinforced with carbon fiber, glass 

fiber, nylon etc.) CNTs-containing polymer nanocomposites became the most versatile 

industrial advanced materials [20-22, 53-86]. Polymer nanocomposites based on 

commercially available Thermoplastics (TP) filled with CNTs have a high potential for 
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production of different devices for electronic equipment. In the past decade a variety of 

CNTs-filled TP polymer nanocomposites were developed and their properties were 

investigated [26, 41, 42, 53-55].  

For preparation of high performance polymer/CNTs nanocomposites the decisive 

factor is effective dispersing of CNTs in polymer matrix. The main routes to formation of 

TP/CNTs nanocomposites are: (1) by dispersing CNTs in solution of polymer followed by 

solvent evaporation; (2) by dispersing CNTs in solution of monomers followed by 

polymerization of the latter and then solvent evaporation. Both the methods usually require 

high-cost and toxic solvents, complicated technological equipment. However, for 

thermoplastics a third method, melt compounding of polymer with CNTs, is also used [26, 

42]. Evidently, the melt compounding is preferred in an industrial scale, but dispersing is 

less effective.        

The alternative approach to produce TP/CNTs nanocomposites is using of recently 

developed alkylene phthalate cyclic oligomers like cyclic ethylene terephthalate (CET) 

oligomers, cyclic buthylene terephthalate (CBT) oligomers of low viscosity [87-91] that  

convert to high-molecular-weight linear polymers – Poly(etylene terephthalate) (cPET), 

Poly(butylene terephthalate) (cPBT), correspondingly. These macrocyclic oligomers have 

some important advantages: low viscosity (water-like), the capability of rapid 

polymerization into high molecular weight polymers (Fig. 1.7) and the ability to be 

processed like thermosetting resins.  

 

 

 

Fig. 1.7. Scheme of CBT polymerization [91]. 

 

Particular interest is devoted to PBT, typical engineering thermoplastic polyester, 

that is extensively used as a raw material for injection-molded articles such as elements for 

automobiles, electric and electronic equipment, because of easiness of molding as well as 

excellent mechanical properties, heat resistance, chemical resistance, and other physical-
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chemical properties [92].  

Method of cPBT synthesis from CBT as well as cBPT-filled composites resin 

becomes very promising. Basically, CBT resin polymerizes via Ring-Opening 

Polymerization (ROP) in the presence of tin or titanium-based catalysts that work by a 

coordination-ligand exchange mechanism [89]. Since CBT oligomers became 

commercially available, a number of scientific papers on investigation of their 

polymerization and properties have been published [93-101]. It was reported that CBT 

oligomers melt and polymerize at temperatures well below the melting point (Tm) of the 

resulting polymer (Tm of CBT oligomers observed by DSC is around 140 ºC while the Tm 

of cPBT is around 226 ºC). Thus, polymerization and crystallization can occur 

isothermally in a narrow temperature interval and, therefore, the time and expenses 

required for full thermal cycle are favorably reduced. However, the crystallization of the 

polymer formed occurs simultaneously with polymerization of CBT, therefore, the 

processing temperature of polymer nanocomposite should exceed the melting temperature 

(Tm) of the polymer formed. Obviously the properties of cPBT synthesized from CBT 

should be similar to that of PBT obtained by conventional copolycondensation of 1,4-

butanediol and dimethyl terephthalate. 

Several works on PBT/CNTs nanocomposites prepared by melt mixing of PBT 

with CNTs [71, 102, 103] or in-situ polymerization of 1,4-butanediol and dimethyl 

terephthalate in the presence of CNTs [72, 104-106] as well as via dispersion of CNTs in 

the solution of PBT [107] are published. Electrical, thermal and physical-chemical 

properties were discussed in details.  

A few works on cPBT/CNTs have appeared in recent years [108-111]. Baets et al. 

in [108] produced nanocomposites based on CBT oligomers and ground MWCNTs with or 

without glass fiber by vacuum-assisted resin transfer molding (VAPTM). First the 

oligomers were heated above their melting point (190 ºC) and then, before adding the 

catalyst, the molten CBT was blended with MWCNTs, using a simple rotational mixer. 

The catalyst was then added and the resulting mixture was stirred for 20 s. The low 

viscosity mixture was vacuum infused into a closed mould (at 190 ºC) with or without 

fibers. The authors noted that significant increase in viscosity was observed when 0.05 wt. 

% of CNTs was added. Therefore, a lower amount of catalyst was used for the samples 
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with higher filler loadings [108]. We suppose that such drastic increase of viscosity 

possibly is explained by the catalytic effect of CNTs on CBT polymerization.   

The dispersing efficiency of CNTs in cPBT matrix was investigated by TEM 

analysis. It is reported [108] that mixing the CNTs with molten low viscosity CBT 

oligomers using high shearing forces for 5 min only provides a fine dispersion. However, it 

was observed that some small agglomerates of size up to 2 μm are inhomogeneously 

distributed in the mixture that authors related to the existence of very strong van der Waals 

interactions between individual nanotubes preventing a complete exfoliation. Authors 

reported that addition of CNTs decreased the degree of crystallinity of cPBT/CNTs 

composite (from 42.5 % for pure cPBT to 39.8 % for cPBT filled with 0.1 wt. % of CNTs). 

From DSC thermograms (cf. Fig. 1.8) it was observed no significant changes in the shape 

of melting peak and Tm value and concluded that there was no significant influence of 

CNTs on the perfection of the crystals. From the observation of crystallization peaks 

authors reported that CNTs did not act as nucleation agent. We should note that at high 

loadings the influence of CNTs on cPBT thermal physical behaviour should be much 

stronger. This was found for nanocomposites based on commercial PBT with CNTs 

content from 0.2 to 7.0 wt. % [71, 72, 102-105].  

 

Fig. 1.8. Typical dynamic DSC thermograms (heating - cooling) for individual cPBT and 

for cPBT with different content of CNTs (indicated on the plot) [108]. 

 

Authors [108] observed a significant enhancement of mechanical properties of 

nanocomposites compared to pure cPBT: stiffness increased by 30 % and strength by 80 % 
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with adding of 0.05 wt. % of MWCNTs.  It was noted that increase of these two properties 

in turn increased the energy of nanocomposite failure, which is linked to the toughness. 

These enhanced mechanical properties are a result of direct influence of the CNTs, but not 

of the changes in polymer matrix: in crystallinity degree or crystal perfection. This shows 

CNTs efficiency in transferring the applied load and bridging and deflecting cracks. 

However, to get these benefits, a fine dispersion is required. The addition of CNTs to CBT 

was also combined with reinforcing fibers. Authors emphasize that with the technique used 

in their work, it was impossible to produce fine sheets with well dispersed CNTs (cf. Fig. 

1.9), because the fiber densely packed in a fabric in the mould filtered out the CNTs from 

the matrix. Therefore, the CNTs were not homogeneously distributed in the produced 

sheet, but were concentrated and agglomerated in the resin rich areas between the fiber 

yarns. Therefore, even after fixing a positive influence of the addition of CNTs to CBT, it 

was not possible to observe similar effects in a produced composite. It was reported that 

the production technology had to be modified before making any further conclusions. 

 

Fig. 1.9. Microphotographs of nanocomposites of fiberglass/cPBT/CNTs (0.02 wt.%): A, B 

- optical microscopy; C - TEM-microphotographs of CNTs agglomerates [108]. 

In [109] Baets et al. reported the results of toughening of isothermally polymerized 

CBT by chemical and physical modification. The in-situ polymerization in the presence of 

0.02 wt. % of ground MWCNTs as a physical modifier was reported. cPBT/CNTs 

nanocomposite was prepared using the thechnique described in [108]. Authors [109] reported a 
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slight decrease of CBT conversion (96 %) in cPBT/CNTs measured by GPC (cf. Fig. 1.10) that 

they explained by hindering diffusion of oligomers, leading to slower polymerization. 

However, authors note that with a longer processing time this would not occur. 

 

Fig. 1.10. Retention time for the polymer cPBT and oligomer CBT (GPC data) [109]. 

 

Nanocomposites based on cPBT and MWCNTs were prepared through the in-situ 

polymerization and in-situ compatibilization approach by Wu and Yang in [110, 111]. In 

both works authors obtained cPBT covalently attached onto the MWCNTs surface via in-

situ ring-opening polymerization of CBT oligomers using MWCNTs-supported initiator 

(MWCNTs-g-Sn). Briefly, hydroxyl-functionalized MWCNTs (MWCNTs–OH) were 

obtained by reaction of carboxyl-functionalized MWCNTs (MWCNTs–COOH) with 

excess of SOCl2.  Then the MWCNTs–OH reacted with excess of glycol and was dried.  

Then the dried MWCNTs–OH and dibutyl tin (IV) oxide were mixed in dry toluene. The 

solid was filtrated and dried and MWCNTs-g-Sn was obtained. The needful amount of 

MWCNTs-g-Sn was added to a solution of CBT in tetrahydrofuran (THF) and was 

sonicated for 1 h at room temperature. Most of the THF was evaporated in vacuo, and then, 

the black mixture was heated to 200 ºC in vacuo for another 30 min to remove the residual 

traces of THF. Afterward, appropriate amount of butyl tin chloride dihydroxide was added 

to ensure that the content of the initiator in all the samples was identical. The whole 

procedure was completed within 30 min under mechanical stirring at a speed of 500 rpm. 

According to the content of the MWCNTs-g-Sn (weight percentage), the nanocomposites 

were identified as PBT/ MWCNTs-g-Sn-0.5, PBT/MWCNTs-g-Sn-0.75, PBT/MWCNTs-
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g-Sn-1.0, and PBT/MWCNTs-g-Sn-1.5. For comparison, a PBT/MWCNTs–COOH 

composite with 0.75 wt % of MWCNTs–COOH was also prepared by the aforementioned 

method. Authors [110, 111] reported that the polymerization proceeded via breakage of 

acyl–oxygen bond in the CBT cycle with insertion of the monomer into the metal–oxygen 

bond of the initiator. First, the monomer formed a complex with the initiator through 

interaction between the carbonyl group of CBT and the metal atom of initiator, followed 

by the ring opening of the CBT via the acyl– oxygen bond breakage. Then, the hydroxyl 

groups of butyl tin chloride dihydroxide blocked the active macrorings and remained in a 

linear polymer. 

Chemical structure of the MWCNTs–cPBT copolymer formed was confirmed using 

NMR and FTIR techniques [110]. The efficiency of MWCNTs dispersing in the cPBT 

matrix was characterized by FESEM and TEM. The results reveal that the MWCNTs were 

homogeneously dispersed in the cPBT matrix when the content of MWCNTs was lower than 

0.75 wt. %. FESEM images indicated a core-shell structure of MWCNTs–cPBT and the 

thickness of the polymer shell of about 6 nm was observed. Additionally, the presence of 

MWCNTs significantly promoted the crystallization rate of cPBT because of heterogeneous 

nucleation. Meanwhile, the lower Tm shifted to a high temperature, and the area of the lower 

Tm became larger. The effectiveness of crystallization promotion was less seen as the content 

of MWCNTs was increased. This may have resulted from the balance between the 

heterogeneous nucleation effect and the confined crystallization effect at high MWCNTs 

contents.  

Wu and Yang reported the improvement of thermal stability of cPBT by the 

addition of MWCNTs. In [111] authors using TGA method observed that MWCNTs–

COOH degraded faster than MWCNTs-g-Sn due to fast decomposition of carboxyl groups. 

Using the TGA data the authors performed calculations of grafting degree of cPBT to 

MWCNTs-g-Sn (about 59.3 %) taking as the reference the weight loss of MWCNTs–

COOH at 500 ºC. 

In conclusion, the literature review on CBT/CNTs nanocomposites have shown that 

the in-situ synthesis of PBT/CNTs composites using CBT oligomers have many 

technological advantages over melt blending of PBT with CNTs or synthesis of PBT/CNTs 

via conventional polycondensation. Moreover, the development of cPBT/CNTs 
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nanocomposites and investigation of their properties have just recently started. For the 

present only a few works [108-111] on cPBT/CNTs synthesis and investigation have been 

published. The knowledge related to the technology of cPBT/CNTs preparation is 

insufficient and properties of such nanocomposites are not completely investigated. Thus, 

it is necessary to extend existing knowledge on the methods of cPBT/CNTs preparation, to 

study kinetic peculiarities of CBT polymerization in the presence of CNTs, to study the 

effect of CNTs on basic physical-chemical properties, especially on electrical behavior of 

cPBT-based nanocomposites and materials formed from them using different methods, to 

establish synthesis-structure-properties relationships that is very important in terms of their 

industrial application.  

     

1.3. Nanocomposites based on thermosetting heterocyclic polycyanurates and 

single-wall carbon nanotubes (SWCNTs) 

 

In this section, the first scientific articles that recently appeared on synthesis and 

investigation of structure-properties relationships for composites based on thermostable 

polycyanurate networks, PCN, and different types carbon nanotubes (single-walled, multi-

walled, non-functionalized, functionalized) [112-116] have been analyzed. 

Thermosetting PCN prepared by polycyclotrimerization of dicyanate esters of 

bisphenol A (DCBA), E (DCBE), M (DCBM) etc. attract scientific and practical interest 

due to their unique complex of physical and chemical properties: high thermal stability 

(temperature of the beginning of destruction Td>670 K); high glass transition temperature 

(Tg>520 K), fire resistance, high adhesion to metals (titanium, aluminum, etc.), to carbon 

and glass fiber, to composite materials; low dielectric constant (i '~ 2,5 ÷ 3,2); minor 

moisture and water absorption (<2.5%); resistance to aggressive environments (acids, 

alkalis and petroleum products), etc. [117]. As it was mentioned above, polycyanurates 

owing such complex of properties are  used  in  electronic,  aerospace  and  other  high-tech  

industries as an effective matrixes for composites, adhesives, sealants and more.  

So far we know only two works [112, 115] where nanocomposites based 

polycyanurate networks filled by SWCNTs were synthesized and investigated. 
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Recently Latypova and Pozdnyakova [118] have published an interesting and 

important theoretical work where they calculated the optimal conditions of synthesis of 

ordered dendrymer polymer networks (PCN-based films) containing an ordered structure 

of SWCNTs. Authors supposed that as CNTs are highly polarized particles, using 

electrostatic field, one can determine the conditions of preparing a stable homogeneous 

suspension of the oriented SWCNTs in the melt (at T ~ 100 °C) of cyanate ester (CE), and 

also control the movement of SWCNTs in CE, and even growing up the SWCNTs during 

the synthesis of PCN matrix. 

Hopkins and Lipeles in 2005 [112] obtained the nanocomposites based on PCN and 

SWCNTs for the first time. Incorporation of SWCNTs (0.5 wt. %)/acetone suspension into 

the dicianate ester of bisphenol A (DCBA) with subsequent sonication for 40 minutes 

yielded the mixture stable for 2 months without any signs of phase separation, unsheathing 

layers and overall inhomogeneity. Furthermore, the resulting composite exhibited a marked 

improvement in homogeneity without decreasing elasticitu modulus (E) or glass transition 

temperature (Tg) of the PCN matrix. Optimum sonication time (defined here as the shortest 

time to disperse SWCNTs into the cyanate monomer) was experimentally found to be 40 

minutes. According to Hopkins et al. [112] excessive mixing time did not improve 

physical-mechanical properties of PCN/SWCNTs nanocomposites, obtained by thermal 

curing of DCBA in the presence of SWCNTs, and even had a potential both to introduce 

defects into the carbon nanotubes and degrade the polycyanurate matrix. We should note 

here that the authors called “polycyanurate” correctly for PCN network and incorrectly for 

cyanate monomer (for example DCBA). The monomer one can only call cyanate, 

dicyanate, or dicyanate ester (dicyanate ester of bisphenol), or, generally, Cyanate Ester 

Resins. The latter can be also used for PCN network, but with a note that it is crosslinked 

(cured) product.  

It is worth to describe here in more details the specificity of preparing method used 

by the authors. Using the SWCNTs/acetone stock solutions, a series of DCBA/acetone 

mixtures were prepared under sonication with SWCNTs concentration ranging from 0.01 

to 2.00 wt. %. Control samples were prepared in a similar way. Since nanotube additions 

caused the monomer solution to become optically opaque, the dispersion homogeneity was 

evaluated in dilute solutions visually. All the compositions were cast onto a metal tin pan 

and cured using step-by-step temperature schedule up to 300 °C. It should be noted that 
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SWCNTs/acetone solutions were allowed to sit idle for a period of 2-3 months to allow for 

heavy rope/bundle sedimentation to occur and tubes to become solubilized. The upper 75-

80 % of supernatant (upper layer) was carefully decanted, leaving suspended nanotube 

solutions at a typical mass concentration of 0.56 wt. %. 

 The elastic modulus E calculated from a linear correlation for neat PCN and PCN/ 

SWCNTs composite thin film with 0.54 vol. % of SWCNTs were 303,400 Psi and 690,000 

Psi, respectively (cf. Table 1.2). This represents a 127 % increase in stiffness for a 0.54 

vol.% loading of  SWCNTs  compared  to  that  for  neat PCN.  Using rule of  mixtures, the 

predicted value for this PCN/SWCNTs nanocomposite was obtained higher. This indicates 

that dispersing procedure was not optimized [112]. Decreasing the SWCNTs loading to 

0.01 % gives the lower value of modulus (313,000 psi) which is close to the 317.800 psi 

predicted value. As nanotubes concentration increases, they are bundling, that yield E 

values markedly lower compared to the predicted values.  

 

Table 1.2. Theoretical and experimental value of elasticity modulus (ぎ) for individual 

PCN and PCN/SWCNTs nanocomposites [112] 

SWCNTs content, vol.% ぎtheor, Psi ぎexp, Psi 

0 - 303 400 

0,01 317 800 313 000 

0,54 718 000 690 000 

0,79 145 200 383 000 

1,00 174 900 340 000 

2,00 204 000 312 000 

 

PCN/SWCNTs nanocomposites and PCN/graphite and PCN/(carbon black) 

composites (with the same filler content of 0.5 wt. %) were compared (cf. Fig. 1.11). It was 

determined that such fillers as carbon black (particle size 0,5„5 たm) and graphite (particle 

size 2„15 たm) increased the modulus E of composites (in comparison with individual 

PCN), but less efficiently than SWCNTs that the authors explained by specific properties 

of the structure of CNTs. In our opinion, the authors of this paper have achieved their goal, 
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since by reinforcing of polycyanurate matrix with SWCNTs they managed to improve 

significantly its adhesive strength to metal (probably aluminum or titanium) used in aircraft 

and airspace industries [117]. 

 

Fig. 1.11. Modulus of elasticity E for individual polycyanurate and various PCN-based 

composites with filler content equal 0.5 wt. % [119].  

 

Reactive spinning of cyanate ester fibers reinforced with aligned amino-

functionalized SWCNTs. The tensile modulus and strength of one-dimensional SWCNTs 

have been estimated experimentally and theoretically to be of the order of 1 TPa and 30 

GPa, respectively, making them excellent candidates as fillers in high performance 

polymer nanocomposites [19-24]. However, present approaches to bulk production of 

carbon nanotubes (CNTs) based composites often result in a dense entangled network of 

nanotube bundles with rather unimpressive increase in mechanical properties. Alignment 

of CNTs in micro-sized fibers has been confirmed to be a highly effective way of 

exploiting the anisotropic superior mechanical properties of CNTs [25, 26]. As it is 

reviewed by Che and Chan-Parc [115] polymer matrix composite  fibers  can  be  produced  

by solution-based methods [120], traditional melt-spinning [119], or electrospinning [121]. 

High viscosity makes it difficult to disperse CNTs in the polymer matrix and/or to 

remove the solvent. The alternative approach of processing CNTs reinforced fibers using 

PCN SWCNT Graphite Carbon black 
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thermosetting oligomers would promote the dispersion of CNTs and removal of solvent 

from the blend after fiber spinning due to their lower molecular weight and thus viscosity. 

Also, reactive groups in thermosets would enable their covalent bonds with functional 

groups on the CNTs surfaces to improve interfacial adhesion [122]. 

First the thermoset composite fibers with aligned CNTs have been reported by Che 

and Chan-Parc [115]. They have noted that since thermosets have low viscosity, control of 

reactivity and hence viscosity during spinning is necessary. During curing, thermosets 

transform from a liquid state to a gel state, before reaching a solid state. During the liquid 

stage, it is relatively easy to get a uniform dispersion of CNTs. The polymer builds up its 

viscosity before it begins to gel. For condensation curing, the rate can be controlled to 

obtain an appropriate viscosity over a period of time sufficient for spinning. Then the spun 

fibers can be further cured to obtain improved properties. In their study polycyanurate 

composite micro-sized fibers reinforced with aligned SWCNTs were fabricated by reactive 

spinning. Two types of fibers were produced from neat cyanate CE resin: pristine 

SWCNTs (p-SWNTs)/CE composite, and amino-functionalized SWCNTs (f-SWNTs)/CE 

composite. Dicyclopentadienyl bisphenol CE (Fig. 1.12a) and 2,2-Diallyl bisphenol A  

hardener (DBA) (Fig. 1.12b) were used for PCN synthesis (Fig. 1.12c). f-SWNTs were 

amine-functionalized using ethylenediamine (EDA) (Fig. 1.12d) via bridging isocyanate to 

improve nanotube dispersion and enable covalent bonding with the CE matrix [115]. The 

resin, together with or without the SWCNTs, was prepolymerized to increase viscosity, and 

then spun to produce fibers. The mixture was forced to flow through a spinneret and then 

drawn into a much finer fiber at an elevated temperature. The high drawing of the spun 

strand is expected to align the nanotubes along the draw direction. The spun fibers were then 

cured in stages to achieve good mechanical and thermal properties. The viscosity and degree 

of cure of the composite during reactive spinning were characterized by rheometry, FTIR 

spectroscopy, and softening point measurements. The SWCNTs and composite fibers were 

characterized by SEM, optical microscopy, tensile measurement, Raman spectroscopy and 

TGA. Unless otherwise stated, the SWCNTs contents were 1 wt. %. 

For the purpose of reinforcement, a mild acid treatment was employed in order to 

avoid   severe  damage  but  obtain  micrometer lengths  of  disentangled  small    nanotube 

bundles [115]. As far as the viscosities of neat CE resin and 1 wt. % f-SWNTs/CE 

mixtures are too low for fiber spinning the SWCNTs/PCN composite fibers were made by 
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Fig. 1.12. Chemical structure: a - cyanate ester of dicyclopentadienyl of bisphenol; b - 2,2-

dialilbisphenol A (DBA, coupling agent); c - the reaction of polycyanurate synthesis (R - a 

fragment of cyanate ester between cyanate groups; R '- fragment of coupling agent 

between the OH-groups); d – the scheme of process of amino-functionalization of 

SWCNTs [115]. 

c 

d 

b 
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a three-stage curing: (I) pre-polymerization before spinning to raise the viscosity for 

improving spinnability; (II) pre-curing of spun fibers at a temperature below the softening 

point to increase curing degree and softening point without fiber conglutination; and (III) 

curing and post-curing at higher temperatures to achieve good thermal and mechanical 

properties. 

During prepolymerization at 120 
o
C the viscosity initially remained low for about 

an hour. The viscosity increases only marginally from 0.8 Pa·s to 1.3 Pa·s, 1.9 Pa·s, and 

2.3 Pa·s (at 120 o
C) as SWCNTs content increases from 0 to 0.5, 1.0 and 2.0 wt. %, 

respectively. However, at around the gel point, the viscosity increased dramatically. All the 

mixtures attain a high enough viscosity (about 30 Pa·s) to achieve spinnability with 

extended pre-polymerization time. Hence, the pre-polymerization time can be controlled to 

achieve almost the same starting viscosity before fiber spinning. Authors [115] have 

observed that the gelation of f-SWCNTs/CE blend was retarded with higher f-SWCNTs 

content even though the catalytic amine content was increased. They noted that the r-

stacking interaction between the aryl group of DBA and f-SWCNTs can cause the DBA 

molecules to easily immobilize onto f-SWCNTs sidewalls making them difficult to diffuse 

into the blend. If the curing is catalyst diffusion controlled or impeded by lower catalyst 

content in the bulk, then the lower polymerization rate of cyanate ester resin with increased 

SWCNTs is reasonable.  

The degree of polymerization during the pre-polymerization of the f-SWCNTs/CE 

composition at 120 
o
C was also monitored by FTIR [115]. FTIR spectra showed that the 

cyanate ester group absorption peak at 2260 cm
-1

 decreased, and two peaks at 1560 and 

1370 cm
-1

, characteristic for cyanurate cycle appeared. The ratio of the normalized area of 

the cyanate ester absorption peak at 2260 cm
-1

 to its original peak area was used to 

calculate the degree of polymerization at various stages of polymerization. Authors used 

the unusually low temperature for polymerization of cyanate monomer, it is usually >150 

o
C. However at this temperature the pre-polymerization cannot sequentially be precisely 

controlled to obtain suitable spinnability. After 100 min of the   pre-polymerization at 120 

o
C the viscosity and the softening point had increased sufficiently but the polymerization 

degree of CE was still low (about 17.7 %) so that the mixture was still spinnable. It was 

found experimentally that the optimum condition for spinning was when the melt viscosity 
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was 50-80 Pa·s. The temperature of the spinning process should be adjusted so that the 

polymer has sufficiently high fluidity at the spinneret and almost-constant viscosity.  

The optimum fixed temperature for the spinning is about 100 
o
C since the pot life is 

long at this temperature and the viscosity is mostly in the suitable range; the lower reaction 

speed at this temperature makes viscosity stable for an extended time period to improve 

spinning control. After spinning, the fibers were further pre-cured in order to achieve shape 

stability during subsequent higher temperature curing. To avoid the fiber melting after 

spinning, with attendant loss of SWCNTs alignment and fiber shape, the spun fibers must 

be cured at sufficiently low temperature: 80 
o
C was chosen as it was lower than the 

achieved softening temperature of the spun fibers (90 
o
C). The polymerization progress of 

CE in f-SWCNTs/CE during pre-curing at 80 
o
C was monitored by FTIR (data not shown). 

At this stage (pre-curing) the polymerization degree reached 33.9 %. 

The fibers were then post-cured at 120, 140, and 160 
o
C consecutively each for 2 h 

in an air-circulating oven. After these curing steps, the polymerization level of CE in f-

SWCNTs/CE, measured by FTIR, increased to 70 %. Authors [115] noted that it was 

difficult to further increase the polymerization degree at 160 
o
C, even with prolonged 

curing time. Post-curing was completed at a higher temperature of 250 
o
C for 4 h to 

achieve maximum conversion of cyanate groups into crosslinked triazine structures. The 

synthesis of carbon nanotube composites with enhanced mechanical properties requires 

strong interfacial bonding for load transfer between matrix and filler. Authors have 

confirmed chemical grafting of the polycyanurate formed onto the f-SWCNTs surface 

using FTIR technique. The amount of the polymer grafted onto the nanotube surface was 

estimated as ~100 % based on f-SWCNTs. Using SEM analysis it was observed a good 

dispersion of nanotubes, they also found that the nanotubes are oriented in the longitudinal 

direction of the fibers. The alignment of SWCNTs in the composite fibers was also 

confirmed by Raman spectroscopy. It was found that the reinforcement of PCN-fibers by 

SWCNTs and especially f-SWCNTs increased the values of tensile strength by 85„140% 

(depending on CNTs content); impact strength of PCN-fibers micro-reinforced with f-

SWCNTs increased by 420%; elongation at break increased by ~36„144%.  

Similar results have been obtained in CNTs/epoxy composites by Tseng [123]. This 

result contradicts the general  phenomena of  micro-sized  fiber-reinforced composites, i.e., 
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the elongation at failure typically drops drastically when short fibers are added to the 

matrix [41]. However, carbon nanotubes present a peculiar form of reinforcement with 

high aspect ratio and highly flexible elastic behavior during loading.  

 

 1.4. Structure-property relationships for nanocomposites based on 

polycyanurates and multi-walled carbon nanotubes (MWCNTs) 

 

Search in electronic databases of scientific libraries (Science Direct-

www.sciencedirect.com, Wiley - www3.interscience.wiley.com, Springer Link - 

www.springer link.com, SciFinder - www.scifinder.com and Scopus - www.scopus .com), 

has shown that up to now there are only a few works [113, 114, 116], where the synthesis 

and study of new nanocomposites based on PCN and MSWCNTs are described.  

Fang et al. [113] presents mechanical and thermal properties as well as 

microstructure characterization of PCN/MWCNTs nanocomposites containing MWCNTs 

(or their functionalized analogue, f-MWCNTs) of different structure: single MWCNTs or 

grouped in bundles. Okotrub et al. [114] described in detail synthesis of MWCNTs 

(L=40„400 nm and Dexternal=10„15 nm) using the method of electroarc evaporation of 

graphite and method of MWCNTs oxidation (for their purification out of graphite particles 

and amorphous carbon) and presented the results of thermal and mechanical properties of 

PCN/MWCNTs nanocomposites (unfortunately the chemical composition of the cyanate 

ester is not given) depending on the content of the oxidized MWCNTs. Tang et al. [116] 

described a method of synthesis of nanocomposites based on blends of DCBA and 

diglycidyl ether of bisphenol A (DGEBA) in the presence of functionalized MWCNTs. 

The influence of nanotubes content on the reaction kinetics of polycyclotrimerization of 

cyanate ester and on physical and mechanical properties of the nanocomposites obtained 

was investigated. The above work will be reviewed in detail below. 

 In situ reactive formation and dispersion of MWCNTs. Since polycyanurates are 

high crosslink density polymer networks the only high-tech way to prepare CNTs-

containing nanocomposites is the reaction of polycyclotrimerization of cyanate esters in 

the presence of nanofiller (CNTs) i.e. under the conditions of the in situ reactive formation 
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at high temperature (T~390„570 K) [112-117]. 

 Physical and chemical properties of CNTs-containing nanocomposites are 

controlled, primarily, by the level of dispersion of CNTs in a matrix. Thus the best 

mechanical properties are measured for the nanocomposites, where CNTs are dispersed to 

individual nanotubes. The presence of CNTs aggregates leads to less effective influence of 

nanofiller on final properties of nanomaterials based on them [41-50]. The most effective 

way of CNTs introduction to oligomeric or polymer matrixes known is their dispersing 

using ultrasonic equipment of different capacity (from 12 to 500 W) and frequency (20„55 

kHz) [42, 43]. In a number of works for the dispersing CNTs a high-speed mechanical 

mixers (500„3000 rpm [3, 113]) or calenders (rolls speed 20 - 180 rpm [43, 119]) were 

used. 

It is interesting to note that Okotrub et al. [114] prepared a filled thermosetting 

composition by simple grinding in a mortar of initial or oxidated (by a specially developed 

technique) MWCNTs with cyanate resin (cyanate monomer) at ambient temperature to 

obtain a homogeneous mixture (content of nanotubes was 20.0; 33.3 or 50.0%). The 

authors believe that the degree of dispersing of nanotubes was good, but the experimental 

confirmation of this fact is absence in the work. Note that only for one sample, obtained 

with oxidated and annealed (in argon atmosphere at T=400 °C) MWCNTs (the content is 

not specified), the structure of surface cracking was investigated by atomic force 

microscopy (AFM). It was found that anisotropic grooves of a height less than 20 nm only 

are present on the surface (authors believe that they are the CNTs embedded into the PCN-

matrix). So, it was concluded that aggregates of CNTs are absent in this sample. Note that 

in order to improve dispersing of MWCNTs authors used their original developed method 

of oxidation and purification of nanotubes, based on a different ability to interact of 

individual carbon phases with solution of potassium permanganate in concentrated sulfuric 

acid [114]. The structure of purified MWCNTs was studied by transmittance electron 

microscope (JEM-100CX) and it was found that the material has only pipe and polyhedral 

multilayer structures. By means of X-ray analysis it was found that two or three surface 

layers of MWCNTs only undergone oxidation while the inner layers of nanotubes were not 

chemically modified. 

It is known that chemical functionalization of CNTs promotes the chemical interaction 
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between CNTs and polymer matrix that enhances the interfacial adhesion between 

components and prevents phase separation [113, 124-127]. So Fang et al. [113] described a 

preparing method of nanocomposites based on cyanate ester (the concrete name was not 

given, but one can assume it was DCBA) and two types of functionalized (using 

triethylene tetraamine) MWCNTs of different morphological structure: single nanotubes 

(f-MWCNTs1) and grouped in bundles nanotubes (f-MWCNTs2) (Fig. 1.13) Authors found 

that after functionalization nanotubes became of shorter size and were better dispersed than 

their non-functionalized analogues. Also, it was shown that the chemical functionalization 

of MWCNTs2 led to unbundling and their better dispersing in comparison with f-

MWCNTs1. In this paper, dispersing of CNTs was carried out for 15 minutes at a 

temperature higher than the melting temperature of the cyanate monomer (T ≥ 363 K) 

using high-speed mixer (rotation speed of ~ 500 rpm). Then the PCN/MWCNTs mixture 

was dried in vacuum and after this was cured. 

          

Fig. 1.13. Photomicrographies (TEM data) of the functionalized MWCNTs: A - single 

MWCNTs and their agglomerates; B - grouped in bundles MWCNTs [113].  

 

Influence of MWCNTs on mechanical and thermal properties of nanocomposites. 

Fang et al. [113] basic on the results of mechanical tests of PCN/MWCNTs1 and PCN/f-

MWCNTs1 as well as PCN/MWCNTs2 and PCN/f-MWCNTs2 nanocomposites 

(MWCNTs1 - single nanotubes with D ≈ 20÷50 nm; MWCNTs2 - grouped in bundles 

nanotubes, D of one CNT was ≈ 10 nm) concluded that the morphology of MWCNTs 

(isolated or grouped in bundles) and the presence of functional groups on a surface of the 
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nanotubes affected the final mechanical properties of nanocomposites obtained. It was 

shown that the nanocomposites filled with the non-functionalized and functionalized 

nanotubes grouped in bundles (MWCNTs2 and f-MWCNTs2) have a higher value of 

flexibility modulus and impact strength (Table 1.3) than nanocomposites of 

PCN/MWCNTs1 and PCN/f-MWCNTs1 (non-functionalized and functionalized isolated 

nanotubes). Authors explained that fact by lower entanglement of MWCNTs2 and f-

MWCNTs2 and lower content of agglomerates (in comparison with isolated MWCNTs1 

and f-MWCNTs1) according to SEM data. 

 

Table 1.3. Mechanical properties of PCN and PCN-based nanocomposites   with 

0,5 wt. % of different type MWCNTs  [113]. 

Composition Flexibility modulus, GPa Impact strength, kJ/m
2
 

PCN 3.04 3.24 

PCN/ぜWCNどs1 2.95 3.08 

PCN/ぜWCNどs2 3.13 3.49 

PCN/f-ぜWCNどs1 3.38 3.20 

PCN/f-ぜWCNどs2 3.47 3.66 

 

It was also found that the nanocomposites, obtained from functionalized                 

f-MWCNTs, had better physical-mechanical parameters (Table 3) than analogous samples 

obtained with non-functionalized MWCNTs1 and MWCNTs2. Enhancement of physical-

mechanical properties of nanocomposites obtained from functionalized f-MWCNTs1 or    

f-MWCNTs2 authors associated with increasing interfacial adhesion between the 

components through the chemical reaction of  amine-groups grafted onto a surface of 

nanotubes with cyanate groups of the forming PCN (this chemical reaction was studied and 

described before [117, 128]). This conclusion was based on FTIR data (Fig. 1.14) shown 

that the intensity of the band of stretching vibration of NH-groups (with a maximum at      

ち ≈ 610 cm-1
) significantly reduced during the synthesis of PCN-matrix in the presence of 

carbon nanotubes.  

It was also shown [113] that the introduction of nanotubes slightly improves the 

thermal stability of the obtained nanocomposites, especially with f-MWCNTs2 (Table 1.4). 

It is concluded that better dispersing of f-MWCNTs2 and its covalent (chemical) bonding  
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Fig. 1.14. FTIR spectra: a - f-MWCNT1; b – monomer of cyanate ester; c -                

PCN/f-MWCNT1 nanocomposite (10 wt. %) after curing at 160 °C for 2 h [113].  

 

 

Table 1.4. Thermal stability (TGA data in N2) of individual PCN and 

nanocomposites containing 0.5 wt. % of different type MWCNTs [113] 

Composition Temperature of destruction onset (どd) , と  

(2 % of mass loss) 

PCN 540,3 

PCN / ぜWCNどs1 540,6 

PCN / ぜWCNどs2 547,0 

PCN / f-ぜWCNTs1 544,9 

PCN / f-ぜWCNどs2 550,0 

 

to the PCN-matrix slow down  the  decomposition  of  the  nanocomposites  obtained.  

However, it was found that in all the nanocomposites obtained the glass transition 

temperature (Tg) of PCN matrix was lower by ~ 9÷11 °C than the Tg for non-filled PCN. 

Authors explained this fact by decreasing crosslink density of PCN-network caused by 

introduction of CNTs. It is noteworthy that in general the authors of this paper failed to 
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improve significantly physical-mechanical properties of PCN/CNTs nanocomposites 

prepared. 

Tang et al. [116] investigated the mechanical and thermal properties of nanocomposites 

prepared by in situ synthesis of PCN from the mixture of DCBA and diglycidyl ether of 

bisphenol A, DGEBA, with the functionalized MWCNTs (MWCNTs content was 1.0, 1.5 

and 2.0 wt.%). MWCNTs of Dintern ≈ 10÷30 nm, Dextern ≈ 40÷60 nm and L/D ratio ≈ 1000 

were used. Functionalization of MWCNTs was carried out by pyrolysis (at T = 580 °C for 

1 h) followed by treatment (during 40 min) with acids HCl, HNO3 (65%) or with mixture 

of acids HNO3/H2SO4 (1/2 or 1/3). Using FTIR it was found that after treating by acid 

carboxyl, carbonyl and hydroxyl groups appeared on the surface of MWCNTs. It has been 

determined that the introduction of 1 wt. % of the functionalized MWCNTs obtained 

increases flexural strength from 132 to 147 MPa and impact strength from 14.0 to 16.5 

kJ/m
2
 (compared with initial PCN). However, further increasing of nanotubes content in 

the composite caused the lowering the above mentioned parameters (almost to the level of 

initial PCN). It was found that loading of 1 % of nanotubes decreased by ≈ 30% water 

absorption of nanocomposites. Increasing storage modulus (E’) in the temperature range of 

50÷300 ºC at introduction of up to 1.5 wt. % of nanotubes was detected by DMA, however 

at the concentration of nanotubes ≥ 2 wt %  some drop in value of E’ was observed. 

Unfortunately the authors did not give any explanations of these non-monotonic 

dependencies. In our opinion, such non-monotonic mechanism can be explained by the fact 

that at increasing of nanotubes content agglomerates are formed and hinder stress transfer 

between MWCNTs and matrix, so nanotubes become the centers of crack formation that 

leads to reducing physical-mechanical properties of nanocomposite. 

Okotrub et al. have been studied  [114] the effect of oxidated MWCNTs content on 

mechanical properties of new carbon fiber reinforced plastic materials based on Cyanate 

Ester Resins and carbon fibers "ELUR" (fiber content is not mentioned). These polymer 

composites were obtained by multiple impregnations of carbon fibers with a diluted 

solution of oxidized MWCNTs/CE/acetone achieving the content of CNTs on the fibers 

surface of 0.25÷1.00 %. The sample was then formed by direct pressing at a special 

temperature conditions (the details are not specified) to achieve the highest curing degree 

of the polymer matrix. Mechanical properties of carbon fiber reinforced composites 

obtained were studied at temperatures T = 20 and 180 °C: flexural strength (jflex), 
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compression strength (jcompr), and flexural modulus (Eflex) were measured. It was found 

that at above mentioned temperatures the original carbon fiber reinforced composites 

(without nanotubes) had the following parameters: jflex = 1.12 (1.10) GPa, jcompr = 8.95 

(7.90), Eflex = 102.64 (96.66) GPa (the values at T = 180 °C are indicated in brackets). It 

was found that treatment of fibers by nanotubes enhanced physical-mechanical properties 

of carbon fiber reinforced composites, especially at elevated temperatures; the greatest 

effect was observed at MWCNTs content of 0.25%: jflex = 1.42 GPa, Eflex = 134.43 (125.3) 

GPa and for composite, containing 0.5 % of MWCNTs: jcompr = 9.97 (8.99) GPa (the 

values at T = 180 °C are indicated in the brackets).  

As in the previous work the authors [114] do not give explanations of the non-

monotonic effect of MWCNTs content on the basic properties of the investigated 

nanocomposites. However, from DMTA data, namely temperature dependence of storage 

modulus (E') and loss tangent (tan h), one can conclude that already at 1 % of nanotubes 

content in the investigated samples a significant decline (compared with the original 

carbon fiber) of material stiffness (modulus E' decreases from ~95 to ~70 GPa at T ≈ 50 ÷ 

200 °C, and from ~75 to ~35 GPa for T ≥ 250 
oC) and increasing intensity of g-relaxation 

transition (at Tg ≈ 250 °C) of PCN-matrix occurs. These facts can be associated with 

decreasing crosslink density and appearance of defects in the structure of PCN-network, 

i.e. increasing content of oxidized MWCNTs hinders the polycyclotrimerization of cyanate 

monomer. This conclusion is in a good agreement with the one reported by dynamic DSC, 

since it was found that with increasing concentration of the oxidized MWCNTs (from 20 to 

50%) enthalpy of PCN formation decreased non-additively and exothermal peak at 70÷130 
o
C simultaneously appeared that the authors attributed to chemical interaction of cyanate 

groups of the monomer and oxygen-containing functional groups on the surface of 

oxidized MWCNTs (no doubt that this assumption requires further experimental 

confirmation). It is shown that at content of 50 % of the oxidized MWCNTs the first peak 

becomes dominant and curing of polycyanurate matrix almost not occurs. However, after 

annealing of oxidized MWCNTs in an inert atmosphere authors managed to obtain 

nanocomposites (nanotubes content is not specified) with a uniformly glossy black surface. 

 

* * * * 

 Thus, the literature review shows that to date investigations on the synthesis and 



Chapter 1 Modern conceptions of synthesis and characterization of polymer 

nanostructured composites based on heterocyclic esters filled by carbon nanotubes 

(LITERATURE REVIEW) 

 
 

37 

structure-property relationships of nanostructured polymer composites based on 

heterocyclic esters and carbon nanotubes are just at the beginning. So far the investigation 

of effect of CNTs on the kinetics of polymerization of cyclic oligomers of butylene 

terephthalate and polycyclotrimerization of cyanate esters of bisphenols was not carried 

out. There is no information in the literature about the effect of CNTs on thermal, 

viscoelastic and electrical properties of nanostructured polymer composites synthesized by 

in situ polymerization of cyclic oligomers of butylene terephthalate in the presence of 

MWCNTs. The influence of CNTs on stability to thermooxidative destruction of 

nanocomposites based on cPBT/MWCNTs has not been investigated yet. There are no 

publications on research of impact of CNTs on heat and electric conductivity and other 

basic physical-chemical properties of nanocomposites obtained by in situ 

polycyclotrimerisation of cyanate esters of bisphenols in the presence of MWCNTs. Thus 

one can say that today there is an absolute need for comprehensive investigation to identify 

regularity of in situ synthesis of polymer nanocomposites based on heterocyclic esters of 

different chemical structure in the presence of carbon nanotubes and to establish the 

regularities of the influence of nanofiller on basic physical-chemical properties of 

nanocomposites synthesized. 
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            2.1. Introduction 

 

 In this chapter the basic characteristics of the initial components used for synthesis 

of polymer nanostructured composites (nanocomposites) from heterocyclic esters of 

different structure in the presence of CNTs and the methods of synthesis and forming 

samples for measurements have been described.  

In this work two serieses of the nanocomposites with varying content of CNTs were 

synthesized and studied : first series based on linear thermoplastic Poly(butylenes 

terephthalate), cPBT synthesized from oligomers of cyclic butyleneterephthalate, CBT, in 

the presence of MWCNTs1 (made in France) and second series based on polycyanurate 

network, PCN (thermoset), synthesized from oligomers of dicyanate ester of bisphenol A, 

DCBA, in the presence of MWCNTs2 (made in Ukraine).   

Note that the oligomers selected for synthesis of both the serieses of the 

nanocomposites are from the class of heterocyclic esters and the polymers synthesized 

from them are thermostable polymers.  For both the series the nanocomposites were 

synthesized by in situ method using the initial oligomers of low viscosity that allowed easy 

effective dispersing of CNTs without any damage of latter. Importantly, the initial 

componets are industrially available, so the new nanocomposites can easy be applied in 

some devices and processes.    

 

2.2. Characterization of the initial components for synthesis and other 

chemical compounds used  

 

Macrocyclic oligo(1,4-butylene terephthalate), the mixture of cyclic oligomers of 

butylene terephthalate with polymerization degree n = 2 ÷ 5 (Fig. 2.1) was supplied by 

“Cyclics Corp.”  (trademark “CBT 160”, USA). CBT – white crystalline pellets with Tm ~ 

413 と, viscosity (j) ~ 20 ½Pí©s (at Tm). According to the information from the producer 

the granules of CBT-160 contain 0.5 wt. % of the catalyst butyltin dihydroxy chloride 

(trade mark - “Fascat 4101”): 
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Fig. 2.1. Cyclic oligomers of butylene terephthalate: 1 – C24H24O8; 2 – C36H36O12; 3 – 

C48H48O16  and 4 – C60H60O20. 

 

2, 2'–bis(4-cyanatophenyl)isopropylidene (dicyanate ester of bisphenol A), 

DCBA, trade mark - “Primaset BADCy” (purity > 99.00 %) was kindly supplied by 

“Lonza Ltd” (Switzerland). DCBA – white crystalline powder with どm ≈ 352 と.  

In some synthesis the industrial oligomer of DCBA (with conversion of cyanate 

groups ~ 52 %) as a  solution  in methyl  ethylketone  (~ 75 %), trade  mark “Primaset BA- 
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230S 75”, supplied by “Lonza Ltd” (Switzerland), was also used.  

C O C

CH
3

CH
3

O CN N

 

Multiwalled carbon nanotubes (MWCNTs), synthesized by the method of 

chemical vapor deposition (CVD), were used as nanofiller. MWCNTs – friable powder of 

a black colour. Two types of MWCNTs were used: 1) MWCNT1 – carbon nanotubes of the 

trade mark “で100” supplied by “Arkema” (France); 2) MWCNT2 - carbon nanotubes 

supplied by “TMSpetsmash Ltd” (Kyiv, Ukraine). 

MWCNT1 had the following characteristics (from the producer): density 50 ÷ 150 

¡g/m3; outer diameter of the nanotubes 10 ÷ 15 nm; length of the nanotubes 0,1 ÷ 10,0 たm. 

MWCNT2 had the following characteristics (from the producer): density – 29 

g/dm
3
; specific surface – 286 m

2/g; outer diameter of the nanotubes 10 ÷ 20 nm. 

Carbon fibers (CF) were also used in the work for comparison as filler. CF were 

supplied by ”Europe Toho Tenax” (Germany). CF had a diameter ~7 たm, and L/D ≈ 900.  

All the components were used without any additional purification. CBT before use 

was dried in vacuum for 12 h at ど ≈ 353 と. 

 

2.3. In situ synthesis of cPBT/MWCNT1 and cPBTin/MWCNT2 nanocomposites 

by polymerization of cyclic oligomers of butylene terephthalate  

  

The nanocomposites were obtained using reactive extrusion method by in-situ 

synthesis of poly(butylene terephthalate), cPBT, from the oligomers of cyclic butylene 

terephthalate, CBT, in the presence of MWCNTs1. The series of the nanocomposite 

samples cPBT/MWCNTs1 was synthesized with the MWCNTs1 content, wt. %: 0.01; 0.05; 

0.1; 0.3; 0.5; 1.00; and 2.00. 

CBT160 and MWCNTs1 were first dry mixed in a flask and then blended in a 
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“DSM 15” twin-screw compounder (DSM Research Netherlands) at 503 K and screw 

speed 100 rpm during 15 min. The extruded material was then used for measurements as 

obtained (strand), or as films prepared by pressing of strands: the strands were cut in small 

grains, placed into the mold with a thickness of 0.5 mm and diameter of 25 mm and 

pressed during 8 min at 513 K with a pressure of 6 MPa, using hot press machine “Carver” 

(USA), then cooled with the rate of 9 K/min during 30 min. The third type of samples for 

measurements was obtained by injection molding: the melt of the product from extruder 

was collected to the heated transportable box, where the temperature was kept as 503 K, 

then the box was fixed onto the laboratory injection molding machine “BabyPlast” (UK) 

and next the melt was injected to the mold (ど ≈ 473 K, injection pressure ë ≈ 265 MPí). 

After cooling to room temperature with speed of 9 K/min for ~40 min the samples of the 

nanocomposites with diameter of 25 mm and thickness ~ 1 mm were obtained. 

For some measurements the nanocomposites of cPBTin/MWCNTs2 were obtained 

using the same method, but CBT was used without any preliminary drying. The 

nanocomposites with MWCNTs2 content, wt. %:  0.01; 0.05; 0.1; 0,3; 0.5; 1.00 and 2,00 

were prepared. 

 

2.4. In situ synthesis of PCN1/MWCNT2 nanocomposites from oligomer of 

dicyanate ester of bisphenol A 

 

The film samples of PCN1/MWCNTs2 nanocomposites were prepared by the 

following step by step method. In a first stage the oligomer of dicyanate ester of bisphenol 

A was synthesized: the initial crystalline DCBA was heated in isothermic conditions in 

programmable thermal oven “Memmert UNP” (Germany) at ど ≈ 423 と during ~ 40 h. The 

oligomer synthesized was a viscous liquid at room temperature. According to the 

calculations on the results of FTIR spectroscopy the conversion of cyanate groups of the 

DCBA in the oligomer obtained was estimated as c ≈ 28 %.  

In a second stage the MWCNTs2 were sonicated in liquid DCBA prepolymer at 

room temperature and frequency of 44 Hz during 45 min using the ultrasound equipment 

UZDN-2ぎ (Russia). In order to avoid self-heating the vessel with the composition was 

continually cooled using water with ice. The optimal conditions of MWCNTs2 dispersing 
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were selected by empirical way. It was impossible to disperse the MWCNTs2 directly in 

the melt of DCBA monomer, because the latter crystallized during mixing procedure. The 

content of MWCNTs2 in the compositions was 0.01; 0.1 and 0.5 wt. %. For the 

composition with 0.5 wt. % of MWCNTs2, the critical self-heating was observed shortly, 

leading to gel formation, so the uncontrollable polycyclotrimerization of DCBA to PCN 

network in the presence of 0.5 wt. % of MWCNTs2 occurred.  

In a third stage the high temperature in situ synthesis of PCN1 was carried out in the 

presence of MWCNTs2. The mixture was poured between two glass plates covered by 

antiadhesive film and heated using step by step curing schedule: 3h at 353 K, 1h at 483 K, 

1h at 503 K, 1h at 523 K. There were no any traces of unreacted cyanate gropus observed 

in FTIR spectra of the cured compositions. 

 

2.5. In situ synthesis of PCN2/MWCNT2 nanocomposites from the industrial 

oligomer of dicyanate ester of bisphenol A 

 

Prepolymer of dicyanate ester of bisphenol A (DCBA) supplied as a 75 % solution 

in methyl ethyl ketone (BA-230S 75) was used as the initial component for preparation of 

polycyanurate-based PCN2/MWCNTs2 nanocomposites. MWCNTs2 were sonicated in a 

solution of the DCBA prepolymer at room temperature and frequency of 44 Hz during 45 

min using the ultrasound equipment UZDN-2ぎ (Russia). Before synthesis procedure the 

mixture was poured on the glass plate covered by antiadhesive film and vacuumized at ど ~ 

423 と, ë ~ 0.13 ¡Pí during ~ 4 h to remove the solvent, and then heated using step by step 

curing schedule: 3h at 453 K, 1h at 483 K, 1h at 503 K, 1h at 523 K, and 30 min at 543 K. 

The nanocomposites with MWCNTs2 content, wt. %: 0.02; 0.03; 0.04; 0.05; 0.06; 0.08; 

0.50; 1.00; and 1.20 were prepared.   

 

2.6. In situ synthesis of composites cPBT/CF by polymerization of cyclic 

oligomers of butylene terephthalate 

 

In order to compare  some  properties  of  the  nanocomposites  of  cPBT filled  by  
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CNTs with that filled by carbon fiber, some cPBT/CF composites were synthesized. The in 

situ synthesis of cPBT from CBT in the presence of different amount of CF using reactive 

extrusion was carried out in “Rheomix 600 Haake” batch mixer at ど ~ 513 と during 13 ÷ 

15 min. The series of the cPBT/CF samples was synthesized with the CF content, wt. %: 

0.5; 1.5; 2.5; 5.0 and 10.0. The samples were then pressed at 523 K in sample mould with 

thickness of ~0.5 mm between two steel plates covered by antiadhesive film, and next 

cooled to the room temperature with the rate of 9 K/min during ~25 min.         
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3.1. Scanning Electron Microscopy (SEM) 

 

Scanning electron microscopy method (SEM) [129, 130] was used to study the 

morphology of the nanocomposite samples synthesized. SEM microphotographs were 

carried out using “SEM HITACHI S800” at the accelerating voltage of 15 kV. The 

specimens were quenched and fractured in liquid nitrogen and then coated with a thin 

Au/Pd film (thickness around 10 nm) for investigation. The program “Image SEMICAPS 

software” was used for size particles calculations.  
 

3.2. Transmission Electron Microscopy (TEM) 

 

Transmission electron microscopy method (TEM) [131] was used to obtain TEM 

microphotographs of MWCNTs or nanocomposites studied using a microscope “PHILIPS 

CM 120”. The operating voltage was set to 80 kV. MWCNTs were ultrasonically dispersed 

in acetone and a drop of obtained dispersion was deposited on a copper microscopy grid 

covered with a thin polymer film “Formvar”.  

 

3.3. Fourier –Transmission Infrared spectroscopy (FTIR) 

 

Kinetic peculiarities of the polymerization reaction were studied by using FTIR 

spectroscopy technique [132]. FTIR measurements were fulfilled using “Bruker TENSOR 

27 DTGS” spectrometer in the range of 4000 - 500 ïm-1
. The mixture of MWCNTs 

dispersed in pre-polymer was deposited between two NaCl glasses and the measurements 

were performed after each stage of curing. 

 

3.4. Differential Scanning Calorimetry (DSC) 

 

Differential scanning calorimetry investigations (DSC) were carried out using “TA 

Instruments 2920 MDSC V2.6A” in helium and air atmosphere in the range of temperature 
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of ど ≈ 286 ÷ 533 と  for the samples of cPBT the nanocomposites cPBT/MWCNT1 and in 

the range of temperature of ど ≈  300 ÷ 625 と PCN and the nanocomposites 

PCN/MWCNT2. Data of DSC measurements were analyzed utilizing TA Instruments 

Universal Analysis 2000 ver. 3.9A. 

Degree of crystallinity (Xc) of the samples was determined according to the equation: 

 ,     

where ∆Hm – melting enthalpy (J/g),  = 142 J/g – theoretical value of melting 

enthalpy for 100% crystalline PBT [133]. 

 

3.5. Raman Spectroscopy (CNTs characterization) 

 

The characterization of the samples was performed by Raman spectroscopy method 

[134-136] using the “Jobin-Yvon Raman Spectrometer T64000” combined with “Olympus 

confocal microscope BX40” by using green laser light (そ = 514.5 nm) at room temperature, 

the beam focal length was 640 mm, a pitch dimension was 0.0066 Å. 

 

3.6. Dynamic Mechanical Thermal Analysis (DMTA) 

 

Dynamic mechanical thermal analysis (DMTA) [137] scans were performed with a 

single-cantilever blending mode by using a dynamic mechanical analyzer ”TA Instruments 

DMA 2980” from 130 to 420 K at a heating rate of 2 K/min. For the cPBT-based samples 

the range of frequency was taken from 1 to 15 Hz, the amplitude of oscillation was chosen 

equal to 20 たm. Samples size was 0.5 x 5 x 17.5 mm
3
. 

For the PCN-based samples the DMTA scans were performed with a single-

cantilever blending mode by using a dynamic mechanical analyzer “TA Instruments 

Universal Analysis 2000 ver. 3.9A” from 300 to 645 K at a heating rate of 2 K/min, the 

range of frequency was taken from 1 to 5 Hz, the amplitude of oscillation was chosen 

equal to 20 たm.  

    (3.1) 
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The relaxation  transition  temperature  was  determined  as  the  maximum  of   the 

temperature dependence of the mechanical losses modulus. 

The stress-strain dependence was determined for some PCN/MWCNTs2 

nanocomposites using an analyzer “TA Instruments DMA 2980” at frequency of 1 Hz and 

the value of tensile strength at break (jb) was determined depending on nanofiller content. 

Samples size was 50.0 ê 5.0 ê 0.5 mm
3
.  

 

3.7. Thermogravimetry Analysis (TGA) 

 

Study of thermal-oxidative destruction of the samples of the nanocomposites 

samples was carried out using “TA Instruments Thermogravimetric Analyzer TGA 2950” 

in air or in inert media (helium or nitrogen) in the temperature interval from 300 up to  

1120 と for PCN/MWCNTs2 nanocomposites, and from 300 up to 825 と for 

cPBT/MWCNTs1 nanocomposites. The heating rate was 10 と/min and the mass of samples 

studied was 10 ÷ 15 mg.  

 

3.8. Melt Rheology 

 

The frequency dependence of viscosity for CBT and for the CBT/MWCNTs1 

dlends in oscillation regime was determined using “Rheometrics RMS 800 Spectrometer”. 

The samples for measurements were placed between two parallel plates of the diameter of 20 

mm each. The distance between the plates was ~1 mm. To study the influence of MWCNTs1 

on kinetics of CBT polymerization using rheometer the dynamic test with constant slip 

frequency の = 10 rad 
.
 sec

-1
 at temperature T ≈ 503 と was applied. 

 

3.9. Determination of Thermal Conductivity 

  

 The measurements of thermal conductivity of PCN2/MWCNTs2  nanocomposites 

were carried out at their linear heating by using modernized model of industrial controlling 
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and measuring apparatus for thermal conductivity “IT-n-400” in the temperature rage from 

323 と to 373 と. The circular-shaped samples of diameter of 15 mm and thickness of 0.2 ÷ 

0.7 mm were placed between two parallel metallic discks treated by lubricant for the better 

contact with the sample and to avoid the heat loss.  

 

           3.10. Electric properties 

           3.10.1. Electric conductivity measurements under the alternative current (ac) 

 

The electric conductivity measurements under the alternative current (ac) were 

performed under the room temperature in the frequency range between 10
-1

 and 10
6
 Hz 

using a two-contact scheme. The pressed disk of a sample was held between two electrodes 

made from 1cm thick steel. The ac output voltage was adjusted to 1.5 V. The ac 

conductivity for ac percolation curve was determined as a value of the conductivity in the 

region of the low-frequency plateau. 

 

3.10.2. Direct current (dc) electrical conductivity 

 

Measurements of the direct current (dc) electrical conductivity of all the samples 

were performed at room temperature using two- or four-point techniques. For this purpose 

a sample holder was prepared using strips of graphite paper fixed on an insulating 

poly(ethylene terephthalate film). The copper wires were attached to graphite electrodes 

and junction points were covered by silver paint. In the four-point technique the external 

wires were connected to current source, and the internal to the voltmeter. The samples 

were cut into 6 x 12 mm strips, were deposited on a sample holder and were pressed 

against the graphite strips. The dc current was applied using regulated power supply 

“Keithly  6517A Electrometer High Resistancemeter”. Current flow and voltage were 

measured using digital multimeter “Keithly 2400 Sourcemeter”. 

Two-point technique (using the same holder type with two electrodes) was used for 

determination of electrical conductivity of the samples below the percolation point. Current 

flowing at fixed value of voltage was recorded until constant value was reached.   
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The volume resistivity, と, of all the samples was calculated using the following 

equation: 

                                             
                    , 

L

w

I

U ©©? ft
      

 

where U is a tension, V; I - current flowing through the sample, A; f - sample thickness, 

cm; w -  width of the sample, cm; L – the distance between two electrodes connected to the 

multimeter, cm. Electric conductivity was determined as j = 1/ と.  

In order to describe the mechanism of charge transport in the nanocomposites the 

temperature dependence of the dc conductivity was measured in a broad temperature range 

using helium cryostat. 

 

3.11. Size Exclusion Chromatography (SEC) 

 

Molar masses of cPBT samples synthesized were measured using gel-permeation 

chromatography method. The following devices were used: “Spectra Physics P100 pump”, 

two “PLgel 5 たm mixed C-columns” (Polymer Laboratories) and “Shodex RI 71 refractive 

index detector”. For calibration a standard sample of polystyrene (ぜw = 30 000, 

polydispersity index Mw/Mn = 1.01) was used. As eluent a mixture of 

chloroform/hexafluoro-2-propanol (98/2) was used, the flow speed was 1 ml/min. The 

sample weight was 0.001 ÷ 0.02 g. 

(3.2) 
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4.1.  Introduction 

 

The present section represents the results on investigation of the structure and main 

physical and chemical properties of nanostructured polymer composites based on linear 

poly(butylene terephthalate) synthesized from a mixture of heterocyclic oligomers of 

butylene terephthalate ("CBT160"), polymerizable  by ring-opening polymerization (see 

sect. 2.1) in the presence of multiwalled carbon nanotubes MWCNTs1 ("Arkema", France) 

or MWCNTs2 ("TMSpetsmash", Ukraine). Description of the initial components, details of 

synthesis and molding of the nanocomposite samples are given in sect. 2.1 and 2.2, 

respectively. As noted above in sect. 2, dispersing of MWCNTs1 and synthesis in situ of 

cPBT in the presence of carbon nanotubes, was carried out directly in the laboratory twin-

screw miniextruder. After the synthesis, the nanocomposite samples were formed either as 

extrudate (strands) from extruder, or as films and plates by hot pressing or injection 

molding, respectively. The cPBT/MWCNTs1 nanocomposites contained the following 

amount of MWCNTs1, (wt. %): 0.01, 0.05, 0.10, 0.30, 0.50, 1.00 and 2.00. The content of 

MWCNTs2 in the nanocomposite samples of cPBTinit/MWCNTs2 was as follows, (wt.%): 

0.01, 0.05, 0.10, 0.20, 0.50 and 1.00. 

 

4.2. Investigation of structure of multiwalled carbon nanotubes  

 

Multiwalled carbon nanotubes MWCNTs1 and MWCNTs2 were studied using 

transmission electron microscopy (TEM), the corresponding TEM microphotographs are 

presented in Fig. 4.1 (a, b). It was established that MWCNTs1 had the following 

dimensional characteristics: outer diameter D ≈ 10 ÷ 17 nm, inner diameter 

Din ≈ 4 ÷ 7 nm, length of nanotubes L ≈ 0,1 ÷ 10 たm, thus was L/D ~ 6 ÷ 1000. At the 

ends of some nanotubes hemispherical closed tops are clearly visible (1/2 of fullerene 

molecule), but the rest of the nanotubes have open endings. In MWCNTs1 one can  see  

the aggregates, i.e. some nanotubes are substantially curved in shape, that may indicate 

the presence of defects in the  walls  of  nanotubes, namely the  presence of not only  six- 
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membered, but four-, five- or hepta-membered carbon rings, that provides bendability (see 

Fig. 4.2)  or  even  twistability  of  the   nanotubes  (Fig.   4.1 d).  It  should  be  noted   that  

a) 

 

b) 

 

c) 

 

d) 

Fig. 4.1. TEM microphotographs of multiwalled carbon nanotubes used: a, b – MWCNTs1; 

c, d – MWCNTs2.  
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imperfection of nanotubes decreases their strength. Such MWCNTs present also specific 

properties of electronic conduction as they behave as a tank of electrons.  

TEM micrographs of MWCNTs2 are presented in Fig. 4.1 (c, d). It was found that 

external diameter was nearly D ≈ 10 ÷ 20 nm, inner diameter Din ≈ 6 ÷ 9 nm and length of 

nanotubes was L ≈ 0,2÷ 11 たm, i.e. L/D ~ 10 ÷ 1100. Thus, according to TEM data one can 

conclude that the structural characteristics of MWCNTs1 and MWCNTs2 are very similar, 

that apparently is caused by the identical methods of synthesis (CNT were obtained by 

chemical vapor deposition).  

 

 

Fig. 4.2. Schematic view of single-walled carbon nanotubes with defects in wall structure 

[28]. 

 

For more detailed characterization of MWCNTs1 and MWCNTs2, their structures were 

investigated by Raman spectroscopy (Fig. 4.3), which allows determining electronic 

structure of CNTs using their vibratory characteristics [134, 138-140]. The Raman 

spectrum of CNTs has several specific and unique features. Firstof all, it is the so-called G-

mode (Fig. 4.3, peak at 1573-1575 cm
-1

) associated with optical vibrations of two adjacent 

carbon atoms in the nanotube lattice (Fig. 4.4 a). For semiconducting nanotubes, this band 

has a clear doublet structure, with one of the peaks (G+), caused by vibrations of atoms 

along the axis of nanotubes (LO-mode) and another one (G–), weaker in intensity and 

having a lower frequency, represented by fluctuations in the direction perpendicular to the 

main axis of CNTs directions (TO-mode). In Raman spectra of metallic nanotubes another 

situation is observed: G+ peak is identified with TO-mode, and LO-mode has a lower 

frequency caused by strong electron-phonon interaction and Kohn anomaly [28]. 
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Secondly, an important feature of the Raman spectra of carbon nanotubes is the 

presence of the so-called radial  breathing  mode (RBM)  in  low-frequency  region  that  is 
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Fig. 4.3. Raman spectra of multiwalled carbon nanotubes: 1 – MWCNTs1; 2 – MWCNTs2. 

Insert presents a larger scheme of the absorption bands of G mode. 

 

typical for nanotubes only and relates to symmetric vibrations of carbon atoms in radial 

direction (Fig. 4.4 b), i.e. it is the variation in diameter of nanotubes nearly the mean value. 

Oscillation frequency of the RBM-mode is inversely proportional to the radius of 

nanotube, thus the indicated part of the spectrum contains information about the 

distribution of nanotubes by diameter. However, in the multiwalled CNTs the radial 

vibrations of carbon atoms are hindered by the walls of adjacent tubes, so these vibrations 

in MWCNTs are virtually absent.   

However, the data presented in Fig. 4.3 clearly show that in the spectra of both the 

types of nanotubes at 200 ÷ 350 ï½-1
 the characteristic bands (of low intensity) are present, 

which according to the literature [136] refer to symmetric vibrations (in radial direction) of 
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carbon atoms in double-wall nanotubes, or they are associated with the presence of internal 

CNTs with very small diameter (less than 2 nm) in the multiwall nanotubes. 

Thirdly, this is the occurrence in the Raman-spectra of D-mode and G'-mode (with  

 

 

Fig. 4.4. Schematic view of carbon nanotubes: a – tangential modes; b / radial breathing 

mode (RBM) [30]. 

 

maxima at 1345-1348 and 2688-2690 ïm-1
, respectively) that indicates the presence of 

certain defects in nanotubes, which may be caused by imperfection of the lattices of 

nanotubes and by the presence of impurities. It is seen that for both the types of nanotubes, 

the intensity of D-mode is high enough. Since the manufacturers report about the absence 

of any traces of amorphous carbon in the CNTs, the appearance of these bands can be 

explained by the presence of defects on the walls of nanotubes (Fig. 4.2) that is in a good 

agreement with the above given TEM data.  

For these carbon nanotubes the so-called index of imperfection (D/G) and index of 

perfection (G'/G) were calculated by comparison of the areas under the peaks of D-mode 

and G-mode. The calculations have shown that for MWCNTs1 D/G = 0.90 and G'/G = 

0.84, for MWCNTs2 D/G = 0.77 and G'/G = 1.12. Since the calculated indexes are close, 

therefore one can conclude that the carbon nanotubes used have similar structure.  

Using FTIR spectroscopy chemical structure of MWCNTs1 and MWCNTs2 was 

investigated, the spectra are shown in Fig. 4.5. It is clearly seen that in the IR spectra the 

broad absorption band ちOH at 3660 ÷ 3160 ï½-1
 appears that can be explained by the 

presence of a number of OH groups (functional groups on the surface of nanotubes or as a 

a b 
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part of the adsorbed water) in the structure of the investigated carbon nanotubes. 

Moreover, for MWCNTs2 one can see the absorption band with maximum at 1105 ïm-1
, 

which according to literature data corresponds to stretching vibrations of Si-O groups of 

the catalyst remained after synthesis of these nanotubes. 
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Fig. 4.5. FTIR spectra of individual carbon nanotubes: 1 – MWCNTs1; 2 – MWCNTs2. 

 

The TGA studies have shown that resistance of the carbon nanotubes studied to thermal-

oxidative  degradation, as  expected, was  high   (cf. Table 4.1 and Fig. 4.6).  Thus, 

temperature of onset of thermal-oxidative degradation for MWCNTs1   was Td (onset) ≈  

791.6 と, and for MWCNTs2 Td (onset) ≈ 734.6 と. The MWCNTs1 degradates with maximum 

rate at Td (max) ≈ 917.2 と  and   the  MWCNTs2  has  the  maximum  rate  of  degradation   at 

Td (max) ≈ 882.6 と. Thus the TGA data presented evidence that thermal stability of 

MWCNTs1 is slightly higher than that of MWCNTs2. It was also  found  that  for  both  the 

 

どable 4.1.  Thermal characteristics (O2/N2 ≈ 1/1) of the MWCNTs1 and MWCNTs2 studied 

Sample Td (onset), 

と 

Td (5%), 

と 

Td (max), 

と 

Fmmax, 

wt.% 

Td (50%), 

と 

mchar  

(at 970 と), wt.% 

MWCNTs1 796.1 830.3 917.2 46.3 913.6 19.26 

MWCNTs2 734.6 800.9 882.6 37.2 872.5 6.27 
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Fig. 4.6. TGA data (in O2/N2 ≈ 1/1) for the samples of individual carbon nanotubes:   1 – 

MWCNTs1; 2 – MWCNTs2.  

samples of MWCNTs, prior to the main stage of decomposition of carbon skeleton (at ど > 

800 と), in temperature region of T ≈ 373 ÷ 473 K a certain mass loss was fixed, namely: 

響m ≈ 0,57 wt. % (for ぜWCNTs1) and 響m ≈ 0,32 wt. % (for MWCNTs2), that in certain 

temperature interval may be caused by the removal of adsorbed water out of the CNTs. 

Therefore, the samples of CNTs studied have small amount of the adsorbed H2O.  

For the both types of  CNTs studied in temperature region of T ≈ 473 ÷ 720 K another 

mass loss was also fixed: 響m ≈ 0.96 wt. % (for MWCNTs1) and 響m ≈ 0.53 wt. % (for 

MWCNTs2) (Fig. 4.6 and Table 4.1). It is known [30] that it is caused by destruction of 

functional groups, which usually present in a certain amount in the structure of the outer walls 

of most the types of carbon nanotubes. This conclusion correlates with the FTIR data above 

confirming the presence of OH groups in the structure of the carbon nanotubes studied. 

 

4.3. Investigation of the effect of carbon nanotubes on polymerization of cyclic 

oligomers of butylene terephthalate 

 

Literature review (cf. Chapter 1) have shown that chemical and physical properties 

of    CNTs-containing polymeric  nanocomposites  are  controlled,  in  the  first  place,   by 
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dispersing degree of CNTs, at that the best physical-mechanical properties are 

demonstrated by nanocomposites with CNTs dispersed up to individual nanotubes.The 

presence of aggregates of CNTs results in lower effect of the nanofiller on final properties 

of nanomaterials obtained. However, according to the recently published series of works 

çy Alig et al. [7, 141, 142], nanocomposites formed from the molten polymers at 

temperatures higher than Tm of polymer matrix had an improved electrical conductivity. 

The authors associated this effect with reaggregation of CNTs during their annealing 

at ど > どm facilitated formation of three-dimensional CNTs-network. In this chapter the 

effect of aggregation of CNTs on electrical conductivity of nanocomposites obtained will 

be examined in more detail later in sect. 4.8. 

It is known now [42], that the most effective way of introduction of CNTs into 

oligomeric or polymer matrix is mixing with a help of ultrasonic dispersers of different 

capacity (from 12 to 500 W) and frequency (20 „ 55 kHz), high-speed mixers (500 „ 3000 

rpm), calenders (with rotation speed of rolls from 20 to 180 rpm), etc. 

From the technological point of view, the most promising method of obtaining of 

polymer nanocomposites, including CNTs-containing ones, is reactive extrusion: 

simultaneous synthesis of polymer matrix from oligomer and effective dispersing of 

nanofiller in it. Since at reactive extrusion synthesis of polymer component is carried out in 

the presence of nanofiller, the viscosity of the reactive mixture increases significantly; that 

is why it is important to have quite low viscosity of the original reactive oligomer used.  

As it was noted above, in the present  work  the  cPBT/ぜWCNTs1  nanocomposites 

were obtained by the reactive extrusion method using miniextruder (see sect. 2.2) through 

in situ synthesis of cPBT from CBT in the presence of ぜWCNTs1. It is known that 

technological advantage of CBT over PBT is much lower viscosity of CBT in comparison 

with PBT: jCBT ~ 0.020 Pí©sec (at どmCBT) and jPBT ~ 4000 Pí©sec (at どmPBT). It is also 

important that CBT polymerizes even at temperatures lower the melting point of PBT    

(どm PBT ≈ 503 と). Therefore, to avoid crystallization of cPBT obtained synthesis of cPBT 

from CBT has to be carried out in isothermal conditions at ど > どm PBT  (Fig. 4.7).  

Samples of the net cPBT were also synthesized using the reactive extrusion method 

at similar conditions as for synthesis of the nanocomposites (see sect. 2.2), while in one case 

the original mixture of cyclic oligomers of butylene terephthalate, CBTin (without vacuuming 

and drying) was used, otherwise CBT was prevacuumed and dried (at T ≈ 353 K) to remove 
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Fig. 4.7. Dynamic DSC data on synthesis of cPBT from CBT (heating rate 10 K/min). 

 

the traces of volatile impurities that may remain at CBT production.  

Using Size Exclusion  Chromatography, SEC, the  molecular weights of cPBTin and 

cPBT samples were determined and insignificant difference in their values of Mw, Mn and 

Mz were established (Table 4.2). In addition, using TGA it was found (sect. 4.6) that mass 

loss of cPBTin at heating in the temperature range of 373 ÷ 473 K (where evaporation of 

adsorbed water takes place) was extremely small (~ 0.15 wt. %).Thus, it was concluded 

that original CBTin was also suitable for cPBT synthesis without additional purification. 

 

どable 4.2.  Size Exclusion Chromatography data for the synthesized samples of cPBTin 

and cPBT  

Sample Mn Mw Mz 

cPBTin 4 590 23 200 51 100 

cPBT 5 600 26 500 43 800 
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 Kinetics of the reaction of in situ polymerization of CBT oligomers in the 

presence of MWCNTs1 depending on the content of the latter, was studied using method 

of melt  rheology (sect. 3.8), the results  are presented  in  Fig. 4.8. It was established that 

polymerization process of the individual CBT (at temperature T ≈ 503 K) has a certain 

induction period (v ≈ 40 sec), followed by a rapid increasing in viscosity due to growth of 

molecular weight of PBT formed. At the last stage of the process (at v > 500 sec) viscosity 

becomes almost stable (j* ≈ 4400 Pa ∙ sec), indicating the termination of polymerization 

with formation of cPBT.  
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Fig. 4.8. Dependence of viscosity j* on reaction time of polymerization of CBT and 

CBT/ぜWCNTs1 at ぜWCNTs1 content (wt. %): 1 – 0; 2 – 1.0; and 3 – 2.0.  

 

During in situ polymerization of CBT in the presence of ぜWCNTs1 the induction 

period disappears, and viscosity of the system starts growing dramatically within the first 

seconds of the extrusion and the slope angle of the viscosity curve increases indicating 

acceleration of polymerization of CBT-component in the presence of ぜWCNTs1. Fig. 4.8 

shows that increasing of nanofiller content from 1.0 to 2.0 wt. % results in significant 

increasing polymerization rate, especially in the early stages of the reaction.  

Thus, one can conclude that carbon nanotubes possess significant catalytic effect in 
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CBT polymerization process even with just 1 ÷ 2 wt. % of CNT in the composition. In 

other words,  ぜWCNTs1 actually acts as catalyst for CBT polymerization.  

The catalytic effect of CNTs observed in synthesis of the CBT-based 

nanocomposites may be caused by adsorption of the molecules of CBT  oligomer  onto  the  

developed surface of nanotubes and probably by adsorption of catalyst C
4
H

9
SnCl(OH)

2 

with its possible chemical grafting through the reaction with OH groups of ぜWCNTs1 

surface and so heterogeneous catalysis [112, 113] takes place in the system. 

Furthermore, it is known [143] that even carbon nanotubes itself can participate in 

complex electronic interactions with different chemical functional groups on atomic level 

and interaction force significantly depends on electronic structure of functional groups 

reacting with CNTs.  

 

4.4. Determination of morphology of cPBT/ぜWCNTs1 nanocomposites using 

scanning and transmission electron microscopies 

 

It is known that electron microscopy is one of the basic methods for nanomaterials 

research, as it enables direct visibility of the material morphology. For example, discovery 

of CNTs has become possible due to using TEM at their investigation [45]. Morphological 

features of cPBT/ぜWCNTs1 nanocomposites with different content of nanotubes were 

studied by SEM and TEM, the corresponding microphotographs are presented in Fig. 4.9 

and 4.10, respectively. It was established that ぜWCNTs1 were effectively dispersed in all 

the samples of the nanocomposites obtained. The SEM micrographs clearly showed that 

CNTs were well distributed in the samples area, thus one could  observe  both  isolated  

nanotubes  (filiform  light inclusion) and cross-section (light round spots) of nanotubes 

broken during preparation of the samples for SEM studies (samples were frozen in liquid 

nitrogen and subsequently splited, sect. 3.1). Sometimes dark spherical areas looking like 

pores were also noticed, these voids were formed after pulling out of the nanotubes at 

splitting at insufficient adhesion to polymer matrix as mentioned before [26]. 

Analysis of SEM data allows concluding about high adhesion between polymer 

matrix and carbon nanotubes. This inference is based on the fact that the majority of CNTs 

after splitting of the sample (in liquid nitrogen) remained  in  cPBT  matrix,  but  were  not  



 

                                                                  

        

 

         

 

 Fig. 4.9. SEM micrographs of nanocomposites of cPBT/ぜWCNTs1 (samples were 

obtained by hot pressing of extrusion strand) with different ぜWCNT1 content, wt.%: 

í / 0.1; b / 0.3; c / 2.0; and d / 2.0 (agglomerate zone).  

           

 b)  a) 

d) c) 
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Fig. 4.10. どぎぜ micrographs of cPBT/ぜWCNTs1  nanocomposites (ぜWCNT1 content was 2 wt. 

%) obtained by: í / extrusion strand; b / hot pressing of extrusion strand; c / injection molding.  

 a) 

 b) 

c) 

0.5 ʅm 

0.5 ʅm 

0.2 ʅm 
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pulled out from the matrix (that would take place in a case of poor adhesion between the 

matrix and CNTs). Moreover, the results of determination of outer diameter of nanotubes 

in the nanocomposites investigated using "Image J" software showed that their diameter 

was by ~ 5 ÷ 25 nm larger than the diameter of the initial ぜWCNTs1. This is known as a 

phenomenon of "wrapping" of carbon nanotubes by polymer, and it occurs in systems with 

high adhesion between polymer matrix and CNTs only [26]. As far as carbon nanotubes 

possess electrical conductivity, the above mentioned phenomenon has to affect the 

conductivity of the nanocomposite obtained. The electrical properties of the 

cPBT/MWCNTs1 nanocomposites will be discussed in detail below in sect. 4.8. 

Thus, one can conclude that in the samples studied certain nanostructure looking like a 

“hot dog” is formed. However, taking into consideration that it belongs to the subjects of 

nanoworld, therefore, the structure formed can be conventionally called  as “nano hot dog” (by 

analogy to “nanorose”, “nanonail”, “nanobrush”, “nanodandelion” etc. [145]). So, the 

composites studied can be considered in a certain way as nanostructured ones.  

Similar results were obtained recently by Lusenkov et al. [146], where effect of 

CNTs on structure and the properties of PEG300 and PEG300/CNTs polyelectrolytes were 

investigated. Studying the impact of CNTs on electrical properties of the nanocomposites 

obtained, the authors have found that conductivity  of  the  samples  increases  

significantlywith increasing CNTs concentration in the system and proposed the model, 

whereby there are three basic components with different electrical properties in the systems 

studied, namely:  ion-conductive polymer matrix (PEG-LiClO4), dispersed filler (CNTs) 

and conductive surface layer, forming around the filler particles and having higher 

conductivity than the polymer matrix. The latter looks very similar to our observations. As 

a result three-dimensional conductive network consisting of nanostructures above-named 

as “nano hot dog” is formed. 

Figs. 4.9 and 4.10 also display that along with isolated CNTs there are also 

agglomerates of CNTs in the systems studied. In SEM photomicrographs they look like 

clusters of light spots and filaments; in TEM - like dark threadlike inclusions). It was found 

that increasing of ぜWCNTs1 content from 0.1 to 2 wt. % resulted to increasing 

agglomerates content. It is observed that in the samples studied there are the regions with 

high content of agglomerates of ぜWCNTs1 and the regions without agglomerates at all. 

We consider that such situation may be caused by two reasons. First, as noted above in 
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sect. 2.2, there are some agglomerates remained in the system after dispersing CNTs in the 

matrix. Secondly, as it is known from the publications of Alig et al [7, 141, 142], at 

thermal treatment and shear stress of CNT-based polymer nanocomposites at ど > 500 と 

(i.e. actually during annealing process) the processes of reaggregation of CNTs takes place.  

 Using analysis of TEM micrographs for the samples obtained by different ways 

(Fig. 4.10) one can conclude that a number of aggregates in the film samples obtained by 

pressing of extrusion strand is greater as compared with the composites of the other two 

serieses (Fig. 4.10 b). We believe that this is caused by the longest influence of the 

temperature aboveどm of cPBど (ど ≈ 513 K,  sect. 2.2) and additional pressure on the 

samples obtained by hot pressing, that, as mentioned above, results in reaggregation of 

CNTs in polymer matrix. It will be shown in sect. 4.8 that reaggregation of CNTs improves 

electrical properties of the nanocomposites significantly, however, decreasing storage 

modulus, E' will be also observed (sect. 4.5). 

The analysis of Fig. 4.10 (c) evidences the occurrence of certain orientation of 

CNTs in the samples obtained by injection molding.  Obviously, the orientation in this 

sample took place in the process of casting in the direction of flow of molten 

cPBT/MWCNTs1 compositions. 

 As it will be shown below in the sect. 4.5 ÷ 4.8, the changes in morphology of the 

samples of the nanocomposites investigated cause significant changes in a number of their 

physical-chemical properties.  

 

4.5.  Viscoelastic properties of cPBT/MWCNTs1 nanocomposites 

 

It is known that Poly(butylenes terephthalate) is a partially crystalline polymer, 

therefore it was of a great interest to define the influence of the nanofiller on viscoelastic 

properties of the nanocomposites synthesized, and especially on characteristics of 

amorphous microphase of cPBT. DMTA is the most informative method to determine the 

relationships and changes occurring in macrochains of polymers from amorphous phase 

under the influence of various factors, including filling of polymer by fillers [137]. The 

effect of MWCNTs1 on viscoelastic properties of the samples of the synthesized 

nanocomposites and formed by hot pressing of extrusion strands was investigated 
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depending on the nanofillers content (Fig. 4.11). Details of the research technique and 

preparation of the samples for the investigation were described in the sect. 3.6.  

Fig. 4.11 representing temperature dependencies of storage modulus E' and loss 

modulus  E” (at temperatures T ≈ 133 ÷ 423 K), shows that the presence of even small 

amounts (0,01 ÷ 2,0 wt. %) of carbon nanotubes in these nanocomposites, changes the 

glass transition temperature Tg (く-relaxation process) of cPBT matrix and the temperature 

of け-relaxation process of the latter as well as the value of activation energy ぎí of く-

relaxation process, etc. (Table 4.3).  

For example, introduction of 0.01 wt. % of MWCNTs1 only caused significant 

increase in storage modulus E' at temperatures ど < 240 と (Fig. 4.11 a), while for the 

nanocomposites containing 0.3 and 2.0 wt. % of nanotubes, E' values were lower as 

compared with the sample of the individual cPBT in the whole temperature range.  

Obviously, during in situ synthesis of cPBT matrix in the presence of small amount 

of the nanofiller (0.01 wt. %) effective dispersing of CNTs occurr (probably mainly to 

individual nanotubes), aggregation of CNTs was insignificant, and therefore the sample 

was reinforced by the dispersed CNTs, as a result the value of storage modulus increases. 

However, increasing of CNTs content in 30 or more times (up to 0.3 ÷ 2.0 wt. %) results, 

first, in decreasing possibility of CNTs dispersing to individual nanotubes (Figs. 4.9 and 

4.10) and, secondly, as noted above, at high temperature of cPBT synthesis (T ≈ 503 K) the 

reaggregation of CNTs and, hence, reducing homogeneity of their dispersion in polymer 

matrix are observed, i.e. reinforcing effect of CNTs decreases. This results in the reduction 

of storage modulus E' and simultaneously of loss modulus  E” as far as the aggregates of 

CNTs hinder a segmental mobility of macromolecules of Poly(butylene terephthalate). 

Similar effects were observed by Alig et al. [7, 141, 142] at investigation of some 

MWCNTs-containing polymer nanocomposites. 

It was found that for the dependence E” = f (T) obtained at different frequencies (1-

15 Hz) a shift towards higher temperatures with increasing frequency is observed. 

According to the temperature-frequency superposition low [147], the higher frequency the 

greater the shift of the curve to higher temperatures. Such behavior of the dependence 

E” = f (T) can be explained as follows: the higher frequency of the forced dynamic 

oscillations, the lower wave energy is  transmitted to the  material for  the  same period   of   
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Fig. 4.11. Temperature dependencies of (a) storage modulus E' and (b) loss modulus    E”  

(at frequency of 1 Hz) for cPBT/MWCNTs1 nanocomposites with the content of 

MWCNTs1, wt. %: 1 / 0; 2 / 0.01, 3 / 0.3, and 4 / 2.0. In framing the corresponding 

Arrenius plots are shown for the samples with the content of MWCNTs1, wt. %: 1 – 0; 2 – 

0.3; and 3 – 2.0. 
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Table  4.3. Effect of carbon nanotubes on viscoelastic properties of cPBT/MWCNTs1 

nanocomposites (frequency 1 Hz) 

MWCNT1content, 

wt.% 

ぎ'  

(at 273 と),  ぜPí 

どけ,  

と 

どg  

(く-relaxation), と 

Apparent activation 

energy, Ea(く), kJ/mol 

0 (cPBT) 2871 173.0 331.7 47.5 

0.01 2695 170.8 333.5 52.8 

0.3 2360 175.2 333.7 60.6 

2.0 2407 174.2 338.6 54.1 

 

time  and  the higher amount of heat energy is needed to start any process, including 

relaxation. The DMTA data obtained were used to determine the values of apparent 

activation energy ぎí of く–relaxation process in the samples, the calculations were made 

using well known Arrenius equation. It was found that the presence of carbon nanotubes in 

cPBT matrix results in increasing values of  どgs and of activation energy ぎí of く–relaxation 

process (see Table 4.3) confirming the conclusion about the difficulties in cooperative 

mobility of kinetic segments of macromolecules of cPBT matrix (in comparison with 

unfilled cPBT) due to the presence in the samples of the nanofiller.  

 

4.6.  Effect of carbon nanotubes on thermal physical properties of 

nanocomposites  

 

It is known that DSC method is one of the most informative and sensitive method 

for characterization of crystalline structure of polymers and polymer composites. Using 

DSC the changes in crystalline microphase of polymer systems occurred as a result, for 

example, of changes in composition, method of synthesis or sample molding are clearly 

recorded. Therefore, DSC method was chosen for determination of the impact of carbon 

nanotubes on such characteristics of crystalline structure of cPBT as melting temperature 
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Tm of crystallites, melting enthalpy, ∆Hm, degree of crystallinity, びc, etc. Glass transition 

temperature どg of the amorphous phase of cPBT in the samples studied was also 

determined. 

During synthesis of cPBT from CBT using the method of reactive extrusion in 

miniextruder several processes occur simultaneously (temperature of synthesis T ≈ 503 K): 

1) melting of CBT; 2) dispersing of ぜWCNTs1 in the molten CBT; 3) polymerization of 

CBT with formation of cPBT; 4) in situ dispersing (due to significant shear stress) of 

ぜWCNTs1 in the cPBT being synthesized. After synthesis, during further cooling, 

crystallization of the cPBT formed takes place. All these stages form the final properties of 

the nanocomposites, and therefore the impact of nanofiller on their phase structure and 

properties is essential. 

As it was noted above in sect. 2.2, the nanocomposite samples of cPBT/ぜWCNTs1 

were obtained in three ways: 1) as strand, coming out of the nozzle of miniextruder; 2) by 

pressing of the strands (after miniextruder), 3) by injection molding of the molten material 

obtained from miniextruder. DSC thermograms for the mentioned three serieses of 

cPBT/ぜWCNTs1 nanocomposites are presented below in Figures 4.12 — 4.15 and in 

Tables 4.4 — 4.6. It is noteworthy that the first scans are mainly shown on the graphs (i.e., 

the data from the first heating of the samples), since it was interesting to determine the 

impact of the method of preparation of polymer material (i.e. thermomechanical history of 

the samples) on thermal-physical properties of the nanocomposites obtained. 

The DSC thermograms presented show that depending on the composition and on 

preparation method the thermal-physical properties of amorphous and crystalline phases of 

cPBT-matrix in the synthesized cPBT/ぜWCNTs1 nanocomposites are changed non-

monotonically,  namely,  glass transition temperature   どg    (by 1 ÷ 5 K),    melting 

temperature Tm (by 0.1 ÷ 4.5 K, the tables list the value of Tm of the peak of maximal 

height), crystallization temperatureTc (by 3,1 ÷ 18,2 K), melting enthalpy ∆Hm (by 

1.1 ÷10.2 J·g-1
), degree of crystallinity びc  (by1.0 ÷ 7.5 %) etc. Beside, the increase of 

CNTs content in the samples leads to changes in a shape of melting termograms of the 

cPBT-matrix crystallites, especially at second heating (Fig. 4.12 b).  

In the DSC thermograms for most of the samples before the main melting peak, a 

second weaker peak of the cPBT crystallites melting [95] corresponding to the melting of 
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Fig. 4.12. DSC thermograms for cPBT/ぜWCNTs1 nanocomposite samples obtained by 

injection molding of the molten material arrived from miniextruder with various content of 

ぜWCNTs1, wt. %: 1 – 0, 2 – 0.01, 3 – 0.05, 4 – 0.1, 5 – 0.25, 6 – 0.3, 7 – 0.5, 8 – 1.0, 9 – 

2.0; í) – first scan; b) – second scan. 
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Table  4.4.  Thermal-physical properties for cPBT/ぜWCNTs1 nanocomposites obtained 

by injection molding of the molten material obtained from miniextruder 

MWCNT1 content, wt.% Tg, と Tm, と ∆Hm,J·g
-1

 びc, % 

0 311 498.1 52.3 36.8 

0.01 315 498.8 43.5 30.6 

0.05 315 499.1 45.2 31.8 

0.10 315 498.5 42.1 29.6 

0.25 314 499.0 45.8 32.3 

0.30 312 499.2 50.0 35.0 

0.50 314 499.1 45.7 32.2 

1.00 315 499.3 46.9 33.0 

2.00 316 498.6 49.5 34.9 

 

 

defective crystallites was observed. During the further heating recrystallization of the 

samples occurred and the larger or more perfect crystallites of cPBTwith higher melting 

temperature are formed. It can be seen from Fig. 4.12 ÷ 4.14 that in the thermograms of the 

nanocomposites with CNTs content ≥ 1 wt. % the melting peaks corresponding to smaller 

or defective crystallites are absent, thus it is clear that the higher MWCNTs1 content in the 

system provides formation of more perfect or larger crystallites of cPBT. 

It was found that during cooling of the samples after first heating of the 

nanocomposites (unlike unfilled cPBT) crystallization process started much earlier and at 

higher temperatures (by 3 ÷ 18 K, depending on the composition and the method of sample 

molding, Fig. 4.15). Moreover, it was established that the higher content of the nanofiller, 

the higher temperature of the cPBT crystallization onset. The character of changes in Tc 

values in the nanocomposites obtained allows concluding that carbon  nanotubes  play  the  
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Fig. 4.13.  DSC thermograms for cPBT/ぜWCNTs1 nanocomposites obtained by hot 

pressing of extrusion strand with ぜWCNT1content, wt. %: 1 – 0; 2 – 0.01; 3 – 0.05; 4 – 0.1; 

5 – 0.2; 6 – 0.3; 7 – 0.5; 8 – 1.0; 9 – 2.0. 

 

Table  4.5.  Thermal-physical properties for cPBT/ぜWCNTs1 nanocomposites obtained 

by reactive extrusion with further hot pressing of extrusion strand 

MWCNT1 content, wt.% Tg, と Tm, と ∆Hm, J·g
-1

 Xc, % 

0 324 500.7 55.1 38.8 

0.01 326 500.6 53.8 37.9 

0.05 324 502.4 50.4 35.5 

0.10 325 502.2 56.8 40.0 

0.20 323 501.9 56.7 39.9 

0.30 324 502.1 50.9 35.8 

0.50 323 500.9 57.4 40.4 

1.00 324 501.4 56.5 39.8 

2.00 321 501.7 57.7 40.6 
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role of heterogeneous nuclei of crystallization. This conclusion correlates with the results 

of study published by Wu et al. [110]. 
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Fig. 4.14. DSC thermograms for cPBT/ぜWCNTs1 nanocomposites obtained by extrusion 

with further hot pressing, with the ぜWCNTs1 content, wt. %: 1 – 0; 2 – 0.1; 3 – 0.2;  4 – 

0.25; 5 – 0.3; 6 – 0.5; 7 – 1.0, 8 – 2.0. 

 

For the samples of nanocomposites formed by hot pressing method or by injection 

molding, increasing melting temperature Tm and degree of crystallinity Xc of cPBT matrix 

(compared to the unfilled cPBT) at increasing MWCNTs1 content in the composition up to 

1.0 ÷ 2.0 wt. % has been fixed (table 4.4 ÷ 4.6). However, for the nanocomposite samples 

with low MWCNTs1 content (0.01 ÷ 0.05 wt. % fot hot pressing, and 0.10 ÷ 0.30 wt. % for 

injection molding) decreasing Xc value is found that evidences a hindrance of cPBT 

crystallization process by carbon nanotubes at these their concentrations in the systems, 

perhaps, in the final stages of the process. One can suppose that in these samples the 

effective dispersing of CNTs to single nanotubes (Fig. 4.9 a, b), where the filler is situated 

homogeneously in whole area of cPBT matrix, creates steric impediments to the front of 

crystallization. Similar conclusions were made by Wu et al. [110]. 
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Table  4.6. Thermal-physical properties for cPBT/ぜWCNTs1 nanocomposites obtained by 

extrusion technique with further hot pressing 

MWCNT1 content, wt.% Tg, °C Tm,と ∆Hm, J·g
-1

 Xc, %  

0 321 495.8 58.1 41.0 

0.10 318 495.5 50.5 36.0 

0.20 320 500.3 62.0 43.7 

0.25 323 499.6 56.1 39.5 

0.30 322 499.7 55.9 39.4 

0.50 321 498.7 60.5 42.6 

1.00 323 499.2 59.7 42.0 

2.00 321 498.6 68.0 47.9 
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Fig. 4.15. Dependence of crystallization temperature どc of the cPBT matrix crystallites in 

the nanocomposites studied on MWCNTs1 content and on molding technique: 1 – 

extrusion strand; 2 – sample pressing; 3 –injection molding. 
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All these facts undoubtedly testify to a significant effect of the presence of carbon 

nanotubes at certain conditions of formation of the nanocomposites in situ with CNTs on 

crystallization process of cPBT matrix (at cooling of the samples after synthesis). Thus, 

one can conclude that in this case carbon nanotubes acts as particular crystallization nuclei 

that causes the acceleration of the onset of cPBT crystallization and other changes in 

formation of crystalline phase of the latter. Similar effect of CNT was found in [144]. 

Some non-monotonic changes in parameters of crystalline structure of the nanocomposites 

depending on the content of CNTs, obviously, was caused by imperfect dispersion of 

carbon nanotubes in cPBT matrix (Fig. 4.10), as well as by the difference in structure and 

properties of carbon nanotubes. It is clearly seen (Fig. 4.12 ÷ 4.14) that weaker どm, 

corresponding to the melting of smaller and defective crystallites disappears at CNT 

concentration of > 1 wt.%,so it can be concluded that increasing of concentration of 

MWCNT1 promotes generation of more perfect cPBT crystallites. 

 

4.7. Effect of MWCNTs1 on stability to thermal-oxidative degradation of the 

nanocomposites of cPBT/MWCNTs1 and cPBTin/MWCNTs2 

 

Since Poly(butylene terephthalate) represents the class of thermostable polymers, it 

was interesting to determine the ability of carbon nanotubes to change thermal 

characteristics inherent to the individual cPBT. To determine thermal characteristics of the 

polymer nanocomposites obtained TGA method was used. TGA is the most sensitive for 

establishing mass loss of the samples under high temperatures. The influence of carbon 

nanotubes on resistance to thermal-oxidative degradation of cPBT/MWCNTs1 

nanocomposites in comparison with the nanocomposites of cPBTin/MWCNTs2 synthesized 

from original oligomer CBT (i.e. without pre-drying) and with carbon nanotubes of 

Ukrainian production (MWCNTs2) has been studied. Both series of the samples were 

synthesized in miniextruder by the procedure described in sect. 2.2, and the samples 

studied were obtained as extrusion strands.  

Since the original CBT oligomer was not prevacuumized, first the mass loss in 

temperature region at T ~ 373 ÷ 473 K indicating the presence of the adsorbed water was 

determined. The mass loss curves presented in Fig. 4.16 have shown that during heating of 
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CBT oligomer sample the mass lost was ~ 0.14 wt. %,  therefore the water content in the 

initial CBT was insignificant that had not impede the polymerization process of CBT 

oligomer in cPBTin/MWCNT2 nanocomposites. 
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Fig. 4.16. The mass loss curves at heating of the initial CBT oligomer in temperature 

region ど ~ 350 ÷ 470 と: 1 /TGA curve; 2 /corresponding differential curve (DTA). 

 

It was established (Fig. 4.17 and 4.18, Tables 4.7 and 4.8) that in both the serieses 

of the samples of nanocomposites the presence of even negligible amount (0.01 ÷ 0.2 wt. 

%) of dispersed carbon nanotubes in polymer matrix increased the resistance to thermal-

oxidative degradation of the samples investigated.  The  above-mentioned  data  showed  

that   degradation  of  the nanocomposites obtained started at higher temperatures 

(temperatures of  degradation, namely Td(5%), Td(max), Td(50%) increased), the char residue 

increased too. It was also found that the higher content of carbon nanotubes the lower mass 

loss of the composition as compared with individual cPBT. 

Moreover, CNTs made their effective contribution to increasing stability of the 

nanocomposites to thermal-oxidative destruction, note that どd(onset) for the individual 

MWCNTs1 is ~ 796.1 と and for MWCNTs2 ~ 734.6 と (sect.4.1).  
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Fig. 4.17. TGA curves (in air) of the nanocomposites of cPBT/MWCNTs1 with MWCNTs1 

content, wt. %: 1 / 0, 2 / 0,01. 3 / 0,05. 4 / 0.1, 5 / 0.2, 6 / 1.0, 7 / 2.0. 

Table 4.7. Impact of MWCNTs1 on resistance to thermal-oxidative degradation for the 

cPBT/MWCNTs1 nanocomposites 

MWCNT1content, 

wt. % 

Td (5%), 

と 

Td (50%), 

と 

Td (max), 

と 

Fm (atTd (max)), 

wt. % 

mchar, 

wt. % 

0 (cPBT) 645 672 676 59 1.32 

0.01 645 672 676 60 1.60 

0.05 646 674 676 56 1.74 

0.10 645 672 674 53 1.67 

0.20 645 673 678 64 1.64 

1.00 649 678 680 55 2.49 

2.00 650 680 684 61 4.00 
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Fig. 4.18. TGA curves (in air) of cPBTin/MWCNTs2 nanocomposites with MWCNTs1 

content, wt. %: 1 / 0, 2 / 0.01, 3 / 0.5, 4 / 0.1, 5 / 0.2, 6 / 0.5, 7 / 1.0. 

 

Table 4.8. Effect of ぜWCNTs2 on stability to thermal-oxidative degradation of the 

cPBTin/MWCNTs2 nanocomposites 

MWCNT2 content, 

wt. % 

Td (5%), 

と 

Td (50%), 

と 

Td (max), 

と 

Fm (atTd (max)),

wt. % 

mchar, 

wt. % 

0 (cPBTin) 634 664 667 59 0.57 

0.01 639 666 669 57 0.89 

0.05 639 667 669 58 0.96 

0.10 637 667 669 58 1.32 

0.20 638 666 668 57 1.51 

0.50 636 666 669 59 1.89 

1.00 638 667 670 58 2.57 
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Comparative analysis of the resistance to thermal-oxidative degradation of the 

samples of nanocomposites of cPBT/MWCNTs1 and cPBTinit/MWCNTs2 indicates that the 

samples from the first series are more thermally stable. This, perhaps, is due to lower 

thermal stability of the individual cPBTinit (Tables 4.6 and 4.7) and MWCNTs2 (sect. 4.1).  

Certainly, increasing of resistance to thermal-oxidative degradation for the samples 

investigated is not very significant, but one can vary a CNTs content and the conditions of 

synthesis of the nanocomposites in order to improve the influence on thermal stability of 

the cPBT-based nanocomposites. 

 

4.8. Determination of the effect of carbon nanotubes on electrical performance 

of the nanocomposites synthesized 

 

Recently, much attention has been paid to the use of CNTs in polymer 

nanocomposites to provide (or improve) their electrical properties, moreover introduction 

of carbon nanotubes enables to obtain conductive materials with low concentration of 

filler, i.e.to achieve lower percolation threshold (pc) as compared with utilization of 

traditional fillers-conductors such as carbon black, graphite, dispersed metals [147-156]. 

To develop the electroconductive CNTs-containing polymer composites, the CNTs are 

dispersed in polymer matrix. Using the so-called percolation theory one can describe 

quantitatively electrical properties and the transition "insulator-conductor" in polymer 

composites containing "filler-conductor", dispersed in a "matrix-insulator" [14, 67, 157-

161]. It is known that electrical conductivity of the composite strongly depends on filler 

content, since continuous three-dimensional network of conductive filler in polymer phase 

is formed. One of the main technological tasks is to achieve as lower percolation threshold 

in the composite as possible. The greater ratio of length to diameter of conductive 

nanofiller (nanotube), the lower content of the later is required to achieve percolation 

threshold, i.e. to get conductive material [159]. Therefore, carbon nanotubes, having a 

great ratio of L/D (L/D > 1000) and unique electrical properties, are potentially attractive 

nanofillers in generation of polymer nanocomposites with controllable conductibility in a 

wide range (from dielectric to electroconductive material). 



Chapter 4. Structure and properties of nanocomposites based on linear poly(butylene 

terephtalate) from CBT and multiwalled carbon nanotubes 

81 
 

Until recently it was believed that in order to achieve maximal benefits while using 

CNTs as effective nanofiller for high-performance nanocomposites, the nanotubes should 

be well dispersed and do not form aggregates [10]. Undoubtedly, it works in case of 

enhancing of mechanical properties of CNTs-containing nanocomposites. However, as 

noted above, in the recent works [7, 141, 142] it was determined that reaggregation of 

CNTs dispersed in a polymer occurring as a result of high-temperature and shear stress 

exposure at synthesis or molding of the samples (extrusion, pressing, injection molding 

ect.) results in increasing electrical conductivity of the composite.   

One of the objectives of the research fulfilled was to determine electrical properties 

of the synthesized cPBT/MWCNTs1 nanocomposites and to establish the impact of  

MWCNTs on electrical conductivity of the materials obtained (experimental technique was 

described in sect. 3.10).  

According to the percolation theory, at low filler content, a conductivity of material 

is determined by a polymer matrix [67, 158, 160],  while at certain critical volume fraction 

of conductive filler a percolation threshold, pc, is achieved. As a result, the conductivity 

grows by many orders instantly and rapidly, even with very slight increase in filler content. 

When content of nanofiller is lower as compared with the value of pc, the system has no 

the so-called "linked" conductive channels, but when the filler content is higher than the pc, 

a great number of continuous conductive channels is formed, resulting in generation of 

conductive composite. Classical percolation theory assumes that the conductivity (j) 

should be described by exponential law as follows [161]: 

t

cpp )(0 /?uu                                                          (4.1) 

where j0 – scale factor, pc– the value of percolation threshold, t – universal exponent, 

depending on dimension and topology of the system (t = 1.33 for two-dimensional 

systems, t = 2.0 for three-dimensional systems [161]).  

It is known, that experimental values of t described for the CNT-filled polymer 

nanocomposites are within t  = 0,7 ÷ 7,5 [14]. It should be noted that since the density of 

carbon nanotubes can be determined only approximately (according to [162] 

tCNT ≈ 1,4 „ 1,9 g/ïm3
, and in [67] tCNT ≈ 2,045 g/ïm3

), it is reasonable for calculations to 

use mass fraction (instead of volume one) of MWCNTs. 
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Fig. 4.19, representing the dependencies of conductivity jDC (direct current) for 

cPBT/MWCNTs1 nanocomposites on MWCNTs1 content (the samples were formed by hot 

pressing of extrusion strands), shows that conductivity jDC exhibits percolation behavior, 

namely at low concentrations of MWCNTs (from 0 to ~ 0.2 wt. %), the jDC value does not 

change essentially and is equal to jDC ~10
-16 

S/ïm. Increasing MWCNTs concentration in 

the composites results in abrupt increase of conductivity jDC by 10 orders of magnitude in 

a narrow concentration range at around ~0,2/0,3 wt. %. Using equation 4.1, the 

experimental dependence of jDC = f (CぜWCNどs) (Fig. 4.19) was theoretically approximated, 

for this purpose the dependence of lgjDC = f(lg)(p - pc) was plotted. Changing the pc value 

allowed to find the best linear approximation of the experimental data obtained. One can 

see (Fig. 4.19) that theoretical and experimental data of conductivity are in a good 

agreement with each other, the value of the calculated percolation threshold pc and of the 

critical exponent t are given in Table 4.9.  
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Fig. 4.19. Dependence of conductivity jDC (direct current) for cPBT/MWCNTs1 

nanocomposites on MWCNTs1 content; dots represent experimental data; lines shows  

theoretical values (according to equation 4.1); insertion reflects the dependence curve of 

lgjDC = f(lg)(p– pc) for p>pc; the samples were prepared by hot pressing. 
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Table 4.9. Percolation threshold pc and critical exponent t for the composites of 

cPBT/MWCNTs1 and cPBT/CF 

Percolation parameters cPBT/MWCNTs1 cPBT/CF 

pc 0.0022 0.0260 (んで); 0.0254 (DC) 

t 2.68 2.55 (んで); 2.51 (DC) 

 

Thus, the percolation area for the system of cPBT/MWCNTs1 is in the 

concentration range of MWCNTs1 around 0.2–0.3 wt. %, and, consequently, percolation 

behavior of the system can be characterized by two values of critical concentration: 

corresponding to the beginning of formation of conductive cluster (at pc ≈ 0.22 wt. %) and 

to the completion of the process (at pc  ̅ ≈ 0.3 wt. %). 

The value of critical exponent t is slightly higher as compared with theoretical 

prediction (tt = 2.00) that, apparently, is because the statistical percolation theory describes 

an ideal systems containing homogeneously dispersed identical electroconductive particles. 

Due to the variation in characteristics of CNTs (different size, chirality, complexity, 

aggregation, defects, etc.) the investigated nanocomposites are far from being considered 

as the systems with ideal filler. 

Thus, a new approach to the synthesis of CNTs-containing nanocomposites from 

low-viscosity cyclic oligomers of butylene terephthalate allows to obtain nanocomposites 

with low percolation threshold (ëï ~ 0.22 wt. % or 0.0022) and, hence, with improved 

electrical properties. Such low values of percolation threshold in the nanocomposites are 

provided by specific characteristics of carbon nanotubes (large value of L/D ratio) and by 

the effective dispersing of filler in polymer matrix during the synthesis of the latter. One 

can conclude that deliberately changing the content of MWCNTs, a series of MWCNTs-

containing nanocomposites and materials with the properties varying from insulator to 

conductor can be synthesized. 

In the present work for comparison the composites based on cPBT and carbon 

fibers, CF, having diameter value around ~7 たm and L/D ratio nearly ~ 900 were 

synthesized. CF content was varied from 0.5 to 10.0 wt. %, preparation technique of the 
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composites was described in sect. 2.5. Electrical conductivity of cPBT/CF samples was 

investigated at constant and alterating current (jDC and jんC, respectively, Fig. 4.20). 
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Fig. 4.20. Concentration dependence of conductivity of cPBT/CF composites: 1/jんC 

(alterating current); 2 /jDC (direct current).  

 

It is clearly seen that, in the samples obtained the electrical conductivities jDC and 

jんC also show percolation behavior. In concentration range of CF from 0 to ~ 2.5 wt. % the 

values of jDC and jんC are practically constant and are equal  to jDC ≈ 10
-14

 S/cm  and jんC 

≈10
-16

 S/cm, respectively. Increasing CF concentration in the compositions results in 

abrupt increase of conductivity (jDC by 6 orders of magnitude and jんC by 9 orders of 

magnitude) in a narrow concentration range ≈2.5/3.0 wt. %. Further growth of CF 

concentration causes slight increase of j value by ~ 3 orders of magnitude in the 

concentration range ≈ 3.0–10.0 wt. %. Thus, for the samples of cPBT/CF percolation area 

can be identified in the concentration range of CF around ~ 2.5–3.0 wt. %. 

Comparing these results with identical data for the cPBT/MWCNTs1 

nanocomposites (Table 4.9), one can conclude that percolation threshold in the 

nanocomposites   is  more  than  by  1  order  of  magnitude  lower  compared  to  that    for  
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composites, comprising the conventional conductive filler, namely carbon fibers, instead of 

nanofiller. Undoubtedly, utilization of carbon nanotubes as a conductive filler in the 

production of special-purpose polymer materials, for example, conductors of electric 

current, is more promising and cost-effective method as compared to using traditional 

electroconductive fillers. 

Since in industrial conditions different techniques of molding polymer materials 

based on Poly(butylene terephthalate) are applied, investigation of the effect of molding 

method used on electrical properties of the materials produced was of interest. The 

corresponding data are presented in Table 4.10. It was found that the samples formed by 

hot pressing had higher electroconductivity (jDC ≈ 6.97∙10
–3

) that could be explained by 

generation of a three-dimensional percolation conductive network due to reaggregation of 

carbon nanotubes during hot pressing under high temperatures and pressure, as mentioned 

above. 

Table 4.10. Effect of MWCNTs
1 
on electroconductivity of the cPBT/MWCNTs

1 

nanocomposites (CNTs content was 2 wt. %) formed by different methods 

Method of sample molding jDC, S/ïm 

Hot pressing 6.97∙10
–3

 

Extrusion strand 3.02∙10
–4

 

Injection molding 2.04∙10
–8

 

 

 

As it is shown in Table 4.10, the sample formed by injection molding does not 

conduct electricity at all (jDC  ≈ 2.04∙10
–8

) that is very unusual for the nanocomposites with 

such a high CNTs content. We believe that this fact can be explained by orientation of 

carbon nanotubes during injection process in the direction of flow of molten 

cPBT/ぜWCNどs1, that is confirmed by TEM microscopy data. Obviously, the orientation 

of nanotubes impedes the generation of three-dimensional percolation conductive network 

and, as a result, the samples do not conduct electrical current. 
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Electrical conductivity is one of the most important properties in the polymer/CNTs 

composites for characterization of their electronic structure and determination of possible 

applications. In the reviews [163, 164] electrical properties in heterogeneous organic 

polymer systems as well as basic concepts and equations for mechanisms of charge 

transport controlled by percolation processes are discussed in details. Authors present 

theoretical models from the point of view of their experimental implications. Among the 

many possible conduction mechanisms, including hopping and tunneling, especial 

attention is paid to Fluctuation-Induced Tunneling (FIT) model proposed by Sheng [165]. 

The theory was applied for description of charge carrier transport in our materials. 

Generally, this can be applied to heterogeneous materials, in which relatively large 

conducting islands (or long conducting pathways) are separated by small insulating 

barriers. The main idea of this model is that thermal noise can induce strong voltage 

fluctuations over a tunnel junction, which effectively narrow and lower the barrier 

analogous to the effect of an externally applied electric field. The analytical expression for 

the temperature dependence of the Fluctuation-Induced Tunneling conductivity is 

presented by the following equation [165]: 
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where j0 is a constant, T is the absolute temperature, T0 is a temperature below which the 

tunneling is a simple elastic and temperature independent process, and T1 is the 

temperature above which the conductivity is thermally activated, kB is the Boltzman’s 

constant, ぬ = (2mV0/h
2
)
1/2

, i0 = 4V0/ew, m is the electron mass, V0 is the potential barrier 

height, w is the insulating layer width, and A is the aria of capacitance formed at the 

junction. 
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 The temperature dependence of electrical conductivity of the nanocomposites has 

been investigated in temperature range from 10 to 320 K for concentrations above the 

percolation threshold (Fig. 4.21). The fitting of the experimental results to FIT model (see 

Eq. (4.2-4.4) gives a good description of conductivity data variation within whole the range 

of temperatures.  It has been found that the conductivity value of polymer nanocomposites 

developed rises with increasing weight fraction of MWCNTs. Increase of the filler content 

results in the enhanced number of intertube connections; consequently numerous 

conductive paths are available.  
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Fig. 4.21. Temperature dependence of dc conductivity of cPBT/MWCNTs1 

nanocomposites (MWCNTs1 content in the samples is indicated in the plot).   

 

The fittings of experimental data to FIT model give data values of T1 and T0 for 

each curve of both the types of the nanocomposites that are listed in Table 4.11. The 

calculated parameters of T0 and T1 have reasonable values and are consistent with the 

Arrhenius plots, i.e. one can correlate the T1 values with the temperatures above which the 

experimental points yield straight lines in the Arrhenius plots. The values of T0 and T1 are 

much smaller than that reported by Kymakis et al. [152]. Note, that the authors 

investigated the samples with SWCNTs concentrations in the range of 8.0-25.0 wt. %. Our 

data are in the same range with the values reported by Zhang et al. [166] for the samples of 

nanocomposites with MWCNTs contents from 0.5 to 1.0 wt. %. 
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Table 4.11. Activation energy Ea and fitting parameters T0, T1 for cPBT/MWCNTs1 

nanocomposites studied 

MWCNTs1 content, wt. % Ea, eV T0 T1 

 

0.3 0.0007 16 64 

1.0 0.0011 14 71 

2.0 0.0004 49 119 

 

 Weak temperature dependence of conductivity of the polymer nanocomposites 

studied can find an explanation in nanotubes’ chirality, their structural characteristics and 

polymer nanocomposite morphology. Basically, one can roll up the graphene sheet along 

one of the symmetry axis: this gives armchair, chiral or zig-zag nanotube [167]. Chirality 

of CNTs affects the conductance of the nanotube [168]. CNTs can be metallic (armchair 

type) or semiconducting zheretzo-thirds of CNTs are semi-conductung (chiral and zig-

zag). Very weak temperature dependence of conductivity for the nanocomposites presented 

in this study indicates metallic conducting behavior of MWCNTs at low temperatures 

suggesting armchair nanotubes’ type. The conductivity of CNTs can be determined by the 

electron mobility, which can be affected by different structural defects formed during the 

synthesis of nanotubes that promotes the electron dissipation and as a result lower 

conductivity [169]. Along with such structural defects the presence of adsorbates i.e. 

different molecules or radicals attached to CNTs surface change their electronic structure. 

The nature of above mentioned damages of CNTs structure depends on synthesis method 

of CNTs [169-171].  Based on these considerations and taking into account very weak 

temperature dependence of conductivity of the CNTs networks, we can suppose that 

MWCNTs used in the present study have small amounts of defects. This seems reasonable 

for non-functionalized CNTs. In polymer/CNTs composites nanotubes are much entangled 

and form continuous networks within polymer matrix, where CNTs are covered by the 

layer of polymer which acts a barrier in bundle to bundle hopping. That is why some 

decrease of conductivity at low temperatures is observed. According to FIT theory [165] 

this polymer layer is rather thin, so electrons can tunnel through the barrier (even without 

physical bonding between conducting regions).  
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 The electrical behavior of polymer/CNTs nanocomposites under the low 

temperatures has not been studied enough yet.  Only a few works on investigation of 

charge transport in polymer/CNTs composites at low temperatures have been recently 

published [58, 152-156, 166]. A detailed characterization of the electrical properties of 

alumina/MWCNTs composites in the temperature range from 5 to 300 K is presented 

[172]. Taking into account the influence of the structural features on CNTs electrical 

behavior, the synthesis way of nanocomposites can explain the percolation threshold as 

well as conductivity behavior under broad ranges of temperatures. Kim et al. [153] 

dispersed MWCNTs in toluene with PMMA through stirring and sonication during 24 h 

and have observed a percolation threshold pc = 0.4 wt. %. The conductivity of studied 

samples strongly depended on MWCNTs content and varied widely within the 

temperatures ranging from 0.5 to 300 K. Probably such behavior can be interpreted by the 

break-down of MWCNTs under the heavy dispersion conditions. It is reported [164, 166] 

that long nanotubes can be damaged or even broken up into shorter segments at using long 

time sonication. In our case the temperature dependence of the conductivity is rather weak 

and smooth treatment condition were applied for nanocomposites preparation, so carbon 

nanotube structure is probably not damaged that result in observed conductivity behavior 

under low temperatures.            

Among the recently published papers only Kymakis et al. [152] give some 

explanation of electrical behavior of polymer/CNTs nanocomposites under the low 

temperatures. Authors correlate the electrical behavior under the broad range of 

temperatures of nanocomposites to the CNTs structure. Authors explain weak temperature 

dependence of conductivity of the samples based on poly(3-octylthiophene) (PO3T) filled 

by single-wall CNTs (SWCNTs) by the fact that SWCNTs consist of a mixture of 

semiconducting and metallic nanotubes. At very low temperatures the contribution of 

semiconducting nanotubes is frozen out. As a result, only the metallic SWCNTs contribute 

to the conductivity at very low temperatures. Here we should note that PO3T is a 

semiconducting polymer [173], which also contributes to the complex conductivity 

behavior of PO3T/SWCNTs composites. It should be noted that SWCNTs show lower 

conductivity than that of MWCNTs (in spite of less defect structure), because of 

participation of multiple walls in the electrical transport and the large diameter [169, 174, 

175].  
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The Fluctuation-Induced-Tunneling mechanism was efficiently applied to model 

the nanocomposites’ temperature dependent conductivity. The elaborated polymer 

nanocomposites have very interesting conductivity properties for practical applications 

(such as antistatic materials of automobile parts, in electronics, as details of aircraft and 

space constructions): by changing the content of MWCNTs one can get the materials with 

varying conductivity values, but with similar and very weak temperature dependences of 

the conductivity.  

So one can conclude that both the factors, namely the content of carbon nanotubes 

and the method of molding of composite material, affect substantially the ability of the 

samples studied to conduct electrical current, i.e. electrical properties of the 

nanocomposites synthesized can be controllably changed depending on customer’s needs. 

 

* * * 

Thus, in the present work comprehensive research on determination of the 

influence of multi-wall carbon nanotubes on structure and main physical-chemical 

properties of the nanostructured polymer composites based on linear Poly(butylene 

terephthalate), cPBT, synthesized from cyclic butylene terephthalate by the reaction of 

ring-opening polymerization using the reactive extrusion was firstly carried out. 

Catalytic effect of carbon nanotubes on CBT polymerization process generating cPBT 

was firstly established. It was shown that due to the presence of active surface on the 

outer walls of nanotubes the introduction of nanofiller reduced the induction period of 

reaction and increased polymerization rate. It was found that using reactive extrusion 

for cPBT synthesis from CBT as well as the presence of CNTs contributes to the 

formation of the nanocomposites with enhanced resistance to thermal-oxidative 

degradation. Positive effect of nanofiller on viscoelastic properties of the synthesized 

cPBT/ぜWCNどs1 nanocomposites was established, namely the increase of glass 

transition temperature どg of cPBT matrix by ~ 2 ÷ 7 K (depending on ぜWCNどs1 

content) and the growth of storage modules E” were observed. Significant influence of 

carbon nanotubes on generation of crystalline structure of cPBT matrix was firstly 

revealed. It was found that increasing CNTs concentration in the composition resulted 

to increasing melting temperature Tm and degree of crystallinity Xc of cPBT matrix. 
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Moreover, it was also determined that crystallization process (during cooling of the 

samples) started at higher temperatures than in case of individual cPBT and increasing 

concentration of CNTs from 0.01 to 2.0 wt. % resulted in increasing crystallization 

temperature どc by 3 ÷ 18 K (depending on the composition and molding technique). It 

was concluded that carbon nanotubes acted as crystallization nuclei of cPBT. It was 

established that depending on the CNTs content electrical properties could be 

purposefully changed from insulators to conductors. It was determined that the 

percolation threshold for cPBT/ぜWCNどs1 nanocomposites was low and equal to ëï 

~0.22 wt.% of ぜWCNどs1 indicating the formation of three-dimensional percolation 

conductive network of carbon nanotubes. Therefore, in summary, in the present work 

the technique of CNTs dispersing, method of synthesis of cPBT from CBT oligomers in 

the presence of CNTs and molding procedure of polymer cPBT/ぜWCNどs1 

nanocomposites with enhanced physical-chemical properties were optimized. 
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In situ nanostructured composites based on crosslinked 

polycyanurates and multiwalled carbon nanotubes 

 

5.1. Catalytic effect of carbon nanotubes on the polycyclotrimerization process of 

dicyanate ester of bisphenol A 

5.2.  Study of morphological features of PCN2/MWCNT2 nanocomposites depending on 

the nanofiller content 

5.3. Determination of influence of carbon nanotubes on thermal conductivity of 

nanocomposites based on polycyanurate network 

5.4. Effect of MWCNT2 on viscoelastic properties of the nanocomposites and their 

mechanical characteristics 

5.5. Study of the effect of MWCNT2 on the thermophysical characteristics of 

nanostructured composites 

5.6. Influence of MWCNT2 on resistance to thermooxidative destruction of 

nanocomposites PCN1/MWCNT2 and PCN2/MWCNT2 
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5.1. Catalytic effect of carbon nanotubes on the polycyclotrimerization process 

of dicyanate ester of bisphenol A 

   

 

This section presents the results of investigation of structure and basic physical-

chemical properties of nanocomposites of polycyanurate networks and multiwalled carbon 

nanotubes MWCNTs2. These nanocomposites were obtained in the presence of different 

content of carbon nanotubes by in situ polycyclotrimerization: 1) oligomer of dicyanate 

ester of bisphenol A, DCBA previously synthesized from monomer DCBA ("Primaset 

BADCy") with conversion of cyanate groups c ~ 28 %, or 2) industrial oligomer DCBA 

("Primaset BA-230S 75") with conversion of cyanate groups c ~ 52 %. In the first series of 

samples polycyanurate component was marked as PCN1, in the second series of samples - 

as PCN2. Description of initial components, details of synthesis and forming of 

nanocomposite samples are given in sections 2.1, 2.3 and 2.4. 

For the first time, the catalytic effect of unfunctionalized MWCNTs2 on kinetics of 

polycyclotrimerization reaction of DCBA was established by us [176], and this work has 

been patented [177]. The conversion of cyanate groups was determined on changes of 

absorbance of the band with maximum at 2236-2272 ïm-1
, corresponding to the valence 

vibrations of the −O−CzN group. As a standard band the band at 2968 ïm-1 
of the valence 

vibrations of でぞ3-group in FTIR spectra of the reactive composition. In Fig. 5.1 the FTIR 

spectra of DCBA monomer, DCBA oligomer and PCN1 synthesized without using any 

catalyst are shown. It is seen that at polymerization of the DCBA an intensity of the peaks 

of cyanate groups at 2236-2272 ïm-1
 decreases and the peaks at 1367 and 1564 cm

-1 

corresponding to polycyanurate cycle [117] appear in the FTIR spectra.  

The conversion of the PCN resin was calculated using the Equation (5.1): 

                                                                          (5.1) 

where A(t)2236-2272 is the area under absorbance peak of −O−CzN at 2236-2272 cm
–1

  at 

time t; A(t)2968 is the area under absorbance peak of −でぞ3  at 2968 cm
–1

  at time t; A(0) are 

the areas under absorbance peaks of corresponding groups in initial DCBA monomer.  
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Fig. 5.1. FTIR-spectra: 1 – DCBA monomer; 2 – DCBA oligomer; 3 – individual PCN1. 

 

The conversion of cyanate groups in DCBA oligomer was found to be ~ 28% and 

that in PCN sample – 92.5 %. It should be noted here that for achieving full conversion 

post-curing is needed at 270-300 flC even at using conventional catalysts [117].  

 For kinetic measurements the system based on DCBA oligomer (with conversion of 

the cyanate groups, g ~ 28 %, synthesized according to the method described in chapter 2) 

containing 0.01 and 0.1 wt. % of MWCNTs2 was used. The kinetics of 

polycyclotrimerization of DCBA oligomer as well as in the presence of MWCNTs2 

through the schedule with step by step temperature increase was studied by FTIR method 

(Figs. 5.2 and 5.3). 

In Fig. 5.4 the conversion of cyanate groups of DCBA oligomer as well as in the 

presence of the small amounts of MWCNTs2 versus time is shown. The FTIR data 

evidence an acceleration effect of MWCNTs on kinetics of the early stages of PCN 

formation. The higher the MWCNTs content in the system the higher the conversion of the 
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Fig. 5.2. FTIR–spectra of polycyclotrimerization process of DCBA oligomer, synthesis schedule 

(with step by step temperature increase): 1 / 423 と, 40 h; 2 / 453 と, 1 h; 3 / 453 と, 2 h; 4 / 453 と, 

3 h; 5 / 483 と, 30 min; 6 / 483 と, 1 h; 7 / 503 と, 30 min; 8 /503 と, 1 h; 9 / 523 と, 30 min; 10 /
523 と, 1 h. 
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Fig. 5.3. FTIR–spectra of polycyclotrimerization process of DCBA oligomer in situ  in the presence 

of MWCNどs2  (0.01 wt. %), synthesis schedule (with step by step temperature increase): 1 / 423 と, 

5 h (individual DCBA oligomer); 2 / 453 と, 1 h; 3 / 453 と, 2 h; 4 / 453 と, 3 h; 5 / 483 と, 30 min; 6 

/ 483 と, 1 h; 7 / 503 と, 1 h; 8 /523 と, 30 min; 9 / 523 と, 1 h. 
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 Fig. 5.4. Kinetic curves of PCN formation from DCBA at MWCNTs2 content, wt. %: 1 – 

0; 2 – 0.01; 3 – 0.1. 

 

cyanate groups into cyanurate cycles at least in the range of the concentrations used. The 

attempt to study the system with 0.5 wt. % of MWCNTs resulted in vitrification as early as 

in a stage of components blending in 2 min after starting ultrasound action.  

However, as can be seen from Table 5.1, in spite of the higher reaction speed of the 

polycyclotrimerization process of the cyanate ester in the presence of MWCNTs2 the final 

conversion of −O−CzN groups for the temperature/time schedule used was some lower 

compared to that for neat PCN1.  

One can suppose that the acceleration effect of carbon nanotubes on polymerization 

of cyanate ester is due to adsorption of DCBA oligomer molecules on highly developed 

surface of MWCNTs2. However, this phenomenon can play negative role in the final stage 

of PCN1 network formation, when some unreacted molecules are not easy accessible, and 

the probability of elementary reaction act is very low (as can be seen from Fig. 1.12c three 

molecules of cyanate ester have to meet each other to react with cyanurate cycle 

formation). 
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どíble  5.1. Influence of MWCNTs2 content on conversion of cyanate groups of DCBA and 

activation energy Ea at formation of PCN1/MWCNTs2 nanocomposites 

 

As it was above mentioned this problem can be solved by post-curing of the 

polymer product at higher temperatures, when the mobility of the reactive molecules and 

polymer fragments is higher. 

The manufacturer of MWCNTs used in this study reports that catalyst residue in 

MWCNTs is the mixture of SiO2, Al2O3, Fe2O3, MoO3. For the moment, there are no 

references in the literature that describe the catalytic action of such oxides on reaction of 

cyclotrimerization of cyanate esters.  Normally, reaction of cyclotrimerization of the aryl 

dicyanates can be catalyzed by the mixture of catalyst and co-catalyst. The most common 

types of catalyst are carboxylate salts and chelates of transition metal ions (Cu
2+

, Co
2+

, 

Zn
2+

, Mn
2+

...) [117] that facilitate the reaction of cyclotrimerization by formation of co-

ordination complexes. The co-catalyst serves a dual purpose of acting as a solvent for 

catalyst and completing ring closure of the triazine ring via hydrogen transfer. The most 

commonly used co-catalyst is nonylphenol.  

The data obtained from FTIR studies for DCBA oligomer as well as filled with 0.01 

and 0.1 wt. % of MWCNTs2 were analyzed using an empirical equation 5.2 [117]: 

                                                             nk
t

)1( cc /?•
•

,                                              (5.2) 

where k is the rate constant and n is the order of overall reaction. The parameters k and n 

are evaluated from the data region where the reaction rate depends on monomer 

concentration and sharp increase in conversion is observed. Equation (5.2) was integrated 

and fitted to experimental concentration profiles of both the unfilled and the filled with 

MWCNTs systems. It was observed that the data calculated from FTIR spectra is in a good 

MWCNTs2 content , wt. % Conversion of −O−CzN groups, % Ea (kJ/mol) 

0 92.5 32.7 

0.01 89.1 27.3 

0.10 88.8 16.9 
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agreement with Equation (5.2) when the order of reaction n = 1. This means that DCBA 

oligomer or DCBA oligomer/MWCNTs2 systems can be described by a first-order 

autocatalytic rate law.  

The values of the observed rate constants obtained from the first-order reaction 

analysis for DCBA and DCBA/MWCNTs nanocomposites are listed in the Table 5.2. The 

values of kinetic constants for unfilled DCBA are lower than the values reported for the 

catalyzed DCBA [178]. The results show that the kinetic constant increases with the 

addition of MWCNTs2 on each isothermal step of polymerization of DCBA oligomer.  

The activation energies Ea were determined from Arrhenius plots (cf. Table 5.1).  

The activation energies Ea for the reaction ranged from 32.7 to 16.9 kJ/mol for pure DCBA 

oligomer and for that filled with MWCNTs2 and agree with the values reported earlier 

[178, 179]. The Ea values for the samples of DCBA oligomer cured in the presence of 

MWCNTs2 are much lower than the values obtained for virgin DCBA oligomer and they 

decrease with increasing MWCNTs2 content. This effect is quite similar to the decrease of 

activation energy with adding catalysts in reactive systems [180].   

 

どíble 5.2. Rate constant of polycyclotrimerization reaction for individual DCBA oligomer 

and that in a mixture of DCBA oligomer/ MWCNTs2 

Temperature, と  Reaction rate constant, k x 10
4
 (conc. ∙ sec)

–1
 

DCBA DCBA oligomer/MWCNTs2 

(0.01 wt. %) 

DCBA oligomer/MWCNTs2  

(0.1 wt. %) 

423 0.02 0.02 0.02 

453 0.05 0.06 0.09 

483 0.08 0.10 0.12 

503 0.10 0.12 0.14 

 

Presence of low molar mass compounds (for example, conventional catalysts) in 

polymer networks can influences negatively on thermal properties of the final material. In 

this work we have shown that synthesis of PCN/CNTs nanocomposites can be effectively 

realized without using the conventional catalysts.  
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Tang et al. [116] using method of dynamic DSC has fixed acceleration of 

polycyclotrimerization process of cyanate esters of bisphenols at additions of MWCNTs2 

too. At that, shifting of maximum of the exothermic peak to the lower temperatures has 

been observed. The authors have explained the catalytic effect found by the presence on 

the surface of carbon nanotubes of reactive OH-groups, which, as known [117, 181], can 

catalyze polycyclotrimerization reaction.  

As far as the existence of OH-groups on a surface of MWCNTs2 has been 

confirmed in our work too (sect. 4.2), one can suppose the same nature of the catalysis. 

 

5.2. Study of morphological features of PCN2/MWCNTs2 nanocomposites 

depending on the nanofiller content 

  

 

             Using SEM and TEM methods the changes of morphological features of 

PCN2/MWCNTs2 nanocomposites were investigated depending on the content of the 

nanofiller, the corresponding microphotographs are presented in Figs. 5.5 and 5.6. From 

the analysis of SEM microphotographs one can conclude that in these nanocomposites the 

MWCNTs2 are effectively dispersed throughout the sample. The isolated nanotubes (the 

thread like light includings) as well as the nanotubes broken during preparation of samples 

for their study by SEM method (at cracking of the sample in liquid nitrogen, section 3.1) 

are observed too. The latter is confirmed by the presence of a large number of cross 

cutover of nanotubes (light points). There dark spherical areas, which (as it was noted 

above in section 4.2) refer to the voids formed after pulling (at breaking sample) the 

nanotubes out, are also observed. Thus one can conclude of high adhesion between the 

polymer matrix and the carbon nanotubes. 

This conclusion is confirmed by the estimations carried out using the computer 

program "Image J", which allows to measure precisely the size of any visible inclusions on 

the microphotographs. The estimations carried out using SEM and TEM microphotographs 

of nanocomposite samples have shown that the diameters of the nanotubes is larger than 

that the initial MWCNTs2 by ~ 5÷45 nm. This evidences wrapping of carbon nanotubes by 

the polymer that is  only  possible  in  systems  with  high  adhesion  between  the  polymer  
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   Fig. 5.5. SEM microphotographs of  PCN2/MWCNTs2 nanocomposites with MWCNTs2 

content, wt. %: a, b - 0.08; c, d - 0.50; e, f - 1.20. 

 a) 

c)  d) 

 b) 

 e)  f) 
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Fig. 5.6. TEM microphotographs PCN2/MWCNTs2 nanocomposites with MWCNTs2 

content, wt. %: a - 0.05; b - 0.10; c - 0.20. 

 a) 

 b) 

 c) 
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matrix and CNTs. However, as it is seen from the SEM and TEM microphotographs (Figs. 

5.5 and 5.6), there are agglomerates of CNTs in all the samples along with the isolated 

CNTs: in the SEM pictures one can observe the clusters of light points or threads, in the 

TEM microphotographs the clear clews of CNTs can be seen. It has been found that with 

increasing content of MWCNTs2 from 0.08 to 1.2 wt. % the content of agglomerates 

increases too (Fig. 5.5 d, e). This can be explained by 2 reasons, as it was done for the 

series of samples cPBT/ MWCNTs1 (see chapter 4): 1) an inclination of carbon nanotubes 

to self-agglomeration at increasing their content in the nanocomposite sample due to their 

extended surface and significant Van der Waals forces, 2) as for the previous series of the 

samples (sect. 4.2) during high-temperature synthesis of polymer (here polycyanurate) 

matrix the re-aggregation of the dispersed carbon nanotubes occurs, probably because at 

high temperature CNTs have higher mobility that promotes their re-aggregation. As it will 

be shown below in the section 5.3 ÷ 5.7, such change in the morphology of the 

nanocomposite samples studied leads to some improvement in their physical-chemical 

properties.  

 

5.3. Determination of influence of carbon nanotubes on thermal conductivity 

of nanocomposites based on polycyanurate network 

 

 

            It is known that the introduction of CNTs to matrix of a linear polymer significantly 

(by several times) enhances thermal conductivity of material obtained, drastic increase in 

thermal conductivity is achieved if in the nanocomposite structure formed, the particles of 

nanofiller are fixed in a highly oriented position [182, 183]. One can expect that in a 

combination of highly regular polymer network PCN - CNTs the nanotubes will be 

situated with some regularity that can provide high thermal conductivity. In Fig. 5.7 the 

temperature dependence of thermal conductivity (n) of the nanocomposites studied is 

presented. It is seen that at addition of a small (の = 0.02 wt. %) amount of CNTs to the 

PCN matrix thermal conductivity n of the material is slightly reduced (compared with 

individual PCN), while at の ‡ 0.03 wt. % a sharp increase in the n value is observed [184]. 

Simultaneous increase of the temperature coefficient dn/dT from 1.07©10
-4

 to 1.13©10
-3

 

W/(m©K2
) in the same range of CNTs concentrations may reflect changes in composition of  



Chapter 5. In situ nanostructured composites based on crosslinked polycyanurates and 

multiwalled carbon nanotubes 

 

103 
 

320 330 340 350 360 370

0,2

0,4

0,6

0,8

3,4,5,6

7

8

10

9

2

1

W
1*m

 K
)

n,

Temperature, K
 

Fig. 5.7. Temperature dependence of thermal conductivity n for PCN2/MWCNTs2 samples 

with MWCNTs2 content, wt. %: 1 – 0; 2 - 0.02; 3 - 0.03; 4 - 0.04; 5 - 0.05; 6 - 0.06; 7 - 

0.08; 8 - 0.5; 9 - 1.0; 10 - 1.2. 

 

the structural elements (one-dimensional, two-dimensional, three-dimensional) responsible 

for thermal conductivity [185]. Then the thermal conductivity at w ‡ 0.03 wt. % can be 

presented as follows [186]: 

 

                          n = nc + A1(の - の c) + A2(の - の c)
2
 + A3(の - の c)

3
,                     (5.3) 

 

where wc   - critical concentration, nc  - thermal conductivity at の c ,  A1(の - の c) corresponds 

to    one-dimensional    structural     elements,    A2(の - の c)
2
 -   two-dimensional  ones,  and  

A3(の - の c)
3 – to three-dimensional structural elements. 

 

 The calculations have shown that the experimental data throughout the temperature 

range investigated are described satisfactorily by equation (5.3) (the relative error of the 

calculations is less than 3 %). In Fig. 5.8, as example, the plots of n versus content of 

nanotubes, の, determined at temperatures T = 323 K and T = 373 K are given. 

Extrapolation of the values of thermal conductivity n obtained  to  content  of  the  polymer  
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Fig. 5.8. The dependence of thermal conductivity n for the samples of PCN2/MWCNTs2 on 

the MWCNTs2 content in nanocomposite; dotted line corresponds to the values obtained 

using equation 5.3. 

  

 

0% has allowed to estimate thermal conductivity of pure MWCNTs2 and to obtain the 

dependence n = f (T) for the nanofiller (Fig. 5.9). The obtained value of thermal 

conductivity of carbon nanotubes is in good agreement with literature data [187, 188]. On  
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Fig. 5.9. Temperature dependence of thermal conductivity n for individual MWCNTs2. 
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the other hand, the mutual correlation between the coefficients A1, A2 and A3 can serve as a 

measure of the contribution of each structural element to the total thermal conductivity of 

the material. The calculations have shown that the highest content of linear structural 

elements from the beginning is due to the geometry of CNTs used.  

The relatively high contribution to the thermal conductivity of three-dimensional 

structural elements may be caused by the presence of agglomerates of CNTs in the samples 

of nanocomposites (Fig. 5.10). And, finally, the unlikely formation of the two-dimensional 

structural elements leads to their smallest contribution to the overall thermal conductivity.  

 

 

 

 

Fig. 5.10. The contribution of different structural elements at: a) T = 323 K, b) T = 373 K, 

1 - one-dimensional elements; 2 – two-dimensional elements; 3 – three-dimensional 

elements.  

í) 

b) 

1 2 3 

Structural elements 
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At temperature increase to 373 K a further reducing contribution of two-

dimensional structural elements at the expense of increasing contribution of the other 

components, mainly the linear ones (Fig. 5.10b) occurs. 

Thus, as a result of this study a sharp increase in thermal conductivity of the 

nanocomposites for the compositions of PCN2/MWCNTs2 with  MWCNTs2 content > 0.02 

wt. % has been found. The value of thermal conductivity of the individual CNTs as well as 

the temperature dependence of thermal conductivity has been estimated. The contribution 

of the linear, planar and three-dimensional structural elements in the total thermal 

conductivity of the nanocomposites has been analized. It is supposed that the high thermal 

conductivity of the nanocomposites investigated is achieved due to a successful 

combination of regular thermostable non-defective polycyanurate network + nanofiller 

with a high degree of anisotropy. 

 

 

5.4. Effect of MWCNT2 on viscoelastic properties of the nanocomposites and 

their mechanical characteristics 

 

 

           Viscoelastic characteristics of the original polycyanurate network and the 

nanocomposites based on them with different content of carbon nanotubes were 

investigated by DMTA technique (details of the methodology of measurements and 

preparation of samples for the study are described in section 3.6), the experimental results  

are presented in Figs. 5.11—5.13 and in Table 5.3. Two series of nanocomposite samples 

were investigated: 1) the samples of PCN1/MWCNTs2 prepared from DCBA oligomer 

synthesized at the lab; 2) the samples of PCN2/MWCNTs2 prepared from the industrially 

available oligomer DCBA (the details of synthesis of the samples are described above in 

sections 2.3 and 2.4, respectively). 

It is seen (Fig. 5.11) that addition of even a small amount (0.01 ÷ 0.1 wt. %) of 

carbon nanotubes changes viscoelastic properties of the PCN-matrix (in comparison with 

unfilled PCN1). In the dependencies E’= f(T) and tg f = f(T) one can see redistribution of 

intensities and shift of the tg f peak maxima along the temperature axis, narrower glass 

transition   temperature  interval (〉Tg),  reduced  modulus  of elasticity E’.  It should 
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Fig. 5.11. Temperature dependence of storage modulus E’and tan f (at frequency 1 Hz) for 

the PCN1/MWCNTs2 nanocomposites with MWCNTs2 content, wt. % 1 / 0;  2 / 0.01; 3 / 

0.10.  

 

be noted here that the introduction of the nanofiller (MWCNT2) and increase of its content 

leads to decreasing glass transition temperature (Tg) value of the amorphous polycyanurate 

matrix (Table 5.3). 

As it is well known [189, 190] the Tg value for the polycyanurate networks depends 

directly on the network crosslink degree and, therefore, depends on the conversion of 

cyanate groups, c: the lower the value of the conversion c, the lower the crosslink degree 

of PCN-network and lower Tg (Fig. 5.12). It was shown above (sect. 5.1) that despite the 

catalytic effect of CNTs in the initial stages of the DCBA polycyclotrimerization process, 

the ultimate conversion of cyanate groups in the nanocomposites is slightly lower than in 

the individual PCN1  (Table 5.1), and for all the samples c < 100 %. 

So unlike the series of samples of nanocomposites of linear cPBT, the study of 

PCN-containing samples by methods (for example DMTA, DSC, etc.) that provide some 

heating at temperatures > Tg, the properties of the samples may change due to chemical 
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Fig. 5.12. Glass transition temperature Tg versus conversion of cyanate groups for DCBA 

curing process according to work [189]. 

  

どíble 5.3. Viscoelastic properties of PCN1/MWCNTs2 and PCN2/MWCNTs2 

nanocomposites 

MWCNTs2 content, 

wt. % 

Tg, と ∆Tg, と E’, MPí 

(at 373 と) 

h tg f 

PCN1/MWCNTs2 

0 (PCN1) 552; 588 92 3632 0.40; 0.77 

0.01 583 73 3034 0.76 

0.1 566 70 3336 0.90 

PCN2/MWCNTs2 

0 (PCN2) 545; 560; 578 79 2876 0.16; 0.19; 0.29 

0.03 534; 546; 566 85 4226 0.11; 0.14; 0.37 

0.04 524; 545; 565 93 3654 0.11; 0.12; 0.32 

0.10        552; 572 81 3652 0.32; 0.24 

1.20                560 63 3301 0.46 

 



Chapter 5. In situ nanostructured composites based on crosslinked polycyanurates and 

multiwalled carbon nanotubes 

 

109 
 

interactions of cyanate groups of PCN-matrix, which were not able to react at lower 

temperature because of steric hindrance. During step by step synthesis (the details can be 

found in sect. 2.3) at temperatures > Tg the mobility of kinetic segments in the 

polycyanurate network increases and the unreacted cyanate groups can react to each other 

with further formation of cyanurate cycles providing post-curing process [117, 181]. 

Occurrence of post-curing in the PCN1 sample is evidenced by an appearance of a small 

peak in the curve of E’= f (T) dependence in the temperature range of T = 540 ÷ 550 K, 

and a similar maximum on the curve of tg f = f (T) dependence (cf. Fig. 5.11), which 

indicate increasing mobility of kinetic segments of macromolecules of the PCN1 in this 

temperature region. At further heating of the sample the crosslink degree of polycyanurate 

network increases (due to post-curing), and a new higher glass transition temperature Tg is 

fixed for this PCN1 (Table 5.3). 

The lower values of Tg and moduli of elasticity E’ for the nanocomposites 

investigated are explained, first of all, by the formation during synthesis in the presence of 

MWCNTs2 of more defective and less crosslinked PCN1 matrix (in comparison with the 

sample of individual PCN1). As it was shown above in sect. 5.1 the carbon nanotubes 

hinder achieving higher conversion of cyanate groups of PCN1 matrix that cause formation 

of the less crosslinked network. The formation of the network of lower crosslink density is 

confirmed by an increasing intensity of the tg f maximum (at Tg, cf. Fig. 5.13, curve 3) that 

reflects the greater mobility of kinetic segments in the less-crosslinked PCN1 matrix of the 

nanocomposites. However in general, the results indicate that the nanocomposites of 

PCN1/MWCNTs2 have high glass transition temperature Tg and module of elasticity E’ that 

is important in terms of their possible practical application. 

 In Fig. 5.13 the temperature dependencies of E’ and tg f for nanocomposites of 

PCN2/MWCNTs2 with different MWCNTs2 content are shown, it is clear seen that for the 

individual PCN2 synthesized from the industrial oligomer DCBA three Tgs are clearly fixed 

(Fig. 5.13 b, Table 5.3) and in the curve of its temperature dependence of E’ at 

temperatures T > 540 K (Fig. 5.13) a new broad maximum is observed. Both of these facts 

evidence the above mentioned post-curing process, which occur at heating of the sampleat 

the temperature T > Tg, providing increasing crosslink density of PCN2 and, as a result, 

increasing value of glass transition temperature Tg. Note that during the second study 
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Fig. 5.13. Temperature dependences of (a) modulus E’ and (b) tan f (at frequency 3 Hz) 

for the PCN2/MWCNTs2 nanocomposites with MWCNTs2 content, wt. %: 1 / 0; 2 / 0.03; 

3 / 0.04; 4 / 0.1; 5 / 1.2. 

 

(heating) of the same sample (the plot is not given) the single glass transition temperature 

Tg ~ 578 K is found that obviously evidences achieving complete conversion of cyanate 

groups and maximal degree of crossliking (according to Fig. 5.12). 



Chapter 5. In situ nanostructured composites based on crosslinked polycyanurates and 

multiwalled carbon nanotubes 

 

111 
 

It can be seen from the curves of E’ = f (T) and tan f = f (T) for PCN2/MWCNTs2 

nanocomposites (Fig. 5.13) that at addition of carbon nanotubes MWCNTs2 into the 

polycyanurate matrix and increase of their content from 0.03 to 1.2 wt. % the visible 

changes in viscoelastic properties occur: redistribution of intensities and shift of the 

maxima for tan f along the temperature axis (decreasing Tg value), changing the glass 

transition temperature interval (〉Tg), increase of moduli of elasticity E’ in a wide 

temperature range, and so on. 

It can be concluded that increasing concentrations of carbon nanotubes in 

PCN2/MWCNTs2 nanocomposites cause reduced crosslink density of PCN2 formed in their 

presence that leads to lower values of Tg. This conclusion is confirmed by the growth of 

the intensity maxima for tan f (Fig. 5.13 b, curves 2-5). In other words, the carbon 

nanotubes in the synthesis of these nanocomposites to some extent prevent the formation 

of a regular three-dimensional polycyanurate matrix. This is also confirmed by the fact that 

at increase in nanocomposites the MWCNTs2 content to 0.1 ÷ 1.20 wt. % simultaneously 

with decreasing Tg values, the number of relaxation transitions is reduced (from three to 

one, Table. 5.3), indicating impediments in the process of post-curing in samples with high 

content of carbon nanotubes. Note that during the second study (heating) of all the 

nanocomposite samples the only single Tg (the highest value for each sample, Table. 5.3) is 

observed. However, because the value of Tg is less than that for the unfilled PCN2 sample, 

we believe that due to the presence of carbon nanotubes in PCN2 matrix the complete 

conversion of cyanate groups is not achieved and the polycyanurate network of lower 

regularity is formed. 

Unlike the series of samples PCN1/MWCNTs2 for all the PCN2/MWCNTs2 

nanocomposites a significant increase in the values of elastic modulus E’ is observed (Fig. 

5.13 a). For example, the value of E’ at T ~ 273 K for the nanocomposite sample with 

small MWCNT2 content (0.03 wt. %) is ~ 63 % higher than the E’ value for unfilled PCN2 

that, as it is known, indicates reinforcement of PCN-matrix by carbon nanotubes, which are 

effectively dispersed to individual nanotubes (Fig. 5.5). 

Additionally, perhaps there is some contribution to increasing modulus of elasticity 

E’ in these nanocomposites of the indicated above (sect. 5.2) nanostructuring of the 

samples (the appearance of the structures of the type, which can be called as "nano hot  
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dog"), since it is clear that reinforcing effect of carbon nanotubes is increased with 

contributions in some way of the oriented thin polymer layer wrapping the carbon 

nanotubes. In other words in covalently crosslinked polycyanurate network the physical 

network of carbon nanotubes "wrapped" by the polymer is formed that, as known [137], 

promotes growing modules of elasticity E’. 

Increasing concentrations of nanofiller leads to lower values of E’ in the whole 

temperature range (Fig. 5.13 a), but the values of E’ modulus for the nanocomposites 

synthesized are larger than that for the pure PCN2. As it was noted above, in these 

nanocomposites during high-temperature synthesis of PCN-matrix a secondary 

reaggregation of carbon nanotubes occurs, resulting in reduced uniformity of dispersion of 

carbon nanotubes in a polymer matrix, there are areas where there is no physical network 

of carbon nanotubes "wrapped" by the polymer (section 5.2) that leads to decreasing values 

of E’ modulus [137]. 

Comparison of viscoelastic properties of two series of the investigated 

nanocomposites based on crosslinked polycyanurates indicates that using of the industrial 

oligomer DCBA for synthesis of PCN2-matrix allows to obtain of the nanocomposites with 

high modulus of elasticity E’ that is important in terms of their possible practical 

application. 

  Using the "TA Instruments DMA 2980" equipment the "stress-strain" dependence 

for samples of the nanocomposites PCN2/MWCNTs2 was recordered and the value of 

tensile strength at break, jb was determined depending on the content of the nanofiller (cf.  

Fig. 5.14 and Table. 5.4).      

 

Table 5.4. The impact of the nanofiller on the value of tensile strength at break jb for 

PCN2/MWCNTs2 nanocomposites 

MWCNTs2 content, wt. % ub, MPí 

0 (PCN2) 115.9 

0.03 187.6 

0.06 225.1 
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Fig. 5.14. Stress - strain curves for samples of the nanocomposites based on PCN2 with 

MWCNTs2 content, wt. %: 1 – 0; 2 - 0.03; 3 - 0.06. 

 

It is obvious that  with  the  introduction  of  the nanofiller  to the  unfilled  polymer 

 matrix the value of the ultimate strength jb significantly increases, the higher content of 

MWCNTs2, the greater the value of jb: for example, introduction of 0.03 and 0.06 wt. % of 

MWCNTs2 increases the value of jb by ~ 62 % and ~ 94%, respectively (compared to the 

value for pure PCN2, Table. 5.4). 

It can be concluded that at the conditions of forming PCN2-matrix used even a 

small amount (0.03 ÷ 0.06 wt. %) of MWCNTs2 significantly improves the strength of the 

nanocomposites obtained that is associated with features of the structure of carbon 

nanotubes as nanofiller. 

 

5.5. Study of the effect of MWCNTs2 on the thermophysical characteristics of 

nanostructured composites 

         

As it was found (sect. 5.1 — 5.4), the presence of the nanofiller significantly affects 

the kinetics of the DCBA polycyclotrimerization process, it was interesting to investigate 

thermophysical properties of the PCN1/MWCNTs2 and PCN2/MWCNTs2 nanocomposites.  
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Fig. 5.15. DSC-thermograms for the PCN1/MWCNTs2 nanocomposites with MWCNTs2 

content, wt. %: a – 0; b - 0.01; c - 0.1; 1 - first heating scan; 2 - second heating scan. 
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The character of DSC-thermograms (cf. Fig. 5.15) obtained during the first scan 

(heating) of the samples of the nanocomposites PCN1/MWCNTs2 allows to determine that 

in all the samples studied the formation process of polycyanurate matrix is incomplete, it is 

clear seen that after the endothermic transition, corresponding to Tg of PCN1-matrix, an 

intensive exothermic process starts, which is known [181] to appear when the reaction of 

post-curing of PCN-matrix through the interactions of unreacted (at the synthesis of the 

matrix) cyanate  groups occur. This finding correlates with the above kinetic data (sect. 

5.1) and the results of DMTA study (sect. 5.4). 

From the DSC-thermograms recordered during the second heating of the same 

samples it can be seen (Fig. 5.15, curves at number 2) that the exothermic effects on 

thermograms disappear, indicating the absence of chemical reactions in these systems 

[133]. The thermophysical parameters are summarized in Table 5.5, it is seen that the 

values of Tg for PCN-matrix are slightly higher for the nanocomposite samples after their 

second scan (heating), certainly due to the increase of the crosslink density of PCN 

network after chemical reactions (interactions) of cyanate groups of PCN-matrix during 

the first scan (heating). It is also established that with increasing content of carbon 

nanotubes in the samples the value of heat capacity jump 〉Cp increases, indicating some 

disordering in highly regular polycyanurate matrix under the influence of the nanofiller. This 

conclusion is consistent with the above DMTA data (sect. 5.4). 

For samples of the nanocomposites PCN2/MWCNTs2 the similar DSC-thermograms 

have been obtained, they are shown in Fig. 5.16. It is found that, as for the previous series 

of samples in these nanocomposites the formation of polycyanurate matrix was not 

complete, it is evidenced by the appearance in the temperature region T > 500 K 

an intensive exothermic peak, which, as noted above (sect. 5.1), corresponds to post-curing 

polycyclotrimerization reaction of the residual cyanate groups of the PCN-matrix, which 

were not able to react during the matrix synthesis. It should be noted that in comparison 

with the first series of samples of PCN1/MWCNTs2 in the series of PCN2/MWCNTs2 

nanocomposites the exothermic effect is somewhat higher (Fig. 5.16) and it even makes 

impossible to fix the Tg value of the nanocomposites after first heating of the samples. 

Comparison of the Tg values for post-cured individual PCN1 and PCN2 (Tables 5.5 

and 5.6) has shown that the value of glass transition temperature Tg for  the  latter  is  lower 
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Table 5.5. Thermophysical parameters for PCN1/MWCNTs2 nanocomposites 

MWCNTs2 

content, wt. % 

Tg,  と 〉Tg , と 〉Cp, J/(と┳ g) 

1 scan
 

2 scan
 

1 scan
 

2 scan
 

1 scan
 

2 scan
 

0 (PCN1) 538.5 557.8 16.7 20.0 0.106 0.224 

0.01 522.6 525.8 25.7 32.8 0.282 0.304 

0.10 - 529.7 - 26.4 - 0.299 

       

 

 

 

 

 

 

 

Fig. 5.16. Typical DSC-thermograms for PCN2/MWCNTs2 nanocomposites with 

MWCNTs2 content, wt. %: a – 0; b - 0.03; c - 0.50; d - 1.20; curve 1 - first heating scan; 

curve 2 - second heating scan. 
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Table 5.6. Thermal-physical parameters for PCN2/MWCNTs2 nanocomposites 

ぜWCNどs2  

content2, 

wt. % 

Tg,  と 〉Tg , と 〉Cp, J/(と┳ g) 

1 scan
 

2 scan
 

1 scan
 

2 scan
 

1 scan
 

2 scan
 

0 (PCN2) 416.2; 542.5 551.1 17.8; 33.3 17.1 0.200; 0.276 0.204 

0.03 - 545.5 - 29.0 - 0.249 

0.10 - 538.3 - 11.2 - 0.291 

0.50 - 512.4 - 17.0 - 0.227 

1.20 - 537.1 - 29.5 - 0.218 

 

by 6.7 K. This finding correlates with the above results of the DMTA study of the 

nanocomposites (sect. 5.4). As it was discussed above the lower Tg value of the PCN 

network is explained by the lower its crosslink density arising from the lower final 

conversion of the cyanate groups in the resulting network. We suppose that at synthesis of 

the industrial DCBA oligomer the producer used a special catalyst, and it is known that 

catalyst accelerates the reaction of polycyclotrimerization of cyanate ester monomers in 

first steps of curing, but leads to formation of the final network with lower conversion of 

the cyanate groups. The higher rate of network formation hinders formation of the network 

regular structure.  

In the DSC-thermograms for all the PCN2/MWCNTs2 studied nanocomposites, 

obtained during the second scan (heating), there are no exothermic peaks (Fig. 5.16, curves 

at number 2), indicating the completion of the post-curing process [133]. It has been found 

(Table 5.6) that with increasing content of carbon nanotubes in the samples the value of 

heat capacity jump 〉Cp increases (non-monotonically) indicating some disordering of 

polycyanurate matrix under the influence of the nanofiller. This conclusion is consistent 

with the above data obtained using DMTA technique (sect. 5.4). 

 

         Thus, we can conclude that the basic thermophysical characteristics, such as glass 

transition temperature Tg, the heat capacity jump 〉Cp, glass transition interval 〉Tg of PCN-

matrix in the nanocomposites PCN1/MWCNTs2 and PCN2/MWCNTs2 change non-
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monotonically and non-additively under the influence of carbon nanotubes that evidences a 

complex reorganization of the phase structure of the nanocomposites during their 

synthesis. 

 

 

5.6. Influence of MWCNT2 on resistance to thermooxidative destruction of 

nanocomposites PCN1/MWCNTs2 and PCN2/MWCNTs2 

 

Since the polycyanurate networks are thermostable polymers, it was certainly 

interesting to evaluate the influence of carbon nanotubes on thermal behaviour of PCN-

matrix in air, the corresponding experimental TGA-curves, obtained for nanocomposites 

PCN1/MWCNTs2 and PCN2/MWCNTs2, are shown in Figs. 5.17 and 5.18. The appropriate 

thermal characteristics for the nanocomposite samples studied have been summarized in 

Tables 5.7 and 5.8. 

It should be noted that the character of the TGA curves does not change at 

introduction of carbon nanotubes to the PCN-matrix since the trend of curves, the number 

of degradation stages for PCN1/MWCNTs2 nanocomposites are similar to that for 

individual PCN1. For all the TGA curves the intense mass loss is observed in the 

temperature range of 700-750 K, which is associated with the destruction of the carbon 

backbone of PCN network. Samples of the nanocomposites of series PCN1/MWCNTs2 as 

well as the individual PCN1 show a slightly higher resistance to thermooxidative 

destruction than the corresponding samples from the second series (PCN2/MWCNTs2), 

certainly due to the difference in the structure formed of polycyanurate matrix. As it was 

discussed above in section 5.5, in the samples based on PCN1 the degree of 

polycyclotrimerization completeness and, correspondingly, the crosslink density of the 

resulting PCN-matrix are higher and thermal stability is higher too. 

It has been found that for the series of samples PCN1/MWCNTs2 the presence 

of carbon nanotubes dispersed in polymer matrix in an amount of 0.01 and 0.10 wt. % slightly 

increases the resistance of these nanocomposites to thermal degradation in air. As it is seen 

from the data of Table 5.7, destruction of these samples starts at  higher  temperatures 
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Fig. 5.17. TGA curves (in air) for the PCN1/MWCNTs2 nanocomposite samples with 

MWCNTs2 content, wt. %: 1 / 0; 2 / 0.01; 3 / 0.10. 

 

Table 5.7. Influence of MWCNTs2 on resistance to thermooxidative destruction of 

PCN1/MWCNTs2 nanocomposites 

ぜWCNどs2 

content2, 

wt. % 

TÑ (5%), 

と 

TÑ (50%), 

と 

TÑ1 (max), 

と 

TÑ2 (max), 

と 

Fm, wt. % mchar, 

wt. % at 

TÑ1 (max) 

at 

TÑ2 (max) 

0 (PCN1) 701 846 714 912 20 74 3.11 

0.01 702 863 715 926 20 74 3.57 

0.10 709 861 720 920 19 74 4.25 

 

compared to the pure PCN1 (the values of Td(5%), Td(max) and Td(50%) are higher). This is 

connected with some contribution of CNTs themselves, which have very high own thermal 

stability (cf. Fig. 4.6). However, on the other hand it is known that the  polycyanurate 
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Fig. 5.18. Typical TGA curves (in air) for samples of the PCN2/MWCNTs2 

nanocomposites with MWCNTs2 content, wt. %: 1 / 0; 2 / 0.03; 3 / 0.08; 4 / 0.20; 5 / 

1.00; 6 / 1.50. 

Table 5.8. Influence of MWCNT2 on resistance of PCN2/MWCNTs2 nanocomposites to 

thermooxidative degradation 

ぜWCNどs2 

content2, 

wt. % 

TÑ (5%), 

と 

TÑ (50%), 

と 

TÑ1 (max),

と 

TÑ2 (max), 

と 

Fm, wt. % mchar, 

wt. % at TÑ1 (max) atTÑ2 (max) 

0 (PCN2) 680 807 702 884 22 77 0.63 

0.03 683 816 708 890 24 82 0.34 

0.08 682 816 706 899 23 78 0.54 

0.20 670 792 704 903 24 78 0.47 

1.00 663 766 699 883 25 80 0.56 

1.20 689 796 708 899 23 78 0.98 

1.50 690 816 706 894 22 77 0.79 
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networks have higher heat resistance and resistance to thermooxidative destruction at 

higher crosslink density [117]. 

In section 5.1 it was shown that the increase of MWCNTs2 content in samples of 

the nanocomposites slightly decreased the final conversion value of cyanate groups, 

resulting to lower crosslink density of the final PCN network. Therefore it was logical to 

assume that the thermal properties of the nanocomposites would be worse than that of the 

individual PCN. Surprisingly, the experimental results show the opposite. Thus it can be 

assumed that the improved resistance to thermooxidative degradation in these 

nanocomposite samples is associated not only with a certain additive contribution of 

thermally resistant CNTs, but probably also with the post-curing process of PCN-matrix 

due to additional heating to high temperatures (T > Tg) during TGA measurements (the 

same observations were fixed by DMTA and DSC methods, sect. 5.4 and 5.5, 

correspondingly), increasing the density of PCN-matrix and hence the stability of 

nanocomposites to thermooxidative destruction. 

Investigation of resistance to thermooxidative degradation for series of samples 

PCN2/MWCNTs2 has shown that their thermal stability in air depends non-monotonically 

on the MWCNTs2 content (Fig. 5.18 and Table. 5.8). For example, the presence of 0.03 ÷ 

0.08 wt. % of the dispersed in the polymer matrix MWCNTs2 increases the resistance to 

thermooxidative destruction of these nanocomposites: increasing degradation temperatures 

Td(5%), Td(max) and Td(50%), simultaneously the reduced mass loss for these samples has been 

fixed in comparison with the individual PCN2). In general we can conclude that the 

synthesized nanocomposites PCN1/MWCNTs2 and PCN2/MWCNTs2 have high resistance 

to thermooxidative destruction. 

 

5.7. Study of influence of carbon nanotubes on electrical properties of 

PCN2/MWCNTs2 

  

As it was noted above in section 4.8, carbon nanotubes in addition to the unique 

thermal and mechanical properties possess high electrical conductivity, thus they are very 
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attractive for use as conductive filler at creation of polymer nanocomposites. 

Therefore it is interesting to assess, first, in which limits the electrical properties of 

polycyanurates (which are recognized as dielectrics with low dielectric constant, 2.5 ÷ 3.2) 

can be purposefully altered; secondly, it is useful to determine the percolation threshold, 

pc, above which the PCN2/MWCNTs2 nanocomposites exhibit properties of conductive 

material. Research technique is described in section. 3.10. Fig. 5.19 shows the 

concentration dependence of conductivity jDC for PCN2/MWCNTs2  nanocomposites, it is 

clear that the jDC value demonstrates percolation behavior [158, 160, 161], namely: at low 

concentrations of MWCNTs2 from 0 to ~ 0.3 wt. % in nanocomposites jDC value does not 

change and is equal ≈ 10-16
 Sm/cm; with increasing content of nanotubes in composites the 

value of jDC conductivity sharply increases by ~ 10 orders of magnitude in a narrow 

concentration range of MWCNTs2 ~ 0.3 – 0.5 wt. %. A further increase in concentration of 

MWCNTs2 in these samples causes slow growth of jDC value by ~ 3 orders of magnitude 

in the concentration range ~ 0.3-1.5 wt. %. 

             

 

 

 

 

 

  

  

  

Fig. 5.19. Dependence of conductivity jDC (direct current) for PCN2/MWCNTs2 

nanocomposites on MWCNTs2 content; dots represent experimental data; lines shows  

theoretical values (according to equation 4.1); insertion reflects the dependence curve of 

lgjDC = f(lg)(p– pc) for p>pc. 
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Experimental dependence of jDC = f (CMWCNTs2) shown in Fig. 5.19 was 

theoretically approximated using equation 4.1 (sect. 4.8), the dependence of lg j = f lg (p - 

pc) was built and step by step by changing the value of pc the best linear approximation of 

the experimental data was achieved. As shown in Fig. 5.19, theoretical and experimental 

data agree well with each other. The percolation threshold  pc and the value of t are given 

in Table 5.9. One can see that the percolation area for PCN2/MWCNTs2 system is fixed in 

the concentration range of MWCNTs2 content of 0.38 – 0.50 wt. %. Therefore the 

percolation behavior of this system can be characterized by two critical values of 

concentration: pc ≈ 0.38 wt. % when the conducting cluster begins to form and pc* ≈ 0.50 

wt. %, corresponding to the end of formation of spatial conducting cluster. 

 

Tíble 5.9. Percolation threshold pc and critical exponent t for PCN2/MWCNTs2 

nanocomposites 

Percolation parameters PCN2/MWCNTs2 

pc 0.0038 

t 2.46 

 

Note that the percolation parameters obtained for PCN2/MWCNTs2 

nanocomposites differ from similar characteristics for the nanocomposite samples of 

cPBT/MWCNTs1 (sect. 4.8) because of differences in the chemical structure of the 

polymer matrix, the method of CNTs dispersing, methods of synthesis and the formation of 

nanocomposites samples, etc. [8, 12, 160, 161]. 

In order to determine the mechanism of conductivity in PCN2/MWCNTs2 

nanocomposites for the samples with the MWCNTs2 content higher than the percolation 

threshold found, (similarly to the cPBT/MWCNTs1 nanocomposites) the temperature 

dependence of dc conductivity at temperatures close to the temperature of 0 K was 

investigated. In Fig. 5.20 the experimental temperature dependence of dc conductivity of 

nanocomposites with different MWCNT2 content is shown and the theoretical values of 

jDC  calculated using the FIT theory (equations 4.2 ÷ 4.4, sect. 4.8) are given. The 
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Fig. 5.20. Temperature dependence of dc conductivity of PCN2/MWCNTs2 

nanocomposites with MWCNTs2 content, wt. %: 1 – 0.5; 2 – 1.0; 3 – 1.2; symbols – 

experimental data, lines – theoretically calculated using FIT model. 

 

calculations have shown that the experimental and theoretically calculated values of jDC 

obtained with a help of FIT model agree well in the whole temperature range measured, it 

is seen that at temperatures close to 0 K a weak temperature dependence of jDC is 

observed. It is explained by the above mentioned contribution to jDC of electrical 

conductivity of metallic carbon nanotubes, because at so low temperatures the 

semiconducting CNTs cannot conduct electrical current [152]. So MWCNTs2 similar to 

MWCNTs1 contain semiconducting nanotubes as well as a significant part of carbon 

nanotubes with a structure of "chair", which are characterized by metallic conductivity 

[42]. This finding correlates well with the data of Raman spectroscopy shown in section. 

4.1. So we can conclude that the conductivity in these nanocomposites is mainly created by 

electrons through the tunnel mechanism, and the "wrapping" of carbon nanotubes with 

polymer described in section 5.2 does not hinder this process. Similarly to the 

cPBT/MWCNTs1 nanocomposites, increasing concentration of MWCNTs2 in 
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PCN2/MWCNTs2 nanocomposites causes growth in dc conductivity that is certainly 

explained by increasing number of the conducting channels [158]. 

 

*  *  * 

 

 Thus, in this work first the comprehensive study was carried out to determine the 

impact of multiwall carbon nanotubes MWCNTs2 on structure and basic physical-chemical 

properties of polymer composites synthesized from oligomers of dicyanate ester of 

bisphenol A, DCBA, by in situ polycyclotrimerization of DCBA in the presence of 

MWCNTs, using the method of reaction forming. For the first time it is found that at 

synthesis of the crosslinked polycyanurate matrix the presence of MWCNTs2 in the first 

stages of the process accelerates the reaction of polycyclotrimerization of DCBA oligomer, 

but in the final stages of the process the nanofiller hinders achieving high conversion of 

DCBA cyanate groups, leading to the formation of PCN-matrix with a lower degree of 

crosslinks. This conclusion is confirmed by the results of measurements by DMTA 

technique, as for the nanocomposites with higher content of MWCNTs2 a significant 

reduction in Tg values for PCN-matrix has been fixed. Using TGA method it was 

determined that all the synthesized PCN2/MWCNTs2 nanocomposite samples retained high 

resistance to thermal-oxidative degradation inherent to this class of polymers, some 

increase in thermal performance of the nanocomposites compared to the individual PCN2 

was observed. It has been found that in these nanocomposites the value of tensile strength 

at break jb increases by 62 and 94% for the samples with 0.03 and 0.06 wt. % of 

MWCNTs2, respectively, compared with unfilled PCN2 (jb ≈ 115.9 MPa) . It is found that 

by introducing of carbon nanotubes into the dielectric PCN-matrix the electrical properties 

of the nanocomposite can be purposefully alter from dielectric to the conductor with 

varying conductivity in a wide range (depending on the CNTs content), it has been 

determined that the percolation threshold for PCN2/MWCNTs2 nanocomposites is low and 

equal ~ 0.38 wt. % of MWCNTs2 indicating the formation of three-dimensional 

percolation conducting network of carbon nanotubes in the system. In summary, the 

efficient methods of synthesis of PCN/MWCNTs nanocomposites with improved physical-

chemical properties were developed.  
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CONCLUSIONS  

 

           Studies on synthesis and determination of properties of nanostructured polymer 

composites obtained by in situ polymerization of the oligomers of heterocyclic esters in the 

presence of carbon nanotubes, which are characterized by high thermal and mechanical 

resistance and elctrical conductivity, have been just started. Therefore, development of 

efficient methods for synthesis and formation of such polymer nanocomposites is an actual 

task of Macromolecular Chemistry. Solving of this task is addressed to an extension of the 

range of polymer products to meet the growing demands of high-tech industries.  

            The results obtained allow the following conclusions: 

1. For the first time, the optimal conditions of synthesis of novel thermostable 

nanostructured polymer composites from oligomers of cyclic butylene terephthalate using 

method of reactive extrusion and from oligomers of dicyanate ester of bisphenol A using 

method of reactive forming in the presence in reactive mixture of effectively dispersed 

nanofiller, multiwall carbon nanotubes, were determined. It was established that using of 

low viscosity heterocyclic esters for synthesis of cPBT and PCN and the methods of in situ 

polymerization provide effective dispersing of nanofiller in the forming polymer matrix. 

1. For the first time, catalytic effect of carbon nanotubes in reactions of Ring-Opening 

Polymerization of CBT oligomers and polycyclotrimerization of DCBA oligomers have 

been established. It has been shown that in the presence in reactive mixture of the 

dispersed MWCNTs the induction period of these reactions reduces, the rate of 

transformation of CBT to cPBT increases, the conversion of cyanate groups of DCBA is 

accelerated, i.e. the nanofiller at in situ polymerization of oligomers of heterocyclic esters 

play the role of catalyst due to interaction of the oligomers wth active surface of the outer 

walls of carbon nanotubes. 

2. It is found that effective dispersing of MWCNTs1 in the forming cPBT stipulates the 

non-additive increase in resistance to thermal-oxidative destruction, in apparent activation 

energy Ea of d-relaxation process and in glass transition temperature Tg. Significant 

influence of MWCNTs1 on formation of crystalline structure of cPBT matrix in the 
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nanocomposites has been observed. This appers in non-additive changing value of melting 

enthalpy 〉Hm of crystallites, degree of crystallinity Xc, and melting temperature Tm of 

crystallites. Essential increase in value of crystallization temperature Tc (by 3 ÷ 18 K) with 

increasing of MWCNTs1 content from 0.01 to 2.0 wt. % has been fixed. The changes found 

in the structure of the crystalline phase of film samples of cPBN/MWCNTs1 

nanocomposites obtained by hot pressing of extrusion strand or by injection molding of the 

melted extrudate evidence that in process of crystallization of cPBN matrix the dispersed 

carbon nanotubes play the role of heterogeneous nucleation centers. 

4. For the first time, it has been found that during synthesis of PCN1/MWCNTs2 

nanocomposites in the final stages of the reaction the nanofiller hinders achieving high 

conversion of cyanate groups that results in the formation of polymer networks with a 

lower crosslink degree (compared to the unfilled PCN1), and this is confirmed by the 

decrease in glass transition temperature Tg, however, it is not accompanied by a drop in the 

other physical-chemical properties of the nanocomposites. It has been established that the 

PCN2/MWCNTs2 nanocomposites possess high stability to thermal-oxidative destruction, 

thermal conductivity and storage modulus E’, the increase in value of tensile strength at 

break jb by 62-94 % compared to unfilled PCN2 (jr ≈ 115,9 MPa) for the samples with 

MWCNTs2 content of 0.03-0.06 wt. % is fixed too. 

5. It has been found during high temperature synthesis of the nanocomposites of 

PCN/MWCNTs and cPBT/MWCNTs as well as at forming of film materials by method of 

hot pressing from the latter, inside the polymer matrix the reaggregation of CNTs occurs 

resulting in some reduction in the values of storage modulus E’, but at that the ability of 

the nanocomposites to conduct electrical current is improved significantly due to formation 

of the spatial percolation cluster of CNTs. It has been determined that the percolation 

thresholds for conductivity for the obtained nanocomposites is low and equal to 0.22 wt. % 

for cPBT/MWCNTs1 and 0.38 wt. % for PCN/MWCNTs2. Thus for these nanocomposites 

the possibility to change the electrical properties in wide range by varying the MWCNTs 

content has been established. 
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