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Chapter

Synthesis and Characterization 
of Thermosetting Polymers: An 
Electrospinning Approach
Alexander Fainleib, Olga Grigoryeva, Olga Starostenko  

and Daniel Grande

Abstract

This chapter is devoted to the description of the main recent approaches and 
technical solutions for the creation of polymer micro- and nanofibers engineered by 
electrospinning precursors of thermosetting polymers. Structure-property relation-
ships have been analyzed for miscellaneous complex systems, including epoxy elec-
trospun micro and nanofibers; submicron carbon nanotube−epoxy nanocomposite 
filaments, rigid fibers based on functional polynorbornenes with epoxy or carboxylic 
pendant groups, and core-shell nanofibers with a structure of semi-interpenetrating 
polymer network (semi-IPN) based on thermoplastic polyamide and thermosetting 
epoxy resin. The first experimental results for creating electrospun nanofibers with 
a semi-IPN structure based on polysulfone/polycyanurate or polysulfone/polycyan-
urate/polybenzoxazine are discussed. Due to the unique properties of polycyanurates, 
namely high heat- and chemical resistance to aggressive substances, low dielectric 
losses, and low water absorption, the resulting electrospun fibers could potentially 
become useful as components in different advanced materials with improved proper-
ties to operate in aggressive environments over a range of temperatures.

Keywords: electrospinning, micro−/nanofibers, polysulfone, cyanate ester resins, 
thermosets

1. Introduction

Electrospinning has attracted significant attention as a manufacturing process for 
producing fiber materials with diameters ranging from the micro- to nanometer scales 
[1]. One such technique provides a promising and straightforward way to fabricate 
infinite and continuous fibers applied as nanostructured and biomedical materials [2, 
3]. Electrospun nanofibers exhibit exceptional characteristics, including a high surface-
to-volume ratio, permeability, absorbance capacity, porosity, interconnected ultrafine 
fibrous structure, and low weight. Electrospun fibers in nanoscale diameters have enticed 
wide consideration from researchers, who are ready to move toward a practice-based 
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interdisciplinary approach in a variety of fields [4–9]. A wide range of materials, such as 
engineered and biological polymers, ceramics, and composites, have been successfully 
electrospun into one-dimensional materials having many different microstructures 
[10]. Due to their remarkable characteristics, such as very small fiber diameters, large 
surface area per mass ratio, high porosity along with small pore sizes [3, 11], flexibility, 
and superior mechanical properties [12], nanofiber mats have found numerous applica-
tions in biomedicine (drug delivery, tissue engineering, and wound dressing), filtration, 
reinforcement in composite materials, protective clothing, and microelectronics (sensors, 
batteries, display devices, supercapacitors, and transistors) [13–18].

Most of the polymers are dissolved in a solvent before electrospinning, as the 
processing conditions involved are simple and straightforward. Moreover, polymers 
that melt at high temperatures can be fabricated into nanofibers through electrospin-
ning; nevertheless, much fewer polymers have been electrospun from such a state 
[9, 19]. Importantly, all the polymers used for electrospinning were thermoplastics, 
which means soluble and meltable. Electrospinning of thermally reactive oligomers 
that result in significant thermosets constitutes a real challenge. This contribution 
addresses the fabrication of micro- and nanofibers containing thermosetting poly-
mers with a special focus on polysulfone/polycyanurate (PSF/PCN) fibrous materials.

2. Principles of electrospinning

Continuous nanofibers and fibers of desired dimensions can be produced by the 
electrospinning technique [18]. This process also offers the possibility to form various 
fiber assemblies, including nonwoven, aligned or patterned fiber meshes, haphazard 
3D structures, and tangled fibers [19]. Both natural and synthetic polymers, liquid 
crystals, suspensions of solid particles, ceramics and emulsions can be used to 
produce ultrafine fibers with diameters ranging from 2 nm to 10 μm by the electros-
pinning approach [20, 21].

Figure 1a, b shows a typical electrospinning setup that consists of a capillary tube 
with a needle, a high-voltage supplier, and a collecting screen [23]. Taylor [24] found 
that 6 kV applied voltage is required for the initiation of the electrospinning process 
to take place.

A syringe pump with a feeding rate of 0.1–60 mL/h is required for the electrospin-
ning process [25] as well as a spinneret (clip spinneret, tube-less spinneret, coaxial 
spinneret, or heating spinneret) and collector (plate collector, rotary drum collector, 

Figure 1. 
Schematic diagram of set-up of electrospinning apparatus (a) vertical set-up and (b) horizontal setup [22].
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grid type collector, edge type collector, mandrel collector, steel sheet collector, or dual 
rings collector) [21]. Solution parameters (effect of dielectric property of solvent, 
surface charge density, surface tension, solution viscosity, polymer molar mass, and 
concentration), process parameters (effect of voltage, flow rate, collector type, and 
distance between needle tip and collector), type of spinning setup, and ambient 
parameters (effect of temperature and humidity) are responsible for the variations 
in morphology and diameters of the nanofibers produced by electrospinning [26]. 
Almost all soluble or fusible natural or synthetic polymers, as well as their blends, can 
be used for electrospinning [27]. This broad variety of polymers belongs to thermo-
plastics and comprises nucleic acids, proteins, and polysaccharides [28].

3. Nanofibers fabricated by electrospinning epoxy-based polymers

Recently, some publications have appeared on thermoset-containing nanofibers 
fabricated by electrospinning [29].

Epoxy is a thermosetting precursor that chemically reacts to form a crosslinked 
matrix when combined with a curing agent. Shneider et al. [29] demonstrated that to 
produce continuous micro- and nanofibers through electrospun epoxy, one must control 
the curing reaction with precision. For this purpose, epoxy and triamine curing agent 
were dissolved in a tetrahydrofuran-dimethylformamide (THF-DMF) binary solvent. 
The authors determined a narrow working window at which a proper solution for 
electrospinning is close to the gel point, right before the transition from liquid to solid 
gel state. The solution was characterized by means of (i) Fourier-transform infrared 
spectroscopy (FTIR) to control the curing process, (ii) steady shear viscosity to detect 
the divergence near the gel point, and (iii) oscillatory loss and storage shear moduli to 
identify the liquid-to-gel transition. The chemical transformations of epoxy solution, 
including chemical interconnections and gelation, could be monitored through these 
measurements, allowing for a working window to be defined for electrospinning.

Aliahmad et al. [30] described the electrospinning fabrication process (Figure 2) 
and characterization of submicron carbon nanotube (CNT) − epoxy nanocomposite 

Figure 2. 
Schematic process for electrospinning a submicron CNT/epoxy filament [30].
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filaments. Electrospinning of submicron epoxy filaments was carried out by partial 
thermal curing of the epoxy resin with the hardener without any thermoplastic 
component. This semi-curing approach made the epoxy solution viscous enough for 
the electrospinning process. The electrospun filaments were fabricated using a CNT/
epoxy solution in DMF with a viscosity of 65 cP using 16 kV and a collector distance 
of 10 cm. The diameter of these filaments could be tuned to as low as 100 nm with the 
adjustment of electrospinning parameters. Better structural, electrical, and thermal 
stabilities were achieved by incorporating a low amount of CNT into epoxy. As a 
result of the electrostatic field during the electrospinning process, the CNT fibers 
were aligned within the epoxy filaments. The improvement of modulus up to 49% for 
CNT/epoxy filaments compared to epoxy was found. The authors concluded that the 
developed filament was suitable for many applications due to the use of a commercial 
epoxy suitable for industrial composite productions.

Two functional polynorbornenes (PBNEs), one bearing an epoxy pendant group 
and another one bearing carboxylic pendant groups, were electrospun in the presence 
of a variety of cross-linkers [31], resulting in long (several mm), rigid fibers with 
diameters that can be tuned in the range of 300 nm–10 μm and glass transition tem-
peratures (Tgs) higher than 300°C. A 20 kV positive voltage was applied to the needle 
tip. Despite being brittle, these fibers formed a continuous nonwoven mat, which was 
similar to any textile mat. Remarkably, injection rates as high as 1 mL/min could be 
used to prepare the fibers. Commarieu et al. [31] explained such a surprising result 
by the low propensity of entanglement for solutions of rigid-rod polymers. Curing of 
the fibers was performed by leaving the fibers 2 hours at 200°C. Once cross-linked, 
the fibers did not swell and became insoluble. The electrospinning process was used 
to encapsulate dyes or graphitic dots (GDs) (Figure 3). Due to the high cross-linking 
density of the fiber, dye leaching was prevented. In contrast with other rigid-rod 
polymers, electrospinning of PNBE is facile and can be performed at injection rates 

Figure 3. 
Mat of fibers obtained at high injection rate (1 mL/min) (a) and SEM pictures of the fibers (b, c). Cylindrical 
collector with fibers containing a yellow dye after 5 minutes of electrospinning (d) and same fibers immersed in 
THF, (e) before and after cross-linking. Pictures of fibers containing GDs under white and UV light (f) compared 
with fibers devoid of GDs. GD-containing fibers before and after cross-linking immersed in THF, under UV light 
(g) [31].
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as high as 1 mL/min. Due to their unique photophysical properties, GD-containing 
PNBE fibers could potentially become useful photocatalysts or fluorescent materials 
and as components in antibacterial textiles [32].

Core-shell nanofibers were prepared by coaxial electrospinning of a mixture of 
thermoplastic polyamide (PA) and thermosetting epoxy resin (ER) on the premise that 
the melting temperature of PA matches the curing temperature of the ER healing agent 
[33] (Figure 4). Such a combination without any chemical interactions between both 
polymeric components is called semi-interpenetrating polymer network (semi-IPN) 
[34]. The morphological and chemical study proved the core-shell structure of the 
nanofibers without any chemical reactions. The PA shell and the two-component epoxy 
core acted together as the healing agent to fill microcracks. Using this producing method 
allowed for obtaining self-healing composites possessing enhanced healing efficiency 
and responsiveness as well as the toughened interlaminar region (the bending strength 
of the composite having the embedded core-shell nanofiber was increased by 16%). 
Heating the composite samples at 130°C for 20 minutes after damage provided the heal-
ing effect for the composite containing neat PA nanofiber around at 62% and for the one 
with PA core-shell nanofiber at around 90%. The authors noted that the thermoplastic 
PA nanofiber had a good healing function and rapid healing responsiveness. It was found 
that the encapsulated thermosetting healing agent improved the healing efficiency 
of thermoplastic PA. Thus, electrospun core-shell nanofibers obtained from polymer 
combinations as semi-IPN-type are promising for healing agent encapsulation systems.

4. Polysulfone-based electrospun thermoplastic nanofibers

Scientific specialists in the field of membranes pay special attention to polysulfone, 
namely a widely used thermoplastic polymer in microfiltration [35]. Polysulfone has a 
unique set of useful physical properties: high mechanical strength, destruction tempera-
ture (> 400°C), glass transition temperature (150–180°C), and resistance to aggressive 

Figure 4. 
Schematic diagram of self-healing composites based on PA core-shell nanofiber: (a) preparation of PA core-shell 
nanofiber, (b) self-healing composites, (c) quasi-static indentation test, and (d) the PA core-shell nanofiber 
healed interlaminar damage [33].
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environments with different pH values. Polysulfone can be dissolved in aprotic polar 
solvents, such as dimethylsulfoxide, dimethylacetamide, dimethylformamide, nitroben-
zene, and their halogen-containing derivatives [36–39], which is very important in the 
manufacture of membranes. As a rule, polysulfone membranes are obtained by the phase 
inversion method [40–43], the disadvantages of which are the limited range of pore sizes 
in the membrane and residual solvent, which affect the quality of the membranes [44].

The electrospinning technique is free from the abovementioned disadvantages 
and is effectively used to produce highly porous nonwoven mats with interconnected 
pores and a highly effective surface area suitable for large-scale production [45–48]. 
Membranes obtained by the traditional method are inferior to those produced by 
the electrospinning technique in flux performance at equal rejection efficiency [49]. 
The effect of the solution concentration (15, 20, and 25 wt.%) of polysulfone in 
dimethylformamide, voltage (12.5, 15, and 18 kV), and solution feed rate (1.5, 2.5, 
and 3.5 ml/h) on the morphology of the obtained fiber samples was systematically 
studied [35]. The SEM results showed that the samples obtained from a solution with 
a concentration of 15 wt.%, possessed a bead-on-a-string type morphology, and 
the homogeneous fiber samples without compactions and with an average diameter 
from 0.876 to 2.078 μm depending on the voltage and feed rate were produced from 
solutions with a higher polysulfone concentration. The authors recorded the optimal 
combination of electrospinning parameters (solution concentration of 25 wt.%, feed 
rate of 3.5 ml/h and voltage of 18 kV) for obtaining high-quality fibers [35].

The THF-DMF binary solvent system with different ratios and dielectric con-
stants (ε) from 16.33 to 27.97 was used for preparing smooth surface electrospun 
polysulfone nanofibers, while THF alone (ε = 7.60) and DMF alone (ε = 36.70) led 

Figure 5. 
The FESEM micrographs of the fabricated electrospun nanofibrous membranes (a) PD0T10, (b) PD1T9, (c) 
PD3T7, (d) PD5T5, (e) PD7T3, (f) PD9T1, and (g) PD10T0 at 25 kV magnification, and phosphate adsorption 
(h) by fabricated electrospun PSF membrane [50].
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to the formation of electrospun PSF nanofibers with a rough and porous surface 
(Figure 5a-g). Field emission scanning electron microscopy (FESEM), tensile 
strength technique, and contact angle measurements were applied for the investiga-
tion of the nanofibers obtained [50]. The results obtained did not correlate with the 
common conclusion that only a binary solvent provided formation of electrospun 
nanofibers with a rough or grooved surface [50]. The authors concluded that the 
dielectric constant was an important factor, besides boiling point and polymer solu-
bility for binary solvent systems, which affected the phase separation in the solution 
and formation of nanofibers with non-smooth surfaces (Figure 5h).

Mazoochi et al. [3] studied the effect of processing parameters such as voltage applied 
and tip-to-collector distance (TCD) on the morphological features of electrospun PSF 
fibers. The formation of different morphologies, such as dry, bead-free, and continuous 
fibers, was observed without any breaking up to droplets. It was noted that jet flight 
time and electric field strength were directly affected by TCD. Decreasing TCD value 
decreased flight times and solvent evaporation time and increased electric field strength. 
This led to increasing bead generation. Rising in spinning distance provided the higher 
homogeneity of PSF fibers. The higher influence of the spinning distances was observed 
at higher applied voltages; the higher the applied voltage, the higher the surface charge of 
the jet and lower the beads formation.

5.  Heat-resistant nanoporous thermosetting materials based on 
polycyanurates from cyanate ester resins

Cyanate ether resins (CERs) are high-performance heat-resistant polymers that, 
unlike other polymers, have a highly regular polymer network structure. These poly-
mers are also called polycyanurates (PCNs). They are obtained by polycyclotrimeriza-
tion of dicyanate ethers of bisphenols. At present, many monomers of dicyanate ethers 
of bisphenols with different chemical structures have been synthesized [51–54]. CERs 
(PCNs) have attracted the attention of scientists and industrialists due to a unique set 
of physical and chemical properties: high thermal and thermooxidative stability (up 
to ~400–450°C), high glass transition temperatures (up to ~270–400°C), radiation 
resistance, chemical resistance to aggressive environments (alkalis, acids, alcohols, sea 
water, etc.) and adhesion to various metals (aluminum, titanium and their alloys, iron, 
etc.), carbon and glass plastics or fibers, as well as low dielectric losses (ε ≈ 2.64–3.11), 
water absorption and absence of gas release during their synthesis, etc. [51–53]. As a 
result, CERs are currently used as structural and functional materials in microelec-
tronics, aeronautics, and space structures as adhesives, binders, composite strips, nose 
radar domes, keels, heat shields, printed circuit boards, etc. [55].

Recently, a number of new methods of creating nanoporous film-forming materi-
als based on thermostable PCNs have been developed [56]. Some of them were based 
on the modification of PCN networks by using a reactive porogen such as poly(ε-
caprolactone) (PCL), which was first partially chemically incorporated into the PCN 
network, and then the nanoporous structures were formed by partial hydrolysis or 
extraction of unincorporated PCL chains. Another method for creating nanoporous 
structures used partial thermal degradation of PCN chains (at T ≈ 250°C) with 
subsequent separation of destroyed chains. Four other suitable methods were devel-
oped to create a nanoporous structure in PCNs: (1) by using some high-boiling liquids 
(phthalates) as porogens; (2) by controlling the final degree of conversion of cyanate 
groups during the synthesis of PCN networks (with the subsequent selection of 
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unreacted chain fragments); (3) by using different ionic liquids as porogens during in 
situ synthesis of PCN networks followed by their removal during extraction; and 4) by 
irradiating PCN-based thin films with α-particles to obtain track-etched membranes.

All the abovementioned nanomaterials based on PCNs are promising for use as 
high-tech thermally stable nanoporous membranes, demonstrating after complete 
extraction of the porogen a significant increase in He permeability and higher sorp-
tion abilities of CO2 and O2, as well as approximately 1.5–1.8 times increased He/
O2 and He/CO2 selectivity factors [57]. It was shown that before extraction of the 
porogen, both the mobility of the chains and the free volume determine the gas trans-
port properties of nanoporous membranes based on PCNs. Whereas after extraction 
of the porogen, the volume content of pores and the pore size distribution become 
the predominant factors. Additional annealing of these nanomaterials in a rubber-
like state (at T < Tg) leads to an obvious modification of their nanoporous structure, 
which makes it possible to increase the separation capacity between large and small 
gas molecules in the glassy state (at T ≥ Tg) of the samples.

Nuclear technologies have also been used to create heat-resistant track-etched 
nanoporous membranes and filters based on PCNs. First, thermosetting grafted semi-
IPNs based on PCN and linear polyurethane (LPU) were synthesized by stepwise in 
situ thermal curing, then the PCN/LPU thin films were irradiated with α-particles 
followed by chemical etching of the created tracks [58]. SEM studies confirmed the 
formation of well-defined highly regular nanoporous structures in the films. FTIR 
spectroscopy measurements showed no significant changes in the chemical structure 
of the polymer components of the samples after the α-irradiation and chemical 
etching procedures. The nanoporous PCN/LPU-grafted semi-IPNs had a narrow pore 
diameter distribution with an average pore diameter of about 12 nm. Differential 
scanning calorimetry (DSC) and thermogravimetric analysis (TGA) measurements 
showed that the nanoporous PCN/LPU films exhibited high thermal performance: 
Tg ~ 167°C to ~199°C, Td5% ~ 293–359°C and Tdmax ~ 429–457°C. The thermosetting 
nanoporous PCN/LPU track membranes also demonstrated effective gas transport 
properties with various gases such as O2, CO2, N2, and CH4 (Figure 6). It was also 
found that the use of an additional γ-ray sensitization step and an increase in the 
chemical etching time improved the nanoporous structure and other properties of the 

Figure 6. 
Transport properties of different gases for nanoporous CER-based hybrid networks treated in different conditions: 
(a) permeability coefficients as a function of the inverse of the square root of the molar mass of the diffusing 
molecule; (b) gas selectivity values as a function of the ratio of the molecular weights of the diffusing molecules for 
the gas pairs CO2/O2, CH4/N2, N2/O2, CH4/CO2 [58].
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developed nanoporous track membranes. Such materials open the way to numerous 
applications, for example, as ultrafiltration thermo- and chemically stable mem-
branes for advanced technologies that can operate even under extreme conditions, 
that is, in aggressive environments, at high (> 250–400°C) or very low (up to −250°C) 
temperatures in a vacuum, under high radiation in space, etc.

6.  Polysulfone/polycyanurate-based electrospun nanofibers with  
semi-IPN structure

Recently, we have implemented the electrospinning technique for preparing 
thermostable nanofibers with a structure of polysulfone/polycyanurate, polysul-
fone/polycyanurate/polybenzoxazine or polysulfone/poly(cyanurate-co-benzoxa-
zine) semi-IPNs, and their structure-property relationships have been studied [59, 
60]. The chemical structures of the components used for these studies are shown 
in Figure 7.

In this work, the nanofibers with a structure of polysulfone/polycyanurate semi-
IPNs were prepared by electrospinning a mixed solution of PSF and dicyanate ester 
of bisphenol E (DCBE) (PSF/DCBE ratio was varied from 75/25 to 95/5) or 1–10 wt.% 
of the oligomer of dicyanate ester of bisphenol A (DCBA) (with cyanate groups 
conversion of about 25%) in DMF. The concentration of the polymer solution was 
equal to 21%. The electrospun nanofibers were fabricated using standard electrospin-
ning equipment with a feeding rate of 8 mL/h, an accelerating voltage of 20 kV, and a 
distance between the needle tip and collector of 15 cm. The obtained nanofibers were 
dried at 25°C for 1.5 hours in a vacuum.

Figure 8 shows the typical SEM micrograph for PSF/DCBA = 95/5 wt.%, 
PSF/DCBA = 90/10 wt.%, and PSF/DCBE = 75/25 wt.% electrospun nanofibers 
and the corresponding fiber diameter distributions. Electrospinning of PSF/
DCBA = 95/5 wt.% and PSF/DCBA = 90/10 wt.% solutions resulted in very similar 
morphology with fiber diameter distributions of 350–1800 and 360–1600 nm, respec-
tively (Figure 8a,b). The nanofibers were not entirely uniform, as they contained 
some oval-shaped structures, and some single fibers displayed diameters larger than 
2 microns. With the increase in cyanate monomer DCBE (up to 25%) in the spinning 
dope, the nanofibers become thinner in diameters with narrower size distributions 
(Figure 8c). This was due to the substantial decrease in the viscosity of the spinning 

Figure 7. 
Chemical structure of (a) dicyanate ester of bisphenol E (DCBE), (b) dicyanate ester of bisphenol A (DCBA), 
(c) bisphenol-A based benzoxazine (BA-a), and (d) polysulfone (PSF, Mw = 35,000 g·mol−1).
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solution with the increase in the content of the low-molecular DCBE monomer. It 
could also be seen that all the electrospun nanofibers showed high internal porosity.

The electrospun nanofibers with a structure of polysulfone/polycyanurate/
polybenzoxazine semi-IPN were prepared by electrospinning from a mixed solution 
of PSF and PCN-BA prepolymer in DMF. The prepolymer poly(cyanurate-co-ben-
zoxazine) (PCN/BA) was synthesized as follows: BA-a in the amount of 25 wt.% was 
added to liquid dicyanate ester of bisphenol E (DCBE) at 100°C, then the blend was 
heated to 120°C and vigorously stirred during 60 minutes. The prepolymer synthe-
sized was a viscous liquid at room temperature. According to the calculations from 
the FTIR data, the conversion of cyanate groups of DCBE in the PCN/BA prepolymer 

Figure 8. 
Typical SEM micrograph for electrospun nanofibers of different compositions (wt.%): (a) PSF/DCBA = 95/5, (b) 
PSF/DCBA = 90/10, and (c) PSF/DCBE = 75/25. The corresponding fiber diameter distributions are displayed on 
the right side.
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obtained was estimated as α ≈ 30%. Electrospinning operational parameters such 
as applied voltage, working distance between the spinneret and the planar collector, 
flow rate, and temperature were 20 kV, 150 mm, 2.5 ml/h, and 20°C, respectively. The 
collected mat was placed under vacuum at 30°C to remove residual solvent.

To produce polysulfone/polycyanurate/polybenzoxazine semi-IPNs, the PSF/
PCN-BA fiber meshes were cured using astep-by-step schedule: 1 hour at 80°C, 1 hour 
at 120°C, 1 hour at 150°C, 1 hour at 180°C, 1 hour at 220°C, and 1 hour at 250°C. After 
each heating step, the morphology of nanofibers was monitored using SEM, and the 
formation of triazine cycles of PCN and the oxazine ring opening of BA-a in PSF/
PCN-BA were analyzed using FTIR.

Initially, four different polymer solutions were selected in an attempt to 
prepare PSF/PCN-BA nanofibers with two different PSF/PCN-BA ratios (60/40 
and 70/30 wt.%) and two different concentrations (20% (wt/vol) and 30% 
(wt/vol)). Figure 9 represents the typical SEM micrograph for nonwoven PSF/
PCN-BA fiber mesh obtained. At lower concentrations (Figure 9a,b), the fibers 
were not completely uniform and contained some beads, twists, and ovoid struc-
tures. The fiber diameter of the electrospun fibers was varied from 110 to 270 nm 
for PSF/PCN-BA = 60/40 wt.% (20 wt/vol) and from 180 to 360 nm for PSF/
PCN-BA = 70/30 wt.% (20 wt/vol) nanofibers. With the increase in concentration, 
the electrospun nanofibers became more uniform with larger diameters (ranging 
from 350 to 800 nm with some individual fibers measuring about 1.5 microns). At 
the same time, the PSF/PCN-BA = 60/40 wt.% (30 wt/vol) nanofibers exhibited 
some twists and were conglutinated and distorted at their cross-points (Figure 9c). 
Figure 9d shows that better-defined and more uniform nanofibers (fiber diameter 
distribution: 500–900 nm) were obtained from the PSF/PCN-BA = 70/30 wt.% (30 
wt/vol) polymer solution.

To investigate the morphology of PSF/PCN-BA = 70/30 wt.% (30 wt/vol) elec-
trospun nanofibers during the thermal curing of a cyanate/benzoxazine prepolymer 
and to control the formation of the cross-linked structure, respectively, SEM and IR 
spectroscopy studies were conducted. Figure 10a shows the FTIR spectra of indi-
vidual DCBE, BA-a, and PSF. In the spectrum for neat DCBE, the characteristic bands 
at 2237 and 2266 cm−1 denote C ≡ N stretching vibrations, and the characteristic 
absorption bands at 1500 and 1601 cm−1 are due to the vibration of benzene ring. 
The FTIR spectrum of BA-a monomer includes the absorption bands at 1232 and 
1159 cm−1 assigned, respectively, to the antisymmetric stretching vibration of C–O–C 
and C–N–C of oxazine functionality. There is also the characteristic band at 947 cm−1 
which corresponds to the benzene ring mode that is attached to the oxazine ring. The 
spectrum of individual PSF contains bands with maxima at 1150 and 1324 cm−1 corre-
sponded to symmetric and asymmetric S=O stretching vibrations, band at 1244 cm−1 
assigned to C–O–C stretching vibrations, and bands at 874 and 833 cm−1 are due to 
aromatic CH deformation vibration.

Figure 10b shows the evolution of FTIR spectra for PSF/PCN-BA electrospun 
nanofibers with thermal treatment. The absorption bands distinctive for all the 
individual components of unheated nanofibers are present in the spectrum. The 
intensities of the absorption bands with maxima at 2266–2235 and 947 сm−1 start to 
decrease gradually with increasing the curing temperature from 120 to 150°C. After 
raising the curing temperature to 180°C, the aforementioned absorption bands disap-
pear, demonstrating that cyanate and oxazine groups have been completely exhausted 
under the applied conditions. Typically, for the complete curing of the individual 
monomers DCBE and BA-a, temperatures of 177–200°C and ~ 200°C are required, 
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Figure 9. 
Typical SEM micrographs for the samples (wt.%): (a) PSF/PCN-BA = 60/40 (20 wt/vol), (b) PSF/
PCN-BA = 70/30 (20 wt/vol), (c) PSF/PCN-BA = 60/40 (30 wt/vol), and (d) PSF/PCN-BA = 70/30 (30 wt/vol) 
electrospun nanofibers. The corresponding fiber diameter distributions are displayed on the right side.
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respectively [51–55]. Therefore, it can be concluded that in this ternary composition, 
the curing of DCBE and BA-a is completed at a lower temperature, probably due to a 
synergetic effect.

Figure 11 shows the change in fiber morphology for PSF/PCN-BA = 70/30 (wt.%) 
electrospun fibers after their heat treatment during the synthesis of the PCN-BA 
component within the PSF fibers. It is obvious that the electrospun fibers retain their 
shape when heated to 80°C (Figure 11a). With a further increase in the synthesis 
temperature of PCN-BA as an IPN component to 120°C, a noticeable thickening of 
the fibers occurs (Figure 11b), apparently due to swelling of the PSF matrix of the 

Figure 10. 
FTIR spectra of typical samples: (a) individual DCBE, BA-a, and PSF; (b) PSF/PCN-BA = 70/30 wt.% 
electrospun nanofibers cured at different temperatures (indicated in the spectra).



Advances in Nanofiber Research – Properties and Uses

14

electrospun fibers with the low-viscosity PCN-BA prepolymer. It can be concluded 
that the synthesis of the PCN-BA component of PSF/PCN-BA electrospun nanofibers 
should be carried out at temperatures below 80–100°C. Our new studies have shown 
that it is possible to significantly reduce the synthesis temperature (even up to room 
temperature) of polycyanurates or their copolymers by introducing various nanofill-
ers, for example, amino-functionalized POSS.

The thermal stability of cured PSF/PCN-BA semi-IPNs was examined by TGA, 
and the thermogravimetric curve (TG) and corresponding derivative curve (DTG) 
are shown in Figure 12. For comparison, the TG and DTG curves for the hybrid 
PCN-BA thermoset obtained under the same curing conditions and for the pure PSF 
are presented in the plot. Two mass loss stages were observed in DTG curves for the 
PCN-BA hybrid thermoset and neat PSF. During the first stage of degradation (at 
a temperature of maximum degradation rate Td max1 ~ 421 and 535°C, respectively 
for PCN/BA and PSF), thermal degradation of the polymers occurs, and during the 
second mass loss stages at Td max2 ~ 628 and 622°C, respectively, the oxidation of 
decomposed residues derived from the first stage takes place. Сured PSF/PCN-BA 
film sample possess good heat resistance with the initial thermal-oxidative degrada-
tion temperature (Td5%) above 390°C. The thermooxidative degradation in air of 
PSF/PCN-BA semi-IPN occurs in four stages: at Td max1 ~ 421°C, Td max2 ~ 542°C, Td 

max3 ~ 589°C, and Td max4 ~ 658°C. The mass loss of PSF/PCN-BA at the first low-
intensity stage can be related to the thermal decomposition of the mixed PSF/PCN-BA 
microphase formed as a result of the interpenetrating of macromochains of PCN-BA 

Figure 11. 
Typical SEM micrograph for PSF/PCN-BA = 70/30 (wt.%) electrospun nanofibers cured at different 
temperatures: (a) 80°C and (b) 120°C. The corresponding fiber diameter distributions are displayed in the right 
side.
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and PSF during in situ synthesis. The mass loss at Td max2 ~ 542°C can be attributed 
to the thermal decomposition of the PSF component. The mass losses with maxima 
rates at 589 and 658°C are caused essentially by oxidative processes in the composi-
tion. These results indicate that the PSF/PCN-BA semi-IPN has better thermal 
oxidative stability at temperatures higher than 600°C compared to their constitutive 
components.

The thermophysical properties of cured PSF/PCN-BA film sample with a structure 
of semi-IPNs compared to PCN-BA hybrid thermoset and neat PSF were studied by 
DSC (Figure 13).

Both PCN-BA and individual PSF have DSC traces typical for amorphous polymers 
with single glass transition temperatures, Tg, at ~196 and ~ 184°C, respectively. The DSC 
thermogram of the PSF/PCN-BA film sample shows one main endothermic transition 
corresponding to Tg ~ 185°C of the PSF component in semi-IPNs. The presence of two 
other small endothermic transitions in the region of lower temperatures (at T ~ 130–
160°C) may indicate the formation of some microphase heterogeneity in the sample.

Figure 12. 
TG (a) and DTG (b) curves for cured PSF/PCN-BA = 70/30 (wt.%) film sample with a structure of semi-IPNs, 
PCN-BA hybrid thermoset, and neat PSF (indicated in the plot).

Figure 13. 
DSC thermograms for PCN-BA hybrid thermoset and neat PSF, as well as for cured PSF/PCN-BA = 70/30 wt.% 
film sample with a structure of semi-IPNs (indicated in the plot).
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Thus, our studies have shown the fundamental possibility of obtaining electro-
spun PSF/PCN-BA nanofibers with acceptable thermal properties. In addition, it is 
known that the polycyanurate component of these nanofibers, in addition to heat 
resistance, is characterized by high chemical resistance to various aggressive environ-
ments, as well as low dielectric losses and water absorption. Therefore, resulting elec-
trospun fibers can potentially become useful components of various textile materials 
with an improved set of properties suitable for operation in aggressive environments 
over a wide temperature range.

7. Conclusions

Over recent years, significant attention has been paid to the development of new 
directions toward the engineering of heat-resistant micro- and nanofibers based 
on thermosets and their nanocomposites, as well as thermoplastic/thermosetting 
polymers with a semi-IPN structure. Thus, this chapter addresses the main recent 
approaches and technical solutions for the creation of polymer micro or nanofibers 
by electrospinning. Miscellaneous systems have been investigated, including epoxy 
electrospun continuous micro- and nanofibers, submicron carbon nanotube−epoxy 
nanocomposite filaments, rigid fibers based on functional polynorbornenes with 
epoxy or carboxylic pendant groups, and core-shell nanofibers with a structure of 
semi-IPNs based on thermoplastic polyamide (PA) and thermosetting epoxy resin. 
The first experimental results for the creation of electrospun nanofibers with a 
semi-IPN structure based on polysulfone/polycyanurate (PSF/PCN) or polysulfone/
polycyanurate-benzoxazine (PSF/PCN-BA) are discussed. The possibility of control-
ling the average diameter from ~220 nm up to ~900 nm for the PSF/PCN or PSF/
PCN-BA based electrospun nanofibers is fixed by changing the composition as well 
as processing parameters. It was found that the synthesis of the PCN-BA component 
of PSF/PCN-BA electrospun nanofibers should be carried out at temperatures below 
80–100°C, but our recent studies have shown the possibility to reduce the synthesis 
temperature (even up to room temperature) for PCN by using various nanofillers, for 
example, amino-functionalized POSS. Due to the unique properties of PCNs, that is, 
high heat- and chemical resistance to aggressive substances, low dielectric losses and 
low water absorption, PCN-containing electrospun fibers could potentially become 
useful as components in advanced materials with improved properties to work in 
aggressive environment over a range of temperatures.
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