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Introduction 

  

Electrospinning has emerged as a versatile and efficient technique for producing ultrafine 

polymeric fibers with diameters ranging from tens of nanometers to a few microme-ters [1–3]. 

Among the various polymers employed for electrospinning polyacrylonitrile (PAN) has gained 

considerable attention due to its excellent spinnability chemical resistance and role as a precursor 

for carbon nanofiber production [4–6]. The morphology diameter and internal structure of 

electrospun PAN nanofibers are critically influenced by the rheological properties of the spinning 

solution which are in turn highly sensitive to polymer concentration [7–9]. 

The concentration of PAN in solution governs not only the viscosity and viscoelastic behavior 

but also affects fiber formation mechanisms such as jet stability, whipping behavior and solvent 

evaporation dynamics during electrospinning [10–12]. At low concentrations bead formation is 

common due to insufficient chain entanglement [13] whereas high concentrations often yield 

thicker uniform fibers due to enhanced viscoelasticity [14]. The transition from dilute to semidilute 

and eventually to concentrated regimes profoundly alters the flow behav-ior influencing solution 

spinnability and the resulting fiber morphology [15–17]. 

Rheological characterization particularly measurements of shear and extensional viscosi-ties 

provides key insights into molecular interactions and chain dynamics in PAN solutions [18–20]. 

PAN solutions typically exhibit non-Newtonian shear-thinning behavior attributed to the alignment 

of polymer chains under shear stress [21]. The critical entanglement concentra-tion (Ce) marks a 

threshold beyond which chain entanglement dominates the flow behavior enabling fiber formation 
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This study establishes a direct quantitative link between rheological 

parameters and nanofiber structure. As the concentration increased, a significant 

transition from viscous to elastic-dominant behavior was observed, indicating 

the formation of a more interconnected polymer network. Electrospinning was 

subsequently used to fabricate nanofibers from the polymer solutions. The 

nanofibers were characterized using Fourier-transform infrared spectroscopy 

(FTIR), X-ray diffraction (XRD and scanning electron microscopy (SEM). 

FTIR spectra con-firmed the presence of characteristic PAN functional groups 

with minor shifts reflecting con-centration-related molecular interactions. XRD 

patterns revealed an increase in crystallinity with rising concentration. The main 

objective of this study is to determine the critical concentration regime for stable 

fiber formation and to correlate viscoelastic parameters with fiber structure. 
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without beads [22-23]. Accurate determination of this concentration is essential for optimizing 

spinning parameters and achieving desirable fiber architectures [24–26]. 

The solvent system also plays a pivotal role in influencing PAN solution behavior. 

Dimethylformamide (DMF) is widely used due to its high polarity and excellent solvation 

capability for PAN chains [27-28]. Variations in PAN concentration in DMF result in changes in 

both solution structure and interactions which manifest in the rheological and electrospin-ning 

performance [29-30]. Understanding this relationship is critical for tailoring fiber proper-ties such 

as porosity, orientation, and mechanical strength [31-32]. 

After electrospinning the structural characterization of PAN nanofibers is essential to link 

processing conditions with final fiber performance. Techniques such as scanning electron 

microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD) 

are widely employed to assess fiber diameter distribution, surface morphology, crystal-linity and 

molecular orientation [33–35]. Previous studies have shown that increasing PAN concentration 

leads to improved fiber uniformity and higher crystallinity, thereby influencing subsequent 

carbonization behavior [36–38]. 

In addition recent studies have focused on linking the rheological properties of PAN so-

lutions to the architecture and properties of electrospun fibers [39–41]. However a comprehen-sive 

understanding of how varying PAN concentration impacts both rheological behavior and the 

microstructure of resulting nanofibers remains incomplete. Particularly the need to system-atically 

bridge the viscoelastic features of PAN solutions with the fiber formation mechanism and final 

nanofiber structure motivates further in-depth investigation [42–45]. 

This study aims to address this gap by systematically studying the concentration-dependent 

rheological behavior of PAN/DMF solutions and relating these properties to the structural 

properties of electrospun nanofibers. Through detailed rheological analyses and morphological 

evaluations, we aim to identify the critical concentration regimes that govern fiber formation and 

to gain insight into the structure and fiber morphology of PAN-based nanofibers. 

 

Experimental 
 

Materials: 

The objects of study were polyacrylonitrile (Navoiazot Open Joint Stock Company 

(Uzbekistan), molecular mass 152 кДа). N, N-Dimethylformamide (DMF) was employed as the 

solvent due to its high polarity and excellent solubility for PAN. PAN solutions were prepared at 

four different concentrations: 5 wt%, 7 wt%, 9 wt%, and 11 wt%.  

Preparation of PAN Copolymer Solutions: 

For each concentration the appropriate amount of PAN copolymer was added to DMF and 

stirred using a magnetic stirrer at stirring speed of 500 rpm. The stirring process was carried out at 

60 °C for 24 hours to ensure complete dissolution of the polymer. After mixing all solutions were 

left to rest for 1 hour at room temperature to eliminate bubbles and allow for structural relaxation 

before electrospinning. 

Rheological process: 

The behavior of solutions was studied in a shear flow generated in a system of coaxial 

cylinders of an Anton Paar modular compact rheometer MCR 92 at temperatures of 25, 30, 35, 40, 

45, 50, and 55°C. Rheological data were processed using the RheoCompass software.  

Electrospinning Process: 

The electrospinning of PAN solutions was performed under ambient room temperature 

conditions. A high-voltage power supply of 20 kV was applied to initiate the spinning process. The 

distance between the needle tip and the collector was maintained at 12 cm. A 23G stainless steel 

needle was used and the flow rate of the polymer solution was set to 14 μL/min. The fibers were 

collected on a flat aluminum foil covered collector for subsequent analysis. 

 

 



UJP (2025) Vol. 4, Issue 3, 54-62 
 

56 

Turayev J.I. . et.al. 

 

FTIR analysis: 

IR spectroscopy studies were performed using a Bruker Inventio-S Fourier-transform IR 

instrument in the wave num ber range from 400 to 4000 cm−1 with a resolution of 4 cm−1, a signal: 

noise ratio of 30 000:1, and a scanning speed of 16 spectra per second. 

X-ray analysis: 

X-ray diffraction studies were carried out using a Rigaku Miniflex 600 diffractometer with 

monochromatic CuKα radiation with a wavelength λ = 1.5418 Å at a voltage of 40 kV and a current 

of 15 mA. The samples were studied in the form of nonwoven materials. The measurement was 

carried out in the angle range of 2θ = 2°– 40°. Diffraction patterns were processed 

using the SmartLab Studio II software; fixed slits having an angle of 1.25° were used. Experiments 

were carried out in reflection (Bragg–Brentano) mode using the Rietveld method and the pseudo-

Voight function. 
 

Results and discussion 
 

The dissolution of highly polar polymers in highly polar solvents occurs by breaking polar-

polar bonds between the polymers and then forming new polar-polar bonds between the polymer 

and the solvent. It took 26 and 57 minutes to dissolve the PAN samples in DMF and DMSO, 

respectively. This means that DMF dissolves PAN 2.19 times faster than DMSO [46-47]. 

Based on the experimental observation, the dissolution mechanism of PAN in DMF  

proposed in Scheme 1. Solvent molecules first penetrate into polymer chains under the dominant 

influence of the entropic effect and break up the physical bonds between the polymers. Then, the 

physical bonds between polymer and solvent molecule are newly formed, in which the enthalpic 

effect is dominant. The strong polar nitrile group of PAN would polarize the solvent molecules, 

leading to the orientation of the polarized solvent molecules. 

This results in the formation of a solvent bridge as shown in Scheme 1. It should be noted that the 

nitrile groups would have a strong polarizing effect on the solvent molecules because they are 

isolated by carbon-carbon single bond backbone which does not permit the electron density 

fluctuation. The process is analogous to associative interactions rather than chemical SN2-type 

reactions. 

 

 

 

 

 

 

 
 

 

 

 

Scheme 1. Schematic diagram of the dissolution 

mechanism of PAN in DMF; carbons are shown in red, 

nitrogens in blue, and solvent molecules in yellow 

 

 

The intrinsic viscosity ([η]) of PAN solutions was calculated using the Solomon-Ciuta 

equation of a single point measurement the intrinsic viscosity ([η]) of PAN solutions in DMF is 

given in Table 1.  

[η] = [2*(ηsp – lnηrel)]
1/2 /c                       (1). 
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The rheological characterization of PAN copolymer solutions with varying concentrations (5%, 

7%, 9%, and 11%) in DMF was performed to evaluate their viscoelastic properties and determine 

the suitability of the solutions for fiber formation via electrospinning [45-48]. 

The zero-shear viscosity (η₀) exhibited a pronounced increase with polymer concentration  

rising from 1020.0 mPa·s at 5% to 3590.9 mPa·s at 11% (Fig. 1.). This significant growth indicates 

intensified polymer chain entanglement at higher concentrations, which is a prerequisite for 

continuous fiber formation 
Table 1.  

Viscosity properties of PAN copolymer dissolved in DMF  

at various concentrations 
 

№ С 

% 

η0 

(mPa s) 
ηsp ηrel 

[η] 

(dL/g) 

1 5 1020.0 1274.0 1275.0 100.67 

2 7 1489.1 1861.6 1861.4 672.7 

3 9 2963.1 3702.9 4628.6 860.2 

4 11 3590.9 4487.6 5120.0 955.1 
 

The relative viscosity (ηrel) also showed a non-linear increase from 1275.0 to 5120.0 

This suggests a sharp rise in flow resistance due to enhanced hydrodynamic volume and molecular 

interactions, particularly above 7% where the solution behaves more like a viscoelastic gel than a 

Newtonian fluid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. η of the PAN copolymer solutions 

as a function of the shear rate at various  

concentrations (1-from bottom to top) a) PAN 5%, b) 

PAN 7%, c) PAN 9% and  

d) PAN 11% 

 
 

The intrinsic viscosity ([η]) which reflects the hydrodynamic volume and molecular 

conformation of the polymer in solution, increased significantly from 100.67 to 955.1 dL/g. This 

increase confirms the expansion of polymer coils and strong intermolecular interactions at higher 

concentrations, contributing to a more elastic and stable solution structure. Overall the observed 

rheological parameters suggest that PAN copolymer solutions exhibit concentration-dependent 

non-Newtonian behavior. Above 7% the solutions attain sufficient viscoelasticity and chain 

entanglement necessary for fiber formation during electrospinning, making them ideal candidates 

for nanofiber production [49-50]. 

Typically, the viscoelastic behavior of a polymer solution with respect to temperature can be 

investigated using the loss tangent (tan δ). The time-dependent viscoelastic behavior was measured 

at a constant low frequency of 10 rad/s. Gelation is defined as the point where the storage modulus 

(G′) and loss modulus (G′′) intersect, indicating a transition to solid-like behavior. This occurs when 

tan(δ) = 1, where the ratio between G′ and G′′ becomes equal, marking the onset of gelation. 

Therefore, the gelation point can be expressed by the following Equation (2) [53–58]. 
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G′ = G′′                                         (2) 

 

In principle, when tan (δ) is greater than 1, a liquid-like viscosity is exhibited, whereas a solid-

like viscosity is dominant when tan (δ) is less than 1. The tan (δ), as well as G′ for each temperature 

and frequency, are shown in Figure 1. Regardless of the moisture content, all samples showed 

liquid-like viscous properties in the initial state and sol–gel transition regions. For PAN solutions, 

tan δ > 1 in all tested concentrations, indicating viscous-dominant behavior. The gradual reduction 

of tan δ with increasing concentration suggests enhanced elasticity and the approach to gel-like 

behavior. [20-26]. For all samples, the complex viscosity (η*) gradually increased with increasing 

time. However, there were some minor differences with respect to moisture content. 

All experiments show that the viscosity and shear strength of the solutions were affected by 

the increase in the concentration of the PAN copolymer. It has been reported that morphology such 

as fiber diameter and its uniformity of the as-pun polymer fibers are linked to many processing 

parameters. However, many researchers have highlighted that under certain conditions, not only 

uniform fibers but also beads-free fibers could be fabricated. Therefore, in this paper so as to obtain 

beads-free and uniform PAN nanofibers, different electrospinning solutions with different PAN 

contents (5, 7, 9 and 11 wt. % by mass) were prepared and electrospun at 20 kV, respectively. The 

morphology of the as-fabricated PAN nanofibers was characterized by SEM and their respective 

results were displayed in (Fig. 2.). It was observed that even though at 5 wt. % of PAN, nanofibers 

with smaller average diameters were obtained but an important number of spindle-like beads were 

visible as well. The electrospinning of solutions containing a PAN content higher than 5wt. % led 

to the fabrication of fibers without beads. It is worth noting that at 11 wt. % of PAN, branched 

fibers were observed. The formation of branched fibers can be justified by the instability of the jet 

due to the discrepancy between the electrical forces and surface tension. It was reported that such 

instability can decrease its local charge per unit surface area by ejecting a smaller jet from the 

surface of the primary jet or by splitting apart into two smaller jets [51-55]. In 7 and 9 wt. % of 

PAN uniform nanofibers without any spindle-like beads were obtained. In addition, it was observed 

that increasing the PAN concentration, generally led to the increase of the fibers average diameter. 

As polymer concentration increases, enhanced chain entanglement suppresses jet instability, 

leading to better molecular alignment along the electrospinning direction, which in turn promotes 

crystallization during solvent evaporation.. 
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Figure 2. Scanning electron 

micrographs of electrospun PAN 

copoly-mer fibers at various con-

centrations. a) PAN 5%, b) PAN 

7%, c) PAN 9% and d) PAN 11% 
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Figure 3.  FTIR spectra of PAN copolymer nanofibers 1) PAN 5%, 2) PAN 7%, 3) PAN 9% and 4) PAN 11% 

 

 

 
 

Figure 4.  X-ray diffraction patterns of PAN copolymer nanofibers 1) PAN 5%, 2) PAN 7%, 3) PAN 9% and 

4) PAN 11% 

 

FTIR spectra of PAN copolymer nanofibers synthesized with concentrations of 5%, 7%, 9%, 

and 11% (Fig. 3.). The spectra, recorded in the 4000–500 cm⁻¹ range display the characteristic 

absorption bands of polyacrylonitrile (PAN) confirming the retention of key functional groups 

across all samples. The prominent absorption peak observed near 2240–2250 cm⁻¹  

corresponds to the stretching vibration of the nitrile (–C≡N) group which is the signature band of 

PAN. The intensity of this band increases slightly with concentration indicating a higher density of 

nitrile groups and possibly enhanced molecular orientation in higher concentration samples. The 

bands located around 1450–1470 cm⁻¹ are attributed to the bending vibrations of –CH₂– groups, 

while the 1360–1380 cm⁻¹ range corresponds to –CH bending. These confirm the hydrocarbon 

backbone of the PAN copolymer. Several peaks appearing in the 1050–1300 cm⁻¹ region represent 

the C–H and C–C stretching and bending vibrations indicating the complex chain structure of the 

copolymer. A broad and weak band in the 3500–3300 cm⁻¹ range suggests the presence of O–H 

stretching likely due to moisture absorption or intermolecular hydrogen bonding. Its intensity 

slightly increases in higher concentration samples suggesting increased moisture retention due to 

denser fiber structure. 

X-ray diffraction analysis showed that the diffraction patterns of PAN copolymer nanofibers 

with varying concentrations (5%, 7%, 9%, and 11%) are shown in (Fig. 4). A prominent broad 

diffraction peak centered at approximately 2θ ≈ 17° is observed for all samples corresponding to 

the (100) plane of PAN. This peak is indicative of the semi-crystalline nature of PAN nanofibers. 



UJP (2025) Vol. 4, Issue 3, 54-62 
 

60 

Turayev J.I. . et.al. 

 

A gradual increase in diffraction intensity and sharpening of the peak is observed as the PAN 

concentration increases from 5% to 11%. The 5% PAN nanofiber exhibits a weak and broad peak, 

signifying a largely amorphous structure with minimal molecular ordering. With 7% PAN, the peak 

becomes more defined, suggesting the onset of crystallization. As the concentration reaches 9% 

and 11%, the intensity increases substantially, indicating improved chain alignment and molecular 

ordering during electrospinning. The 11% PAN sample displays the most intense and sharpest peak, 

signifying a higher degree of crystallinity. These results confirm that polymer chain interactions 

and structural ordering are strongly dependent on concentration [56-57]. 
 

Conclusions 
 

In this study, the concentration-dependent rheological behavior of PAN copolymer solutions 

and the structural characteristics of electrospun nanofibers were thoroughly investigated. 

Rheological analysis revealed that increasing the PAN concentration leads to a non-linear  

enhancement in viscosity, intrinsic viscosity and viscoelastic moduli indicating stronger chain 

entanglements and the formation of a more stable network. 

FTIR analysis confirmed the preservation of PAN’s characteristic functional groups across 

all concentrations with minor shifts associated with intermolecular interactions. XRD patterns 

showed a clear trend of increasing crystallinity as concentration increased suggesting improved 

molecular ordering in the electrospun fibers. 

Morphological analysis demonstrated that bead-free and uniform fibers are obtained at 

concentrations above 5%, with optimal fiber formation at 7% and 9%. However, excessive  

concentration (11%) caused jet instability leading to branched fiber formation. 

The identified concentration window (7–9 wt%) can be used for stable electrospinning of 

PAN precursors for subsequent carbon fiber production the critical role of polymer concentration 

in determining the rheological behavior, molecular interactions and structural integrity of 

electrospun PAN nanofibers. The results provide valuable insights for optimizing solution 

preparation and processing conditions in nanofiber fabrication. 
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