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ABSTRACT  

The production of high strength carbon fibers is an energy intensive process where a 

significant cost involves the wet or dry spinning of polyacrylonitrile (PAN) fiber precursors. Melt 

spinning PAN fibers would allow for significant reduction in production cost and production 

hazards. Ionic liquids (ILs) are an attractive fiber processing medium due to their negligible vapor 

pressure and low toxicity. In addition, they are carbon forming precursors; upon carbonization 

residual ILs can enhance carbon yield although primarily useful for plasticized melt spinning of 

PAN precursor fibers. In this research, we investigated the influence of the molecular structure of 

the ILs and the control of the plasticizing interactions with PAN during melt spinning. The 

structure, thermal and mechanical properties of the melt spun PAN fibers were obtained by a 

combination of various characterization methods, such as differential scanning calorimetry (DSC), 

thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR), scanning 

electron microscopy (SEM), X-Ray Diffraction (XRD) and mechanical testing. These results 

demonstrated that ionic liquid structure and counter-anions influence the PAN fiber formation. 

More specifically, ILs containing bromide counter-anions produced PAN precursor fibers with 

increased mechanical properties compared to ILs containing chloride anions. Our research can 

provide foundation to understand the influence of ILs on melt spinning of PAN fibers and gives 

the guidelines for the more cost/energy efficient production of PAN-based carbon fibers. 
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1. INTRODUCTION  

The carbon fiber industry has been steadily growing over the past 10 years with emphasis 

in aerospace, military construction, automotive, and sporting goods technology.1,2  Commercially 

available high-strength carbon fibers exhibit exceptional mechanical properties with combination 

of tensile strengths reaching 7 GPa and tensile moduli upwards of 324 GPa.3,4 The high specific 

strength and tensile modulus of carbon fibers make them superior lightweight structural 

component compared to other reinforcement materials. Carbon fibers also exhibit high 

environmental durability. The most common polymeric precursor for carbon fibers is 

polyacrylonitrile (PAN) due to the high strain to failure in their carbonized filaments that also 

exhibit moderate carbon yield.5  PAN is the only polymer precursor that provides high-strength 

carbon fibers. However, commercially available PAN-based fibers are traditionally manufactured 

through a solution spinning process, commonly referred to as wet spinning.  Due to the nitrile 

groups of PAN, which feature strong dipole–dipole interactions, PAN is only soluble in highly 

polar solvents such as DMF, DMSO, etc.1,6  Wet spinning PAN fibers from solution requires 

multiple unit operations―resulting in high production costs. In addition to the capital costs, use 

of the expensive and environmentally harmful solvents to prepare the precursor contribute 

significantly to the production costs.7,8  More specifically, this has a direct correlation to the high 

costs of pressure vessels used for hydrogen storage system where the cost of carbon fiber is nearly 

75% of the total system cost.9 

 The ability to melt-spin PAN into fibers has been identified as a significant cost-saver for 

high strength carbon fiber production. Melt spinning can eliminate the added expense of solvent 

recovery and recycling.10 However, PAN undergoes a thermally induced crosslinking reaction 

prior to reaching the crystalline melting temperature (~317 °C).  To avoid the PAN crosslinking 

reaction, prior research has focused on modifying PAN via two methods: internal and external 

plasticization.5,11,12  External plasticization is the preferred method for PAN fiber precursors 

because increasing the co-monomer concentration, or internal plasticization, can lead to poor 

mechanical properties due to low polarity, decreased orientation, and instability of the plasticizers 

at high temperatures.8,13,14  Selection of an external plasticizing reagent must consider effects of 

plasticizers in forming voids within the carbonized fibers and such a porous structure is detrimental 

to the overall mechanical properties.5  
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 More recently, ionic liquids (ILs) have attracted attention as potential “green solvents” that 

may be applied to the production of high-strength carbon fibers.15  Ionic liquids are liquid salts at 

room temperature that offer many advantages over traditional solvents including negligible vapor 

pressures, low toxicity, good thermal stability, and can yield carbon upon controlled 

carbonization.14–16 ILs have been used as plasticizers for other polymeric systems, where ILs were 

shown to reduce glass transition temperatures and melt viscosities.17 Several articles have reported 

PAN plasticization for melt spinning of PAN fibers using 1-butyl-3-methylimidazolium chloride 

ionic salt.5,6,8,18 These researchers were able to successfully melt spin PAN fiber and proposed that 

through the miscibility of the thermally stable IL in PAN via a strong hydrogen interaction between 

nitrile groups of PAN and the imidazolium rings of the IL, the dipolar interactions are disrupted 

leading to low melting temperature and viscosity of the PAN polymer. However, this dipolar 

interaction is weak, as the dipole moment on the imidazole cation is less than that of the nitrile. It 

is known that the plasticizing properties of ILs are profoundly affected by the substituents and can 

be systematically influenced by the size, stereochemistry, and position of the alkyl and substituent 

functional groups in the organic cations and types of counter-anions.  To the best of our knowledge, 

there is little research focused on the molecular structure of the IL and the influences that IL has 

on the thermal and mechanical properties of melt-spun PAN fibers. Therefore, a strategy in 

tailoring the cation structure and counter-anion of ILs could provide a more detailed and 

fundamental structure–property relationships for melt spinning and production of PAN carbon 

fibers. 

In this paper, we report our investigations of different ILs on the structure, thermal and 

mechanical properties of melt-spun PAN fiber by using differential scanning calorimetry (DSC), 

thermogravimetric analysis (TGA), and scanning electron microscopy (SEM), Fourier transform 

infrared spectroscopy (FTIR), X-Ray Diffraction (XRD) and mechanical testing.  We have 

expanded the catalog of ILs that can be used successfully to enhance the PAN melt spinning 

process.  Five imidazolium-based ILs were synthesized for this study to systematically investigate 

the effects of alkyl and substituent functional group and counter-anion on the efficiency of the IL 

plasticization on a commercial textile-grade PAN. PAN fibers have been successfully prepared 

through melt spinning in our laboratory providing a promising cost/energy efficient method to 

prepare PAN precursor fibers.   
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2. EXPERIMENTS AND MATERIALS 

2.1. Materials 

Textile-grade PAN powder (MW = 1.6 × 105 g/mol) consisting of 93/7 mole ratio of 

acrylonitrile/vinyl acetate was obtained from Carbon and Composite Group at ORNL. 1-propyl-3-

methylimidazolium bromide ([C3mim]Br), 1-butyl-3-methylimidazolium bromide ([C4mim]Br), 

1-butyl-3-methylimidazolium chloride ([C4mim]Cl), 1-(3-cyanopropyl)-3-methylimidazolium 

bromide ([MPCNIm]Br), and 1-(3-cyanopropyl)-3-methylimidazolium chloride ([MPCNIm]Cl) 

were synthesized in our laboratory, and their structure can be found in Figure 1. The detailed 

procedures for nitrile-containing ILs are provided in the Supporting Information (SI). 

 

Figure 1. Structure of ionic liquids A) [C3mim]Br, B) [C4mim]Br, C) [C4mim]Cl, D) 

[MPCNIm]Br, and E) [MPCNIm]Cl. 

2.2. Preparation of PAN composite melts 

PAN composite melts were prepared by mixing PAN powder with IL and heating to a 

certain temperature for a period of time. The typical procedure is as following: dry white PAN 

powder was mixed with the IL in a 20 mL glass vial.  The PAN-IL mixture was then purged with 

Argon for one minute and was heated to a temperature ranging from 120 to 170°C, depending on 

the IL type used, with a heating block until a homogeneous melt was formed. The initial samples 

prepared for this study contained 3/7 ratio of PAN/IL.  

2.3. Plasticized melt spinning of PAN fibers 
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Melt spinning experiments were initially performed with an Atlas Laboratory Melt 

Extruder and Take Up System.  For our experiments, the rotor temperature was set to 150 °C, the 

header temperature was set to 160 °C, and rotational speed was set to 90 RPM. When the melted 

polymer composite is extruded from the orifice, i.e. the extrudate, the polymer thread was initially 

wrapped around the take up spool with tweezers. Once the thread was wrapped around the spool, 

the take up speed for spinning of the PAN precursor was maintained at 60 ft/min. Ionic liquids 

recovery was investigated by contacting either the composite melts or the as-spun fibers with 

deionized water for ~18 hours and then dried at 100 °C for 2 hours. The washed melts or fibers 

were characterized by TGA, DSC, SEM, FTIR and XRD/WAXD. 

2.4. Measurements 

Scanning Electron Microscopy (SEM, JSM-6060 JEOL) was used to survey the cross-

sectional and surface morphologies of the melt-spun PAN fibers before and after the removal of 

the ILs.  

Differential scanning calorimeter (DSC Q100, TA Instruments) was used to determine the 

thermal performance of the pure ionic liquids, pure PAN powder, PAN-IL composite melts and 

the PAN fibers before and after the removal of the ILs. The samples were heated under nitrogen 

to 60 °C at a rate of 10 °C/min and held there for 10 minutes to give uniform starting temperature 

regardless their previous treatment condition (e.g., no washing or washing and drying in DI water, 

etc.). The samples were then heated to 400 °C and cooled back to room temperature with a heating 

and cooling rate of 10 °C/min.  

Thermogravimetric analysis (TGA 2950, TA Instruments) was used to calculate the carbon 

yield of the pure ILs, pure PAN powder, PAN-IL composite melts and the PAN fibers before and 

after the removal of the ILs. Samples were heated in N2 from room temperature to 800 °C at a rate 

of 10 °C/min. 

The rheometer (AR2000ex, TA Instruments) was fitted with a 25.0 mm diameter cone and 

plate fixture. To determine the viscosity of select PAN-IL composites a temperature sweep was 

preformed from 140°C to 280°C at 5°C/min.  The angular frequency, ω, was held constant at 1 

rad/s.   
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The infrared spectra at multiple stages of fiber formation was recorded using a FTIR 

spectrometer (Perkin Elmer Frontier FTIR). Each sample was measured using the attenuated total 

reflectance mode (ATR). Each measurement was taken from 650 cm−1 to 4000 cm−1 with an 

average of 16 scans and a resolution of 4 cm−1.  

An Atlas Laboratory Mixing Extruder (LME) was used to perform preliminary melt 

spinning experiments. The LME uses rotational shearing and provides extensive mixing of the 

PAN-IL composites before extrusion.  The LME has a maximum working temperature of 400 °C, 

variable rotational speed of 5–260 rpm, and an orifice with a size of 1/8 in.  The temperature of 

the rotor and orifice header are controlled separately through two PIDs. Combining the LME with 

the Take Up System (TUS), we can spool and slightly stretch the fiber during formation. The TUS 

has a maximum take up speed of 250 ft/min.  The LME is a beneficial preliminary tool because it 

can process fibers with a small sample starting size (~3 grams). 

Approximately ~10 grams of a select PAN/[C4mim]Br composite solid was loaded into a 

single-shot extruder based on simple plunger and barrel assembly (Alex James & Associates Fiber) 

appointed with a 100 µm aperture. The solid was purged with nitrogen gas for 1 h prior to sealing. 

Following the purging step, a heated jacket was set to 170 °C, the barrel assembly inserted into a 

single-shot fiber spinning unit and allowed preheat for 15 minutes. After the assembly had reached 

temperature, the melt was pressurized through the 100 µm die by a screw-driven press. The 

resulting monofilament was taken up on an analogue winding unit. Winder unit take up speed was 

increased until the fiber became unstable and broke, then slightly reduced in speed to stability and 

maintained for the duration of the extrusion. The as-spun fibers were then subjected to a post-

spinning draw and washing step using a set of two rollers and a draw ratio of 2x (Vr2=2Vr1) which 

stretched the fibers through a boiling DI water bath. 

The mechanical properties of the as-spun and washed PAN fibers were preformed using an 

Instron 5943 Universal Testing Machine. The fibers were fixed on paper mounts with a 25.4 mm 

gauge length and 10 mm/min speed.  A minimum of 40 tests were performed for each PAN-IL 

fiber to obtain the average elastic modulus, tensile strength, and extension. 

             X-ray diffraction (XRD) analysis using CuKα (λ = 0.1542 nm) of the PAN fibers was 

conducted using a PANalytical Empyrean diffractometer, operated at 45 kV and 40 mA (scanned 
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at 0.026° per step). And the crystalline orientation of the fibers was obtained by wide angle X-ray 

diffraction (WAXD) using X'Pert3 MRD instrument.  

 The average crystal size <L(200)> was calculated using the Scherrer equation: 

<L(200)> = κλ/β cos θ  

where κ is the constant for the device used, which was taken to be 0.9; λ = 0.1542 nm for 

wavelength of CuKα X-rays; β is the full width at half maximum in radians at (200) reflection 

corresponding to 2θ ~ 17.2°.  

 The crystallinity in the spun PAN fibers was determined from the XRD data of the fibers 

using Hinrichsen's method.19 The diffraction peak was deconvoluted to two peaks based on 

contributions by crystalline and amorphous phases and based on the relative areas of these peaks, 

the percent of crystallinity in the fibers was calculated.  

 The qualitative degree of orientation of the crystalline phase of the fibers along the fiber 

direction was obtained from the azimuthal scan data of the fibers associated with the (200) planes 

at 2θ = 17.2 o, and the degree of orientation determined by the following expression: 

% degree orientation = (180-H)*100/180 

where H is the full width at half the maximum intensity at 2θ = 17.2 o diffraction. 

 

3. RESULTS AND DISCUSSION 

3.1. Thermophysical characterization of ILs, PAN, and PAN-IL composites 

 The thermal analysis of the ILs, PAN, and PAN-IL composites are important for 

quantifying and understanding the plasticization effect of the ionic liquids on PAN composite 

melts.  Ionic liquids with halide as anion are known to be relatively hygroscopic and readily absorb 

water when exposed to air.15  This will result in an endothermic transitions during DSC 

experiments centered around 100 °C where the vaporization of the water will occur.  To remove 

the absorbed water from the ILs, PAN, and PAN-IL composites, the samples were placed in a 

vacuum oven at 55 °C for 24 hours. As shown in Figure 2, the DSC thermograms for the neat ILs 

each exhibits one endothermic phase transition at temperatures above 250 °C. This endothermic 

phase transition peak corresponds to the decomposition temperature of the ILs.18 PAN exhibits a 

large single exotherm from the cyclization reactions of the nitrile (CN) groups centered at 289 

°C.20 Due to the slow heating rates, the melting behavior of PAN is not visible on the 
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thermograms.20  Additionally, the cyclization reaction changes the nature of the PAN. The 

generally accepted melting temperature of neat PAN is approximately 320 °C.21–23 The melting 

points of ILs and PAN could not be observed by DSC. For [C4mim]Br and [C4mim]Cl, two 

different instruments were used but no melting point was observed in both cases. In fact, it was 

reported24 by Brennecke and her coworkers before that certain types of ILs can lose the melting 

point because of the formation of an amorphous glass on cooling and reformation of the liquid on 

heating. 
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Figure 2. DSC thermograms of neat PAN and ILs. 

 It is necessary to understand the plasticization effects the ILs have on PAN during the 

PAN-IL composite stage in order to determine the melt processability of PAN for its spinning into 

fibers.  The DSC curves in Figure 3 illustrate that the glass transition temperature (Tg) and melting 

temperature (Tm) for 30 % PAN in five ILs are visible and greatly suppressed compared to 95°C 

(measured Tg) and 320°C (literature value) of pure PAN used in this study. In Figure 3, the dotted 

vertical lines represent the measured Tg of a given PAN/IL composite and the solid vertical lines 

represent their Tm.  The ILs have depressed the Tm of PAN composite melts by over 150 °C and 

the Tg up to 13 °C As shown in Figure 3 and Table 1, as the plasticizing IL becomes bulkier or 

larger, by either an increase in carbon chain length or a nitrile on the end of the alkyl chain, the Tm 

and Tg are depressed less when compared to a smaller alkyl chain. However, when the IL cation 
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is the same, the IL with a chloride anion has lower melting temperatures compared to the same 

cation with a bromide anion. For example, composites with 30 % PAN in [C4mim]Cl the Tm is 108 

°C and for [C4mim]Br the Tm is 139 °C. This could be attributed to two general ideas: The chloride 

anion is smaller than the bromide anion as well as the chloride anion has a larger electronegativity 

compared to bromide. It has been hypothesized that the addition of ionic liquids into a PAN matrix 

the ionic liquids will create more degree of disorder between the polymer chains.18 In Table 1, the 

heat of fusion (ΔHf) for ILs containing chloride anions are larger than bromide anions with the 

same corresponding cation.  The smaller ΔHf, such as for 30 wt.% PAN in [C3mim]Br, corresponds 

to a higher disordered state as a result of the IL penetrating into the crystalline domains of PAN 

and disrupting chain alignment.5,18 These DSC results suggested that PAN precursor fiber should 

be easily melt-spun at low temperatures for the production of carbon fiber precursors.  
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Figure 3. Effect of ionic liquid structure on the glass transition and melting behavior of PAN 

composite melts. 
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Table 1. DSC Data for five PAN composite melts containing 30 wt.% PAN  

Ionic Liquid Tg (°C) Tm (°C) IL Recovery 

(%)  

ΔT = Tf-Ti 

(°C) 

ΔHf (J/g) 

[C3mim]Br 72.1 108 89.0 43.9 1.12 

[C4mim]Br 82.1 138 86.9 39.6 6.38 

[C4mim]Cl 76.6 108 85.1 69.9 10.2 

[MPCNIm]Br 86.0 157 81.7 85.6 6.97 

[MPCNIm]Cl 85.4 151 78.9 76.7 18.1 

Ti: Initial temperature where the melting transition occurs. 
Ti: Final temperature where the melting transition is completed. 
 
 TGA was performed under nitrogen environment to determine the thermal stability and 

carbon yield for PAN, ILs, and PAN-ILs composites. Figure 4 show the weight loss and thermal 

stability for five PAN composites.  There is initial mass loss at 100 °C for all PAN-IL samples.  

This mass loss is the result of the release of water from the composites.  The composites show a 

rapid weight loss between 200 and 300 °C which corresponds to the thermal degradation of the 

ILs as seen in Figure 2.  PAN composites with ILs containing bromide anions gave overall higher 

carbon yields when compared to ILs containing chloride anions at 800 °C.  As the ILs become 

bulkier i.e. longer carbon side chain length or additional nitrile groups, the carbon yield is increased 

suggesting that the ILs are acting as carbon generators. The recyclability of the ILs from the 

composites were also investigated. These preliminary tests indicated that ILs can be easily recycled 

simply by contacting with water with recovery rate 80% or above.  Removing the ILs increased 

the carbon yield of PAN by about 40% compared to the original PAN-IL composites as seen in 

Table 2 and Figure 4.  Comparing the carbon yields from the composites to neat PAN before and 

after washing, it becomes apparent that the ILs could help align polymer chains during formation 

of the PAN-IL composite melts.  The carbon yield for these PAN-IL composites after removing 

IL is comparable to the carbon yield of commercial solution-spun PAN fibers as reported by Liu 

et al.5 
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Figure 4. TGA curves of PAN and PAN-IL composites (solid lines) and after contacting with 
water (dotted line). 

Table 2. Physical properties of PAN-IL composite melts. 

Ionic Liquid 

Melts formed 

Temperature 

(°C) 

PAN (%) 

Carbon Yield (%) at 800 (°C) 

Original 
After washing in 

water 

PAN  100 33.4 --- 

[C3mim]Br 140-160 30.2 20.4 60.0 

[C4mim]Br 140-150 30.1 24.0 59.4 

[C4mim]Cl 120-140 30.1 13.1 56.1 

[MPCNIm]Br 140-170 29.9 26.5 61.4 

[MPCNIm]Cl 150-170 30.0 21.1 58.8 

 

3.2. Preliminary Rheology Experiments  

    The rheology measurements are an important technique to determine the “melt spinnability” of 

the composite materials.  The melt spinnability or processability is determined by the thermal 

rheological behaviors under the theoretical spinning conditions. Viscosity is the measurement of 

the materials resistance to flow. Temperature-dependent complex viscosity profile is useful to 
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determining the minimum viscosity the composites can achieve before the inherent crosslinking 

between nitriles on PAN commences. The viscosity curves are influenced by two physical 

properties of the composites as a function of temperature (1) the molecular activity of the polymer 

was increased leading to an initial, exponential decrease in viscosity and (2) the polymer exhibited 

crosslinking at temperatures > 260 °C resulting in a steep increase in viscosity. A PAN 

concentration series with [C4mim]Cl as the plasticizing IL was investigated.  Figure 5 shows the 

effect of PAN concentration which was increased from 20% to 40% on viscosity.  Generally, the 

viscosity increases when increasing the PAN concentration from 20 to 40%. Although at low-

temperature region 20% PAN containing composition show slightly higher viscosity than the 30 

% PAN containing counterpart. This anomaly could be linked to inhomogeneity in lower amount 

of PAN in the material.  The increase in viscosity is expected knowing that it takes a longer time 

for a uniform melt to form when increasing PAN concentration.  At lower PAN concentrations the 

composites are gel-like melts that are easily pliable however, when increasing the PAN 

concentration, the composites become more solid and brittle. As the concentration of PAN is 

increased, the composites require more energy for the polymer chains to move freely which results 

in a slower decrease in viscosity as a function of temperature. From these initial rheological 

experiments, the temperature chosen for preliminary melt spinning experiments is 150 °C and 30% 

PAN sample is selected for melt spinning experiments. 
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Figure 5. Complex viscosity of different weight percentages of PAN- [C4mim]Cl melts. 

3.3. Preliminary Melt Spinning and Characterization of Melt-Spun PAN Fibers 

An Atlas Laboratory Mixing Extruder was used to process fibers with a small sample 

starting size (~3 grams). The picture of the apparatus’ head used for fiber spinning process is 

shown in Figure 6. For initial experiments, the rotor temperature was set to 150 °C, the header 

temperature was set to 160 °C, and rotational speed was set to 90 RPM. When the melted polymer 

composite is extruded from the orifice, also known as the extrudate, the polymer was picked up 

using tweezer and wrapped around the take up spool. The take up speed for spinning of the PAN 

precursor was approximately 60 ft/min. The 5 PAN-IL composites that were tested all contained 

30 wt% of PAN.  The reason that 30% of PAN containing IL compositions are selected for fiber 

formation experiments is that these formed the most homogeneous melts and their rheologic 

properties are the best suitable for melt-spinning at 150 ̊C. The ILs chosen for the initial composites 

included [C3mim]Br, [C4mim]Br, [C4mim]Cl, [MPCNIm]Br, and [MPCNIm]Cl.   

 The as-spun PAN fiber precursors are shown in Figure 7 and the diameters of the fibers are 

listed in Table 3. Samples sizes for initial spinning experiments were approximately 3 grams and 

we were able to produce 60% of the original composite melt in fiber form. After the fibers were 
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spun, both the as-spun fibers and fibers contacted with water were characterized by using SEM, 

DSC, TGA, FTIR and WXRD and the mechanical properties were also investigated. SEM 

provided the characterization of the surface morphology and the cross section of the fibers. Figure 

8 shows the morphology and cross section of the PAN fibers from a composite containing 30 wt.% 

PAN in [C4mim]Br. In Figure 8(A), the as spun PAN-[C4mim]Br fibers exhibit an overall smooth 

surface morphology. Commercially available PAN fibers, typically manufactured through solution 

spinning, exhibit rough surface morphologies where the surfaces are often deformed with long, 

rough grooves or striations.25 Figure 8 (B) shows the circular cross sections of the as-spun fiber.  

This is a good achievement considering spinning of the fiber at small scale using a bench-top 

device. A symmetric cross section increases the prospect of the fiber exhibiting a lower porosity 

which would increase the tensile strength of the fibers. The surface morphology was also analyzed 

after removing the residual IL from the PAN fiber. After washing, the fibers still exhibit a relatively 

smooth surface and no voids form within the core of the fibers [Figure 8 (D), (E), (F)]. SEM 

revealed that the IL removal from the fibers does not generate a visual increase in inhomogeneities 

on the surface or within the cross section which could potentially result in enhanced mechanical 

properties of the final carbon fibers. The removal of the ILs slightly lowers the diameter of the 

PAN fibers, as seen in Table 3. Considering very rudimentary method employed for fiber 

generation and lack of precise tensioning during pulling the fiber, formation of homogeneous 

fibers without void is a significant accomplishment. The fiber diameter variation can be minimized 

by deployment of scaled-up fiber spinning process. This concludes that the removal of the ILs does 

not have an impact on the integrity of the fibers. The SEM image analysis for the PAN fibers spun 

from the remaining 4 ILs can be found in Fig. S1–4 of SI). 
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Figure 6. Melt spinning process: experiment apparatus. A) spinner head and B) spun fibers on a 

spool 

 

 

Figure 7. Melt spun PAN fiber from PAN-IL composites containing [C3mim]Br, [C4mim]Br, 

[MPCNIm]Br, [C4mim]Cl, and [MPCNIm]Cl in order from left to right. 

A B 
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Figure 8. SEM images of A) as spun PAN fiber from PAN-[C4mim]Br composite, B, C) cross 

section of as spun fiber, D) PAN fiber after washing, and E, F) cross section of washed fiber.  

 

Table 3. Diameters of Melt Spun PAN Fibers 

Fiber Sample As Spun Fiber Diameter (μm) Washed Fiber Diameter (μm) 

[C3mim]Br 56.2 ± 1.6 53.4 ± 7.6 

[C4mim]Br 56.8 ± 2.0 45.6 ± 7.9  

[C4mim]Cl 54.7 ± 0.8 45.3 ± 8.7 

[MPCNIm]Br 59.6 ± 2.5 47.9 ± 14.1 

[MPCNIm]Cl 53.4 ± 1.7 48.6 ± 10.4 

 

 Secondary thermophysical characterization experiments were conducted to confirm and 

verify the successful realignment of polymer chains during the spinning extrusion and drawing 

phase.  Figure 9 shows that the as-spun PAN/IL fiber has a smaller exotherm at 300 °C, lower total 

heat evolved over a larger temperature range, compared to the PAN-[C4mim]Br composite melt 

before spinning to fiber form.  The decrease in exotherm size indicates that the PAN fibers are in 

favor of a subsequent stabilization process.5,26  The exotherms for the as-spun fibers appear over a 

larger range compared to the composite melts for example, in Figure 9 the as-spun fiber exotherm 
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ranges from 289°C to 345°C (a range of  56 °C) compared to the composite melt exotherm range 

of 296 °C to 333 °C (a range of 37 °C).  The increase range of the exotherm for the as spun fibers 

is more desirable than the smaller range or intense exotherms of the composite melts because there 

are reduced chance for damage to the fibers during the oxidation process.26 Before the exotherm 

occurs there is a small endotherm for the as-spun fibers.  This endotherm is a result of the ILs 

present within the fibers and its decomposition.  After the ILs are removed from the PAN fiber 

precursors, the exothermic reactions have an even lower initial temperature, lower peak 

temperature, and broader DSC exotherm compared to the as-spun fibers. The washed fibers 

generally have a lower heat released (ΔH) which implies that the stabilization time required for 

the oxidation of the fibers can be reduced.18,26 This process is where the polymer chains begin to 

crosslink and form the offset ladder intermediate structure, a characteristic for PAN fibers, where 

the PAN undergoes a transition from linear polymer chains into a more rigid, stable ladder 

structure. Initially the amorphous region of the PAN stabilizes followed by the oriented crystalline 

regions. The DSC thermograms for the remaining PAN-IL samples can be found in Fig. S5. 
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Figure 9. DSC curves for PAN-[C4mim]Br composite , as-spun fiber, and washed fiber (under 

nitrogen). 

 Understanding the thermal stability at different phases of the PAN fiber precursor 

stabilization process can illuminate the evolution of the carbon yield. TGA was performed on the 

as-spun PAN fiber precursors and after the fiber precursors had been contacted with water. TGA 
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plots for PAN-[C4mim]Br samples are shown in Figure 10.  Initially, the IL, the 30 wt.% PAN in 

[C4mim]Br melts, and as-spun fibers have an obvious weight loss around 100 °C from the 

vaporization of water. The IL, PAN composite melt and the as-spun fiber experience a large weight 

loss at approximately 300 °C from the thermal degradation of the ionic liquid.  These two 

characteristic weight losses (100 and 300°C) are not seen for the washed fiber as most of water 

and the IL are removed.  It is also noted that the carbon yield increases from the composite melt 

(24.3 %) to the as-spun fiber (36.8%) and to the washed fiber (53.8%). The TGA data for the 4 

other PAN-IL composites are listed in Table 4 and their plots are shown in Fig. S6 (see SI). The 

increase in the carbon yield is a direct result of the polymer chains having a higher content of 

interconnected thermally stable unit formed via cyclization or ladder structure formation during 

thermal scans. ILs containing a bromide anion result in a higher carbon yield for PAN at all stages 

compared to chloride containing IL when the ILs have the same cation. An increase in the carbon 

yield will result in better mechanical properties of the carbon fiber because there will be less non-

carbon atoms to remove during the carbonization step. 
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Figure 10. TGA curves of [C4mim]Br (purple), PAN-[C4mim]Br composite  (red), as spun PAN 

fiber (blue), and washed PAN fiber (green).     
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Table 4. Percent carbon yield from TGA curves (under nitrogen) for the PAN-IL melts, as-spun 

fibers, and washed fibers. 

Fiber sample Melt As-spun fiber Washed fiber 

[C3mim]Br 20.3 44.4 53.7 

[C4mim]Br 24.4 36.8 53.8 

[C4mim]Cl 13.1 29.3 45.0 

[MPCNIm]Br 26.5 38.4 58.5 

[MPCNIm]Cl 21.0 33.1 52.2 

 

 FTIR is a common technique to analyze the functional groups of PAN fibers. FTIR was 

used to understand the evolution of the structure of PAN-IL composite melts, as-spun fibers, and 

washed fibers.  Figure 11 shows the changes in the IR spectra for [C4mim]Br, PAN-[C4mim]Br 

composite melt, as-spun PAN fiber, washed PAN fiber, and neat PAN powder. The IR spectra for 

[Cnmim]+ containing IL show characteristic IR bands at 750, 820–840, 1167, 1560, and 2800–

3200 cm−1 for the alkyl and imidazolium ring stretching and bending.27  These bands are apparent 

in samples containing ILs and disappear when the PAN fibers have been washed with water.  This 

represents that most if not all the ILs can be removed during the fiber washing procedure. As stated 

before, ILs containing halide are hygroscopic and samples containing ILs show some water in 

which OH stretching can be seen around 3420 cm−1. The band around 2240 cm−1 for samples 

containing PAN is correlated to the stretching modes of C≡N nitrile groups. This stretching band 

is noticeably smallest for the PAN-ILs melt composites due to the decrease in polymer alignment 

resulting from increases in the distances between the nitrile groups of the PAN.  The distance 

between nitrile groups decreases due to the formation of dipole pairs between the C≡N and the ILs 

indicating strong interactions between the ILs and PAN.28  The intensity of the stretching band 

intensifies when the PAN-IL composite melts are stretched into fibers as an increase in the linear 

structure of the PAN takes place and the distances between nitrile groups decreases.  The C≡N 

band in the IR spectra continues to intensify after the PAN fibers are washed and ILs are removed. 

The removal of ionic liquids decreases the free volume between nitriles allowing the nitrile groups 

to approach neighboring nitriles and forming an increase number of nitrile pairs.27 Additionally, 

when fibers are spun from composites containing MPCNIm+ cation species, there is a small red 
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shift in the C≡N band. A nitrile band shift to lower frequencies suggests a more favorable 

conditions for the cyclization reactions to occur. 

  FTIR spectra for the as-spun and washed PAN fibers exhibit the formation of new 

stretching bands at 1610 cm−1 and 1680 cm−1 as shown the blue and green curves in Figure 9.  

These new bands are related to the stretching of C=N combined with aromatic C=C vibrations with 

=N-H in-plane bending of the ladder structure and C=O groups resepctfully.5,29-32 The band at 1610 

cm−1 is attributed to the initiation of the cyclization and dehydrogenation reactions from the 

polymer chains. The cyclization of the PAN polymer chains was initiated during the spinning 

process where elevated temperatures are used during melt spinning. The band intensifies as the IL 

is removed from the PAN fiber which indicates the increased interactions between C=N and C=C 

bonds. The spectra in Figure 11 confirms the gradual increase in the onset of cyclization of linear 

PAN.29  This partially cyclized structure exhibited by the washed fibers further confirms the lower 

heat evolved that was observed in the DSC analyses and the shift in stabilization exotherm to lower 

temperature. The partially cyclized polymer chains lessen the exothermic heat given off during the 

stabilization stage to shorten the residence time.5   This increases the amount of the ladder structure 

exhibited by the washed fibers and also contributes to the higher carbon yield content. The band 

centered at 1680 cm−1 corresponds to the conjugated ketone groups on the cyclic structure.30,31  

The formation of this band is a result of the surface oxidation in presence of oxygen during the 

fiber formation process as the band is not apparent in the PAN-IL composite melt as shown in 

Figure 11.  The linear PAN chains uptake oxygen forming carbonyl groups.  As the temperature 

is increased during the melt spinning process more of carbonyl groups are formed. The formation 

of the new 1610 cm−1 and 1680 cm−1 bands can be seen in each washed fiber regardless of the 

plasticizing IL. However, the intensity of this band is stronger for fibers formed with [C4mim]Br 

and even more intense when [MPCNIm]Br is used as the plasticizing species (Fig. S7). This 

suggests that imidazolium based ILs with longer and bulkier substituent group and with a bromide 

counter-anion are promising for the formation of PAN fibers through melt spinning and indicates 

that the chosen ILs can be beneficial for the stabilization process of PAN precursors for the 

production of carbon fiber. For ILs containing [MPCNIm]+ cations an absorbance band exists at 

2240 cm−1 correlating to the stretching mode of the C≡N on the imidazolium substituent.  FTIR 

spectra for the remaining PAN-IL composites and fibers can be found in Fig. S7 A–D in SI. 
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Figure 11. FTIR spectra of [C4mim]Br (purple), PAN-[C4mim]Br melt composite (red), as spun 

PAN fiber (blue), PAN fiber after washing (green), and PAN powder (black). 

 

    The XRD patterns and calculated structural data (crystallinity, crystal size and crystalline 

orientation) of the as-spun PAN-IL fibers containing [C3mim]Br, [C4mim]Br, [MPCNIm]Br, 

[C4mim]Cl, and [MPCNIm]Cl are shown in Figure S8 and Table S2. For the as-spun PAN-IL 

fibers containing different ILs, it is evident that the crystallinity was in the order of [C3mim]Br 

(63. 4%) ≈ [C4mim]Br (63.1%) > [MPCNIm]Cl (61.9%) > [C4mim]Cl (49.3%) > [MPCNIm]Br 

(38.9%), while the crystal size of the samples are in the order of [C3mim]Br (11.45 nm) > 

[MPCNIm]Cl (9.66 nm) > [MPCNIm]Br (8.08) > [C4mim]Br (7.86 nm) > [C4mim]Cl (7.11 nm) 

nm). Thus, the PAN-[C4mim]Br fiber showed the almost highest crystallinity and the second 

smallest crystal size. Although the crystal size of PAN-[C4mim]Cl is smaller than that of PAN-

[C4mim]Br, the crystallinity of PAN-[C4mim]Cl is very low (49.3%). For the crystallinity 

orientation, 78% of crystallinity orientation for PAN-[C4mim]Br was higher than that of PAN-

[MPCNIm]Cl (75%) ~ PAN-[C3mim]Br (74%) ~ and PAN-[C4mim]Br (70%), a little lower than 

PAN-[MPCNIm]Br (81%).  

The structures of the as-spun PAN-[C4mim]Br and washed fibers produced with single-

shot apparatus (100 µm die) were also investigated by XRD.  The results are shown in Figure 12 
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and indicated that the removal of ILs slightly influences the crystallinity and crystal size of the 

PAN fibers. The as-spun fiber showed 43.9% crystallinity with 8.8 nm crystal size. Washing 

increased crystallinity to 69.9% and crystal size to 9.5 nm. The morphological parameters are the 

key factors for the mechanical properties of the fibers, which is consistent with the results as shown 

in the next section. 
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Figure 12. XRD results of as-spun PAN-[C4mim]Br and washed fibers 

 

3.4. Mechanical testing of as-spun and washed PAN fibers 

The traditional single fiber tensile testing was used to evaluate the mechanical properties 

of the individual PAN precursor fibers at each stage of the stabilization process. It was reported 

that the ability to melt-spin PAN into fibers has been identified as a significant cost-saver for high 

strength carbon fiber production as discussed in the above. Melt spinning can eliminate the added 

expense of solvent recovery and recycling.10 Measuring the mechanical properties throughout the 

multiple stages of the processing allow us to monitor the physical and chemical structural 

transformations. Single fiber tensile testing was performed using an Instron 5943 Universal 

Testing Machine. For each PAN-fiber 40 samples were tested with a gauge length of 25.4 mm and 

a cross head speed of 10 mm/min. The single fiber specimens were measured until break using a 
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10 N load cell. The mechanical properties for the as-spun and washed PAN fibers are shown in 

Figure 13. Compared to the as-spun fibers, the washed PAN fibers show an increase in both the 

elastic modulus and tensile strength (Figure 13 A and B) with reduced extension (Figure13 C). 

The tensile strength and modulus are comparable to larger diameter PAN precursors where the 

mechanical properties are expected to increase by drawing the fiber into smaller diameter 

filament.33 The increase in elastic modulus and tensile strength of each washed PAN fiber 

correlates to the respective increased carbon yield exhibited when the ILs are removed from the 

as-spun PAN fibers.33  The increase in mechanical properties further supports the hypothesis that 

a favorable structure transformation occurs during the fiber washing or removal of the IL. The 

ionic liquids in the as-spun fibers act as a plasticizing medium resulting in a higher concentration 

of amorphous PAN polymer chains. This higher amorphous PAN concentration can result in the 

as-spun fibers to be stretched to a greater degree compared to the washed fibers as shown by a 

greater extension at break percentage (Figure 13 C).   After the removal of the ILs the polymer 

chains lose the elasticity they experienced in the as-spun phase where the ILs act as a lubricant for 

the stretching of fibers. The as-spun PAN fibers were more ductile where the fibers could be 

stretched to 100% of its original length.  However, when the ILs were removed the washed PAN 

fibers were only able to reach a maximum extension of ~46% for fibers from PAN-[MPCNIm]Br 

or PAN-[C4mim]Br composite melts. It is evident that PAN fibers that are produced with ILs 

containing a bromide anion have enhanced mechanical properties compared to PAN fibers 

prepared from ILs with chloride anion.  

Select 30% PAN [C4mim]Br composite melt was subsequently spun into fiber at slightly 

larger scale (~10 g) using the single-shot apparatus with 100 µm die.  As-spun fibers of 37 

micrometer diameters were obtained.  These fibers when subsequently washed and stretched, 

fibers with 22 micrometer diameters were produced. Comparison of 30% PAN in [C4mim]Br melt 

spun fiber properties resulting from the LME fitted with 1/8 inch die and higher speed single-shot 

extrusion apparatus with 100 µm die are shown in Table S1 (see SI).  A slight increase in mass 

throughput scale increased the fiber tensile properties from 110 MPa to 240 MPa for tensile 

strength and this is significant. Ongoing work explores melt-spinning of precursor with optimal 

properties and methodologies to convert the preferred precursors to carbonized filaments; structure 

and performance of those optimized filaments will be reported in future communications. 
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Figure 13. The mechanical properties of the PAN fibers: A) elastic modulus, B) ultimate tensile 

strength, and c) extension at break. 

4. CONCLUSIONS  

In the present work, homogeneous melt-spun PAN fibers were prepared utilizing a 

selection of ionic liquids. The fibers exhibited uniform cross sections, free from micro-voids, with 

smooth surface topographies. The structural evolution from PAN powder to PAN-IL composite 

melts to PAN fibers as a function of ILs was investigated utilizing DSC, TGA, and FTIR. The 

spinnability of the material was monitored in the melt phase through DSC where the melting 

temperature of PAN was reduced by 150 °C. The removal of the ionic liquid from the fibers 

showed that the linear PAN polymer chains were partially converted into cyclized ladder structures 
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through the formation of C=N, =NH, and C=C bonds.  FTIR also exhibited oxygen containing 

groups attached to cyclized structures that were generated during the spinning process. The 

formation of ladder structures resulted in a decrease in the stabilization temperature as shown in 

DSC and an increase in the carbon yield of the washed fibers compared to the PAN-IL composite 

melts and as-spun fibers.  The formation of new chemical structures resulted in an increase in the 

elastic modulus and tensile strength for the washed fibers where the increased mechanical 

properties are a result of an increase in the crystalline region of the polymer chains as indicated by 

XRD data. In summary, PAN fibers with enhanced mechanical properties can be prepared by melt 

spinning using ionic liquids as plasticizer.   
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