
ABSTRACT 

GUPTA, AMIT.  Novel Approaches to Fiber formation from Hydrogen Bond forming 

Polymers. (Under the direction of Dr. Richard Kotek and Dr. Saad Khan.) 

 

Hydrogen bond forming polymers such as aliphatic polyamides and poly (vinyl alcohol) are 

important engineering plastics with good mechanical properties. The intermolecular 

hydrogen bonding between adjacent chains imparts to them a high melting point and good 

chemical resistance. However, any further attempt at improving their mechanical properties 

gets thwarted due to the inability of molecular chains to be drawn beyond a certain extent as 

they are tightly held together by hydrogen bonding. Many approaches have been attempted in 

the past to suppress hydrogen bonding in aliphatic polyamides. Plasticizers such as ammonia, 

iodine, salts and several spinning methods such as dry spinning, wet spinning, gel spinning, 

and dry-jet wet spinning have been investigated. More specialized methods for obtaining 

high modulus aliphatic polyamides, such as vibrational zone drawing/annealing, as well as 

laser heating zone drawing/annealing, have also been tried. However, they all have led to 

little or no success in achieving high strength and modulus in polyamides. We have 

employed a new technique that involves the dry-jet wet spinning and drawing of GaCl3/nylon 

66 complex in this work. This new method allows traditional low draw ratios for nylon 66 to 

be increased by disrupting the interchain hydrogen bonded network. Fibers with a high 

modulus were obtained when high molecular weight nylon 66 was used. Further, we have 

also reviewed the concept of thermoreversible gelation and its application for gel spinning of 

ultra high molecular weight polyethylene fibers. We developed high strength and modulus 

nylon 6 and PVA fibers from the gels of these polymers in N-methyl pyrrolidinone. High 

molecular weight is essential for achieving more drawing of polymer chains which leads to 



high molecular orientation. Electrostatic spinning or electrospinning has received 

considerable research attention in recent years. It involves the application of an electric filed 

to a polymer solution or melt to facilitate production of fibers in the sub-micron down to 

nanometer range. The technique of electrospinning was applied to the complexes of GaCl3 

with nylon 6 resulting in porous nanofibers. Pores were generated by removal of GaCl3 salt 

from the as spun nanofibers via dipping in water. Researchers have tried in the past using a 

highly volatile solvent, or selective removal of one polymer from a bicomponent nanofiber 

for developing pores in nanofibers. However, using a metal salt proved to be a simple and 

fast approach for generating pores in electrospun nanofibers.  
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1. Motivation and Objectives 

Hydrogen bond forming polymers such as aliphatic polyamides (nylon 6 and nylon 

66) and polyvinyl alcohol (PVA) are important commercial thermoplastics with good 

mechanical properties. However, in applications needing increased mechanical performance 

it is required that these fibers possess much more superior properties. Numerous efforts have 

been made to improve the orientation and crystallinity of these fibers but they can’t be 

readily drawn at large draw ratios to get high orientation due to the presence of 

intermolecular hydrogen bonding. It is generally believed that hydrogen bonding makes these 

polymers important engineering plastics, because of the high strength it imparts. However, 

the interchain hydrogen bonds are seen as a barrier to ultradrawing of the polymer chains 

and, therefore, to the achievement of high strength and high modulus fibers.  

Over the past many years, numerous advances have been made in the development of 

polymeric fibers for high performance engineering applications [1]. To date, two major 

research approaches have been taken to produce such fibers. The first approach involves the 

production of fibers from polymers with inherent special properties, or the use of special 

techniques different from traditional melt, wet, and dry spinning. There are two classes under 

the first approach: 1) processing of rigid rod or liquid crystalline polymers like Zylon PBO, 

Vectran, and Kevlar, and, 2) processing of flexible chain polymers into highly oriented 

structures like polyvinyl alcohol, polyamides, polyolefins. The second approach involves the 

use of manmade silks and silk like polymers based on biotechnology for novel high 
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performance; however, the cost for viable productivity using this approach is prohibitive [2, 

3].  

The processing of new polymers such as rigid rod polymers has already been done and well 

established with little or no scope for further improvement. However, for the case of 

processing of flexible chain polymers only polyethylene has been exploited to its full 

potential giving rise to the well known ultra high molecular weight gel spun polyethylene 

fibers (UHMWPE). There has been some evidence in literature on successful attempts made 

for PVA resulting in fibers with improved mechanical properties compared to conventional 

PVA fibers, but still they are significantly below the standards of UHMWPE. On the other 

hand, for nylon 6 and nylon 66 none of the methods/attempts have produced fibers with 

properties even comparable to UHMWPE or even PVA. Aaldrik and co-workers investigated 

the role of hydrogen bonding in controlling the tensile deformation behavior of nylon 66 [4]. 

They found that the maximum draw ratio is independent of drawing temperature. In the 

crystalline regions, the hydrogen bonding was stable up to the melting temperature. 

Therefore highly oriented polyamides can possibly be made through tensile drawing by either 

suppression of crystallinity or modification of the number and strength of the hydrogen 

bonds within the polymer crystals.  

 

Hence, the primary objective or driving force of this research is to come up with ways 

for temporarily disrupting the hydrogen bonds in aliphatic polyamides and polyvinyl alcohol, 

thereby allowing us to process them in a way to generate fibers with enhanced performance 

such as improved mechanical properties or porous nanofibers with significantly enhanced 
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surface area. We will now discuss some of the attempts made by researchers in the past to 

overcome the low drawability of nylons such as plasticization, dry/wet spinning, zone 

drawing and annealing etc. and highlight their key findings towards obtaining high strength 

and modulus aliphatic polyamide fibers. We will also discuss the concept of “lewis acid-base 

complexation” and its use for disrupting the hydrogen bonds in polyamides. However, there 

is no prior evidence in literature (except for our work) for the use of this technique for 

producing fibers with improved mechanical properties. In the next step, we will discuss the 

concept of “thermoreversible gelation and gel spinning” and its successful application to 

UHMWPE and PVA and not so successful application to polyamides in producing high 

strength and modulus fibers. This will form the basis to our work in this dissertation on 

gelation and gel spinning of nylon 6. Finally, we will revisit the concept of lewis acid-base 

complexation and discuss its use for producing porous nanofibers via the technique of 

electrospinning, which is again something that hasn’t been attempted earlier to the best of our 

knowledge.  

 

2. Background 

2.1.  Hydrogen bond disruption in aliphatic polyamides 

The inability to ultra draw nylons is largely due to the presence of intermolecular 

hydrogen bonding between adjacent amide groups.  These hydrogen bonds exist in both 

crystalline and amorphous regions and have activation energy of ~ 8 kcal/mol [5].  Because 

nylons have higher melting points so high modulus nylon would potentially have a much 
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wider temperature range applications than a high modulus polyethylene would. The strong 

intermolecular secondary bonding affects the higher modulus and stiffer properties in the 

polymer but that also limits the deformation of these polymers.  As a result, several processes 

have been developed to relieve hydrogen bonding and to improve the ductility of nylons. 

First among them focuses on plasticizing the structure of polyamides by the use of ammonia, 

I2/KI or inorganic metal salts. Plasticization is attained by temporary disruption of the 

intermolecular hydrogen bonding between the adjacent polymer chains in aliphatic 

polyamides. Obviously, the plasticizer that was used in the process should be removed after 

processing, because it affects the physical properties of polymers. Porter and co-authors used 

anhydrous ammonia and iodine as plasticizers and investigated their effect on the draw ratios 

and initial moduli of polyamides [6-9]. Ammonia is a suitable plasticizer for nylons as it 

effectively bonds with the polymer chains via hydrogen bonding, it can be readily preserved 

in the extruded sample under the applied pressure, and can be readily removed by 

volatilization from the sample. Also, it is effective in the gaseous phase and is usually 

required in only small amounts. Infrared spectra of the untreated and ammonia treated nylon 

films provided evidence of the successful absorption of ammonia. In one of their works [6], 

they found that upon solid state extrusion of ammoniated nylon 6 and nylon 11 films the 

crystalline content increased from ~ 24 to ~ 53% for of nylon 6 and from ~ 26 to ~ 40% for 

nylon 11. Also, the melting points, birefringence, and tensile modulus of these polymers 

improved significantly with the use of ammonia.  
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Kanamoto and Porter studied the effect of anhydrous ammonia on the crystalline state 

deformation of nylon 6 and nylon 66 [8]. Figure 1.1 shows the stress-strain behavior of 

unplasticized nylon 66 and the polymer films plasticized with ammonia. As expected, the 

untreated sample (A) could not be stretched more than 4 times before tensile failure. The 

plasticized samples (B) and (C) could be extended about 7 times. Interestingly, the authors 

reported that the plasticized nylon 66 film could be stretched 8 times by raising the drawing 

temperature to 60 or 100oC. The draw ratio was determined from the ratio of the cross 

sectional areas of the undrawn to the drawn specimens. Therefore the combination of 

drawing temperature and NH3 plasticization overcomes the limitation of low draw ratios for 

nylons. They also found out that the crystallinity of the film sample plasticized with 

ammonia increased over the original unplasticized one by 10 %. X-ray analysis showed that 

ammonia is absorbed selectively in the amorphous phases, whereas crystalline phases remain 

unplasticized. This increases the segmental mobility of amorphous phases of nylon and 

results in the improvement of drawability [8]. 

 

Another effective plasticizer for nylons is iodine. There are some advantages to 

iodine complexation of polymers. For example, poly(vinylpyridine) – iodine [10] and nylon 6 

– iodine [11] complexes can be used as electrode materials on lithium – iodide batteries. This 

is based on the ability of the α-crystals in nylon 6 to transform fully to γ-crystals by treatment 

with an aqueous KI3 solution [12]. The iodine molecules interrupt the intermolecular 

hydrogen bonds and make a complex with nylon chains in both crystalline and amorphous 

phases. Early investigations showed the effect of KI3 on nylon-6 structural changes and 
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indicate that the hydrogen bonds in both crystalline and amorphous regions are interrupted, 

and there is considerable chain mobility in the nylon–I complex during the transformation 

[13-20]. Lee and Porter [21] investigated the drawability of nylon 6 - iodine complexes by 

solid state coextrusion. Thermal analysis and X-ray diffraction results confirmed that the 

complex structure can be affected by the concentrations of I2/KI. Figure 1.2 shows the 

possible models. Figure 1.2(a) shows the pure nylon 6 α crystal which has antiparallel packed 

chains. As the content of K+I3
- increases, first I3

- contributes structural changes and then I3
- 

and I5
- ions compete with each other in nylon 6 crystals. Finally at higher content of K+I3

-, 

the dominant crystal phase is complexed with the I5
- ions. The drawability of complexed 

films was examined by solid state coextrusion. Interestingly, the plasticizer ammonia 

changed only the amorphous regions of nylon 6, while iodine can change both crystalline and 

amorphous regions. They obtained a maximum draw ratio of 48 in the nylon 6 – iodine 

complex obtained from 1.0N I2/KI solutions. Although ultrahigh draw ratio was obtained, the 

initial modulus was less than 3 GPa [21]. The low modulus could be due to inefficient 

drawing resulting in more chain slippage than chain extension. The other possibility is that 

the removal of iodine was incomplete. The remaining iodine within the extrudate even at 

very small concentrations is likely to reduce the tensile modulus. Table 1.1 shows a summary 

of plasticizer effects by ammonia and iodine on the drawability and mechanical properties of 

nylon 6 and 6,6. To sum up we can say that plasticization of aliphatic polyamides with 

ammonia and iodine has limited use because of high volatility of these plasticizers. 

Consequently, solid state extrusion is the only processing option for these systems and the 

highest modulus obtained by these methods is only 13 GPa. 
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 Inorganic metal salts/lewis acids are also efficient plastcizers for aliphatic 

polyamides. Ciferri and co-workers studied the bulk properties of nylon-LiCl salt systems 

[22-26]. The crystallization rate and melting temperature decreased, but the melt viscosity 

increased with increasing salt contents. The melting temperatures of nylon 6 and 6,6 with 2% 

LiCl decreased by 15 °C. They suggested that the lithium ions bind to the carbonyl oxygen of 

the nylon chains which leads to the reduction in crystallization rate allowing a higher degree 

of amorphous orientation. In one of their works they spun salted nylon 6 fibers by melt 

spinning using a piston type extruder operating at 265° C [25, 26]. The filaments were 

extruded in air at room temperature, and wound up on a small rotating cylinder at a take-up 

speed of about 80 cm/min. The diffraction pattern of as-spun nylon 6-LiCl (4%) exhibited an 

oriented γ form, confirming that LiCl favors both the γ form and a high degree of orientation. 

Drawing of fibers prepared by melt spinning of nylon 6/lithium chloride mixtures, led to 

fibers with moduli in the range of 9-14 GPa [25, 26]. Richardson and Ward prepared fibers 

from nylon 6-LiCl mixtures and obtained moduli in the range of 8-9 GPa [27]. To conclude 

we can say that polyamides plasticized with inorganic salts (particularly nylon 6/LiCl 

system) can be easily melt spun and the resulting fibers showed higher drawability than pure 

polyamides. However, since polymer melt viscosity in melt spinning must be relatively low, 

only moderate molecular weight polyamides can be used and the modulus obtained from this 

process has been in the range from 9 to 14 GPa. 

 

 Another interesting approach for disrupting the hydrogen bonding in nylons is “lewis 

acid-base complexation”. Aliphatic polyamides and several other rigid rod and ladder shaped 
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polymers can be complexed with a metal salt/lewis acid in the presence of a suitable solvent. 

Jenekhe et al. were the first ones to investigate the concept of lewis acid-base complexation 

for polyamides [28-30]. Complete scission of the intermolecular hydrogen bonds in 

polyamides can be achieved by the 1:1 lewis acid complexation of the basic oxygen sites of 

the carbonyl groups to yield fully amorphous polyamides. Figure 1.3 shows this model for 

nylon 6 [29]. The model shown in this figure has been redrawn to look better. Vasanthan et 

al. showed the absence of hydrogen bonding in the nylon 66-GaCl3 complexed film by FTIR, 

13C-NMR, DSC and X-ray diffraction measurements [31]. 1:1 (GaCl3:carbonyl group) 

complex of nylon 66 with GaCl3 was prepared in nitromethane as solvent and FTIR and 13C-

NMR results showed that the complexed films are amorphous and rubbery with the glass 

transition temeparature at ~ -32 oC compared to ~ 50-60 oC for pure nylon 66. In draw 

testing, the complexed film could be stretched up to 4,000%. The drawn complexed film 

could be regenerated to pure nylon film by soaking it in water. The initial modulus of 10 

times drawn regenerated film was about 160 MPa. Wide-angle X-ray diffraction scans of the 

complexed film shows the complete disappearance of nylon 66 crystalline peaks. Figure 1.4 

shows the wide angle X-ray diffraction scans of the GaCl3 – nylon 66 complex, original, and 

regenerated nylon 66 [31]. Their results on polymer films suggested that the idea could be 

extended to fibers as well. Complexed and fully amorphous fibers could be drawn to high 

draw ratios in the complexed state leading to high molecular orientation and then later, the 

crystallinity can be regenerated by removing the salt/lewis acid in the drawn state thereby 

possibly yielding high strength and modulus fibers.  
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2.2.  Past attempts at spinning polyamides into high strength fibers 

Smook and coworkers studied the solution spinning of polyamides and succeeded in 

making high tenacity filaments [32]. Ultra high molecular weight nylon 6 and nylon 12 were 

synthesized via anionic polymerization of caprolactam and laurolactam at a polymerization 

temperature of 160º C. High molecular weight is essential to obtain high modulus fibers as 

longer polymer chains allow the possibility of achieving higher draw ratios and hence more 

orientation and crystallinity. They used several spinning methods, such as gel spinning 

(quenching filament below the spinneret in cold air promoting gelation/crystallization), dry 

spinning (evaporating solvent below the spinneret with hot air), and wet spinning (using 

water for the coagulation bath). Subsequently, the filament was freed from remaining solvent 

and hot drawn close to the melting temperature. Table 1.2 shows the spinning results 

obtained with nylon 6 samples having MW of approximately 5 × 105 g/mol and a polymer 

concentration of 10 wt %. As can be seen in Table 1.2, the maximum draw ratio and modulus 

of all the fibers do not exceed those for ordinary melt spun polyamide filaments. Among the 

several solution spinning methods tried by the authors, dry spinning of nylon 6 from a 

mixture of formic acid and dichloromethane, proved to be the best. Smook et al. [32] decided 

that the optimum ratio of formic acid/dichloromethane, was 40/60 w/w % for dry spinning, 

because the boiling point of the mixture of the solvent satisfies the conditions for spinning. 

At the same time the tenacity of the nylon 6 filaments in that solvent ratio was higher than 

that of other solvent mixture ratios. However, with this spinning system, they could not 
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achieve a draw ratio higher than 5, and also the tenacity never surpassed the standard tenacity 

level for a melt-spun nylon 6 fiber. 

To this date the most successful attempt made at preparing high modulus aliphatic 

polyamide fibers has been by Gogolewski and Pennings from the dry spinning of nylon 6 

[33]. They obtained tensile strengths up to 1GPa and initial moduli in the range of 16 to 19 

GPa with a draw ratio of 10. They prepared spinning solutions by dissolving the polymer at 

room temperature in formic acid/chloroform cosolvent mixtures (75/25, 60/40, 50/50 v/v). 

the best results were however obtained from the 75/25 mixture. Similar to Smook et al. [32], 

they also used a very high molecular weight nylon 6 polymer and the spinning dope 

concentrations were in the range of 10 to 90 (w/v) % depending on the molecular weight of 

nylon 6 samples. The authors found that the initial modulus and tensile strength were related 

to the concentration of polymers, draw temperature, draw ratio and molecular weight of 

polymer samples. The tensile strength increased with increasing polymer concentration in the 

range from 1 to 10%, beyond that upto 50% it remained same and further it decreased 

sharply with increasing concentration. The optimum draw temperature was found in the 

range of 200 to 240° C, and the tensile strength of the polymers was also proportional to the 

draw ratio. Another very important observation made by the authors was that a lower initial 

crystallinity in the as spun fibers is beneficial during drawing in later stages. Samples that 

showed higher initial crystallinity had a much lower fiber drawability and resulted in a lower 

ultimate draw ratio of only 2 at 234° C leading to lower values for the modulus and tensile 

strength. They obtained a maximum draw ratio of 10 and the high modulus of 19 GPa. This 
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draw ratio was almost 2 times higher than that obtained for the melt-spun fiber. However, the 

draw ratio is still lower than that of the ultra high modulus, high strength polyethylene fibers. 

The hydrogen bonding between chains in the nylons restrict the slippage between chains and 

of chain defects through the crystal lattice, which will hinder achieving higher draw ratios 

and better orientation. In the case of polyethylene, much weaker forces are needed to break 

van der Waals bonds and to unfold the chains. At a certain length of chain in the polyamide 

crystal (5 – 10 repeat units), the overall strength of van der Waals forces and hydrogen bonds 

becomes equal to the strength of a covalent bond in the main chain [33]. 

 

Apart from trying different spinning techniques or using high molecular weight 

polymers, researchers have also tried some special post spinning operations to achieve high 

strength and modulus in polyamide fibers. T. Kunugi et al. [34] investigated the production 

of high modulus nylon 6 fibers by the zone-annealing method, and they obtained increased 

tensile strengths up to 1 GPa and moduli up to 10 GPa. They partially reconstructed the 

standard tensile tester by attaching a 2 mm wide band heater to the crosshead. The 

temperature and speed of the band heater was controlled and tension was applied to the lower 

fiber end by using the proper weight. Figure 1.5 shows the apparatus for zone drawing and 

annealing. The whole process is composed of two steps: zone drawing and zone annealing. In 

the zone drawing stage, the fiber has a high orientation with crystallinity as low as possible. 

The drawing temperature is selected to be somewhere between the crystallization 

temperature and the glass transition temperature of the polymer. In the zone annealing stage, 

the zone drawn fiber is further converted into a highly oriented and highly crystalline fiber by 
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keeping it at a suitable temperature for crystallization under high tension. Recently Kunugi 

and coworkers introduced a vibrating hot drawing and zone annealing method to get high 

modulus nylon 6 fibers [35].  

 

The schematic of the apparatus used for the vibrating hot drawing (VD) method is 

shown in Figure 1.6. This apparatus consists of an amplifier, a vibrator equipped with an 

accelerometer, and an electric furnace. They can control the vibration frequency (f), and the 

temperature. The authors used a high drawing temperature of 190 or 200° C, and obtained 

high modulus and tensile strength. From their results it is reasonable to conclude that 

combining vibration, heating, and tension techniques is very useful for increasing the draw 

ratio, birefringence and orientation factor of nylon 6 chains. Suzuki et al. [36] used a high 

tension annealing method to improve mechanical properties of nylon 66 fibers. This 

technique is characterized by the treatment of fibers under extremely high tension close to the 

strength at break for extending fully the tie chains in the amorphous regions. They obtained 

Young’s modulus 12.3 GPa and tensile strength 1.42 GPa. Recently Suzuki et al. [37] 

considered CO2 laser heating zone drawing and annealing of nylon 6 fiber to improve 

mechanical properties. They used a CO2 laser to heat the nylon fibers under tension. The 

heating temperature was measured with an infrared camera, and they obtained a draw ratio of 

5.2 and a dynamic storage modulus of 22 GPa. Based on the above provided literature 

background, in the initial part of this research we have focused on the concept of lewis acid-

base complexation to prepare high strength and modulus fibers via the technique of dry-jet 

wet spinning. We have prepared high molecular weight nylon 66 polymer using the 
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technique of solid-state polymerization and then complex it with GaCl3 in the presence of 

nitromethane as solvent. 

 

2.3.  Thermoreversible gelation and gel spinning 

The traditional approach of melt processing a polymer and extruding it into filaments 

i.e. “melt spinning” is only applicable to polymers up to a certain molecular weight. For 

higher molecular weights, the melt viscosities become too high for melt processing. The 

advantage of solution spinning compared to melt spinning is its ability to use a very high 

molecular weight polymer as molecular weight plays an important role in the tensile strength 

and modulus of the polymers. However, it comes with its inherent problems of porosity and 

fiber surface defects which are absent in melt spinning. There is another way to process ultra 

high molecular weight polymers into fibers with enhanced tensile strength and modulus, and 

is termed as “gel-spinning”. There is already ample evidence in the literature about the use of 

this technique for producing fibers with very high strength and modulus from an ultra high 

molecular weight polyethylene (UHMW-PE) polymer.  

Gel-spun high performance polyethylene fibers are produced from polyethylene with 

a very high molecular weight (UHMW-PE). These high performance polyethylene fibers are 

commercially produced under the trade name “Dyneema” (DSM high performance fibers in 

the Netherlands and Toyobo/DSM joint venture in Japan), and “Spectra” (Honeywell which 

was formerly known as Allied Signal or Allied Fibers in the USA). In normal polyethylene 

the molecules don’t have enough orientation along the chain axis and hence are easily 
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deformable. In order to make stronger fibers we need almost 100% chain orientation along 

the fiber direction and the chains should be long enough to have sufficient interaction. It is 

for this reason that we require an ultra high molecular weight polyethylene as the starting 

material whereas the extension and orientation come later from the process of drawing [38]. 

This difference is schematically shown in figure 1.7. The usual and more convenient process 

of melt spinning would not be beneficial in this case as the extremely high melt viscosity 

would make the extrusion of the melt into a uniform fiber difficult without degradation.  Also 

the drawing of such a fiber in subsequent stages would be very difficult due to the very high 

degree of chain entanglements as a result of very high molecular weight. The process of gel-

spinning answers the above two issues/problems as in this case the polymer is dissolved in a 

solvent to make a very dilute solution and is then extruded to form a fiber and later on drawn 

to very high degrees. The high degree of drawing yields very high levels of chain orientation 

(> 95%) along the fiber direction and high levels of crystallinity ( upto 85%) giving rise to 

very high tenacity and modulus values. The main steps in the process are: 

a) Continuous extrusion of a dilute yet highly viscous polymer solution  

b) Cooling of the as spun gel filament via gelation and crystallization of the UHMW-PE. 

c) Ultradrawing of the as spun filament and removal of the residual solvent giving the 

fiber its final properties.  

The success of this technique is due to the reduced molecular entanglements in the gel and to 

the efficient stretching of the polymer chains in the flow field [38]. In 1979 DSM invented 

and patented the fiber and the gel spinning process to produce it [39]. One of the first 
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publications on gel spinning of polyethylene came in 1979 by Smith, Lemstra, Kalb and 

Pennings [40]. Following that, Smith and Lemstra again demonstrated the simple process of 

solution spinning/drawing to make ultra high strength polyethylene filaments. Figure 1.8 

shows the schematic representation of the earliest of gel-spinning process used by Smith and 

Lemstra [41]. In their work the UHMW-PE (Mw = 1.5 x 106 g/mole, Mn = 2 x 105 g/mole) 

was dissolved in decalin as the solvent at 150o C with a concentration of 2% by weight. To 

prevent degradation the dissolution was carried out under nitrogen and the solution was 

stabilized with an antioxidant (di-t-butyl-p-cresol) with a concentration of 0.5% by weight. 

Using the above spinning set up the polymer solution was then pumped at 130o C through 

capillaries with length = 3mm and diameters ranging from 0.5 to 1mm. As spun filament was 

quenched in cold water to form a gel fiber which was subsequently drawn to different draw 

ratios in a hot air oven at 120o C at a strain rate of 1 sec-1 to give a solvent free highly 

oriented polyethylene fiber.  

 

Figure 1.9 shows an optical micrograph of undrawn wet polyethylene /decalin gel 

with crossed polarizer at a magnification of 28x. As expected it shows an unoriented polymer 

structure with very little or no birefringence. The WAXS pattern of the undrawn 

polyethylene/decalin gel showed one broad halo with some weak reflections. The diffused 

halo was due to the large amount of solvent in the gel whereas the reflections were identified 

as the 110 and 200 reflections of the orthorhombic crystal structure of PE at 21.5o and 24.2o. 

Based on this the authors concluded that the as spun undrawn PE/decalin gel is nothing but a 

macroscopic network of very large polymer molecules with crystallites acting as physical 
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crosslinks. Figure 1.10 shows the stress strain curves of the drawn fibers. The draw ratios 

were calculated based on the reduction in cross-sectional areas before and after the drawing 

process. The areas were calculated using the density and mass per unit lengths of the 

filaments. It can be seen that the drawing process drastically improves the mechanical 

properties. The tensile strength, modulus and strain at break were calculated from these 

curves and plotted as functions of draw ratios.  

 

Figure 1.11 shows the mechanical properties as functions of draw ratios. It is clearly 

evident that mechanical properties have significantly improved upon drawing as both 

modulus and tensile strength increase linearly with draw ratio with tensile strength 

approaching an upper limit. Similar to mechanical properties the thermal characteristics were 

also influenced by draw ratio in a similar fashion. DSC was used to measure the melting 

temperatures and the as spun filament had a melting temperature of 133o C, filament drawn 

to 15.7 times melted at 141o C and the one drawn to 31.7 times melted at 145.5o C. The heat 

of fusion also showed a similar dependence on draw ratio. The authors also mentioned that 

the simple route of solution spinning/drawing employed by them to produce high 

performance PE fibers has close resemblance to the more well known drawing and extrusion 

techniques. This is due to the fact that the relationships between draw ratio and strength, 

modulus and thermal characteristics follows a similar pattern as they would for other drawing 

and extrusion processes. However, it was seen that the effectiveness of this method in 

improving the mechanical and thermal properties was superior in comparison to the other 

two techniques. The authors suggest that this is due to the difference in molecular weights of 
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the polymer used in this process versus the other processes as well as the drastic 

improvement in effective drawability of the UHMW-PE spun from dilute solutions. In the 

following years many studies were performed in this area and more importantly several 

patents have been filed on this concept [42-49].  

 

Similar to PE, the gel spinning technique has also been applied for polyvinyl alcohol. 

Polyvinyl alcohol (PVA, [-CH2-CHOH-]n) exists in three isomeric forms atactic, isotactic 

and syndiotactic. Unlike polyvinyl chloride, atactic PVA has a significant degree of 

crystallinity [50]. PVA also has a planar zigzag structure similar to PE and hence has the 

potential to be spun into a high tenacity and high modulus fiber. Also the high melting point 

of 240o C for PVA compared to 140o C for PE makes it an interesting candidate for high 

performance fibers. However, similar to polyamides PVA also has an extensive network of 

intermolecular hydrogen bonding which prevents it from achieving high draw ratios unlike 

for PE. PVA is synthesized by the hydrolysis/saponification of polyvinyl esters, generally 

polyvinyl acetate. Polyvinyl acetate on the other hand is an amorphous polymer, so with the 

induction of some acetic acid groups the PVA crystallization process can be interfered and 

this can help in ultradrawing of the films and fibers [51]. The very first patent on gel-

spinning of PVA was issued in 1984 [52] and since then several studies have been done on 

the gelation and preparation of high strength and high modulus PVA fibers via gel spinning. 

Cha and coworkers tried gel spinning of PVA from DMSO/water mixtures [53]. The 

DMSO/water = 80/20 (w/w) mixture and methanol were found out to be the best solvent for 

spinning dope and coagulation bath respectively. Two PVA samples were used with degree 
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of polymerization (DP) 1700 and 5000 each with the same degree of hydrolysis (99.5%). 6% 

by weight polymer concentration was used and the polymer were dissolved at 140o C in a 

nitrogen atmosphere and spun at the same temperature. As spun fibers were quenched to -20o 

C in a methanol bath. Two stage hot drawing was used to get maximum drawability in a 

silicone oil bath at 160o C (first stage) and 200o C (second stage). Figure 1.12 shows the 

tenacity and modulus as a function of draw ratio. As we can see better results were realized 

for mixtures of the solvents rather than 100% DMSO. The gel spun fibers could be stretched 

to 45 times and high values of 2.8 GPa for tenacity and 64 GPa for modulus were achieved.  

In another work Suzuki et al., studied the influence of molecular weight and 

syndiotacticity on the structure of high performance gel spun PVA fibers [54]. These two 

parameters are important firstly, because similar to UHMW-PE fibers high molecular weight 

is needed for high performance fibers and secondly, syndiotactic PVA (s-PVA) is more 

crystallizable than a-PVA. In this work ethylene glycol was used as the solvent for gelation 

of PVA. a-PVA was dissolved at 150o C and spun at 80-100o C in methanol bath kept at -30o 

C, whereras s-PVA was dissolved at 180o C and extruded at 100-120o C. As spun filaments 

were drawn at 200o C (a-PVA) and 220o C (s-PVA). The maximum draw ratio decreased 

with increasing molecular weight suggesting that longer molecules can’t be uncoiled easily, 

which is contrary to what is observed for PE. Both modulus and strength at break increased 

slightly with increasing molecular weight. The maximum modulus and strength at break were 

higher for s-PVA compared to a-PVA. Also the peak temperatures in DSC at all draw ratios 

were higher for s-PVA than a-PVA which could be attributed to that since there are more 
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intermolecular hydrogen bonds in s-PVA so there is more crystallinity than a-PVA. The 

authors concluded that given the degree of orientation, enthalpy of fusion and birefringence 

to be identical in fibers the difference in mechanical properties will then primarily be due to 

difference in amounts of intermolecular hydrogen bonds and microvoids. Similarly, 

commercial atactic PVA fibers with modulus of 50-70 GPa and strength of 1.8-2.8 GPa were 

prepared with ethylene glycol gel [50, 55]. 

Contrary to gel spun polyethylene and polyvinyl alcohol, however, this process hasn’t 

proven very effective for polyamides. Stamhuis and Pennings studied for the first time the 

thermoreversible gelation and crystallization of nylon 6 [56]. Dilute solutions of nylon 6 

dissolved in hot benzyl alcohol at 165o C transformed into heavy transparent gels upon 

cooling to room temperature. They investigated the gel morphology by electron microscopy 

and found an interlacement of several µm long thin fibrillar crystals of 100-200 Å lateral 

dimensions, aggregated into ribbons of high aspect ratio. The crystals had the monoclinic α-

structure with the hydrogen bonds parallel to the long axis and the chains perpendicular to 

the growth direction. The interlacement of crystals forms physical entanglements thereby 

traping solvent and forming a gel at concentrations as low as 0.1%. They explained that the 

fibrillar crystals of nylon 6 gel do not necessarily have reduced molecular entanglements as 

in the case of the polyethylene gel. Consequently, they observed that the nylon 6 gel was 

brittle and could not be drawn. Chuah and Porter followed up on the work of Stamhuis and 

Pennings and used a split billet co-extrusion technique in an Instron capillary rheometer to 

draw the gel of nylon 6 in benzyl alcohol [57]. They were able to draw the gel to draw ratio 
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5.7x at 150o C which is not at all comparable to the draw ratios reachable for polyethylene 

gel films and fibers supporting the claim of Stamhuis and Pennings. The drawn gel film 

showed double orientation with one population of crystals oriented with the chain axis in the 

draw direction while the one had chain axis perpendicular to the draw direction. Cho and co 

workers studied the gel spinning/drawing technique of nylon 6 using benzyl alcohol as a 

solvent [58]. The test tube tilting method was used to measure the gelation time and sol-gel 

transition temperature. DSC was used to measure the gel melting temperature. Nylon 6 was 

dissolved in benzyl alcohol at 160o C. Figure 1.13 shows the phase diagram for the nylon 

6/benzyl alcohol system. 

As we can see the sol-gel transition temperature increases with increasing polymer 

concentration and at 30% or more it almost merges with the gel melting temperature. The gel 

melting temperature however does not vary much with polymer concentration. Figure 1.14 

shows the gelation time plotted vs. gelation temperature for various concentrations. Gelation 

time increases with increasing gelation temperatures for all the concentrations and the effect 

is more prominent at higher temperatures. For a given gelation temperature the time for 

gelation decreases sharply with increasing concentrations. Fibers were spun at 160o C via the 

gel spinning approach analogous to the gel spinning of UHMW-PE and both the gel spun 

fiber and dried gel film exhibited three dimensional gel growth in their SEM micrographs. 

The surface morphology indicated the presence of spherical gels in the gel spun fiber.  The as 

spun gel fibers were dried at ambient conditions to completely remove the residual solvent 

and then drawn at different temperatures in two stages. They could draw the as spun fibers to 
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a draw ratio of 5-6 with an initial modulus of 6.2 GPa and tenacity of 0.5-0.6 GPa. Both 

modulus and tenacity increased with increasing draw ratio. Similarly, Lee and coworkers 

[59] studied the preparation and drawing mechanism for high strength nylon 6 fibers by the 

gel spinning/drawing technique. They used anionic polymerization to get a high molecular 

weight of nylon 6 up to 68,000 g/mole and benzyl alcohol was used as a solvent for gel 

spinning.  However, the authors reported modulus less than 3 GPa for the nylon 6 fibers. In a 

Japanese patent (given to Asahi Chemical Industry Co. Ltd., Japan) nylon 66 chips (Mn = 

210,000 g/mole) were dissolved in N-methyl-2-pyrrolidone at a concentration of 10% in the 

presence of LiCl (1/4:1 mole ratio based on amide group) at 180o C. Upon cooling to room 

temperature the solution gelled at 137o C which was the gel spun to form fibers. As spun 

fibers were extruded and coagulated in kerosene, dried and stretched 7 times to give fibers 

with tenacity 13.2 g/denier and elongation 16% [60].  

Hence, there is a need of somehow manipulating the internal structure of polyamides 

like temporarily minimizing the extent of secondary bonding between the polymer chains 

(intermolecular hydrogen bonding) thereby not allowing the chains to crystallize in the as 

spun fiber, which would then allow the chains to be stretched at a very high draw ratio and 

then reforming those bonds at a later stage to develop the crystallinity. Therefore, in the 

second part of this research we have focused on the use of gel spinning for preparing nylon 

6 and PVA fibers with improved mechanical properties. We started with low molecular 

weight nylon 6 polymer of melt spinnable grade and successfully demonstrated the 

applicability of the gel spinning technique by producing fibers with properties comparable to 
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those obtained by the usual melt spinning approach. In the next step we used a high 

molecular weight nylon 6 polymer prepared via the ring opening anionic polymerization 

technique and produced fibers with even better mechanical properties thereby showing for 

the first time the successful use of gel spinning technique using NMP for aliphatic 

polyamides. We also produced high strength and modulus PVA fibers via the same technique 

of gel spinning using NMP, which again to the best of our knowledge hasn’t been reported in 

literature before. 

 

2.4.  Electrospinning 

Conventional fiber spinning techniques such as melt, wet, and dry spinning can 

produce fibers with diameters down to the micron range. If the fiber diameter is reduced from 

micrometers to nanometers, very large surface-area-to-volume ratios and flexibility in 

surface functionalities can be obtained. These unique qualities make nanofibers an interesting 

candidate for many important applications [61]. Electrospinning is a process for producing 

fibers with diameters ranging from 50-800 nm from an electrostatically driven jet of polymer 

solution or melt. In this process a high electrical potential (typically 10-30 kV) is applied to a 

polymer solution or melt in a syringe. The electric field thus generated produces a driving 

force and the polymer jet is ejected from the tip of the needle. The jet begins to whip or splits 

into bundles of smaller fibers which are collected on a grounded collector. This technique 

can be used for producing uniform fibers with novel compositions and morphologies such as 

hollow, core-sheath, and porous fibers [62].  
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The parameters involved in electrospinning can be divided to two categories, they 

are:   1) parameters related to solution/melt intrinsic properties including viscosity/molecular 

weight/concentration, surface tension, permittivity and conductivity and; 2) operating 

parameters during electrospinning process including electric field (or voltage applied), 

distance between spinneret and collector, needle/nozzle diameter, flow rate, and other 

environmental parameters such as temperature, humidity, and air velocity in the 

electrospinning chamber, which make it a complicated process for the achievement of proper 

fiber morphology and chemical composition [63]. However, neither all these parameters are 

fundamental nor are all independent of each other.  For example, solution viscosity is a 

function of both polymer molecular weight and solution concentration. In addition, electric 

field strength, solution flow rate, and nozzle diameter are interrelated.  

Fibers made from electrospinning are being considered for a wide range of 

applications such as membranes, filters, biological sensors, scaffolds, transport media, light 

weight reinforcement, and coatings [61, 64-66]. Many of these applications could be greatly 

enhanced by increasing the surface area of the fibers and one of the ways to increase the 

surface area is to induce porosity in these fibers. In the past several research groups have 

tried producing porous nanofibers via electrospinning using different approaches. They 

include 1) using a highly volatile solvent in the electrospinning process, porous fibers or 

fibers with unusual surface structures could be obtained [67-70]; 2) Electrospinning of sol-

gel solutions of inorganic materials with surfactants can also produce porous fibers [71]; 3) 

Electrospinning polymer blends, followed by selective removal of one component leads to 
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porosity [72, 68, 73, 74]; 4) Porous fibers can also be obtained through thermally induced 

phase separation between the solvent rich and solvent poor regions in the fibers during 

electrospinning [75, 76].  

As mentioned earlier, one the group of parameters controlling the process of 

electrospinning is the parameters related to solution/melt intrinsic properties. There is 

evidence in literature that addition of salts into the polymer solution is another way to control 

the fiber structure and properties. However, there is no report on the use of metal salts to 

create porosity in electrospun fibers. We had stumbled upon this idea while working with the 

concept of lewis acid-base complexation to produce high strength and modulus nylon fibers 

via dry-jet wet spinning. Complexes of nylon 6 with GaCl3 were prepared at stoichiometric 

ratios of 1:1 (GaCl3:C=O). After complete dissolution occurred we removed the solvent in a 

vacuum oven and then extruded the remaining polymer + salt film into a water bath to form 

fibers. After spinning, the salt was removed from the fibers by soaking in water for at least 

24 hours. Figure 1.15 shows the SEM cross sections of nylon 6 fibers prepared via 

conventional dry-jet wet spinning technique after salt removal. The images show uniform 

pores all throughout the cross section of the fibers. It is reasonable to believe that the pores 

are generated by the removal of salt from the polymer. Further, to investigate the presence of 

pores inside the fibers we used laser microtomy to slice a certain section of these fibers. 

Figure 1.16 shows the SEM images for these sliced sections and it can be seen that the pores 

are present within the fibers as well.  
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This gave us the idea of electrospinning these nylon 6-GaCl3 complexes and then 

generating pores by removal of salt. Hence, in the third and final part of this research we 

have focused on preparing high performance nylon 6 fibers via the technique of 

electrospinning. The phrase high performance in this case does not mean high mechanical 

properties but instead means nanofibers with significantly high specific surface area. 
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Table 1.1 Summary of plasticizer effects of ammonia and iodine on the drawability and 

mechanical properties of nylon 6 and 6,6 [6-21] 

 

Polymer Plasticizer Method 
Maximum 

Draw ratio 

Young’s 

Modulus 

(GPa) 

Nylon 6 and 11 Ammonia 
Solid State 

co-extrusion 
12 13 

Nylon 66 Ammonia 
Tensile 

drawing 
8 10 

Nylon 6 Iodine 
Tensile 

drawing 
7.9 6 

Nylon 6 Iodine 
Solid State 

co-extrusion 
48 3 
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Table 1.2 Survey of various solution spinning attempts with nylon 6 [32] 

Solvent 
Solvent 

type 

Spinning 

technique 

Maximum 

draw ratio 

Tenacity 

(GPa) 

Modulus 

(GPa) 

Elongation 

at break 

% 

m-Cresol/Glycol 

(60/40) 
I Gel 5.5 0.77 10.68 9.0 

Formic acid/1,4-

butanediol 

(65/35) 

I Gel 
4.0 

 
0.89 14.43 10.1 

Formic acid II Dry+Wet 5.9 0.95 9.89 17.3 

Sulfuric acid  

(96-100%) 
II Wet 2.0 0.07 1.14 14.7 

Ethanol/LiClb III Dry -- -- -- -- 

Formic 

acid/LiCl 
III Wet 4.2 0.65 7.5 9.3 

 

aI = solvent causing thermoreversible gelation, II = good solvent, III = solvent based on 

complex formation 

b Filaments obtained from ethanol/LiCl were too brittle to determine mechanical properties 
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            Figure 1.1 Stress-strain behavior of nylon 6,6 unplasticized (A), plasticized with NH3  

             for 9 h (B), and for 17 h (C) [8] 
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         Figure 1.2 Models showing steps to form nylon 6–iodine complex crystal with  

        increasing content of K+I3
- [21] 
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Figure 1.3 Schematic of nylon 6 complexed with GaCl3 (top), and reference nylon 6 with 

intermolecular hydrogen bonds (bottom) 
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Figure 1.4 WAXD diffractograms of a) as-received nylon 66; b) regenerated nylon 66 and c) 

nylon 66-GaCl3 complex [31] 
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Figure 1.5 Schematic representation of the apparatus used for zone drawing and zone 

annealing [34] 
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Figure 1.6 Schematic of apparatus used for the vibration hot drawing method [35] 
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Figure 1.7 Schematic representation of Dyneema with orientation > 95% and crystallinity 

upto 85% (left) and regular PE with low orientation and crystallinity < 60% (right) [38] 
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Figure 1.8 Schematic representation of the gel-spinning process [41] 
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Figure 1.9 Optical micrograph of an undrawn PE filament [41] 
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Figure 1.10 Stress strain curves for drawn PE fibers. Draw ratios: A = 2.8, B = 8.4, C = 15.7 

and D = 31.7 [41] 
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Figure 1.11 Young’s modulus (top left), tensile strength (top right) and strain at break 

(below) as a function of draw ratio [41] 
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Figure 1.12 Tenacity and modulus vs. draw ratio for PVA (DP = 5000), (о) = tenacity, (Д) = 

modulus and open symbols for DMSO/water = 80/20 and filled symbols for 100% DMSO 

[53] 
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Figure 1.13 Phase diagram of nylon 6/Benzyl alcohol system. (▲) gel melting temperature, 

(■) gel state and, (□) sol state [58] 
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Figure 1.14 Gelation time vs. gelation temperature for different polymer concentrations. (□) 

12%, (■) 18% (+) 25% and, (▲) 30% [58] 
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Figure 1.15 SEM cross sections of nylon 6 fibers prepared via conventional dry-jet wet 

spinning technique after GaCl3 salt removal (figure on the right is an enlarged view of the 

one on left) 
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Figure 1.16 SEM images for sliced sections of nylon 6 fibers prepared via conventional dry-

jet wet spinning technique after GaCl3 salt removal to show presence of pores within the 

fibers 
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Properties of Films and Fibers Obtained from 

Lewis Acid-Base Complexed Nylon 6,6  

 

Abstract 

A nylon 6,6 complex  with GaCl3 in nitromethane (4-5 wt% nylon 6,6) was prepared at 

50~70° C over 24 hours for the purpose of disrupting the interchain hydrogen bonding 

between nylon 6,6 chains, resulting in amorphous nylon 6,6, and increasing the draw ratio for 

improving the performance of nylon 6,6 fibers. After drawing, complexed films and fibers 

were soaked in water to remove GaCl3 and regenerate pure nylon 6,6 films and fibers. FTIR, 

SEM, DSC, TGA,  and mechanical properties were used for characterization of the 

regenerated nylon 6,6 films and fibers. The amorphous complexed nylon 6,6 can be stretched 

to high draw ratios at low strain rates, due to the absence of hydrogen bonding and 

crystallinity in these complexed samples. Draw ratios of 7-13 can be achieved for complexed 

fibers, under low strain rate stretching. This study indicates that nylon 6,6 fibers made from 

the GaCl3 complexed state, using a high molecular weight polymer can reach initial moduli 

up to 13 GPa, compared to initial moduli of 6 GPa for commercial nylon 6, 6 fibers. Lewis 

acid-base complexation of polyamides provides a way to temporarily suppress hydrogen 

bonding, potentially increasing orientation while drawing, and following regeneration of 

hydrogen bonding in the drawn state, to impart higher performance to their fibers.    
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1. Introduction 

A number of attempts to produce high modulus fibers have been made [1 – 7].   However, 

from the theoretical point of view there are only two fundamental methods to produce such 

fibers. The first technique involves the synthesis and assembly of polymers with rigid and 

linear backbone molecular structures. The second method transforms conventional flexible, 

semi-crystalline polymers that usually have relatively low modulus and strength, into highly 

oriented materials.  In the first case, para-substituted aromatic rings in the polymer backbone 

are used.  These inherently rigid polymers can produce fibers of very high stiffness and 

strength, either by wet spinning to produce aramid fibers or by melt spinning if thermotropic 

liquid crystalline polymers are used.  In the second case, the inherently flexible chains of 

most semi-crystalline polymers must be converted into highly oriented and extended chain 

conformations.  Drawing, a processing technique, is often used to enhance orientation and the 

mechanical properties of fibers. Ultra drawn high molecular weight polyethylene is one good 

example. Zachariades et al. [2] have successfully drawn ultra high molecular weight 

polyethylene more than 200 times and obtained almost the theoretical modulus (240-340 

Gpa) at that draw ratio.  

 

Unlike polyethylene, polyamides possess intermolecular hydrogen bonding and have high 

melting temperatures. Hydrogen bonds play an important role in making polyamides 

engineering plastics. At the same time, to date they have prohibited high draw ratio 

processing in polyamides, which have a maximum draw ratio of only ~5 [8]. Therefore, 



57 

 
 

 

highly oriented polyamides obtained by tensile drawing can potentially be achieved either by 

suppression of crystallinity or modification of the number and strength of the hydrogen 

bonds between their chains. For this reason, many researchers attempted to overcome the 

normally low nylon draws ratios by using various processing techniques, such as, 

plasticizers, dry spinning, gel spinning, wet spinning, and zone drawing and annealing etc. 

[9-18]. In this report, we have investigated Lewis acid–base complexation as a method to 

temporarily break hydrogen bonding and suppress crystallinity in nylon 6,6. Fibers were spun 

from complexed solutions through a dry-jet wet spinning process, followed by 

decomplexation/regeneration of the drawn nylon 6,6 fibers by soaking them in water. We 

observe these fibers to exhibit high initial moduli, when a high molecular nylon 6,6 is 

employed. 

 

2. Experimental 

2.1. Materials 

High molecular weight nylon 6,6 (Mw = 175,000-200,000 g/mol) was prepared by  solid 

state polymerization [19,20], beginning with commercial nylon 6,6 chips (Zytel®101, Mw = 

30,000 g/mol), which were supplied by Du Pont Co. GaCl3, nitromethane, and all coagulation 

bath solvents were obtained from Aldrich Co. Viscosity average molecular weights were 

obtained using the Mark-Houwink equation. The constants K and a used for the nylon 

6,6/formic acid system at 25° C are 35.3 × 10 -5 dL/g and 0.786, respectively [21]. The 
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viscometric measurements were conducted at 25° C with an Ubbelohde viscometer. The 

limiting viscosity number was determined from the following equation (1): 

[ ]
1

2
2

( 1)rel
C

η η= −    (1) 

where C is polymer concentration, [η] is intrinsic viscosity, and ηrel is relative viscosity. 

 

2.2. Preparation of Nylon 6,6/GaCl3 complex solutions 

Nylon 6,6/GaCl3 complex solutions with 4-5 wt% concentration of nylon 6,6 were prepared 

as follows. A specific amount of GaCl3 (5 g) was added to nitromethane refluxing under 

nitrogen. This mixture was stirred at 70° C until GaCl3 was completely dissolved. 

Predetermined weights of nylon 6,6 chips corresponding to different stoichiometric ratios of 

GaCl3 to amide groups (as an example, for a stoichiometric ratio of 1:1, 3.21 g nylon 6,6 and 

5 g GaCl3) were then added to the solution and the mixture was stirred under nitrogen until 

the polymer was completely dissolved (16-24 hr). 1:1 and 1.1:1 stoichiometric ratios of 

GaCl3 to amide groups were used to achieve complete suppression of hydrogen bonding in 

nylon 6,6. It is important to mention that solutions of nylon 6,6 complexed with GaCl3 are 

sensitive to moisture, due to the high reactivity between GaCl3 and H2O, leading to reduced 

solution viscosities. 
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2.3 Preparation of Nylon 6,6/GaCl3 complex Films 

The nylon 6,6/GaCl3 complexes were made using both low (Mw~30,000 g/mol) and high 

(Mw~175,000-200,000 g/mol) molecular weight nylons. Complexed films were made by 

evaporating the solvent in a vacuum. 

 

 

2.4. Dry-jet wet spinning of the complexed nylon 6,6 solutions 

A dry-jet wet spinning method was used for producing Nylon 6,6/GaCl3 complex fibers.  4-5 

wt. % concentration of high molecular weight nylon 6,6 in GaCl3 complexed nitromethane 

solutions were used as the spinning dope, and isopropanol was used as the non-solvent in a 

coagulation bath held at 25º C. Spinning temperature was about 60-70° C and the pressure 

for the extrusion was in the range 100-150 psi. The cylindrical single orifice spinneret 

dimensions were D =0.01” and L = 0.02”.  The as-spun fibers were carefully collected on a 

bobbin at take-up speed around 20 m/min, and then dried in a desiccator. Due to the 

coagulation process in wet spinning, fiber cross sections were not completely round, but were 

somewhat collapsed. To control spinning speed, throughput of the complexed spinning 

solution was measured to understand the polymer flow behavior at different pressures and 

times at room temperature (data not shown).  
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2.5. Wide angle X-ray diffraction 

Measurement of wide angle X-ray scattering (WAXS) was carried out using a Philips   X-ray 

diffractometer in the transmission mode, with curved crystal monochromatized   Cu Kα 

radiation (1.54 Å) generated at 30 kV and 20 mA. Equatorial scans were obtained in the 2è 

range 10–40o, with intensity data collected every 0.1o. Nylon 6,6 fibers presented a 

characteristic two peak equatorial X-ray scattering pattern for an alpha structure as described 

by several authors [22]. The observed peak maximum for nylon 6,6 fibers were 2θ ≈ 20.8  

and ≈ 23 o corresponding to the (100) and (010) diffraction planes, respectively. To probe the 

orientation of pseudohexagonal [23] hot drawn nylon 6,6 fibers, we used the 010 equatorial 

reflection [24].The orientation factor is given by equation 2: 

2/)1cos3( ,
2 −= zjjf φ                     (2) 

where zj ,
2cos φ  is the average value of the square of the cosine of the angle between the fiber 

axis z and the j crystallographic axis (j=a, b, or c). Assuming rotational symmetry about the 

fiber axis, the value of zj ,
2cos φ  is given as follows: 

∫
∫

=
2

0 ,,,

2

0 ,,,
2

,

,
2

sin)(
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π

π

φφφ
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      (3) 

zzc ,010
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where )( ,zjhklI φ is the intensity of the diffracted beam from the (hkl) planes that are normal to 

the j-crystalographic axis. 

 

2.6. FTIR spectroscopy 

Attenuated total reflectance (ATR) spectra were collected on a Nicolet 560 FTIR 

spectrometer equipped with an Advantage microscope and using liquid nitrogen cooled 

Mercury Cadmium Telluride (MCT) detector. At least 256 scans were obtained to achieve an 

adequate signal to noise ratio. The spectral resolution was 2 cm-1. 

 

2.7. Thermal Analysis 

2.7.1. Differential Scanning Calorimetry 

Melting temperatures and heats of fusion were measured with a Perkin Elmer differential 

scanning calorimeter (DSC 7) on 3-5 mg samples. Each thermogram was obtained from 25-

280o C at a heating and cooling rate of 20° C/min, and the instrument was calibrated using 

indium. The heat of fusion for the totally crystalline nylon 6,6 was taken from the literature 

as 191 J/g [20b]. 

2.7.2. Thermal Gravimetric Analysis 

A Perkin Elmer Pyris 1 thermal gravimetric analyzer (TGA) was used to determine the 

thermally induced weight loss of solid complexed nylon 6,6 film (after solvent evaporation) 

and as-received nylon 6,6 chips. Approximately 20-30 mg samples were heated from 25-
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650° C at a rate of 20° C/min in a nitrogen environment. As the sample is heated, the mass is 

measured as function of temperature. The % mass remaining is calculated by dividing the 

mass at the temperature of interest by the initial mass before heating. 

 

2.8. Drawing and Tensile properties 

A tensile tester was used for slow drawing of the complexed filaments and films at different 

strain rates from 2 - 50 mm/min. The gauge length was 1 inch.  For the first set of fibers in 

our experiments, after cold drawing in the Instron, the complexed filaments, were held under 

slight tension on a rectangular glass frame and soaked in water to obtain decomplexed and 

regenerated filaments, respectively. The decomplexation time was about 1 day. Tensile 

properties of decomplexed filaments were measured on an Instron machine with a 50 

mm/min (0.032 s-1) strain rate, at 65% relative humidity and 25° C, after being conditioned in 

this environment for 24 hr.  

 

After 1 day soaking in water, a second set of regenerated continuous fibers were drawn over 

a hot plate at 150-230° C using rollers operating at different speeds. Draw ratios were 

initially equated to the ratios of take-up to feed velocities V1 and V0, respectively (Figure 

2.1). More exact draw ratios were determined by measuring the distances between ink marks 

on the fibers before and after drawing. Fiber denier was measured by weighing pre-

determined lengths (1-2 m) of fibers. 
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2.9. Scanning Electron Microscopy 

Cross sections of regenerated nylon 6,6 fibers were observed with an Hitachi S-3200N 

Scanning Electron Microscope (SEM). Fiber samples were submerged in liquid nitrogen and 

were cut with a razor blade.  The surface of the cut fiber was coated with a layer of gold 

before viewing. 

 

3. Results and Discussion 

3.1. Complexation of Nylon 6,6 with gallium trichloride 

The complexation of nylons with Lewis acids was first reported by Jenekhe et al. at the 

beginning of the 1990s [25,26].  These authors discovered that the complexation of nylon 6 

with GaCl3 (see schematic in figure 1) can be accomplished in nitromethane, where the nylon 

chains do not remain fully extended and in crystalline register.  Generally, pure un-

complexed nylon 6 does not dissolve in this solvent.  Our extensive studies with nylon 6,6 

determined that its complexation with gallium trichloride can also be done in nitromethane. 

However, the complex forms and dissolves in this solvent at elevated temperatures, only 

when at least the stoichiometric amount of this Lewis acid is used.  Furthermore, the 

complexation must be carried out under anhydrous conditions.  Usually a highly viscous, 

heterogeneous (for stoichiometric ratio 1:1) mixture first forms when nylon chips are mixed 
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with GaCl3 in nitromethane at 70 oC.  The viscosity of this system tends to increase and the 

maximum viscosity is often only reached after 2 hours.  It usually takes about 24 hours (for 

stoichiometric ratio 1:1) to fully dissolve nylon 6,6 chips in nitromethane.  

 

A 4-5 wt.% solution of nylon 6,6 complexed in nitromethane with GaCl3 is transparent and 

has a yellowish color.  The nylon 6,6/GaCl3 solutions are stable if kept under N2 

environment.  As mentioned earlier GaCl3/nylon 6,6 complex solutions in nitromethane can 

be prepared only by adding at least one mole of GaCl3 per  mole of  amide groups, while 

other ratios, namely 1:1.5 and 1:2, did not lead to dissolution of the complex. However if we 

increased the amount of Lewis acid compared to the polymer, then the time needed for fully 

dissolving nylon 6,6 chips was reduced to around 18 hours for a stoichiometric ratio of 1.1:1, 

and the solution was very homogeneous with no remaining undissolved polymer chips and 

no swollen polymer. 

 

3.2. Properties of Nylon 6,6/GaCl3 complexed and regenerated films 

Nylon 6,6-GaCl3 complexed films and fibers before regeneration are amorphous, rubbery, 

soft, and very sticky.  The complexed films can be easily stretched when pulled by both 

hands   at   room    temperature. The glass transition temperature of the complexed film is ~ -

32° C, as found in the DSC thermogram (not shown) [27].  Generally, nylon 6,6 cannot be 

drawn post-spinning more than 5 times, because of strong intermolecular hydrogen bonding 

present between the amide linkages and crystallinity.  When nylon 6,6 is complexed with 
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gallium trichloride interchain hydrogen bonding and crystallinity are fully eliminated 

(Scheme 1), and therefore, it is possible to draw the complexed films to very high draw 

ratios.  Consequently, complexed nylon 6,6 films or filaments with possibly a higher degree 

of molecular orientation can be obtained.   

 

Our research group has demonstrated that Nylon 6,6-GaCl3 complexed films could be drawn 

at room temperature to draw ratios up to 30 at low strain rate using a tensile tester [27]. It is 

obvious that the draw ratio of 30 obtained there is much higher than the draw ratio of 5 

usually obtained in the conventional drawing of melt-spun nylon 6,6. The theoretical draw 

ratio for low molecular weight nylon 6,6 (30,000 g/mol) is ~ 10. Therefore, in addition to the 

elastic stretching of complexed nylon 6,6 chains upon drawing, irreversible elongational 

plastic flow is also expected to have occurred. High draw ratios could not be achieved by 

increasing the strain rate. This indicated insufficient time available for molecular relaxation 

of the relatively bulky, complexed nylon 6,6 chains to slide past each other. In other words, 

increased frictional forces appear to obstruct drawability, at higher strain rates, even in the 

absence of interchain hydrogen bonding. Figures 2.2 and 2.3 show that increasing molecular 

weight from 30,000 to ~200,000 g/mol increased the drawablity of films and led to 

increasing tenacities and moduli. 

 

As shown in Figure 2.4, nylon 6,6/GaCl3 and regenerated nylon 6,6 fibers were examined by 

wide angle X-ray diffraction (WAXD).   The WAXD pattern of nylon 6,6/GaCl3 shows a 
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broad halo, suggesting that the complex is completely amorphous. Diffraction patterns for 

regenerated nylon 6,6 and as-received nylon 6,6 (not shown) are similar, which demonstrates 

that the regeneration was complete. From the FTIR spectra in Figure 2.5 we can see bands at 

3300 cm-1 and  1640 cm-1, which have been attributed to N-H and C=O stretching vibrations. 

Ga+3 metal coordination leads to breaking of the hydrogen bonds between nylon 66 chains 

(see scheme 1). Since GaCl3 forms a complex with the C=O group, the N-H bond is free. 

This causes the N-H vibrational band to shift to higher frequency (red shift- from 3300 to 

3366 cm-1), while the C=O vibrational band shifts to lower frequency (blue shift- from 1640 

to 1617 cm -1), due to the reduction in bond order [27]. Also the infrared spectra of initial and 

regenerated nylon 6,6 films are similar, suggesting complete removal of the Lewis acid from 

the complexed sample. Decomplexation occurs by soaking the complexed nylon 6,6 films or 

filaments in water.  In order to remove all gallium trichloride, the films must be soaked in 

water for at least 72 hours [27].  In most cases, however, after 24 hours the films contained 

only traces of gallium trichloride. Figure 2.5 shows the FTIR spectra taken from the nylon 

6,6/GaCl3 complex with a stoichiometric ratio 1:1.1. In complexed films with a 

stiochiometric excess of GaCl3, there are two new vibrational bands at 1681 and 3542 cm –1, 

probably related to a different complex structure. 

 

Figure 2.6 (a,b) presents the TGA thermograms of nylon 66 chips and nylon 6,6:GaCl3 

(stoichiometric ratio 1:1.1) complexed film, respectively.  The complexed film contains 63 % 

by weight GaCl3 and 10 % of that (6.3 % of total sample weight) is in excess compared to the 

1:1 stoichiometric sample. In fact an ~ 6 % decrease in the weight of the sample occurs at ~ 
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200° C near the boiling point of GaCl3 (201° C). The remaining 1:1 nylon 6,6:GaCl3 

complexed film then begins to thermally degrade above 300º C, or ~ 100º C below the pure 

nylon 6,6 chips. A substantial portion of this ~70% weight loss must be due to GaCl3 

degradation, because below 300º C the stoichiometric complex contains 61% GaCl3 and 39% 

nylon 6,6. Unlike the pure nylon 6,6 chips which begin to decompose above ~ 400º C, the 

complexed nylon 6,6 reaches a stable weight at this temperature and must now be 

predominantly nylon 6.6.  Though these interesting observations warrant further study by 

mass spectrometry, it appears that aliphatic nylons may be rendered more thermally stable 

through complexation with Lewis acids, such as GaCl3. 

Differential scanning calorimetry was carried out to obtain melting and crystallization 

temperatures. Figure 2.7 shows the DSC scan of the nylon 6,6/GaCl3 complexed film. No 

melting and crystallization transitions are observed during heating and cooling, respectively, 

for complexed nylon 6,6, suggesting that the complex is essentially amorphous. Figure 2.8 

shows the DSC scans obtained for the regenerated nylon 6,6 film, which clearly show 

melting and crystallization, and confirm the regeneration of crystallinity. The same results 

were observed for complexed and regenerated nylon 6,6 fibers (not shown). The crystallinity 

of the regenerated undrawn film based on its fusion enthalpy of melting is about 26%. 

 

3.3. Fiber spinning and fiber properties 

Spinability of a polymer solution can be easily determined by immersing a small spatula or a 

glass rod in the polymer solution and pulling it upwards.  Generally, a liquid jet will form if a 
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polymer solution has fiber-forming properties. If its viscosity is too low, then dripping 

occurs. For establishing the dry-jet wet spinning conditions, throughput at different pressures 

were measured at room temperature. The viscosity dramatically decreases 2 to 4 days after 

preparing the Nylon6,6/GaCl3 complex due to moisture in the air, and tends to level off 

thereafter, losing spinability for producing fibers. This type of rheological instability can be 

explained by interaction of GaCl3 with moisture during the experiment. Therefore, it is very 

important to prepare and handle the nylon 6,6/GaCl3 complex/nitromethane solution in the 

presence of dry nitrogen to prevent moisture absorption.  

 

The non-solvent in the coagulation bath can also play a very important role in wet spinning.  

In order to coagulate nylon 6,6/GaCl3, various liquids including methanol, ethanol, n-

propanol, 2-propanol, n-butanol, acetone, and water were investigated.  Among these 

potential coagulants, 2-propanol was found to be the only liquid that was suitable for the 

coagulation of the complex. In all the other liquids, the fibers were either brittle or did not 

coagulate completely to hold structure and form fibers. In water, for example, the coagulation 

was very fast and so the fibers were brittle. In an attempt to achieve filament orientation we 

used the dry-jet wet spinning method. The gap length between the spinneret and the 

coagulation bath was 2 inches. Figure 2.9 shows a schematic of our dry-jet wet spinning 

system. The cylinder containing the spinning dope was well insulated to prevent heat losses 

and rapid changes in dope viscosity. The cylinder was equipped with a single orifice 

spinneret. The dry-jet wet spinning method is usually used for making Kevlar fibers, and 

differs from conventional wet spinning. In conventional wet spinning, the spinneret is located 
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in the coagulation bath. However, in the dry-jet wet spinning, the spinneret is located above 

the coagulation bath (see Figure 2.9).  

 

3.3.1. Cold drawing of short complexed fibers 

The short complexed filaments made by this method were carefully drawn at room 

temperature using a tensile tester with drawing rates from 2 to 50 mm/min. The draw ratios 

obtained by cold drawing these complexed filaments show a range from 4 to 7. When the 

dry-jet wet spun complexed filaments had an even thickness and shape, high draw ratios 

were obtained. On the other hand, if the shape of the as-spun complex filaments was not even 

or had an irregular external appearance, low draw ratios were obtained. The complexed 

filaments were very weak and could be easily stretched compared to melt spun nylon 6,6 

fibers due to complete suppression of hydrogen bonding and crystallinity. The ability to be 

drawn and other characteristics of nylon 6,6/GaCl3 complexed materials were discussed in 

our previous paper [27]. We obtained high draw ratios with complexed filaments in these 

experiments at a 5 mm/min (0.003 s-1) strain rate. The stretched complex filaments were 

fixed on a rectangular glass frame and then soaked in water for 24 hours to remove GaCl3. 

Decomplexed or regenerated drawn nylon 6,6 filaments were prepared for tensile testing, and 

Table 2.1 shows the results of the tensile tests for the regenerated nylon 6,6 filaments. Initial 

moduli of these regenerated filaments were near to commercial melt spun fibers, with initial 

moduli of about 6 GPa.  
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The draw ratio range varied from 4 to 7 for cold drawing, and depended on the morphology 

of the spun filaments.  The measured tenacities showed low values, which can be related to 

defects in the structure of these fibers, presumably pores or voids. Initial moduli can be 

calculated from the initial slope of each load-extension curve (not shown), and increased with 

increasing draw ratios. At a draw ratio of 7, the initial slope was high compared to those 

fibers with lower draw ratios. The higher draw ratio was obtained by careful drawing of the 

short complexed fibers, which have no hydrogen bonding between their nylon 6,6 chains, at 

room temperature in the Instron. Our regenerated nylon 6,6 fibers showed an initial modulus 

up to 5 GPa at a draw ratio of 7. 

  

3.3.2. Hot drawing of regenerated continuous fibers 

Continuous complexed filaments were produced by dry-jet wet spinning (the spinning 

temperature was about 65° C, and the coagulation bath temperature was at 25° C) after cold 

drawing during spinning, subsequent decomplexation, and finally careful drawing over  a hot 

plate (150-230˚ C) at different draw ratios by operating feed and take-up rollers at different 

speeds. When the dry-jet wet spun complex filaments had an even thickness and shape and 

low denier, then high hot-draw ratios were obtained. If the shape of the spun complex 

filaments was not even or had an irregular external appearance and high denier, then low hot-

draw ratios were obtained. By increasing the denier of fibers, their drawability decreased. 

The complexed filaments were very stretchable and could be easily extended compared to 

melt spun nylon 6,6 fibers due to complete suppression of hydrogen bonding. 
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Table 2.2 shows the results of the tensile tests for the regenerated hot drawn continuous 

nylon 6,6 filaments. Initial moduli of these regenerated filaments were high compared to melt 

spun nylon 6,6 fibers.  Initial moduli increased as the draw ratio increased. The draw ratio 

ranged varied from 5 to 13. All regenerated hot drawn filaments were broken at low strain 

levels.  The high modulus of these fibers presumes, and is in accord with long times to break, 

that the regenerated filaments were likely highly oriented at a draw ratio of 13. The 

crystallinity of the fiber hot-drawn at 200 ˚C to a draw ratio of 13 is about 46%, based on its 

observed enthalpy of melting. The low tenacities for this series of continuous fibers are 

probably due to non-uniformity or defects (voids or pores) in the fibers. The SEM cross 

sections of these continuous high modulus regenerated nylon 6,6 fibers are shown in Figure 

2.10 (a-g). Our fibers do not show a perfectly smooth round shape. Because of the nature of 

the wet spinning process, the cross section of fibers are somewhat collapsed. The fiber 

surface does not show voids, but the morphology of undrawn regenerated fibers is very 

porous. By measuring the surface area of fiber cross sections and the weight of fibers, and 

considering the density of nylon 6,6 as 1.14 g/cm3, a fiber porosity of  ~70% was calculated. 

Though the SEM micrographs of hot drawn regenerated fibers show compact structures with 

very low apparent porosity, their low tenacities are likely due to the presence of voids lying 

along the fiber axis perpendicular to the fiber cross section, which lead to stress 

concentration. The observed orientation factors of crystalline regions for regenerated fibers 

hot drawn to draw ratios 9.2 and 13.8 are presented in Table 2.2. They show that nylon 6,6 

chains are predominantly oriented during the drawing process, and, therefore,  chain slippage 
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is not dominant. The orientation factors observed here for the crystalline regions of 

regenerated hot drawn fibers agree with orientation factors of melt spun drawn fibers 

reported in the literature [28, 29]. However, we need to mention that in WXRD 

measurements, the contributions of small crystals are often difficult to detect [30].   

 

In following publications a full evaluation of the morphology and mechanical properties of 

fibers produced by continuous spinning of complexed nylon 6,6/GaCl3 in nitromethane 

solutions and using different coagulants and heat treatments (annealing) will be given. 

 

4. Conclusions 

Disruption of the interchain hydrogen bonding between high molecular weight nylon 6,6 

chains made possible by complexation with GaCl3, led to the production of strong fibers 

upon regeneration (removal of GaCl3) and subsequent hot drawing. Stable nylon 6,6/GaCl3 

complex solutions were obtained under nitrogen in nitromethane. High modulus fibers were 

produced from GaCl3/high molecular weight nylon 6,6 complexes. Different draw ratios 

were obtained by low strain rate stretching of complexed fibers made by using a dry-jet wet 

spinning process. The complexed fibers, which are rubbery, soft and very sticky, similar to 

their films, can be stretched at low strain rates by using a tensile tester. The maximum draw 

ratio achieved for fibers in our experiments was about 13. It has been demonstrated earlier, as 

well as in this work, that Lewis-acid complexation of aliphatic nylons provides a way to 
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temporarily suppress the effects of hydrogen bonding, while drawing, allowing a potential 

increase in orientation, and then, upon decomplexation/regeneration, to restore hydrogen 

bonding to the highly oriented fiber, resulting in high modulus. Continued research will focus 

on using different coagulants and trying to produce more uniform continuous filaments, with 

more compact pore-free structures, for subsequent (cold and hot) drawing to increase fiber 

tenacity and further improve modulus. Detailed study of fiber morphologies will hopefully 

lead us to some understanding of the relationships between the orientations of amorphous 

and crystalline regions and the physical properties of the fibers, following decomplexation/ 

regeneration by removing the GaCl3, both before and after they are drawn.   
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Table 2.1  Physical properties of high molecular weight regenerated nylon 6,6 cold-drawn 

short filaments obtained at drawing speed of 2.5 mm/min (dope concentration of nylon 

6,6 in complex 4-5 wt% and temperature of spinning 60-70° C). 

 

Draw 

Ratio 

Temperature of 

Drawing (°C) 

Tenacity 

(GPa) 

Modulus 

(GPa) 

Elong. at 

break (%) 

Undrawn - 0.075±0.01 2.9±0.9 203.8±84.4 

4 25 0.25±0.02 3.2±0.27 40.4±13.06 

5 25 0.24±0.07 3.2±0.4 36.3±16 

6 25 0.29±0.07 4.7±0.9 25.4±1.14 

7 25 0.39±0.12 5.2±0.7 42.2±12.06 

 

 

 

 

Table 2.2   Physical properties and orientation factor of crystalline regions of high molecular 

weight regenerated nylon 6,6 continuous filaments initially spun  at 1 m/min (dope 

concentration of nylon 6,6 in complex 4-5 wt%, temperature of spinning 60-70° C) following 

hot-drawing. 

 

Draw 

Ratio 

Temperature of 

Drawing (°C) 

Tenacity 

(GPa) 

Modulus 

(GPa) 

Elong. at 

break (%) 
fc 

Undrawn - 0.075±0.01 2.9±0.93 203.8±84.4 - 

4 150 0.195±0.03 9.5±1.27 18.6±6.01 - 

13.8 200 0.342±0.07 10.5±3.21 16.5±5.6 - 

9.2 230 0.253±0.02 10.7±1.20 15.3±8.6 0.78 

13.8 230 0.343±0.07 12.8±1.97 12.3±6.9 0.85 
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Figure 2.1 Schematic of complexation 



78 

 
 

 

 

 

 

 

Figure 2.2 Schematic diagram of hot drawing apparatus 
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Figure 2.3 Initial moduli of drawn regenerated nylon 6,6 films 
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Figure 2.4 Tensile strengths of drawn regenerated nylon 6,6 films 
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Figure 2.5 WAXD diffractograms of (a) decomplexed and drawn nylon 6,6 fiber and (b) 

nylon 6,6–GaCl3 complexed fiber. 
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Figure 2.6 FTIR spectra of: (a) as-received nylon 6,6; (b) nylon 6,6–GaCl3 complex (ratio 

1:1.1); and (c) decomplexed undrawn nylon  6,6
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Figure 2.7 TGA thermograms of a.) nylon 6,6 chips and b.) nylon 6,6-GaCl3 film with                 

stoichiometric ratio1:1.1 
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Figure 2.8 DSC thermogram of nylon 6,6-GaCl3 film with stoichiometric ratio 1:1.1 
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Figure 2.9 DSC thermogram of nylon 6,6-GaCl3 regenerated undrawn film 
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Figure 2.10   Schematic of dry-jet wet spinning  
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Figure 2.11 SEM micrographs of cross-sectional and longitudinal views of                      

regenerated undrawn and drawn nylon 6,6 fibers: 

a) Cross-sectional view of regenerated undrawn nylon 6,6 fiber.  

b) Cross-sectional view of regenerated undrawn nylon 6,6 fiber. 

c) Longitudinal view of regenerated undrawn nylon 6,6 fiber. 

d) Longitudinal view of regenerated hot-drawn (150° C, DR~4) nylon 6,6 fiber. 

e) Cross sectional view of regenerated hot-drawn (150° C, DR~4) nylon 6,6 fiber. 

f) Cross sectional view of regenerated hot-drawn (200° C, DR~13.8) nylon 6,6 fiber. 

g) Longitudinal view of regenerated hot-drawn (200° C, DR~13.8) nylon 6,6 fiber. 
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Gelation and Gel Spinning of Hydrogen Bond Forming Polymers in  

N-methyl pyrrolidinone  

 

 

Abstract 

In this study, the thermoreversible gelation of two hydrogen bond forming polymers namely, 

nylon 6 and atactic-polyvinyl alcohol (a-PVA) in N-methyl pyrrolidinone is investigated. 

Upon cooling down to room temperature, the hot solutions of nylon 6 and a-PVA in N-

methyl pyrrolidinone form gels. This process is thermoreversible and clear solutions are 

obtained when the gels are heated again. From the phase diagrams of the two polymers it was 

evident that the gel melting and gel forming temperatures are concentration dependent and 

increased with increasing polymer concentration. Fibers were spun from these gels and 

subsequently hot drawn to different draw ratios. In this paper, we studied two different 

molecular weights for nylon 6 and one ultra high molecular weight a-PVA polymer. The 

influence of draw ratio on the mechanical properties, thermal properties, overall and 

crystalline orientation of the fibers was investigated. Tensile strength, modulus, birefringence 

and crystalline orientation factor all increased with increasing draw ratio for both nylon 6 as 

well as PVA. For the high molecular weight nylon 6, we were able to produce fibers with 

tensile strength upto 1.23 GPa and modulus upto 25 GPa at a high draw ratio of 8.97. 

Similarly, PVA fibers with very high strength of upto 1.82 GPa and modulus upto 40 GPa 

have also been reported. 
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 1. Introduction 

Over the past many years, numerous advances have been made in the development of 

polymeric fibers for high performance engineering applications [1]. To date, two major 

research directions have been taken to produce such fibers. The first direction involves the 

production of fibers from new polymers, or the use of special techniques different from 

traditional melt, wet, and dry spinning. There are two classes under this: 1) processing of 

rigid rod or liquid crystalline polymers like Zylon PBO, Vectran, and Kevlar, and, 2) 

processing of flexible chain polymers into highly oriented structures like polyesters, 

polyamides, polyolefins. The second direction involves the use of manmade silks and silk 

like polymers based on biotechnology for novel high performance; however, the cost for 

viable productivity using this approach is prohibitive [2, 3].  

 

In the second class nontraditional spinning technologies are being used for conventional 

semi-crystalline polymers to improve fiber properties at a reasonable cost. In this regard, 

various draw techniques have been used to produce highly oriented structures from flexible 

chain polymers which include solid-state extrusion, solid-state co-extrusion, solution and gel 

spinning, and zone drawing and annealing techniques [4-8]. Most of these techniques use 

multiple drawing stages in order to achieve high levels of orientation. It is required that a 

mechanism or means of relaxation must be sought which allows for drawing to occur in later 

stages. In this respect gel spinning has proved to be an important technique for producing 

high strength and high modulus fibers from flexible chain polymers. The significant aspect of 
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gel spinning is that it offers a possibility of drawing a polymer, which is composed of a very 

dilute entanglement network to extremely high draw ratios. The traditional approach of melt 

processing a polymer and extruding it into filaments i.e. “melt spinning” is only applicable to 

polymers up to a certain molecular weight. For higher molecular weights, the melt viscosities 

become too high for melt processing. However, the concept of “gel spinning” allows the 

processing and subsequent formation of fibers from an ultra high molecular weight polymer. 

The success of this technique is due to the reduced molecular entanglements in the gel and to 

the efficient stretching of the polymer chains in the flow field [9]. There is already ample 

evidence in the literature that this technique can be used for producing fibers with very high 

strength and modulus from an ultra high molecular weight polyethylene (UHMW-PE) 

polymer. In 1979 DSM invented and patented the fiber and the gel spinning process to 

produce it [10]. One of the first publications on gel spinning of polyethylene came in 1979 by 

Smith, Lemstra, Kalb and Pennings [11]. In the following years many studies were 

performed in this area and more importantly several patents have been filed on this concept 

[12-21]. Similar processing is also applicable for polymers possessing low polarity like 

polyacrylonitrile, polyvinyl alcohol (PVA) and poly-L-lactic acid [22-24]. PVA is known to 

form gels in various solvents such as, ethylene glycol (EG), dimethyl sulfoxide (DMSO), 

DMSO/water mixture, phenol/water mixture and N-methyl pyrrolidinone (NMP). Spinning 

of PVA/EG and PVA/DMSO/water gels have resulted in fibers with significantly improved 

mechanical properties compared to traditional PVA fibers [23, 25-33].  
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Contrary to gel spun polyethylene and polyvinyl alcohol, for polyamides however, solution 

spinning has not proven very effective. The inability to ultra draw nylons is largely due to the 

presence of intermolecular hydrogen bonding between adjacent amide groups. Because 

nylons have higher melting points so high modulus nylon would potentially have a much 

wider temperature range applications than a high modulus polyethylene would. The strong 

intermolecular secondary bonding affects the higher modulus and stiffer properties in the 

polymer but that also limits the deformation of these polymers. The sole attempt at gel 

spinning nylon 6 to produce fibers with improved mechanical properties has been done by 

Cho and co-workers [34]. They spun fibers from hot solutions of nylon 6 in benzyl alcohol 

but were able to draw the as spun fibers upto a draw ratio of 5-6. They achieved a reasonable 

modulus of 6.2 GPa and low tenacity of 0.5-0.6 GPa. Apart from this in a Japanese patent 

(given to Asahi Chemical Industry Co. Ltd., Japan) nylon 66 chips (Mn = 210,000 g/mole) 

were dissolved in N-methyl-2-pyrrolidone at a concentration of 10% in the presence of LiCl 

(1/4:1 mole ratio based on amide group) at 180o C. Upon cooling to room temperature the 

solution gelled at 137o C which was the gel spun to form fibers. As spun fibers were extruded 

and coagulated in kerosene, dried and stretched 7 times to give fibers with tenacity 13.2 

g/denier and elongation 16% [35]. In the present work we focus on minimizing the extent of 

hydrogen bonding in nylon 6 and atactic-polyvinyl alcohol via thermoreversible gelation 

with N-methyl pyrrolidinone in an attempt to develop high performance fibers.  
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2. Experimental 

2.1. Materials 

In the present work we have used two different types of nylon 6 polymers differing from 

each other in terms of their molecular weight. The first one is high viscosity (HV) nylon 6 

purchased from BASF® Corp. (trade name ULTRAMID@ B40 01) and hereafter will be 

referred to as N6 HV. The second one is ultra high molecular weight nylon 6 polymer 

prepared in our laboratory here at NC State University, College of Textiles by Anushree 

Mohan, a graduate student working alongside with me on this project. It was prepared via 

ring opening anionic polymerization and we will refer to it as N6 AP. The experimental 

procedure followed, to synthesize high molecular weight Nylon 6 was obtained from Ueda et 

al [36]. Figure 3.1 shows the polymerization set-up. The monomer 99% pure ε-Caprolactam 

was obtained from BASF.  At first moisture was removed from ε-Caprolactam by bubbling 

nitrogen gas for an hour at 120oC in pre-dried reactor vessel. The temperature was then raised 

to 150oC, the chain initiator, N-Acetyl-Caprolactam obtained from Sigma-Aldrich, was 

injected into ε-Caprolactam and nitrogen was bubbled for 15 minutes more. The catalyst, 

Ethyl Magnesium Bromide obtained from Sigma-Aldrich, was then injected into the ε-

Caprolactam for the polymerization to take place. The polymer obtained was then shaved and 

extracted in hot water twice for 5 hours to remove all the extractables. The extraction method 

validated by Ueda et al shows low oligomer content in anionically polymerized high 

molecular weight Nylon 6 when compared to other processes. The formation of cyclic 

oligomers in hydrolytically polymerized nylon is due to back-biting of the amino terminal 
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group. The amino end group attacks the internal amide group to form cyclic oligomers. The 

limited reactions between lactam and lactam-anion and the scarce hydrolysis of the polymer 

result in a low content of amino terminal group, result in low back biting by the amino 

terminal group. The catalyst concentration was 0.5 mol%. 

The molecular weights of the two nylon 6 polymers were measured in our laboratory 

from their intrinsic viscosities using formic acid as the solvent at 25 °C using an Ubbelohde 

viscometer. The viscosity-average molecular weights are 63,000 g/mol for N6 HV and 

550,000 g/mol for N6 AP. They were calculated from the Mark-Houwink’s equation and the 

constants K and a used for the nylon 6/formic acid system were 22.6 × 10 -5 dL/g and 0.82 

[37]. Ultra high molecular weight atactic-PVA purchased from Kuraray Corp. is also used in 

this work. It has a degree of polymerization of 9150 and degree of hydrolysis of 99.8%. NMP 

was purchased from Aldrich as a biotech grade solvent with minimum water content. 

 

2.2. Gelation and gel spinning 

 The gels of nylon 6 HV were prepared by dissolving the polymer in N-methyl pyrrolidinone 

(NMP) at 175-180 oC under nitrogen environment for different polymer concentrations such 

as 5, 10, 20, 30, and 40%. For spinning of this polymer the appropriate concentration was 

found out to be 33%. Prior to dissolution the polymer was dried for 24 hours at 60 oC in a 

vacuum oven. After complete dissolution occurred the hot solution was transferred to the 

fiber extrusion device (shown in figure 3.2) and spun at 180 oC. A single-hole spinneret with 

diameter 250 µm and length to diameter ratio 1:1 was used for spinning. Upon extrusion the 
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gel fiber comes out in air and then goes into the cooling bath (kept ~ 10 cm below the 

spinneret) consisting of mineral oil as the cooling liquid at room temperature and is then 

wound on a bobbin under tension. The draw ratio in the bath was calculated as a ratio of the 

take up speed to the speed at which the fiber comes out of the spinneret. In this case, we were 

able to spin the fiber at a draw ratio of 3.86. For complete removal of NMP and regeneration 

of nylon 6 the as spun gel fiber was immersed in hexane for 3 days.  

 

A similar process was employed for the gelation and spinning of nylon 6 AP. The appropriate 

concentration for spinning was 15% and the draw ratio in the bath for this polymer was 4.26. 

The gels of a-PVA were prepared by dissolving the polymer in N-methyl pyrrolidinone 

(NMP) at 145-150 oC under nitrogen environment for different concentrations such as 5, 7.5, 

10, 12.5, and 15%. For spinning of this polymer the appropriate concentration was found out 

to be 13%. After complete dissolution occurred the hot solution was transferred to the fiber 

extrusion device and spun at 155 oC using the same spinneret as for nylon 6. Unlike nylon 6 

for a-PVA however, the use of mineral oil in the cooling bath didn’t help and hence we used 

methanol at room temperature. The draw ratio in bath for PVA was 5.13 and the as spun fiber 

was regenerated and made free of NMP using hexane only. 

 

2.3. Drawing and tensile properties 

Upon extraction the fibers were hot drawn to different draw ratios using a hot plate and two 

sets of rollers. For nylon 6 the drawing temperature was kept at 180 oC and for PVA the 

fibers were drawn at 200 oC. Draw ratios were initially equated to the ratios of take-up to 
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feed velocities V1 and V0, respectively. More exact draw ratios were determined and reported 

in our data from the ratios of deniers of fibers after and before drawing. Fiber denier was 

measured by first measuring the fiber diameter from their respective scanning electron 

micrographs and then converting into denier using the fiber density. Tensile properties of the 

fibers were measured on an Instron tensile tester with a 50 mm/min strain rate, at 65% 

relative humidity and 25° C, after being conditioned in this environment for 24 hr.  

 

2.4. Wide angle X-ray diffraction 

Measurement of wide angle X-ray diffractograms (WAXD) was carried out using a Philips 

X-ray diffractometer in the transmission mode, with curved crystal monochromatized Cu Kα 

radiation (1.54 Å) generated at 30 kV and 20 mA. Equatorial scans were obtained in the 2θ 

range 5–40o, with intensity data collected every 0.1o. To probe the orientation of hot drawn 

nylon 6 fibers, we used the 200 equatorial reflection and followed the analysis provided by 

Alexander for a hexagonal system [38]. For PVA fibers we used the 001 and the 200 

reflections and calculated the orientation factor using Wilchinsky’s equation for a monoclinic 

system [39] and some relevant parameters for PVA fibers from the work of Minus et al. [40]. 

Crystal size was calculated using the Scherer equation [38]: 

βrad = (c λ) secθ /t                                        

where c is an experimentally determined constant usually assigned a value of unity. β is the 

angular width of the reflection in radians at half of maximum intensity and t is the crystal 



 
 
 

 

98

thickness. λ is the wavelength of the monochromatic beam of light used and is equal to 

1.5418 Ǻ and θ is the angle of the peak position.   

 

2.5. Differential Scanning Calorimetry 

Melting temperatures and heats of fusion were measured with a Perkin Elmer differential 

scanning calorimeter (DSC 7). For the fibers, all the thermograms were obtained at a heating 

rate of 30° C/min and a cooling rate of 10° C/min and the instrument was calibrated using 

indium. The temperature range for nylon 6 was from 25-230o C and for PVA it was 25-240o 

C. The heats of fusion for 100% crystalline nylon 6 and PVA were taken from literature [41a 

and 41b]. 

 

2.6. Birefringence  

The birefringence was determined using a Mach-Zehnder type interference microscope 

manufactured by Aus-Jena. Birefringence was computed by the measured retardation of light 

divided by the fiber diameter. 

 

2.7. Scanning Electron Microscopy 

Surface and cross sectional images of as spun regenerated and drawn fibers were taken with 

an Hitachi S-3200N Scanning Electron Microscope (SEM). Fiber samples were submerged in 

liquid nitrogen and were cut with a razor blade.  The surface of the cut fiber was coated with 
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a layer of gold before viewing. For the highest drawn PVA fibers the cross sections were 

prepared in an epoxy resin and then cut with a diamond edged blade. 

 

3. Results & Discussion 

3.1. Gelation behavior 

Figure 3.3 shows the temperature vs. concentration phase diagram for the thermoreversible 

gelation of nylon 6 HV in NMP. Peak temperatures from respective DSC heating scans were 

used to build the phase diagram. DSC scans were performed at 30o C per minute for both 

heating as well as cooling scans. The gel melting as well as the gel forming temperature 

increases with increasing polymer concentration. To support the data in the phase diagram, 

we made visual observations by taking digital images at different temperatures while heating 

as well as cooling. Solid gel pieces were placed in glass vials and sealed by removing the air 

inside via a syringe. The vial was then placed in a silicon oil bath where the temperature was 

raised and reduced using a coil heater. Figure 3.4(a) shows the digital images of 20% N6 HV 

gel in NMP while heating and Figure 3.4(b) for cooling.  

 

Cho and coworkers [34] studied the thermoreversible gelation of nylon 6 in benzyl alcohol 

and found out that at a high polymer concentration of around 30% the gel melting and 

forming temperatures almost matched with each other. The behavior here is significantly 

different to that because even at the highest concentration of 40 % the gel melting and 

forming temperatures are significantly far apart from each other. This plays a great role 
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during spinning, because when the hot gel fiber comes out of the spinneret and enters the 

cooling bath (which is at room temperature) it stays in the its gel state for a much longer time 

compared to the case for nylon 6-benzyl alcohol gel fiber. This allows the fiber to be 

stretched while still being in the gel state thereby achieving high chain orientation in the as 

spun fiber. This initial high orientation can then be increased further during hot drawing after 

regeneration of the nylon 6. On the other hand if the gel fiber solidifies quickly and forms 

crystals, it will reduce the possibility of stretching the fiber in the cooling bath resulting in 

lesser oriented and much more crystalline as spun fiber. The possibility of orienting this as 

spun fiber and building upon the crystallinity in later stages then reduces considerably 

leading to fiber with poorer mechanical properties.  

 

Figure 3.5 shows the temperature vs. concentration phase diagram for the thermoreversible 

gelation of PVA in NMP. Peak temperatures from respective DSC heating scans were used to 

build the phase diagram similar to nylon 6. DSC scans were performed at 30o C per minute 

for both heating as well as cooling scans. In this case also, the gel melting as well as the gel 

forming temperature increased with increasing polymer concentration. However, the PVA 

gels melt and form while cooling at much lower temperatures compared to nylon 6 HV at 

similar concentrations. Even with significantly higher molecular weight, the PVA gels were 

softer compared to the much harder and rigid nylon 6 HV gels. Also, both nylon 6 and PVA 

form clear homogeneous solutions in NMP, but upon cooling the nylon 6 solution starts 

getting turbid and finally gels into an white opaque solid. On the other hand, the PVA 

solution doesn’t show any turbidity or cloudiness and forms clear transparent gels. This could 
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be due to the fact that nylon 6 probably has a much stronger and extensive network of 

hydrogen bonding compared to PVA leading to much higher crystallinity at similar 

concentrations even when the molecular weight for PVA is significantly higher than nylon 6. 

Hence, it may be reasonable to conclude that the controlling mechanism for gelation of nylon 

6 is predominantly via crystallization while that for PVA, the molecular chains form junction 

points (most probably micellar) thereby entrapping the solvent with little or no crystals. 

 

3.2. Fiber tensile properties 

Figure 3.6, 3.7 and 3.8 show the stress-strain curves for nylon 6 HV, nylon 6 AP and PVA 

fibers respectively. As expected the as spun fibers from all the three polymers show high 

elongation at break and hence low tenacity and modulus. Upon hot drawing, the elongation at 

break reduces significantly and the fiber tenacity and modulus increase. The shape of the 

stress-strain curves for drawn fibers of all three polymers is characteristic for highly oriented 

ultra high molecular weight polyethylene fibers [11-13, 42]. Figure 3.9, 3.10 and 3.11 show 

graphically the dependence of tensile strength, modulus and % strain at break on draw ratio 

for these fibers respectively. For both nylon 6 HV and nylon 6 AP fibers the tensile strength 

and modulus increase whereas the % strain at break decreases sharply with increasing draw 

ratio. This behavior is typical of semi crystalline polymeric fibers before and after hot 

drawing [43]. In the present study the maximum draw ratio achieved for nylon 6 HV fibers 

was 6.65 and an even higher draw ratio of 8.97 was achieved for nylon 6 AP fibers. Also, as 

already mentioned the nylon 6 AP fibers could be drawn more in the cooling bath before take 

up compared to nylon 6 HV fibers. This is because the nylon 6 AP polymer has a much 
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higher molecular weight compared to nylon 6 HV which widens the window of drawing the 

chains further, similar to the case of other polymers [42-44]. At similar low draw ratios the 

tensile strengths of the two fibers were similar but the modulus for nylon 6 AP fibers was 

significantly higher compared to nylon 6 HV fibers. For higher draw ratios both tensile 

strength and modulus for nylon 6 AP fibers were higher.  

 

This is similar to the behavior observed by Pennings and co-workers for dry spun nylon 6 

fibers from co-solvent mixtures of formic acid and chloroform [45]. They reported a high 

strength of 1.0 GPa and modulus upto 19 GPa in their work from a high molecular weight of 

~ 3.5 million g/mole. In this work we obtained even higher values for tensile strength and 

modulus of upto 1.23 GPa and 25 GPa respectively for nylon 6 AP fibers. The highest draw 

ratios obtained for nylon fibers with the gel spinning approach used in this work are 

significantly higher than those obtained via the melt spinning process. On the other hand, this 

is still far below the maximum draw ratios obtained for ultra high molecular weight gel spun 

polyethylene fibers [11-21]. This difference in drawing behavior is due to the presence of an 

additional strong and extensive intermolecular hydrogen bonding network along with the van 

der Waals forces in nylon fibers. Polyethylene on the contrary only has van der Waals forces 

acting within its chains. So although with the gel spinning approach we were able to develop 

a better entanglement network within the nylon chains which did improve its drawing 

behavior, but still the presence of hydrogen bonds between adjacent chains restricts chain 

slippage beyond a certain extent thereby not allowing the best possible chain orientation to be 

achieved.  
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Similar to nylon 6 fibers, strength and modulus both increased whereas % strain at break 

decreased for PVA fibers as well. As mentioned earlier in the experimental section, the PVA 

fiber could be drawn the maximum in the cooling bath compared to both the nylon 6 fibers. 

Although similar to nylon 6, PVA also has intermolecular hydrogen bonding, but the number 

and intensity of the hydrogen bonding network may not be the same leading to better 

drawability compared to nylon 6. As already mentioned gel spinning of PVA from gels of 

PVA-NMP hasn’t been tried earlier and in this work we obtained a high strength of upto 1.82 

GPa and a high modulus of upto 40 GPa for gel spun PVA fibers from NMP. Yamaura and 

co-workers studied the gelation of PVA in mixtures of phenol and water and spun fibers from 

the gel with phenol content of 75% by volume. They obtained a tensile strength and modulus 

of 1.3 GPa and 28.5 GPa respectively for their highest drawn fibers [33]. Yamaura and 

Kumakura prepared gel spun PVA fibers from DMSO/water mixtures and reported a 

maximum tenacity and modulus of 1.5-1.7 GPa and 34 GPa respectively for the fibers spun 

from 80/20 mixture of DMSO/water [29]. Suzuki et al. spun high performance PVA fibers 

from PVA/EG gels and achieved tenacities upto 1.4 GPa and modulus upto 35-40 GPa for 

highest drawn atactic PVA fibers [31].  

 

Hong and co-authors studied the gelation behavior of PVA in ethylene glycol (EG) and NMP 

[25]. They found out that the crystallinity in PVA/EG gel is higher than that in the 

PVA/NMP gel and their X-ray results revealed that the PVA/EG gel have a 101 diffraction 

peak whereas the PVA/NMP gel gave a broad amorphous halo. They suggested that these 
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differences in gelation behavior of PVA could be due to poorer aggregation of PVA chains in 

the poor solvent EG leading to a thicker network structure compared to the good solvent 

NMP where a more homogeneous and thinner network is formed [25]. This plays a 

significant role in the spinning process and greatly affects the final fiber properties. It is 

already well established for ultra high molecular weight gel spun polyethylene that a dilute 

and yet viscous enough gel with very low crystallinity is needed for spinning. Due to low 

crystallinity this dilute entangled network of chains can then be pulled and oriented along the 

fiber axis in the spinning process followed by solvent removal and hot drawing which results 

in the excellent mechanical properties for polyethylene. This to some extent is possible for 

PVA but not for nylon 6 where the gelation is primarily controlled by crystallization. 

PVA/NMP gel has much lesser crytallinity compared to nylon 6/NMP gel which can be seen 

from their lower gel melting temperatures from the phase diagrams. Hence, although the 

PVA and nylon 6 AP polymers used in this work had comparable molecular weights, PVA 

could be stretched more in the cooling bath and eventually after hot drawing at comparable 

draw ratios the PVA fibers had much better mechanical properties than nylon 6 AP fibers.  

 

3.3. Fiber thermal properties 

Figure 3.12 and 3.13 show graphically the dependence of peak melting temperature and % 

crystallinity on draw ratio for these fibers respectively. The as spun fibers for all three 

polymers show low crystallinity, which gradually improves upon hot drawing. For nylon 6, 

the nylon 6 AP fibers show slightly higher crystallinity in its as spun fibers which could be 

due to its much higher molecular weight compared to nylon 6 HV. Upon hot drawing both 
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the fibers reach to a similar final crystallinity. The crystal structure of nylon 6 has been 

known for a long time now and generally consists of α and γ crystals. The α crystal structure 

usually gets formed from slow crystallization from the melt or from a solvent which occurs 

in a spin-draw process followed by hot drawing and annealing. Whereas, the γ crystal 

structure results from rapid crystallization which generally occurs in high speed melt 

spinning. It is also known that γ can be transformed into the more thermally stable α structure 

by the application of heat, stress or use of solvents alone or in combination with each other 

[46-50].  

 

The peak melting temperatures for both nylon 6 HV and nylon 6 AP fibers indicate that their 

as spun fibers have a majority of α-crystals along with some γ and upon hot drawing finally 

all the structure becomes α as it is the thermodynamically more stable structure. This 

observation will get further supported when we discuss the results from X-ray diffraction. In 

the heating scans (shown in figure 3.14) of nylon 6 HV as spun fiber and fiber with DR = 

3.69, the melting peak is preceded by a small shoulder. This behavior is typical for nylon 6 

fibers and is believed to occur due to reorganization of structure, smaller crystals getting 

perfected and crystals growing in size before eventually all of them melt together at the 

polymer melting point [51, 52]. However, with hot drawing this imperfection in crystal 

structure gets improved and for the higher drawn fibers we observe a single melting 

transition for the α-crystals. For nylon 6 AP fibers however, only the as spun fiber shows this 

characteristic double melting behavior and all the drawn fibers show a single melting point 

for the α-crystal. Also, the respective peak melting temperatures for nylon 6 AP fibers are 
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slightly higher than for nylon 6 HV fibers. These differences in thermal properties could 

again be due to the significant difference in their molecular weights. Cho and co-authors 

mentioned that hydrogen bonds in nylon 6 may be stronger within the crystals compared to 

the amorphous regions. Due to which during drawing it would be easier to align chains in the 

amorphous region along the fiber axis. However, it would be difficult to unfold the lamella 

and transform the morphology from lamellar to fibrillar due to the stronger hydrogen 

bonding within crystals which is important for achieving better mechanical properties [34].  

 

For PVA fibers, the as spun fiber shows the least amount of crystallinity among all three 

polymers. This result again supports the observation made earlier about the PVA/NMP gel 

having much lower crystallinity compared to nylon 6 at comparable concentrations. As the 

draw ratio increases the % crystallinity and peak melting temperature increase and then reach 

a plateau similar to the nylon 6 fibers. The final crystallinity level for PVA fibers is higher 

than that for the nylon 6 fibers which is why PVA fibers have a slightly higher melting point 

compared to nylon 6 fibers. Suzuki and co-workers made gel spun PVA fibers from PVA/EG 

gels and reported high crystallinties of upto 50-60% and peak melting temperatures of upto 

250 oC for their highest drawn fibers [31]. The maximum crystallinity and peak melting 

temperature obtained in our work are ~ 59% and ~ 225 oC respectively. Figure 3.15 shows 

the heating and cooling scans for PVA as spun fiber and fiber with DR = 6.93. The melting 

endotherms have a single melting transition unlike nylon 6 fibers. However, in the cooling 

scan of drawn PVA fiber we observe a double crystallization peak. This could be due to the 

formation of crystals of two different sizes during crystallization in the drawn fiber. 
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3.4. Crystal structures, crystalline & overall orientations  

Figure 3.16 shows the dependence of birefringence on draw ratio for the nylon 6 and PVA 

fibers. For all the three types of fibers the birefringence increases with increasing draw ratio. 

Cho and co-workers reported a maximum birefringence of 0.012 after two stage hot drawing 

for their fibers gel spun from nylon 6-benzyl alcohol solutions [34]. They mentioned that the 

low value could be due surface defects or imperfect de-folding of crystals during drawing. 

The birefringence values obtained in our work for nylon 6 HV fibers gel spun from hot nylon 

6-NMP solutions are higher than those obtained for melt spun nylon 6 fibers [52]. Since the 

nylon 6 AP fibers could be drawn more than the nylon 6 HV fibers, they attained a higher 

overall orientation and hence reached a higher birefringence value. PVA fibers had the 

highest value for birefringence among all three types of fibers. Also, the values obtained in 

our work are higher than what other researchers have obtained for gel spun PVA fibers [31, 

33]. This indicates that a higher degree of overall orientation was achieved after hot drawing 

for gel spun PVA fibers.  

 

Figure 3.17 shows the intensity vs. 2θ curves for nylon 6 HV as spun and drawn (DR = 6.65) 

fibers. Parker and Lindenmeyer have reported that a typical intensity vs. 2θ scan obtained 

from WAXD for a nylon 6 fiber consists of peaks associated with the 200 plane of α form at 

~ 20.2o, the 200 plane of γ form at ~ 21.8o, the 002 plane of the γ form at ~ 22.7o, and finally 

the 002/202 planes of the α form at ~ 24.0o [53]. For the nylon 6 HV as spun fiber we see two 

distinct peaks at 20.5o and 23.9o indicating that the fiber consists of purely alpha structure 

only. Similar behavior is seen for nylon 6 AP as spun fibers as well. Upon hot drawing, the 
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peaks remain effectively at the same positions for both nylon 6 HV and nylon 6 AP fibers. 

However, the peak widths decrease as a result of crystals getting bigger and more perfect 

after hot drawing. Figure 3.18 shows the dependence of crystal size on draw ratio for the 

α002/202 peak for nylon 6 HV and nylon 6 AP fibers. As the draw ratio increases the crystals 

grow in size with the application of heat and stress giving rise to longer and more perfect 

crystals. Nylon 6 AP fibers finally attained a higher crystal size since due to their higher 

molecular weight they could be drawn more compared to nylon 6 HV fibers. Figure 3.19 

shows the dependence of crystalline orientation factor fc calculated from WAXD for nylon 6 

HV and nylon 6 AP fibers. For both the types of fibers fc increases with increasing draw 

ratio. 

 

Figure 3.20 shows the intensity vs. 2θ curves for PVA fiber. Bunn has studied the crystal 

structure of PVA in detail and reported a monoclinic crystal structure for PVA [54]. 

Assender reported that the x-ray diffractogram for PVA shows peaks associated with the 001 

plane at ~ 16.1o, the 101 plane at ~ 20o and the 200 plane at ~ 22.7o [55]. We observed 

similar results for our gel spun PVA as spun and drawn fibers. Figure 3.18 shows the 

dependence of crystal size on draw ratio for PVA fibers in comparsion with nylon 6 fibers. 

Similar to nylon 6 fibers, crystal size in PVA fibers increases with increasing draw ratio. The 

crystal sizes in PVA fibers are higher than those for nylon 6 HV which could be due to the 

significant difference in molecular weight. However, they are comparable to those for nylon 

6 AP fibers. Figure 3.19 shows the crystalline orientation factor as a function of draw ratio 

for PVA fibers in comparison with nylon 6 fibers. fc increases with increasing draw ratio and 
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PVA fibers show the highest crystalline orientation among all the three polymers. This 

suggests that crystals in PVA fibers are more aligned to the fiber axis which results in better 

mechanical properties compared to the two nylon 6 fibers.   

 

3.5. Fiber morphologies 

Figure 3.21 shows the SEM micrographs for surface and cross-section morphology of nylon 

6 HV as spun and drawn fiber with DR = 6.65. Cho and co-workers reported that their nylon 

6 fibers gel spun from benzyl alcohol had spherical gel morphology [34]. They concluded 

that the presence of those three dimensional spherical gels did not allow the fibers to be 

drawn much leading to low tenacity and modulus. In the highest drawn samples those 

spherical gels decreased in number but the fiber still had flaws along its length leading to 

poor mechanical properties. In this work on the other hand, we didn’t see any such surface 

defects. The fiber surface as seen from the SEM image for the as spun as well as drawn fiber 

was smooth and uniform and the cross section images also didn’t reveal any porosity. The 

SEM surface image (Figure 3.21 d) for the drawn fiber shows signs of extended fibrillar 

morphology which is essential for high tenacity and modulus. SEM images for nylon 6 AP 

fibers were exactly similar to those for nylon 6 HV fibers and didn’t show any evidence of 

surface flaws of any kind as well. These observations support reasonably well the 

significantly higher draw ratio and improved mechanical properties we obtained for our 

nylon 6 HV as well as nylon 6 AP fibers.  
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Figure 3.22 shows the SEM images for PVA as spun and drawn fiber with DR = 5.42 and 

8.56. Similar to nylon 6 fibers, PVA fibers prepared in this work also show uniform and 

homogenous surface as well as cross sectional morphologies. The surface image for as spun 

fiber (Figure 3.22 b) doesn’t show any evidence of extended fibrillar morphology, however 

as we draw the fiber to higher draw ratios (Figure 3.22 d�f) we can see the morphology 

changing with signs of fibrils appearing. The highest drawn fiber (DR = 8.56) shows a 

fibrillar texture with nearly perfectly extended chains. This behavior is exactly similar to 

what is seen for ultra high molecular weight polyethylene gels [56]. 

 

4. Conclusions 

The thermoreversible gels of nylon 6 and PVA in N-methyl pyrrolidinone were extruded into 

homogeneous filaments and subsequently hot drawn after removal of NMP to yield fibers 

with improved mechanical properties. High molecular weight nylon 6 fibers could be drawn 

to a high draw ratio of 8.97 and gave a maximum strength and modulus of upto 1.23 and 25 

GPa respectively. PVA fibers on the other hand had even better properties than nylon 6 fibers 

owing to lesser hydrogen bonding and more drawability. The maximum strength and 

modulus for PVA fibers were 1.82 and 40 GPa respectively. The results of DSC experiments 

indicated that a very low amount of crystallinity in the as spun fibers is beneficial for 

obtaining good mechanical properties upon hot drawing in later stages. Overall and 

crystalline orientation, crystal size and perfection all improved with increasing draw ratio for 

both nylon 6 as well as PVA fibers. Gel spinning provides a possible and convenient route to 
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process such high molecular weight polymers to form fibers with improved mechanical 

properties.   
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Figure 3.1 Anionic polymerization set-up
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Figure 3.2 Schematic of gel-spinning apparatus  
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Figure 3.3 Temperature vs. concentration phase diagram for N6 HV in NMP  
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Figure 3.4(a) Digital images for 20% N6 HV in NMP for heating 
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Figure 3.4(b) Digital images for 20% N6 HV in NMP for cooling 
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Figure 3.5 Temperature vs. concentrate on phase diagram for PVA in NMP  
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Figure 3.6 Stress-strain dependence for Nylon 6 HV fibers: (1) as spun; (2) DR = 3.69;                

(3) DR = 5.13 and (4) DR = 6.65 
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Figure 3.7 Stress-strain dependence for Nylon 6 AP fibers: (1) as spun; (2) DR = 3.45; (3) 

DR = 5.62; (4) DR = 7.26 and (5) DR = 8.97 
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Figure 3.8 Stress-strain dependence for PVA fibers: (1) as spun; (2) DR = 2.25; (3) DR = 

3.86;      (4) DR = 5.42 and (5) DR = 8.56 
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Figure 3.9 Fiber tenacity vs. draw ratio: (●) Nylon 6 HV; (■) Nylon 6 AP; and (▲) PVA 
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Figure 3.10 Fiber modulus vs. draw ratio: (●) Nylon 6 HV; (■) Nylon 6 AP; and (▲) PVA 
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Figure 3.11 Fiber % strain at break vs. draw ratio: (●) Nylon 6 HV; (■) Nylon 6 AP;                  

and (▲) PVA 
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Figure 3.12 Peak melting temperature (oC) vs. draw ratio: (●) Nylon 6 HV; (■) Nylon 6 AP;                  

and (▲) PVA 
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Figure 3.13 % Crystallinity vs. draw ratio: (●) Nylon 6 HV; (■) Nylon 6 AP; and (▲) PVA 
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Figure 3.14 DSC scans for nylon 6 HV fibers; (a, b) as spun and (c, d) hot drawn DR = 6.65 
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Figure 3.15 DSC scans for PVA fibers; (a, b) as spun and (c, d) hot drawn DR = 6.93 
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Figure 3.16 Dependence of birefringence on draw ratio: (●) Nylon 6 HV; (■) Nylon 6 AP; 

and (▲) PVA 
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Figure 3.17 Intensity vs. 2θ curves for (a) nylon 6 HV as spun fiber and (b) nylon 6 HV 

drawn fiber with DR = 6.65 
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Figure 3.18 Dependence of crystal size on draw ratio: (●) Nylon 6 HV; (■) Nylon 6 AP;            

and (▲) PVA 
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Figure 3.19 Dependence of crystalline orientation factor on draw ratio: (●) Nylon 6 HV; (■) 

Nylon 6 AP; and (▲) PVA 

0.4

0.6

0.8

1

0 2 4 6 8 10

C
r
y
st
a
ll
in
e
 o
r
ie
n
ta
ti
o
n
 f
a
c
to
r 
(f
c
)

Draw ratio



 
 
 

 

138

 

 

Figure 3.20 Intensity vs. 2θ curves for (a) PVA as spun fiber and (b) PVA drawn fiber with        

DR = 8.56 
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Figure 3.21 SEM images for: - As spun regenerated nylon 6 HV fiber [a, b], Regenerated hot 

drawn fiber DR = 6.65 [c, d] 
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Figure 3.22 SEM images for: - As spun regenerated PVA fiber [a, b], Regenerated hot drawn 

fiber DR = 5.42 [c, d] and DR = 8.56 [e, f] 
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CHAPTER IV 

Porous Nylon 6 fibers via a Novel Salt-Induced 

Electrospinning Method 
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Porous Nylon 6 fibers via a Novel Salt-Induced Electrospinning Method  

 

Abstract 

Porous nylon 6 fibers are obtained from Lewis acid-base complexation of gallium trichloride 

(GaCl3) and nylon 6 using electrospinning followed by GaCl3 removal. DSC and FTIR 

results reveal that the electrospun fibers, prior to GaCl3 removal, are amorphous with no 

hydrogen bonds present between nylon 6 chains. GaCl3 being a Lewis acid interacts with the 

Lewis base sites (C=O groups) on the nylon 6 chains thereby preventing the chains to 

crystallize via intermolecular hydrogen bonding. Subsequent removal of GaCl3 from the as-

spun fibers by soaking the electrospun web in water for 24 hours, leads to the formation of 

uniform pores throughout the fibers. While the average fiber diameter remains effectively the 

same after salt removal, the average surface area increases from a mere 1.8 m
2
/g for the as-

spun fibers to 12 m
2
/g for the regenerated fibers. The dual use of a metal salt (Lewis acid) to 

(a) facilitate fiber formation by temporary removal of polymer interchain interactions, and 

(b) act as a porogen, provides a novel and facile approach to obtain porous fibers via 

electrospinning.   
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1. Introduction 

 

 Conventional fiber spinning techniques such as melt, wet, and dry spinning can 

produce fibers with diameters down to the micron range. If the fiber diameter is reduced from 

micrometers to nanometers, very large surface-area-to-volume ratios and flexibility in 

surface functionalities can be obtained. These unique qualities make nanofibers an interesting 

candidate for many important applications [1]. Electrospinning is a process for producing 

fibers with diameters ranging from 50-800 nm from an electrostatically driven jet of polymer 

solution or melt [2]. In this process a high electrical potential (typically 10-30 kV) is applied 

to a polymer solution or melt in a syringe. The electric field thus generated produces a 

driving force and the polymer jet is ejected from the tip of the cone. The jet begins to whip or 

splits into bundles of smaller fibers which are collected on a grounded collector. This 

technique can be used for producing uniform fibers with novel compositions and 

morphologies such as hollow, core-sheath, and porous fibers [3-4].  

 

Two approaches have generally been undertaken in the area of electrospinning: 

examining the effects of process/material parameters, and development of new 

functionalities. From the materials/process standpoint, several factors can influence the 

transformation of polymer solutions into fibers through electrospinning. These parameters 

include: a) intrinsic properties of the solution such as rheological behavior, conductivity, 

surface tension, and polymer molecular weight and concentration, and b) operational 

conditions such as electric field strength, solution flow rate, nozzle diameter, spinneret-



 
 
 

 

144

collector distance, and motion of the collector [5-13]. However, all of these parameters are 

not independent of each other; for example, solution rheology is a function of both polymer 

molecular weight and solution concentration. In addition, electric field strength, solution flow 

rate, and nozzle diameter are interrelated, as are nozzle-collector distance and motion of the 

collector. In these regards, the focus of many studies has been on examining ways to control 

fiber diameter of the resulting nanofibers.   

 

On the other hand, functionalization of nanofibers expands its scope for a wide range 

of applications such as membranes, filters, biological sensors, scaffolds, transport media, 

light weight reinforcement, and coatings [1, 14-21]. Many of these applications could be 

greatly enhanced by increasing the surface area and porosity of the fibers. As such, several 

groups have attempted production of porous fibers using different approaches. Researchers 

have reported that by using a highly volatile solvent in the electrospinning process, porous 

fibers or fibers with unusual surface structures could be obtained [22-24]. Recently Dayal 

and coworkers [25] have made experimental and theoretical investigations of pore structure 

formation in electrospun fibers. They spun fibers from amorphous polymer solutions of 

poly(methyl methacrylate)/methylene chloride and poly(styrene)/tetrahydrofuran and 

generated nanopores via solvent evaporation. From their work they found out that porous 

fiber formation is favored if the polymer/solvent system is partially miscible showing a 

UCST behavior at the electrospinning temperature. Electrospinning of sol-gel solutions of 

inorganic materials with surfactants can also produce porous fibers [26].  
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McCann and coworkers showed that by using a coaxial spinneret with miscible 

solvents and immiscible polymers, highly porous fibers could be obtained by selective 

dissolution for polymer fibers and calcinations for composite fibers [3]. They also produced 

porous polystyrene, polyacrylonitrile, and polyvinylidene flouride fibers by immersing the 

collector in a bath of liquid nitrogen followed by drying in vacuum [27]. The porous fibers 

were obtained through thermally induced phase separation between the solvent rich and 

solvent poor regions in the fiber during electrospinning.  

 

Several research groups have also produced porous fibers by electrospinning polymer 

blends, followed by selective removal of one component [3, 23, 28]. For example, Bognitzki 

and coworkers [29] synthesized porous fibers of polylactic acid (PLA) and polyvinyl 

pyrilidene (PVP) by electrospinning a PLA/PVP blend solution. Zhang et al., [30] used the 

concept of phase separation with electrospinning to generate polyacrylonitrile (PAN) and 

poly(ethylene oxide) (PEO) bicomponent fibers (15-50 wt.% of PEO in PAN). The 

nanopores were generated by dissolution of the phase separated PEO domains in water and 

the selective removal of the PEO component was confirmed by fourier transform infrared 

spectroscopy (FTIR) and differential scanning calorimetry (DSC). However, they found out 

that removal of one component increased the average fiber diameters. Although viable in 

principle, nanopore generation via this method is time intensive due to the slow solubilization 

of most polymers, and in some cases complete removal of the unwanted component may not 

be possible.  
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Addition of salts into the electrospinning system is another way to control the fiber 

structure and properties. Mit-uppatham and coworkers [31] added NaCl, LiCl, and MgCl2 to 

solutions of nylon 6 in formic acid and found that by increasing the amount of salt from 1 to 

5 %w/v, solution viscosity, conductivity, and fiber diameters increased. They suggested that 

the increase in diameter of the fibers could be a result of increasing solution viscosity and 

mass flow. In general, the addition of salt may increase or decrease the solution viscosity 

depending on the interactions among salt, polymer, and solvent [32-36].  Phadke et al. [36] 

investigated the salt/polymer/solvent interactions of three different salts (LiCl, ZnCl2, and 

AlCl3) with N,N-dimethylformamide (DMF) and polyacrylonitrile (PAN). They found that 

salt addition had two opposing effects: i) decrease in DMF solvent power, which caused less 

expanded polymer coils (i.e., lower viscosity), and ii) increase in interpolymer chain 

entanglements via salt-promoted chain association (i.e., higher viscosity).  As a result, adding 

salts increases the viscosity of low-molecular weight (MW, 50-kDa) PAN solution, but 

decreases the viscosity of high-MW (150- and 250-kDa) PAN solutions. Adding salts into 

polymer solutions is also a common method to adjust the solution (ionic) conductivity.  

Different salts (such as sodium chloride [37] and triethylbenzylammonium chloride [28]) 

have been added to polymer solutions (such as PEO/water [37] and polyurethaneurea/DMF 

[28]) to increase the ionic conductivity and consequent mass flow that passes through the 

spinneret nozzle.  The increased ionic conductivity also favors the formation of fibers 

without beads and the reduction of fiber diameter [37].  
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In this paper we report production of electrospun fibers from a Lewis acid-base 

complex of nylon 6 and GaCl3 having uniform pores throughout the fiber. Previous work by 

Roberts and Jenekhe has demonstrated that polyamides can undergo complex formation with 

strong Lewis acids such as GaCl3 by interacting with the Lewis base sites (CO-NH) along the 

polymer chain [38]. We exploit this finding to show that such interactions remove 

crystallinity and hydrogen bonding between polyamide chains, thereby permitting new 

degrees of freedom in molecular arrangements and facilitating electrospinning. Subsequent 

removal of salt from the electrospun fiber of nylon 6 / GaCl3 complex using water 

(regeneration/decomplexation) results in in situ generation of nanosized pores. Such an 

approach in which the salt is used as both a facilitator for electrospinning as well as a 

porogen, has not been reported before, and provides a facile method to obtain porous fibers. 

 

2. Experimental 

2.1.  Materials 

Nylon 6 pellets (ULTRAMID
@

 B40 01) with a viscosity-average molecular weight of 

63,000 g/mol were obtained from BASF
®

 Corporation (Michigan,USA) and used as received. 

The viscosity-average molecular weight was calculated from the Mark-Houwink’s equation. 

The constants K and a used for the nylon 6/formic acid system at 25 °C were 22.6 × 10 
-5

 

dL/g and 0.82, respectively [39], and the viscometric measurements were conducted at 25 °C 

using an Ubbelohde viscometer.  
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2.2. Preparation of Nylon 6/GaCl3 complex solutions  

A polymer concentration of 5 wt % was used in making the complex solutions (Nylon 

6/GaCl3) in nitromethane at around 70° C. The solution was held under nitrogen for ~ 10-12 

hours, and mechanical stirring was used for dissolving the nylon 6 chips completely. A 1.1:1 

stoichiometric ratio of GaCl3 to amide groups (CO-NH) was used to achieve complete 

suppression of hydrogen bonding in nylon 6.  

 

2.3. Electrospinning 

For electrospinning of nylon 6, a variable high voltage power supply (Glassman high 

voltage model # FC60R2 with positive polarity) was used as a power supply to apply voltage 

of +20 kV. The polymer solution was placed in a 10 ml syringe to which a capillary tip of 0.4 

mm inner diameter was attached. The positive electrode of the high voltage power supply 

wasconnected to the capillary tip. The grounded electrode was connected to a metallic 

collector wrapped with aluminum foil. The distance between tip to collector and flow rate 

were maintained at 16 cm and 1 ml/hr, respectively. 

 

2.4. Morphology of electrospun webs 

The morphology and diameter of the as-spun and regenerated nylon 6 webs were 

observed by using scanning electron microscopy (Hitachi S-3200 and FEI XL30 SEM, both 

operating at an accelerating voltage of 5 kV). The electrospun samples were coated by a K-

550X sputter coater with Au/Pd approximately 100 ˚A thick to reduce charging. 
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Transmission electron microscopy (Hitachi HF- 2000 TEM) was also used to study the 

structure of composite/as spun and porous/regenerated fibers placed on 200-mesh Cu grids 

with an accelerating voltage of 200 kV. For preparing the cross section of the regenerated 

fibers, the bundle of fibers was embedded in epoxy resin and then a section was sliced using 

a diamond edged blade. 

 

2.5. Thermal analysis 

The melting temperature was measured with a Perkin Elmer differential scanning 

calorimeter (DSC 7). Each thermogram was obtained from 25-240
o
 C at a heating and 

cooling rate of 20 °C/min. The instrument was calibrated using indium. Approximately 20-30 

mg of sample was heated from 25-650 °C at a rate of 20 °۫C/min in a nitrogen environment. 

 

2.6. FTIR spectroscopy 

Attenuated total reflectance (ATR) spectra were collected on a Nicolet 560 FTIR 

spectrometer equipped with an Advantage microscope and using liquid nitrogen cooled 

Mercury Cadmium Telluride (MCT) detector. At least 32 scans were obtained to achieve an 

adequate signal to noise ratio. The spectral resolution was 2 cm
-1

. 

 

2.7. BET surface area and pore size analysis 

BET surface areas were determined from N2 adsorption isotherm data collected at 77 

K (Autosorb-1-MP, Quantachrome Corporation, Boynton Beach, FL). Prior to analysis, 

adsorbent samples were outgassed for 12 hours at 313 K. BET surface areas were determined 
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from 18-point adsorption isotherms that were completed with at least 0.2 g sample in the 

0.01-0.3 relative pressure range. A glass rod was used during the analysis to decrease the 

void volume of the sample holder. 

 

Pore size distributions were determined by conducting N2 adsorption experiments 

constructed from 126 data points in the relative pressure range of 10
-6

 to 1 using a sample 

mass of 1.0 g of adsorbent. A glass filler rod was inserted into the sample holder to minimize 

the void volume in the sample holder during the analysis. Micropore volume, mesopore 

volume and pore size distribution were computed from N2 adsorption isotherm data using the 

Density Functional Theory (DFT) with the N2_carb1.gai kernel (PC software version 1.51, 

Quantachrome, Boynton Beach, FL). In addition, the mesopore volume was computed using 

the Barrett, Joyner, and Halenda (BJH) and DFT methods. The BJH method is commonly 

used to determine the volume and size distribution of mesopores (2 to 50 nm) and small 

macropores, and the DFT method is typically used to estimate the volume and size 

distribution of micropores (< 2 nm) and small mesopores [40]. 

 

3. Results and Discussion 

As a primer to electrospinning, complexes of nylon 6 with GaCl3 were prepared at 

stoichiometric ratios of 1:1 and 1.1:1 (GaCl3:C=O). The spinnability of the complex solution 

and drawability in the resulting fibers were examined for these compositions using the 

conventional dry-jet wet spinning technique. Although the ratio of 1:1 is sufficient to 
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completely dissolve nylon 6 in the solution of GaCl3 in nitromethane, improved spinnability 

was achieved with a ratio of 1.1:1. This was further supported by the fact that continuous 

fibers could also be spun with enhanced drawability for this sample using a dry-jet wet 

spinning apparatus. Fibers with diameters ~250 microns were obtained from the above 

mentioned technique. The diameter of fibers obtained with the ratio 1:1 was larger (~400 

microns) compared to that of the 1.1:1 ratio due to reduced drawability. For this reason 

complex solutions with ratio of 1.1:1 between GaCl3 and C=O were used in the 

electrospinning process; all subsequent results reported in this study correspond to this 

composition.  

 

Figures 4.1 shows SEM micrographs of electrospun nylon 6 fibers containing GaCl3. 

These as-spun/non regenerated fibers exhibit a smooth surface and uniform diameters along 

their lengths. The latter aspect is seen more clearly in Figure 4.1c which shows the 

micrograph at a higher magnification. Figures 4.1 d, e and f show micrographs of the same 

fibers upon removal (regeneration) of the GaCl3.  We observe that the fiber surfaces have 

become rough due to the removal of salt. As GaCl3 comes out of the as spun fibers it leaves 

uniform nano and macro pores all along the surface of the fibers. High resolution SEM 

images (as shown in Figure 4.2 a and b) of surface of the regenerated nylon 6 porous fibers 

allowed us to look closer into these pores and it appears that the pore structure is also present 

within the fibers (see inset of Figure 4.2a). To further support this observation we looked at 

the cross section of these fibers in SEM as well TEM (as shown in Figure 4.2 c and d 

respectively). The pores appear to be uniformly distributed throughout the cross section of 
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these fibers. One critical observation that can be made here is that the as spun fibers appear to 

be fused into each other while the regenerated fibers do not. This aspect will be more clearly 

understood when we discuss the DSC results.  Statistical analysis of the fiber diameters was 

carried out by constructing histograms, from which average diameter and a standard 

deviation were obtained. Figure 4.3 shows the fiber diameter distributions of as spun and 

regenerated fibers. The average diameter and standard deviation for the as-spun fibers was 

1021 ± 398 nm and that for regenerated ones was 1067 ± 299 nm, suggesting that the fiber 

diameter to remain effectively the same after salt removal.  The distributions are very broad 

for both as spun as well as regenerated fibers however, the distribution shifts to lower 

diameters for regenerated fibers which is evident from the lower standard deviation. 

 

Figures 4.4a and b show the TEM images of as spun fibers and c and d for 

regenerated ones, respectively. The images of as-spun fibers are mostly dark (as would be 

expected for solid homogeneous fibers) with darker spots uniformly distributed throughout 

the fibers due to the contrast generated by the presence of GaCl3. The edges of the fibers 

have smooth surface whereas the images of regenerated fibers display white patches 

uniformly distributed all over their length (these are highlighted by circles). These white 

patches are due to the pores in the fibers and their sizes match the sizes observed in the 

respective SEM images. Furthermore, the high resolution TEM image for regenerated fiber 

(Figure 4.4e) shows that compared to the edges of the as spun fiber which are smooth and 

uniform (Figure 4.4b), the regenerated fiber shows elongated indents and ridges (encircled) 

as well as highly uneven morphology along the edges. This indicates that morphological 
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modification has taken place in regenerated fibers as a result of salt removal. The results 

from BET surface area measurements also support these observations. From BET 

measurements, we find that the average surface area of the as-spun fibers is 1.8 m
2
/g, 

whereas the regenerated electrospun fibers show a surface area of 12 m
2
/g, reflecting an 

increase of at least a factor of 6.  

 

This increase is better than what some other researchers have reported in literature. 

Zhang and co-workers prepared nano-porous ultra-high specific surface polyacrylonitrile 

fibers by electrospinning bicomponent fibers from solutions of polyacrylonitile and 

polyethylene oxide. Pores were generated by the selective removal of the PEO component 

and they found a 2.5 fold increase in surface area compared to as spun non porous fibers 

[30]. Similarly, Liwen and co-authors studied the preparation and characterization of silica 

nanoparticulate-polyacrylonitrile composite and porous nanofibers. Porous nanofibers were 

prepared by the selective removal of silica component from the silica/PAN composite fiber 

and they found out that there was a 20% increase in surface area upon formation of pores 

[41]. Figures 4.5 and 4.6 present the N2 physisorption (adsorption/desorption) isotherm and 

pore size distribution of the regenerated nanofibers. The isotherm is akin to a Type II in 

accordance to the International Union of Pure and Applied Chemistry (IUPAC) isotherm 

classification but exhibit a hysteresis loop and an inflection point at lower P/Po which are 

associated with the presence of mesopores (2-50 nm pore diameter) and micropores, 

respectively, in the material [40]. The pore size distribution was estimated using both BJH 

and DFT (inset of Figure 4.6) methods where the pore diameter spans the whole gamut of the 
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micropore, mesopore and macropore regions. The regenerated electrospun nylon 6 fibers are 

mostly composed of mesopores with 5 to 12 nm pore widths according to the DFT method. 

Some micropores (~1.7 nm) and macropores (> 50 nm) were also present as determined from 

the DFT and BJH methods, respectively. 

 

In order to examine the reaction between GaCl3 and nylon chains, and the role of 

GaCl3 complexation in facilitating electrospinning, a series of experiments involving FTIR 

spectroscopy and DSC were performed. Figure 4.7 shows the infrared spectra of (a) reference 

nylon 6, (b) nylon 6–GaCl3 complex fiber web, and (c) regenerated/decomplexed nylon 6 

fiber web (i.e., after the removal of GaCl3). In Figure 4.7a, the band at 3297 cm
-1

 has been 

attributed to N-H and the band at 1635 cm
-1

 to C=O stretching vibrations. The amide group is 

potentially a bi-functional electron donor with 2sp
2
 ‘lone pairs’ at the oxygen atom and a 2pz

2
 

‘lone pair’ at the nitrogen atom, and therefore has two possible electron-donating sites to 

coordinate with the Ga
+3

 cation. Overlap of 2pz orbitals of the oxygen, carbon, and nitrogen 

atoms in the planar amide group would reduce the electron density on the nitrogen atom, and 

favor the coordination of the metal ion with the carbonyl oxygen atom. Ga
+3

 metal 

coordination with the C=O groups in the nylon breaks the intermolecular hydrogen bonds 

between nylon 6 chains which is schematically shown in Figure 4.8.  

 

Since GaCl3 forms a complex with the C=O group, the N-H bond becomes free. This 

causes the N-H vibrational band to shift to a higher frequency (red shift- from 3297 to 3367 

cm
-1

), while the C=O vibrational band shifts to lower frequency (blue shift- from 1635 to 



 
 
 

 

155

1614 cm 
-1

) due to a reduction in bond order as a result of complexation. This change can be 

seen in the spectrum of nylon6-GaCl3 complex fiber web in Figure 4.7b. Decomplexed nylon 

6 fiber web was obtained by soaking the as-spun web in water for at least 24 hours [42]. 

Water being a stronger Lewis-base than nylon helps in removing the salt from within the 

polymer matrix. Other solvents like methanol, ethanol or isopropanol can also be used but 

they would take a much longer time for achieving complete regeneration. From Figure 4.7c, 

it can be seen that the infrared spectra of regenerated nylon 6 films and reference nylon 6 

films are essentially same, suggesting that complete removal of the Lewis acid has taken 

place from the complexed sample.  

 

Differential scanning calorimetry was employed to study the melting and 

crystallization behaviors of the as-spun and regenerated fiber webs. Figure 4.9a shows the 

DSC scan of nylon 6-GaCl3 complexed electrospun fibers. During heating of the sample no 

melting peak was observed suggesting that there are no crystals and the complex has a 

completely amorphous morphology. This is due to the fact that the salt complexes with nylon 

and does not allow the chains to crystallize via intermolecular hydrogen bonding. Similarly, 

during cooling no crystallization peak is observed as the C=O groups in the polymer matrix 

are shielded by the huge and bulky GaCl3 molecules, thereby preventing the development of 

hydrogen bonds and hence crystallinity. Due to this reason the as spun fibers appear glued to 

each other in the SEM micrographs. Figure 4.9b shows heating and cooling scans for the 

regenerated nylon 6 electrospun fibers and we can see the respective melting and 

crystallization peaks characteristic of nylon 6 due to the regeneration of the hydrogen bonds 
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between the polyamide chains. The measured melting and crystallization temperatures for the 

regenerated fibers are ~215 
o
C and ~167 

o
 C respectively, which are similar to the melting 

and crystallization temperatures of nylon 6 chips used in this study.  

 

4. Conclusions 

This study demonstrates a two step approach for producing porous fibers of nylon 6. 

In the first step, electrospun fibers are obtained from a 5 wt% Lewis acid-base complex 

solution of nylon 6 and GaCl3 in nitromethane. Subsequent removal of the GaCl3 salt through 

soaking in water leads to pore formation both within and on the surface of the fibers, as 

evidenced from SEM and TEM images. Quantitave analysis from BET surface area 

measurements reveal that the average surface area of the as-spun fibers is 1.8 m
2
/g, whereas 

that of the regenerated (salt removed) electrospun fibers is 12 m
2
/g, reflecting an increase of 

at least a factor of 6. Further, the fiber diameter remains unchanged upon salt removal. These 

results taken together suggest that Lewis acid-base complexation can be used as an effective 

method for producing porous nylon fibers, and can possibly be extended to other polymers to 

prepare porous an nanostructured fibers for different applications.   
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Figure 4.1 SEM micrographs of as-spun nylon 6 fibers(a, b, c) and regenerated nylon 6 

porous fibers (d, e, f).  

(a) (b) 

(c) (d) 

(f) (e) 
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Figure 4.2 (a and b) High resolution SEM images of surface of regenerated nylon 6 porous 

fibers; (c) SEM image and (d) TEM image of cross section of regenerated nylon 6 porous 

fibers respectively (flat regions in the TEM image are from the epoxy resin in which the fiber 

bundle was embedded) 

 

 

500 nm 

(d) (c) 

1 µm 
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Figure 4.3 Fiber diameter distributions of as-spun nylon 6 fibers (top), and regenerated nylon 

6 porous fibers (below). 
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Figure 4.4 TEM micrographs of  as-spun nylon 6 fibers(a, b), regenerated nylon 6 porous 

fibers(c, d), with circles showing white patches for pores; and  regenerated fiber showing 

differences in edge morphology (e). 
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Figure 4.5 Nitrogen adsorption and desorption isotherm at 77 K of the regenerated 

electrospun nylon 6 fibers. 
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Figure 4.6 Differential pore volume as a function of pore diameter using the BJH method 

and DFT method (inset) based on slit/cylindrical pore model for the regenerated electrospun 

nylon 6 fibers. The DFT method is typically used to estimate pore diameters at the micropore 

region and the smallest mesopores while the BJH method at pore diameters in the mesopore 

region and some of the smaller macropores [37]. 
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Figure 4.7 FTIR spectra of: (a) reference nylon 6; (b) nylon 6–GaCl3 complex fibers; and (c) 

regenerated nylon 6 fibers. 
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Figure 4.8 Schematic of nylon 6 complexed with GaCl3 (bottom), and  reference nylon 6 

with intermolecular hydrogen bonds (top). 
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Figure 4.9 DSC thermogram of nylon 6-GaCl3 as-spun fiber (a), and regenerated nylon 6 

fiber (b). 
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CHAPTER V 

Conclusions 
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In this dissertation we have investigated “Novel approaches to fiber formation 

from hydrogen bond forming polymers”. We started by reviewing all the different possible 

approaches researchers have tried in the past for developing high strength and modulus 

polyamide fibers. Based on that we explored the ideas of “lewis acid-base complexation” and 

“gel spinning” for preparing high strength and modulus fibers from nylon 66, nylon 6 and 

PVA. Further we worked with lewis acid-base complexation to develop porous nanofibers 

using the technique of “electrospinning”. Some of the key findings of this research are listed 

below. 

 

1) Complexation of nylon 66 with Lewis acids such as GaCl3 is an exciting new way 

of making amorphous highly drawable material. The maximum draw ratio 

achieved for fibers in our experiments was about 13 and high modulus fibers were 

produced from GaCl3/high molecular weight nylon 66 complexes. Regenerated 

hot drawn nylon 66 fibers had a modulus of ~ 13 GPa. However, due to the large 

amount of GaCl3 needed, the extraction of salt from the fibers results in porosity 

and leads to low tenacities. 

2) Thermoreversible gelation and its application for fiber spinning have been well 

established for polyethylene and polyvinyl alcohol. However, there is no evidence 

for its successful application for polyamides. The sole attempt at gel spinning 

nylon 6 was done with benzyl alcohol as the solvent for gelation and it resulted in  
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3) fibers with maximum modulus of 6.2 GPa. In this research we performed for the 

first time a systematic study of gel spinning of low, high molecular weight nylon 

6 and high molecular weight PVA polymers in NMP. We obtained high strength 

and modulus for high molecular weight nylon 6 fibers and even better mechanical 

properties for PVA. Gel spinning offers a distinct advantage over melt spinning in 

allowing the processing of high molecular weight polymers and at the same time 

doesn’t have the disadvantages of solution spinning such as porosity and fiber 

surface defects. 

4) Electrospinning is a fast and simple process for making nanofibers with high 

surface areas. These nanofibers have a wide variety of applications which get 

further enhanced as the surface area increases due to porosity within the 

nanofibers. In this research we have used for the first time a metal salt to generate 

pores within nanofibers. Removal of salt from the as spun nanofiber web is an 

easy and effective way to generate pores. The electrospun nanofibers after salt 

removal had a BET surface area 6 times higher than the nanofibers before salt 

removal.  


