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Space is neither cold nor dark. It is full of light and our eyes only require an object for 

that light to shine upon. That light is also energy, energy that once is part of you, or any 

other object, you can either accumulate or dissipate.  
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SUMMARY 

This study focuses on making next generation of polyacrylonitrile fibers containing 

carbon nanofillers, namely carbon nanotubes (CNTs) and carbon black (CB). 

Mechanically strong and electrically conducting poly(acrylonitrile) (PAN) fibers were 

obtained by incorporating up to (a) 15 wt% single wall carbon nanotubes (SWNTs) and 

(b) 15 wt% carbon black (CB) and 2 wt% multiwall carbon nanotubes (MWNTs). These 

fibers with tensile modulus of up to 32.1 GPa and electrical conductivity of 2.2 S/m rival 

some intrinsically electrically conducting polymer fibers without doping. Nanocomposite 

carbon fibers with up to (a) 25 wt% SWNTs and (b) 24 wt% carbon black and 3 wt% 

MWNTs were also produced, and it is shown that CNT inclusion improves tensile modulus, 

while the inclusion of CB can be used to lower the carbon fiber cost, while lowering the 

mechanical properties. Stretchable PAN fibers with up to 60 wt% CB were also produced 

by increasing the diameter of the CB particles.  

Fibers with high SWNT loading of 15 wt% were possible by wrapping the SWNTs 

with poly(methyl methacrylate) (PMMA). The mechanism of PMMA wrapping of SWNTs 

was studied experimentally and theoretically (using molecular dynamic simulation). It is 

shown that PMMA wrapping can be used to increase filler-matrix interaction in the polymer 

fiber. It is further shown that PMMA wrapping is not detrimental to the filler-matrix 

interaction in the resulting carbon fiber. This is despite the fact that PMMA does not have 

carbon yield.  

Effect of the carbon nanotubes and carbon black fillers on PAN solution/dispersion 

rheology has been studied. The effect of these fillers on fiber processability and fiber 

structure is also comprehensively studied. Research also includes stabilization and 

carbonization of the conductive CB/PAN nanocomposite fibers via Joule Heating to obtain 

low-cost carbon fibers.   
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1. CHAPTER 1: INTRODUCTION 

 

1.1 Multifunctional and high-performance fibers 

Development of synthetic and specialty polymer, ceramic, metallic and composite 

fibers has been, through recent history, at the center of many scientific developments, 

from the light bulb fiber1 to optic fiber2 and eventually high-speed internet. For tomorrow’s 

more demanding applications, ranging from aerospace industry and electric vehicles to 

professional level sports goods, multifunctional and high-performance fibers are critical. 

Presently, planes are made of polymer composites reinforced with carbon fibers which 

provide mechanical integrity at lower weight than a metal framework.3 Next generation 

carbon fibers4–7 will not only have improved specific tensile strength and modulus, but will 

also allow for energy storage and/or integration of electric and electronic wiring and 

components, and for in-situ monitoring of fiber wearing and failure. Next generation of 

ubiquitous polymer fibers8–12 will have improved thermal stability, sense fiber damage, 

serve as biosensors, provide electromagnetic shielding, and will generate heat, on 

demand, by applying electric current.  

Carbon nanotubes could be at the center of many of these next generation fibers. 

Carbon nanotubes are exceptionally strong, with tensile strength and modulus of 100 GPa 

and 1 TPa, respectively. Furthermore, depending on the type of carbon nanotube, their 

optical, thermal and electrical properties can be tuned.13 Thus, depending on the type of 

CNT used, it is possible to obtained various multifunctional fibers, e.g. fibers that are both 

strong and electrically conductive, or semiconducting and responsive to light and 

electromagnetic stimuli.14 
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Since carbon nanotubes have diameters of a few nanometers, they need to be 

arranged into macroscopic fibers or yarns to increase safety15 and to be used in most 

macroscopic applications. This is done either by a) producing all-CNT yarns16 or CNT-

yarn-based composite fibers,17,18 or by b) introducing CNTs into polymer fibers.19,20 The 

work presented here focuses on the second approach, that allows the use of relatively 

short CNTs. Furthermore, introduction of CNTs into polymer fibers introduces other 

controllable variables beyond CNT type, namely, CNT content, matrix properties and filler-

matrix interactions. In this work, poly(acrylonitrile) (PAN) was selected as the matrix for 

spinning of nanocomposite fibers with single and multiwall carbon nanotubes and with 

carbon black. Carbon black is another carbonaceous nanomaterial, of low-cost and 

commonly used in polymer industry, which, as discussed later, can also alter the 

properties of the nanocomposite fiber. PAN is of interest as it is used in textile industry 

and it is the predominant precursor to obtain high performance carbon fibers.3,21  

1.2 Carbon Nanotubes (CNTs) yarns 

CNT yarns are typically produced from a forest of CNTs22 (a batch process) or by 

continuous fiber production by inline densification of CNTs synthesized by chemical vapor 

deposition.23,24 Nonetheless, due to defects, impurities, reduced orientation and 

discontinuous length,25 the mechanical properties of the macro-fiber (tensile strength of 

3.7 N/tex and modulus of ~210 N/tex)26 are low. Another approach to producing CNT yarns 

is the spinning of CNT solutions at liquid crystal conditions.16 Behabtu et al. produced 

yarns from CNT-chlorosulfonic acid at CNT concentrations in the range of 2 to 6 wt. %.27 

In their contribution, the highest tensile strength and modulus of the CNT yarn was 1.3 

and 120 GPa, respectively. More recently, Taylor et al. reported continuous carbon 

nanotube yarn with tensile strength and modulus of 4.2 GPa and 260 GPa, respectively, 

and an electrical conductivity of 10.9 ×106 S/m.16 
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Since carbon nanotubes are typically a few micrometers long, the macroscopic 

yarn typically fails by slippage of the nanotubes due to relatively weak van der Waals 

forces between them (relative to covalent bonding). To overcome this, post-treatment is 

performed: torsion of the fiber, densification of the CNTs, chemical functionalization, 

cross-linking of carbon nanotubes and/or polymer impregnation.22,25 To the best of our 

knowledge, the strongest CNTs bundle/yarn yet, has been produced by bundling two 

ultralong (centimeter to decimeter length) horizontally aligned few-wall CNTs. Tensile 

strength of this assembled structure was over 80 GPa when measured over a gauge 

length of 1.5 mm.28 However, producing this CNT yarn would be cost-prohibiting, and by 

increasing the bundling size, the yarn diameter (number of nanotubes), and its length, the 

slippage problems would remain. In fact, when 15 of the same ultralong few-wall 

nanotubes were bundled, the tensile strength of the resulting yarn was reduced to 57 

GPa.28  

1.3 Polymer-based nanocomposites with CNTs  

Composites of polymer matrices with high-performance fillers have been reported 

to have high mechanical properties. Currently, polymer-carbon fiber composites are 

commercially used in the structure of aircraft and sporting goods and advanced 

composites29 Considering that CNTs have higher specific tensile strength and modulus 

than carbon fiber, polymer-CNT nanocomposites are of particular interest. However, only 

a few polymer based nanocomposite systems with high loadings of CNT have been 

reported to achieve high mechanical properties.30,31 Furthermore, in most of these reports, 

the mechanical properties of the CNT-composites are still lower than those predicted by 

the rule of mixtures.  

Unidirectional tensile modulus of composites with fiber-like fillers are typically a 

volume-averaged value of the two component’s tensile modulus: matrix and filler (see 
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Equation 1-1).32 For equation 1, 𝑉𝑉𝑓𝑓 and 𝑉𝑉𝑚𝑚 are the volume fractions in the composite of the 

filler (carbon nanotubes in this case) and the matrix, respectively, and 𝐸𝐸𝑓𝑓 and 𝐸𝐸𝑚𝑚 are the 

tensile modulus of the filler and the matrix. However, as shown later, tensile modulus of 

the composite also depends on how the strain is transferred from the matrix to the filler 

and the effective tensile modulus of the filler which varies with its orientation. A similar rule 

of mixture can be used to estimate the unidirectional tensile strength of the composite 

when using a continuous fiber-like filler (see Equation 1-2).32 Notice however that in 

Equation 1-2 the matrix tensile strength at the fiber failure strain is used (σm′ ), rather than 

the ultimate tensile strength of the matrix (σm). Still, as shown later, carbon nanotubes are 

typically discontinuous fillers, in which case the filler-matrix interactions are more relevant 

and will modify Equation 1-2.  

𝐸𝐸 = 𝐸𝐸𝑓𝑓𝑉𝑉𝑓𝑓 + 𝐸𝐸𝑚𝑚𝑉𝑉𝑚𝑚 Equation 1-1 

𝜎𝜎 = 𝜎𝜎𝑓𝑓𝑉𝑉𝑓𝑓 + 𝜎𝜎𝑚𝑚′ 𝑉𝑉𝑚𝑚 Equation 1-2 

In general, we can define three main parameters that determine how effective the 

tensile reinforcement of a matrix with a rod-like filler (like CNTs). These parameters are: 

i) CNT individualization and ii) CNT orientation, and iii) nature of the interface between the 

filler and the matrix. These parameters are further discussed in the following subsections, 

and can be summarized as depicted in Figure 1-1. 
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Notes: † adapted from 33; ‡adapted from 34; §adapted from 35. 

Figure 1-1. Illustration of a polymer based composite fiber reinforced with carbon 
nanotubes (CNTs) and the main parameters affecting tensile properties of the composite.  

1.3.1 Effect of filler individualization and orientation  

CNTs are 1D materials, with a typical aspect ratio from a few hundred to several 

thousand. Due to these characteristics and their carbon nature (sp2 bonding), van der 

Waals forces attract nanotubes to each other, and they agglomerate into ropes and 

aggregates that are difficult to break (see Figure 1-1). A ‘rope’ is a crystal-like bundle of 

CNTs parallel to each other and hold together by van der Waals interactions.36 Presence 

of these ropes difficult CNT individualization as it reduces interactions with the solvent or 

polymer during exfoliation. ‘Aggregates’ are bigger bundles of individual CNTs or ropes 

arranged in random orientations. Aggregates can also be described as local 

entanglements of CNTs and cause a distribution of CNT alignment.37  

The effect of CNT orientation and individualization on reinforcing of polymer has 

been documented30,38 and theoretical models can accurately predict it.39 If the CNTs are 
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not perfectly aligned along the tensile deformation direction, the tensile modulus of the 

filler is reduced. Effective tensile modulus is estimated using Equation 1-3 and depends 

on the degree of misalignment (〈𝑐𝑐𝑐𝑐𝑐𝑐2 𝜃𝜃〉 and 〈𝑐𝑐𝑐𝑐𝑐𝑐4 𝜃𝜃〉 are orientation parameters), the 

longitudinal (𝐸𝐸1) and traverse (𝐸𝐸2) modulus of the CNTs, its in-plane shear modulus (𝐺𝐺12) 

and its poisons ratio (𝜐𝜐12).39  

1
𝐸𝐸𝑓𝑓

=
1
𝐸𝐸2

+ �
1
𝐺𝐺12

−
2𝜐𝜐12
𝐸𝐸1

−
2
𝐸𝐸2
� 〈𝑐𝑐𝑐𝑐𝑐𝑐2 𝜃𝜃〉+ �

1
𝐸𝐸1

+
1
𝐸𝐸2

−
1
𝐺𝐺12

+
2𝜐𝜐12
𝐸𝐸1

� 〈𝑐𝑐𝑐𝑐𝑐𝑐4 𝜃𝜃〉 Equation 
1-3 

For illustration, consider an individual SWNT misaligned by 5° with respect to the 

deformation axis, and assuming 𝐸𝐸1 = 750 GPa, 𝐸𝐸2 = 15 GPa, 𝐺𝐺12 = 19.5 GPa, 𝜐𝜐12 = 0.17 as 

summarized elsewhere,39 the tensile modulus is reduced from 750 GPa to ~600 GPa. 

Even more, if instead of an individual SWNT, it was a 5° misaligned rope of 4.5 nm in 

diameter (less than 5 SWNTs together), the effective tensile modulus of the filler is further 

reduced to ~400 GPa due to reduction in the shear modulus to 6 GPa.40 Finally, as 

mentioned before, agglomeration also affects tensile strength of the composite, due to 

slippage between nanotubes and the reduced interfacial area between the matrix and the 

filler.  

Multiple strategies have been studied to improve the individualization and 

orientation of CNTs in the composite. Higher orientation and individualization can be 

achieved by post-processing of the composite (solid state processing), typically by 

drawing.20 Yet, the effectiveness of this method is limited by the initial individualization of 

the nanotubes and by interaction forces between the matrix and filler. Higher 

individualization is also sought by creating better dispersions of the CNTs inside the matrix 

while still in the flow-state (either in solution or in melt) for fiber processing. Better 

dispersion and individualization of the nanotubes can be achieved by both mechanical 

and physico-chemical methods.  
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Mechanical strategies for CNT individualization customarily consist of 

ultrasonication, high shear mixing or milling with polymer solution or melt.37,41,42 However, 

these mechanical processes also affect CNT integrity, reducing their length and integrity 

and need to be performed in dilute concentrations of CNTs in order to reach high 

individualization.41 Also, once the sonication is stopped the CNTs tend to aggregate again, 

unless they are kept apart by some chemical or physical barrier. Physical barriers typically 

consist of polymer coating along the nanotube (or the rope) or surfactants that surround 

the external wall of the CNTs.43,44 Surfactants can diffuse into the matrix as undesirable 

impurities, and polymer coating, if it is a polymer different than the matrix, can in some 

cases reduce stress transfer from the matrix to the filler, depending on the matrix-coating 

interactions.  

Different strategies of polymer wrapping or coating of CNT have been reported to 

increase the solubility and dispersibility of CNTs in given matrices or solvents.44 In fact, 

non-specific, non-covalent CH-π and polar-π interactions are considered by some authors 

as a general phenomenon between polymers and CNTs at low concentrations in organic 

solvents.45 Modelling supports polymer adsorption on CNTs by the above mentioned 

forces along with van der Waals interactions.46 Particularly interesting is the case reported 

with poly(methyl methacrylate) (PMMA) in DMF, because the polymer chain wraps 

helicoidally the individual SWNT,47 while avoiding with it the coating of CNT ropes and 

aggregates (see Figure 1-2a). PMMA-wrapped-SWNTs, compared to non-wrapped 

SWNTs, have also been shown to be more stable while in dimethylformamide47 (Figure 

1-2b,c) and to improve filler dispersion in PMMA48 and polyacrylonitrile matrix.34 

Furthermore, the experimentally observed ordered wrapping of PMMA onto SWNTs 

contradicts earlier simulation work that concluded non-conjugated, flexible polymers 

adsorb onto CNTs without order or a with partial order.49,50 In chapter 2 of the present 
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document, the adsorption of PMMA and poly(methyl acrylate) (PMA) onto CNTs is studied, 

along with the effect of the polymer coating on the stability of CNT in organic solvents.  

 
Figure 1-2. Poly(methyl methacrylate) (PMMA) wrapping of single wall carbon nanotube 
(SWNTs).  
Ordered helical wrapping happens around individual SWNTs (a). Dispersion in DMF of the 
sonicated PMMA-wrapped-SWNTs is stable after one year (b), while sonicated SWNTs 
without PMMA precipitates a few minutes after sonication stops (c).  

Finally, another strategy to perform nanotube individualization is by grafting of 

polymers51 and/or chemical functionalization.37,52,53 These covalent methods generate 

repulsion between the CNTs, thus resulting in high individualization. Additionally, if chosen 

properly, the attached groups can also increase interaction between CNT and polymer, 

increasing the interfacial shear strength (IFSS) between the two. However, formation of 

any covalent bonding with the CNT wall disrupts its sp2 structure (to create sp3 bonds), 

which ultimately changes the intrinsic properties of the nanotubes.54 For reference, 

consider that the energy of sp3 bond is lower than that of sp2: 88 and 172 kcal/mol, 

respectively. For this reason, if surface modification of the CNT is to be performed, 

multiwall carbon nanotubes (MWCNTs) are preferred, thus only the external wall is 

affected while the internal ones remain pristine. However, as the number of walls in the 

CNTs increase, so does its density,55 which ultimately reduces the specific mechanical 

properties of the composite.  
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1.3.2 Nature of the interface/interphase between the filler and the matrix  

The final parameter that affects the efficiency of the composite reinforcement is 

the nature of the interface between the filler and the matrix. It is through this interface that 

the strain/stresses are transferred from the matrix to the filler.56 If the interfacial shear 

strength between the polymer matrix and the filler is low, the composite will fail by filler 

slippage, and the filler will not reach its ultimate strength. Thus resulting in reduced 

mechanical properties of the composite.32  

To ensure that the filler reaches its ultimate strength, the length of the CNT should 

be a few times longer than the matrix-filler critical length (𝑙𝑙𝑐𝑐).32 Critical length can be 

calculated by Equation 1-4, and depends on the filler diameter (𝑑𝑑), its ultimate tensile 

strength (𝜎𝜎𝑓𝑓) and the interfacial strength between the filler and the matrix (𝜏𝜏𝑖𝑖). As a rule 

of thumb, the longer the filler and the higher the interfacial strength, the better the 

reinforcement. Exceptions to this rule are due to fracture or failure mechanisms, for 

example, composites with weaker interfacial strength are more probably to present crack 

arrest and blunting and dissipate energy via post-debond friction and fiber pull-out.57 

Equation 1-5 is the modified rule of mixture (Equation 1-3) to calculate the tensile strength 

of a composite with a filler length shorter than its critical length (discontinuous fiber 

reinforcement). 

𝑙𝑙𝑐𝑐 =
𝜎𝜎𝑓𝑓𝑑𝑑
2𝜏𝜏𝑖𝑖

 Equation 1-4 

𝜎𝜎𝑐𝑐 = 𝜎𝜎𝑓𝑓𝑉𝑉𝑓𝑓 �1−
𝑙𝑙𝑐𝑐
2𝐿𝐿
� + 𝜎𝜎𝑚𝑚�1 − 𝑉𝑉𝑓𝑓� Equation 1-5 

For comparison, consider the reinforcement of a PAN fiber (1 GPa tensile strength 

of neat fiber) with 10 wt. % SWNT (diameter 1 nm and 37.5 GPa tensile strength58) of 2 

µm or 500 nm in length, and interfacial strength of 47 MPa.34 The calculated tensile 

strength of this composite would be 5.2 or 3.7 GPa with CNTs of 2 µm or 500 nm, 
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respectively. For the example above, the critical length (𝑙𝑙𝑐𝑐) is 400 nm. The goal is then to 

increase the interfacial strength between the matrix and the filler, while using nanotubes 

that are reasonably long (a few times longer than the critical length).   

The interfacial strength or interfacial adhesion between the filler and the matrix is 

dictated by three different mechanism: i) physical interactions, ii) mechanical interlocking 

and iii) chemical bonding.57 i) The physical interactions or the surface energy at the 

interface is a measure of how compatible one surface is to the other and if intermolecular 

forces are present. Surface energy is predicted by wettability parameters or solubility 

parameters and common models include Lifshit-van der Waals approximation59 and the 

Hansen Solubility Parameters (HSP) model.60 ii) Mechanical interlocking is generated due 

to entanglement or knot effect between the filler and polymer chains. Therefore, increasing 

the molecular weight of the polymer (radius of gyration and entanglements) increases the 

chances of mechanical interlocking.61 Finally, if between the matrix and the filler new 

bonds are created (ionic, covalent or metallic), the adhesion mechanism is iii) chemical 

bonding.  

All techniques to improve interfacial strength and reinforcement efficiency in 

composites can be described by these three mechanisms, including those for CNT-

polymeric fiber composites. With pristine carbon nanotubes, the intermolecular 

interactions between the filler and the matrix are of low energy (dispersion forces), and 

the interfacial strength is supported mostly by physical interactions (no chemical bonding). 

Therefore, to increase the interfacial adhesion between pristine CNTs and the matrix, the 

most common alternative is to increase surface area (by improving dispersion of the 

nanotubes). On the other hand, higher energy interactions can be created by coating 

and/or functionalization of the CNT surface.62 In general, many of the strategies used to 

improve IFSS also lead to a higher individualization of the CNTs, and, with it, to a higher 
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filler alignment within the composite. That is the case of the non-covalent functionalization 

of SWNTs with PMMA, that has been shown to increase filler dispersion and filler-matrix 

interactions while in PMMA48 and PAN matrix.34 In fact, up to 1% PMMA wrapped SWNT 

– PAN fibers have been reported by our research group prior to this thesis study.34,63 The 

interfacial shear strength (IFSS) between CNT and polymer matrix increased 44 % (to 47 

± 3 MPa) when CNTs were dispersed following PMMA wrapping strategy, as compared 

to those CNTs that were dispersed without PMMA.34 Chapter 3 of the present document 

focuses on the effect of the non-covalent functionalization of SWNTs with PMMA on the 

filler dispersion and the filler-matrix interactions when in poly(acrylonitrile) nanocomposite 

fiber, which significantly modified the nanocomposite tensile mechanical properties. 

1.3.3 PAN nanocomposite fibers with CNTs 

Several CNT-polymer nanocomposite fibers have been studied, and of special 

interest are those in which just the polymer matrix (at least in the fiber form) has high 

tensile mechanical properties (as ultra-high molecular weight polyethylene, UHMWPE) or 

can be converted by further treatment to materials with high mechanical properties e.g. 

polyacrylonitrile (PAN) precursor for carbon fibers. In this work, we focus on the use of 

PAN as matrix. As mentioned earlier, PAN fiber is of interest as it is used in the textile 

industry and it is the predominant precursor of high performance carbon fibers.3,21  

Literature reports of PAN fibers with CNTs are summarized in Table 1-1. Inclusion 

of CNTs in PAN fibers is of further interest as CNT presence increases polymer fiber 

mechanical properties, electrical conductivity, chemical stability and polymer crystallinity. 

Furthermore, CNT generates graphitic templating during PAN fiber stabilization and 

carbonization, which should ultimately improve the mechanical properties of the 

nanocomposite carbon fiber.33 Effect of CNT on the cyclization and carbonization of PAN 

has also been reported while in nanocomposite films.64  
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Table 1-1. Mechanical and electrical properties of various PAN/CNT fibers 

CNT 
content Type of CNT† Spinning 

technique 

Tensile 
modulus 
(GPa) 

Tensile 
strength 
(GPa) 

Electrical 
conductivity 

(S/m) 
Ref. 

15 wt% SWNTs Dry-jet 
wet-

spinning 

32.1 ± 0.5 0.83 ± 0.20 2.2 ± 0.5 This 
work 

1 wt% SWNTs 28.7 ± 2.7 1.07 ± 0.14  65 

1 wt% 
Amino-MWNT 

in-situ PAN 
polymerization 

wet-
spinning 28.4 ± 1.7 0.83 ± 0.05  66 

1 wt% FWNTs 

Dry-jet 
wet-

spinning 

24.5 ± 0.8 1.06 ± 0.11  67 

1 wt% FWNTs 22.1 
±3.2%* 

1.06 
±10.4%*  68 

5 wt% MWNTs 10.8 ± 04 0.41 ± 0.2  69 
5 wt% VGCNFs 10.6 ± 0.2 0.33 ± 0.13  69 

5 wt% MWNTs 10.8 
(13.0)** 

0.41 
(0.34)**  70 

10 wt% SWNTs 16.2 ± 0.8 0.33 ± 0.02  71 

15 wt% MWNTs (7.9)** (0.20)** 1.2 ± 1.0 
4.8*** 

70 

0.8 
wt% 

COOH-
MWNTs 

Plasticized 
spinning 10.9  0.47  72 

0.8 
wt%‡ MWNT 

wet-
spinning 

1.3 
(1.07)** 

0.04 
(0.034)** 2.6 x 10-6 73 

1.9 
wt% 

MWNTs in-
situ PAN 

polymerization 
9.3  1 x 10-4  74 

0.5 
wt% F-Ph-MWNTs 2.5 ± 0.3 0.08 ± 

0.006  75 

3 wt% MWNTs  0.33 ± 0.02  76 
0.1 
wt% 

Oxidized-
MWNTs 

Electro-
spinning§ 

0.4 0.12  77 

0.8 
wt% SWNTs 3.8 0.12 2.5 78 

20 wt% COOH-
MWNTs 4.4 0.04  79 

20 wt% Oxidized-
MWNTs 14.5 0.28 0.5 – 1.0 80 

† Single wall carbon nanotubes (SWNTs), Few wall carbon nanotubes (FWNTs), Multiwall 
carbon nanotubes (MWNTs), vapor-growth carbon nanofiber (VGCNFs), fluoro phenyl 
functionalization (F-Ph-). ‡ Reported porosity of 85 %. § Measured for the produced fiber 
mat. * Error reported as coefficient of variation. ** Reported values in N/tex are shown. *** 
After annealing at 180 °C 
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However, spinning of PAN fibers reinforced with CNTs is challenging especially at 

relatively high CNT loading. High performance PAN fibers are obtained by dry-jet wet-

spinning.81 In this spinning technique, the polymer fiber is generated in air from a polymer 

solution of relatively low solid content and then passes to a coagulation bath in which the 

gel-fiber is obtained.81 CNT presence changes the viscoelastic properties of the PAN 

solution,82,83 which restricts the operational window to obtain fibers.84 For that reason, prior 

to this work, inclusion of single wall carbon nanotubes (SWNTs) in PAN fibers spun by 

dry-jet wet-spinning had been limited to a maximum of 10 wt%.71 Furthermore, fiber 

spinning conditions used in said work71 limited the PAN and PAN nanocomposite fiber 

mechanical properties. Chapter 4 of the present work shows that by doing non-covalent 

functionalization of SWNTs with poly(methyl methacrylate) it is possible to obtained PAN 

fibers at higher filler loading than that previously reported and with good tensile modulus. 

This new 15 wt% SWNT PAN nanocomposite fiber and its tensile and electrical properties 

are included in Table 1-1 for comparison. Chapter 5 focuses on the effect the high SWNT 

content had on the resulting carbon fibers via conventional furnace stabilization and 

carbonization.  

1.4 PAN nanocomposite fibers with other fillers 

Given the industrial importance of PAN and the derived carbon fibers, several other 

fillers have been included in PAN solution, in order to alter the nanocomposite fiber 

properties (see Table 1-2). Efforts have been centered in improving mechanical 

properties, electrical conductivity, flame retardancy, and thermal stability of the polymer 

fiber, as well as for increasing the mechanical properties and surface area of the resulting 

carbon fiber. Another common objective of introducing fillers (other than CNTs) in PAN 

fibers is to reduce cost and to use, in part, renewable materials.  
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Table 1-2. PAN nanocomposite fibers produced with various fillers, excluding CNTs 

Filler † 
(max. filler 
content) Sp

in
ni

ng
 

m
et

ho
d 

Property expected to be affected by filler presence. Ref. 

CB + MWNT 
(15 wt% + 2 wt%) 

D
ry

-je
t w

et
-s

pi
nn

in
g 

Mechanical reinforcement and electrically 
conductive polymer. Low cost carbon fiber. This 

work CB 
(60 – 70 wt%) Conductive polymer fiber. 

Fe3O4  

(10 wt%) 
Mechanical reinforced and paramagnetic polymer 
fiber. 

85 

Cellulose 
(10 wt%), 
CNC 
(40 wt%) 

Carbon fiber partially obtained from renewable, low 
cost source. 

86,87 

CNC 
(40 wt%) 

Polymer fiber partially obtained from renewable, low 
cost source. 

88 

Lignin  
(30 wt%) 

Polymer fiber partially obtained from renewable, low 
cost source. Porous carbon fiber. 

89 

BNNT 
(5 wt%) 

Mechanical reinforcement and thermal stability of 
polymer and carbon fiber. 

90 

GONR 
(1 wt%) 

Mechanical reinforced and porous polymer and 
carbon fiber. 

91 

Fe3O4  
(9 wt%) 

El
ec

tro
sp

in
ni

ng
 

Magnetic polymer fiber. 92 

Fe@Feo  
(10 wt%) Magnetic carbon fiber. 93 

Fe, Ni, Cr 
(15.5 wt%) Carbon fibers for hydrogen storage. 94 

Graphene 
(< 0.1 wt%) 

W
et

-s
pi

nn
in

g 

Tensile strength and modulus of carbon fiber. 95 

GO 
(1 wt%) 

Tensile strength and modulus of polymer fiber – 
precursor to carbon fiber. 

96 

Benzoxazine-CB 
(12 wt%) 
Ag-CB 
(20 wt%) 

Electrical conductivity. 97 

Bioglass 
(3 wt%) Biocompatible porous carbon fiber. 98 

CoBi-MoS2 
‡ 

(2 wt%) 
Flame-retardant, mechanically reinforced, porous 
polymer fiber. 

99 
†Fillers: carbon black (CB), multiwall carbon nanotubes (MWNT) cellulose nanocrystals 
(CNC), boron nitride nanotubes (BNNT), graphene oxide nanoribbon (GONR), graphene 
oxide (GO), Cobalt borate-covered molybdenum disulfide (CoBi-MoS2). 
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Carbon black is of special interest as it is a low-cost commodity, electrically 

conductive, that can induce flame retardancy in polymer matrix.100,101 Furthermore, given 

its deep penetration in industry,102 recent research is focusing in finding environmentally-

friendly production pathways.103,104 Chapter 6 focuses on processing, structure and 

properties of PAN fiber reinforced with carbon black and multiwall carbon nanotubes and 

on how this novel fiber can be used to stabilize and carbonize PAN precursor to carbon 

fiber via Joule heating.  

1.5 Thesis objectives and the document layout 

The objectives of this project are to study the dispersion of carbon nanotubes 

(CNTs) in organic solvent and polyacrylonitrile matrix and the effect of carbon nanotubes 

and carbon black (CB) particles on the processing, structure and properties of 

polyacrylonitrile (PAN) fibers with high filler loading of up to 15 wt% carbon nanotubes and 

up to 70 wt% carbon black.  

In Chapter 1, relevant literature including previous efforts in dispersing CNTs and 

CB in PAN is presented.  

In Chapter 2, dispersion of carbon nanotubes via non-covalent polymer wrapping 

is studied. Effect of CNT diameter, solvent used and polymer tacticity is revealed. Results 

indicate that ordered wrapping of polymer around CNTs is sustained by non-specific CH-

π and van deer Waals interactions. 

In Chapter 3, single wall carbon nanotubes (SWNTs) helically wrapped with 

poly(methyl acrylate) (PMMA) are used to produce nanocomposite PAN fibers with up to 

5 wt% SWNT. It is demonstrated that PMMA becomes part of the filler-matrix interphase 

and affects filler-matrix interactions.  
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In Chapter 4, PMMA-wrapped-SWNTs are used to produce PAN fibers with up to 

15 wt% SWNTs. Mechanically strong and electrically conductive nanocomposite fibers are 

obtained with high filler loading of 15 wt% SWNTs, while significantly reducing the 

processing time required to obtain the spinning dispersion. Effect of high SWNT loading 

on the fiber processing and structure is also discussed. 

In Chapter 5, carbon fibers with up to 25 wt% SWNTs are produced via convection 

furnace from the precursor fibers produced in Chapter 4. The PMMA wrapping in the 

precursor fibers is not detrimental to the filler-matrix interaction in the resulting carbon 

fiber. This is despite the fact that PMMA does not have  carbon yield.  

In Chapter 6, PAN fibers with up to 70 wt% CB, as well as fibers containing 15 wt% 

CB and 2 wt% multiwall carbon nanotubes (MWNTs) are obtained. Effect of carbon black 

on the fiber processing, structure and properties is studied and discussed. Joule Heating 

of conductive PAN nanocomposite fibers to stabilize PAN structure and to obtain low-cost 

and low energy consuming carbon fibers is also explored.  

In Chapter 7, the thesis conclusions are presented. Recommendations for future 

work are discussed in Chapter 8. 

Finally, Appendixes A to E contains supplementary information for Chapters 2 to 

6, respectively. Appendix F it is shown that SWNTs can be dispersed in co-solvent 

systems.  
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2 CHAPTER 2: NON-COVALENT ORDERED WRAPPING OF CARBON 

NANOTUBES BY FLEXIBLE, NON-CONJUGATED POLYMERS: CASE 

STUDY OF TWO ACRYLATE POLYMERS 

 

 

Preamble 

In this chapter, we aim to understand the mechanism behind the non-covalent 

ordered wrapping of poly(methyl methacrylate) (PMMA) onto single wall carbon nanotubes 

(SWNTs), using molecular dynamics simulation (MDS) and laboratory experiments.  

The MDS results shown here were obtained through an on-going collaboration with 

Prof. Hendrik Heinz of the University of Colorado Boulder and his team, which included 

Dr. Amanda Garley, Samuel E. Hoff and Marcus Sharp. Transmission electron microscope 

images shown in this chapter were provided by Drs Chao Wang and Canhui Wang of 

Johns Hopkins University.  

Some of the experiments in this chapter were published in the manuscript entitled: 

“Interaction of Poly(methyl acrylate) with Carbon Nanotubes as a Function of CNT 

Diameter, Chirality, and Temperature”.105 This research paper is co-first authored by Dr. 

Amanda Garley and this thesis author (Pedro J. Arias-Monje), in collaboration with Samuel 

E. Hoff, Marcus Sharp, Dr. Satish Kumar and Dr. Hendrik Heinz.  
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2.1 Abstract 

The non-covalent ordered wrapping of poly(methyl methacrylate) (PMMA) onto 

single wall carbon nanotubes (SWNTs) demonstrates that non-conjugated, amorphous, 

flexible polymer chains can create diameter-specific ordered structures around carbon 

nanotubes (CNTs). In order to propose a mechanism by which this wrapping happens, we 

studied the PMMA and poly(methyl acrylate) (PMA) adsorption onto different CNTs 

(single, few and multi-wall) by sonication in nine different solvents. Effect of PMMA tacticity 

was also studied. Polymer adsorption and order were determined by thermogravimetric 

analysis and x-ray characterization, respectively, of buckypapers produced by vacuum 

filtration. We propose that flexible polymers can create ordered wraps around CNTs when, 

defined by the polymer conformation, the polymer forms loops and folds around the CNT 

that are stabilized by 𝜋𝜋-CH and van der Waals interactions and the CNT curvature. The 

presence and effect of solvent is pivotal for the orderly wrapping as it can change 

backbone rotation statistics and polymer conformation. Our proposed mechanism, based 

on experimental results and molecular dynamic simulations, is not specific to PMMA or 

acrylate polymers and suggests that the diameter-specific, ordered wrapping of CNT could 

happen with other flexible, non-conjugated polymers.  

2.2 Introduction  

Non-covalent adsorption of polymer onto carbon nanotubes (CNTs) has been 

extensively studied since the discovery of CNTs. Polymer-adsorbed CNTs can be more 

easily dispersed in solvents and improve filler dispersion in polymer nanocomposites.44 

Furthermore, polymer wrapping has also been used to separate CNTs based on diameter 

and/or chirality106,107 and for creating devices in which polymer adsorbed-CNTs are an 

active or passive component.108 This adsorption is enabled by various interactions that 

depend on the polymer structure,45,109 including 𝜋𝜋- 𝜋𝜋, cation- 𝜋𝜋, NH-𝜋𝜋 and non-specific 𝜋𝜋-
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CH interactions. The main advantage of using non-covalent adsorption instead of polymer 

grafting is that the CNT wall structure is left pristine with the former. Also, the adsorption 

process is relatively simpler than the in-situ polymerization one. 

Polymers adsorbed at the surface of CNTs have been shown to have three 

possible conformations: i) ordered wrapping (typically a helical coil or extended 

conformation), ii) wrapped with no specific form (but with local order or lamellar-like 

structure) or iii) adsorbed random coil. Of these, the ordered wrapping is particularly 

relevant because it allows a stable coating that remains after unbound polymer and 

solvent are removed.44 Furthermore, it is expected that the orderly wrapped-CNTs have 

stronger filler-matrix interactions in the nanocomposites, than when the adsorbed polymer 

has other conformations instead.56,110 

Until recently, modeling had shown that the ordered wrapping was exclusively of 

rigid, conjugated polymer chains,111 while flexible chains adsorbed with local order or in 

random coil conformations.49,50 Because of this, most of the studied systems to do 

diameter-specific and ordered wrapping of CNTs have used copolymers of fluorene106,112 

and pyridine.107,113 Uniform coating of SWNTs with polystyrene sulfonate and several 

polyvinyl pyrrolidone copolymers has also been reported, while in water and aided by 

surfactant.113 Similarly, current models explaining CNT diameter-specific polymer binding 

have only been validated for conjugated, rigid polymers.114  

However, recent experiments have shown that poly(methyl methacrylate) (PMMA), 

a non-conjugated, flexible polymer, can create an ordered helical wrap around single wall 

carbon nanotubes (SWNTs).47 These recent results of the helical wrapping of PMMA onto 

SWNTs contradict earlier simulations; probably because said previous simulations used 

nanotubes of smaller diameter and were done in absence of solvent.111 Another possible 

explanation of the divergence of the molecular dynamic simulations with experimental 
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results is that the former underestimated the effect of 𝜋𝜋 electrons in CNTs.46 SWNTs with 

helically wrapped PMMA (PMMA-SWNTs) have already been used to increase filler 

dispersion and to engineer the matrix-filler interphase in PMMA and PAN composites.34,48 

Furthermore, more recent molecular dynamic simulation has shown that another acrylate 

polymer, namely poly(methyl acrylate) (PMA), can create folded structures of local order 

around CNT, depending on the CNT type and diameter and the temperature of the 

system.105 

The ordered helical wrapping of PMMA onto SWNTs and the partially ordered 

adsorption of PMA onto CNTs demonstrates that flexible chains can be adsorbed in an 

orderly form and in the absence of 𝜋𝜋- 𝜋𝜋, cation- 𝜋𝜋 and NH-𝜋𝜋 interactions between the 

polymer and CNT. However, there is no understanding yet of what promotes the PMMA 

helical wrapping of SWNTs while in dimethylformamide (DMF), dimethyl sulfoxide (DMSO) 

or nitromethane, the only solvents in which the PMMA wrapping have been experimentally 

studied and shown to occur.47,63 Understanding of the PMMA wrapping and the PMA 

partially-ordered adsorption is of high interest because it can give light to, if and how other 

flexible non-conjugated polymers can show a similar orderly wrapping. 

In this contribution, we studied the effect of CNT diameter and solvent in the 

adsorption of PMMA and PMA, as well as the effect of PMMA tacticity. The observed 

trends on polymer adsorption and ordered wrapping are compared to the reported 

experimental and simulated behavior of rigid polymers. Finally, based on the observed 

trends, a general mechanism for ordered wrapping of CNTs is proposed.  

2.3 Experimental  

2.3.1 Materials 

The various carbon nanotubes (CNTs) used for this study are presented in Table 

2-1, along with corresponding average external diameters and catalyst content. The 
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following solvents were provided by Sigma-Aldrich: dimethylformamide (DMF, ACS grade, 

99.8%), toluene (≥99.5%), tetrahydrofuran (THF, anhydrous, ≥99.9%), methyl ethyl 

ketone (MEK or 2-butanone, ≥99%), 1-methyl 2-pyrrolidinone (NMP, ≥99.5%) and decalin 

(cis & trans, ≥98%). Ethylene glycol (EG, ≥98%) and 1,4-dioxane, acetonitrile (≥98%), 

and ethyl acetate (≥99.5%) were provided by Fisher Scientific, EMD and VWR, 

respectively. The used atactic poly(methyl methacrylate) (a-PMMA, Sigma-Aldrich) had a 

weight average molecular weight (Mw) of 350,000 g/mol, the isotactic PMMA (iso-PMMA, 

Scientific Polymer Products) a Mw of 300,000 g/mol and the poly(methyl acrylate) (PMA, 

Sigma-Aldrich) a Mw of 40,000g/mol. All the used polymers were in solid form and used 

as received, except the PMA, which was provided as 40 wt.% toluene solution and for 

which solvent exchange was done with DMF prior to its use in the solutions/dispersions 

with CNTs and PMA in DMF. Solvent exchange was performed by adding DMF to the 

PMA/toluene solution without CNTs, followed by vigorous hand shaking and then mild 

evaporation of the solvent with higher vapor pressure i.e. toluene; the resulting PMA 

solution in DMF was 5.9 wt.%.  

Table 2-1. Various carbon nanotubes used for Chapter 2 experiments.  

CNT label Average external 
diameter (nm) 

Catalyst 
content (wt.%) 

Material reference and 
provider 

SWNT 0.9 < 3 P0271 HiPco type 
DWNT 2 < 4 P0-40330 
FWNT-1 2.7 < 6 X0-231U 
FWNT-2 3 < 2 X0-122U 
MWNT-1 8 < 30 Nanocomp 
MWNT-2 25 < 5 Cheaptubes 

 

2.3.2 CNT buckypapers production 

 A typical procedure for the production of CNT buckypapers is described next, this 

procedure was used in the preparation of all samples, while varying CNT type, solvent 
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and polymer. Firstly, 14 mg of the polymer were dissolved in 100 ml of the solvent at 50 

°C, while 14 mg of the CNTs were added to a separate 100 ml of the solvent and sonicated 

for 2 h at room temperature. Then, the polymer/solvent and CNT/solvent 

solutions/dispersions were combined and further sonicated for 24 h. Some selected 

dispersions were left still after sonication for up to 48 h to qualitatively evaluate dispersion 

stability. Finally, buckypapers were produced by vacuum filtration of the polymer-CNT 

dispersions using a PTFE filter with pore size of 1 µm. After the excess solvent was 

removed, the vacuum filtration continued by adding 20 ml of fresh solvent as a means to 

wash out excess polymer not adsorbed onto the CNTs. This washing step was repeated 

twice. Then, the buckypapers were removed from the PTFE filter and left to dry in a 

vacuum oven for 24 h at 50 °C. Following a similar protocol, CNT buckypapers without 

polymer were produced for control purposes.  

The produced buckypapers will be labeled in the format polymer/CNT/solvent, 

indicating the polymer, CNT type and solvent used, although no solvent remains after 

sample production. Thus, the a-PMMA/SWNT/DMF sample is the buckypaper produced 

after filtration of the a-PMMA and SWNT dispersion in DMF.  

2.3.3 Characterization 

Buckypapers were characterized by thermogravimetric analysis (TGA) and wide-

angle x-ray diffraction (WADX). Polymer content of the produced buckypapers was 

measured by TGA (TA Instruments Q-500) by heating in nitrogen atmosphere at 350 °C 

until constant weight. Then, atmosphere was changed to air and the temperature was 

raised to 900 °C to verify the catalyst content of the CNTs. WADX was performed on a 

Rigaku Micromax-003 with an R-axis IV++ detector at operating voltage and current of 50 

kV and 0.6 mA, respectively (Cu K𝛼𝛼 𝜆𝜆=0.1542 nm). X-ray data were analyzed with 

AreaMax and Jade software.  
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2.4 Results and Discussion 

2.4.1 Effect of CNT diameter  

PMA content was lower in the buckypapers produced with SWNT and MWNT-2, 

as compared to all other samples (see Table 2-2), indicating comparably more PMA 

adsorption onto CNTs of intermediate diameter i.e. between 2.7 and 8 nm than when 

smaller (1 nm) or larger (25 nm) diameter CNTs were used. XRD characterization showed 

that the buckypapers with CNTs in the 2.7 to 8 nm range had an increased amorphous 

signal centered at ~21° 2θ, which corresponded to the PMA amorphous peak (see Figure 

2-1). Buckypapers with SWNT and MWNT-2 did not show this amorphous signal as the 

PMA content was low (see PMA/MWNT-2 in Figure 2-1 and Table 2-2). These 

experimental results qualitatively agree with those found from molecular dynamic 

simulations of PMA with SWNTs and DWNT with diameters in the 0.81 to 2.03 nm 

range.105. It has been reported that, in the studied range, PMA adsorption onto CNTs 

increases with tube external diameter, and that PMA forms a partially ordered structure.105 

These simulations105 show that, depending on the CNT diameter and chirality, PMA’s 

backbone conformation and side group orientation changes and with it the free energy of 

binding between polymer and CNT.  

Table 2-2. PMA content of the produced PMA/CNT/DMF buckypapers while varying 
CNTs. 

PMA/CNT/DMF buckypaper with indicated CNT PMA content (wt.%) 
SWNT < 1 % 
DWNT 10 % 
FWNT-1 13 % 
FWNT-2 12 %  
MWNT-1 9 % 
MWNT-2 < 5 % 
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Figure 2-1. WAXD of buckypapers produced with DWNT and MWNT-2 with and without 
PMA in DMF, and of a PMA film without CNTs.  

Dependence of the adsorption of PMMA with CNT diameter has also been 

observed experimentally. Davijani and Kumar47 studied the adsorption of PMMA in DMF 

onto single, few and multiwall carbon nanotubes (SWNT, FWNT-1 and MWNT-2 in Table 

2-1). They found that the polymer content was 37, 9 and 7 wt.% in the buckypapers 

produced with SWNT, FWNT-1 and MWNT-2, respectively,47 thus suggesting a 

comparably preferred PMMA-CNT interaction with nanotubes of lower diameter than with 

those of larger diameter. Furthermore, the x-ray determined ordered helical wrapping of 

PMMA was observed only with SWNTs and not when FWNTs or MWNTs were used.47  

Following Davijani and Kumar47, PMMA wrapped SWNT dispersions were 

observed in a high resolution transmission electron microscope (HR-TEM). Images were 

collected on samples obtained by submerging the TEM grid for a few seconds in the 

SWNT dispersion after the sonication stopped, followed by vacuum evaporation of the 

solvent. Figure 2-2a,b show the ordered helical wrapping of a the PMMA molecule onto 

an individual SWNT. Although the sample also contained large diameter SWNT ropes with 

PMMA attached in random conformation (Figure 2-2c). The helical wrapping observed via 

HR-TEM had a pitch varying between 1.5 and 3.0 nm, which is about twice that predicted 
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via molecular simulations (0.83 nm)47 and measured via x-ray diffraction (0.80 - 0.91 nm 

see Figure 2-3). 

 
Figure 2-2. HR-TEM images of SWNTs sonicated in DMF and PMMA after solvent 
removal via evaporation. Polymer wrapping in (a) is highlighted in (b). (c) and (d) show 
SWNT ropes wrapped with PMMA in random conformation. 

2.4.2 Effect of solvent 

Experimental results show that the adsorption and ordered wrapping of non-

conjugated, flexible PMA and PMMA onto CNTs strongly depends on the solvent used 

during dispersion. Table 2-3 summarizes the TGA-measured polymer content of each 

buckypapers produced with PMMA and SWNTs when the changing solvent, while the 

XRD of selected buckypapers is shown in Figure 2-3. Similar results are presented in 

Table 2-4 and Figure 2-4 for experiments done with PMA and FWNT-2 when changing the 

solvent.  

The lowest PMMA adsorption was observed when sonication was performed in 

NMP (14 wt.%), and the largest when DMF and acetonitrile were used instead (~34 wt.%). 
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The buckypapers produced from dispersion in DMF and NMP showed the crystalline-like 

peak at 2θ 10.6°, which corresponds to the pitch of the ordered helical wrapping of the 

PMMA. This ordered wrapping of PMMA has been observed only in two other solvents, 

dimethyl sulfoxide (DMSO) and nitromethane.63  

Table 2-3. PMMA/SWNT buckypapers produced in various solvents. 
PMMA content of the produced PMMA/SWNT buckypapers while varying solvent. Hansen 
Solubility Parameter (HSP) interaction distance between solvents and PMMA or CNT, 
solvent’s dipole moment and polarizability, calculated surface tension between SWNT and 
selected solvent.  

Solvent 
used 

PMMA 
content 
(wt %) 

Solvent Ra  
with * 

Solvent properties 
SWNT-
solvent 
surface 
tension 
(mN/m)* 

PMMA 
(MPa0.5) 

SWNT 
(MPa0.5) 

Dipole 
moment (D) 

Polarizability 
(Å3) 

NMP 14 % 2.2 7 12.3 10.7 0.8 
Decalin 20 % 11.7 8.4 0 17.4 2.5 
Acetone 29 % 6.3 9.2 2.9 6.5 6.0 
MEK 30 % 6.0 7.4 2.7 8.2 5.3 
DMF 33 % 7.4 10.8 3.9 7.9 1.5 
Acetonitrile 34 % 10.0 14.3 3.9 4.4 3.9 
DMSO** NR 7.8 11.6 4.4 8 0.4 
Nitro-
methane** NR 10.0 14.4 3.4 4.9 1.5 

* Ra is the interaction distance between two molecules, in this case, solvent and PMA or 
CNT. Individual HSP and surface energy values and their source are found in Table A 1 
and Table A 2 in Appendix A, along with the equations used to calculate the corresponding 
pair parameters. Listed solvent properties were taken from115,116. 
**PMMA ordered wrapping was previously reported63 without data on polymer content (no 
reported (NR)). 
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Figure 2-3. Integrated WAXD spectrum of PMMA/SWNT buckypapers produced from 
dispersions in various solvents.  
Vertical lines are centered at 2θ 10.6 and 12.9°, that correspond to the helical pitch of 
ordered PMMA and the amorphous PMMA signal, respectively.  

No direct correlation of PMMA content or presence of the ordered helical wrap can 

be observed with the Hansen Solubility Parameter (HSP) interaction distances between 

the solvents and the SWNTs or the PMMA, nor with selected solvent properties like dipole 

moment and polarizability. However, among the studied solvents, the ordered helical wrap 

structure was observed only in those buckypapers produced from solvents with which the 

SWNT-solvent surface tension is lowest, i.e. NMP, DMF, DMSO and nitromethane. 

However, PMMA content did not correlate with the SWNT-solvent surface tension. The 

high PMMA content in the buckypapers produced from the dispersions in MEK and 

acetone (~30 wt.%) in which helical wrapping was not observed, compared to the low 

PMMA content of the NMP sample (14 wt.%) that had the ordered structure, indicates that 

the tendency towards helix formation is not necessarily related to the amount of PMMA 

that is adsorbed at the CNT surface. Thus, it is possible to have high SWNT-polymer 

interaction but not ordered wrapping, depending on the solvent used.  
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Table 2-4. PMA/FWNT-2 buckypapers produced in various solvents.  
PMA content of the produced PMA/FWNT-2 buckypapers while varying solvent. Hansen 
Solubility Parameter (HSP) based interaction distance between solvents and PMA or CNT, 
solvent’s dipole moment and polarizability and appearance of the dispersion 48 h after 
sonication ended.  

Solvent 
used 

PMA 
content 
(wt %) 

Solvent Ra  
with * 

Solvent properties 
SWNT-
solvent 
surface 
tension 

(mN/m) * 

PMA 
(MPa0.5) 

CNT 
(MPa0.5) 

Dipole 
moment (D) 

Polarizability 
(Å3) 

THF < 5 % 1.3 6.1 1.7 7.8 3.4 
Toluene < 5 % 6.8 7.4 0.4 12.4 3.03 
DMF 12 % 9.2 9.6 3.9 7.9 1.0 
1,4-
dioxane 13% 4.0 7.7 0.5 8.6 1.8 

MEK 22 % 5.0 7.0 2.7 8.2 4.5 
Ethyl 
Acetate 24 % 3.1 7.7 1.8 8.9 4.7 

* Ra is the interaction distance between two molecules, in this case, solvent and PMA or 
CNT. Individual HSP and surface energy values and their source are found in Table A 1 
and Table A 2 in Appendix A, along with the equations used to calculate the corresponding 
pair parameters. Listed solvent properties were taken from115,116. 

 
Figure 2-4. Integrated WAXD of PMA/FWNT-2 buckypapers produced in MEK, Ethyl 
Acetate, DMF and 1,4-dioxane, of a FWNT-2 buckypaper without PMA, and of a PMA film 
without CNTs.  

Changing the solvent used during PMA/FWNT-2 dispersion from DMF to MEK and 

ethyl acetate increased the PMA content up to 24 wt.% (see Table 2-4). Still, when 
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comparing the XRD of the FWNT-2 film without PMA and that of the PMA//FWNT-2 

buckypapers, only the amorphous ~21° 2θ signal is observed, corresponding to 

amorphous PMA (see Figure 2-4). Interestingly, PMA/FWNT-2 dispersion in ethyl acetate 

was not stable and strong precipitation was observed. This happened despite the high 

solubility of PMA in ethyl acetate (HSP interaction distance of 3.1 MPa0.5) and that the 

PMA/FWNT-2/ethyl acetate buckypaper had the largest PMA content within the studied 

samples. This suggests that although strong PMA/FWNT-2 interactions were present 

while in ethyl acetate, the adsorbed polymer molecules did not stabilize FWNT-2, probably 

due to changes in the polymer conformation, as discussed below. This result also differs 

from that obtained with PMMA and SWNT in DMF, in which the high polymer adsorption 

(~33 wt.%) resulted in a stable dispersion over the course of several months (more than 

6 months) and after 2 h of centrifugation at 1000g force.34 High stability of the PMMA-

wrapped-SWNTs in DMF was also observed despite the relatively large HSP interaction 

distance between PMMA and DMF (9.6 MPa0.5).  

PMA content did not relate to polymer or CNT solubility in the given solvent, nor 

the listed solvent properties. Furthermore, no ordered wrapping was observed in any 

solvent, even though CNT surface tension with DMF and 1,4-dioxane were as low as those 

of the solvents in which PMMA orderly wrapped SWNTs. This demonstrates that ordered 

helical wrapping is not solely controlled by the CNT-solvent surface tension, although it 

still is dependent of the solvent used (see Table 2-3 and previous discussion).  

2.4.3 Effect of PMMA tacticity in the adsorption of polymer onto SWNT 

The WAXD of the SWNT buckypapers produced while changing PMMA tacticity is 

presented in Figure 2-5. The 2θ 10.6° peak of the ordered helical wrapping of atactic 

PMMA (a-PMMA) was not observed when isotactic PMMA (iso-PMMA) was used instead. 

The iso-PMMA/SWNT/DMF buckypaper showed a symmetric broad peak at 2θ 12.9°, 
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coinciding with the asymmetric amorphous peak of iso-PMMA without SWNTs. The 

change in breadth and symmetry of this peak reveals that iso-PMMA adsorbed onto 

SWNTs with partial order, but not in the highly ordered helical conformation that is 

associated with a-PMMA. Finally, the TGA-measured polymer content decreased from 33 

wt% to 25 wt% upon using isotactic PMMA instead of atactic, thus indicating preferred 

SWNT-polymer interactions upon using the atactic stereoisomer. 

 
Figure 2-5. WAXD of buckypapers produced from DMF dispersions of SWNT with either 
atactic PMMA (a-PMMA) or isotactic PMMA (iso-PMMA).  
WAXD of each polymer film without SWNT and the SWNTs powder (without polymer) are 
also included. Vertical lines are centered at 2θ ~10.6 and ~12.9°, that correspond to the 
helical pitch of ordered PMMA and the amorphous PMMA signal, respectively.  

2.4.4 Effect of polymer wrapping on the solubility of the CNT 

We argue that the polymer wrapping of CNTs does not necessarily improve CNT 

solubility in polymer matrices and solvents in which the unbound polymer is miscible. 

Supporting this is the already described precipitation of the PMA-wrapped FWNT-2 after 

sonication in ethyl acetate. Similarly, PMMA-wrapped-SWNTs, have been reported to 

precipitate when DMF solvent is exchanged for ethyl acetate117 despite the high solubility 

of PMMA in this solvent. The precipitated SWNTs in ethyl acetate show the ordered helical 

conformation of the PMMA,117 indicating that precipitation happens despite the presence 
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of the polymer wrapping and not because said polymer coating is lost during the solvent 

exchange.  

Solubility of the polymer-wrapped CNTs is probably controlled by the orientation 

of the side groups and backbone of the polymer adsorbed onto the CNT surface, which 

could significantly affect solvent-polymer interactions. Effect of the side group orientation 

on the surface energy of PMA and PMMA films has been previously determined by sum 

frequency generation vibrational spectra and water contact angles.118 In their publication, 

Zhang et al. produced films of PMA and PMMA with varied surface structure i.e. orientation 

of the methyl ester side group and the polymer backbone. Depending on surface structure, 

water contact angle changed up to 15°, which signifies the surface energy of the polymers 

strongly depended on the polymer side group and backbone orientation. Molecular 

dynamic simulations of PMA onto CNT in vacuum has shown that the polymer chain 

prefers to adsorb while orienting its methyl ester group outwards the CNT surface.105 This 

explains then why the PMA-wrapped-CNTs precipitated in ethyl acetate despite the high 

solubility of PMA in this solvent. Similarly, for PMMA, the modelled helical conformation 

shows the preferred orientation of side groups outwards the SWNT surface.47 

2.4.5 Diameter-dependent CNT wrapping with non-conjugated, flexible polymers  

CNT diameter-dependent polymer adsorption and wrapping has been 

experimentally observed by several other authors,47,119–122 predominantly with conjugated, 

semi-rigid polymers of the polyfluorene and poly(p-phenylene vinylene) types. CNT 

diameter has been previously found to affect CNT interactions with both solvents and 

polymers. With respect to the CNT-solvent interaction, surface energy123 and solvent-

solubility124 increase upon increasing tube external diameter. Similarly, polyfluorenes114 

and polyethylene50 binding to CNT has been estimated to increase with tube external 

diameter.  
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The ordered polymer wrapping of CNT of specific diameters has been justified by 

the effect of CNT diameter and chirality in the polymer-CNT contact and by the effect of 

diameter in the re-bundling of CNTs. On the one hand, it has been proposed that 

polyfluorenes selectively wrap CNT with diameters that allow low energy configurations 

based on the chain torsion angle,112 and that CNT of certain chiral angles promote polymer 

adsorption by the alignment of the polymer chain’s conjugated groups (𝜋𝜋- 𝜋𝜋 

interactions).125 Based on these assumptions, polyfluorenes copolymers with bulky alkyl 

side groups have been studied to control the CNT diameter at which preferred wrapping 

happens.106,126 On the other hand, since CNT-CNT binding energy also increases with 

CNT diameter,114,127 it has been argued that the polymer wrapping of preferred CNTs 

diameter is caused by the competitive process of polymer adsorption and CNT re-

bundling.114  

Experimental studies with polyfluorenes have shown that the selective adsorption 

on CNTs of certain diameters can be hindered by the solvent system used, arguably due 

to changes in polymer conformations and CNT solubility in the solvent.128 This study also 

suggested that more flexible polymers are less selective of the CNT diameter.128 Our 

results show however that the ordered PMMA wrapping of SWNTs (~ 1 nm diameter) can 

happen in a broad range of solvents that are poor or good with both PMMA and SWNTs 

(see Table 2-3 and Figure 2-3).  

For the wrapping of SWNTs with polyvinyl pyrrolidone (PVP) in aqueous solution 

and in the presence of sodium dodecyl sulfate (SDS), PVP binding is loss upon addition 

of tetrahydrofuran,113 supposedly due to the reduction of the SWNT-water surface tension. 

This later explanation assumes that the entropic cost of producing an ordered polymer 

wrap must be offset by reducing the contact area between SWNT and a solvent with which 

surface energy is high. However, the ordered helical wrap of SWNTs with PMMA was only 
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observed in solvents with which the SWNTs had low surface energy (see Table 2-3). 

Similarly, simulations of PMA have shown that, depending on the CNT diameter and not 

the solvent (or absence of it) the polymer acquires conformations more or less adsorbed 

to the CNT surface.105  

Ordered helical wrapping of PMMA onto SWNTs was only observed in solvents 

with which the CNT had low surface energy (see Table 2-3) because of improved CNT-

solvent contact (i.e. wetting). Firstly, reduced surface energy facilitates wetting of the 

CNTs, upon which sonication can more effectively exfoliate the CNT bundles. Secondly, 

improved wetting can also reduce the tendency towards CNT reaggregation during 

sonication, with which time-average CNT-CNT distance increases while in continued 

sonication. It has been previously estimated that beyond a separation of 10 Å CNT-CNT 

interactions are zero.129 It should be noted however that improved wetting does not 

translate to higher solubility, since the later one also relates to CNT reaggregation after 

sonication has stopped. Finally, improved wetting and CNT-CNT distance also facilitate 

the infiltration by polymer molecules between CNTs, while still allowing proximity of the 

polymer to the CNT during the changes of chain conformations required to create the 

ordered structure. Still, CNT-solvent surface energy alone does not guarantee the creation 

of ordered wrapping, as observed for PMA and FWNT-2 in 1,4-dioxane and DMF (Table 

2-4). 

The question is then, how does the solvent, CNT diameter and polymer tacticity 

define the adsorption and ordered wrapping of PMMA and PMA in which 𝜋𝜋- 𝜋𝜋 interactions 

are not possible? We hypothesize that the ordered wrapping is created when, during the 

random coiling of the polymer, backbone loops and folds are created and can be stabilized 

by the CNT curvature through non-specific CH-𝜋𝜋 and van der Waals interactions and 

alignment of the polymer backbone with the chiral structure of the CNTs. Solvent plays an 
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important role here because the it influences the rotational statistics of polymer130 and the 

chain persistence length,131 thus the possible coil conformations. Polymer adsorption and 

wrapping by this mechanism does not exclusively depend on solvent or polymer properties 

or specific CNT-polymer interactions. Similarly, ordered wrapping is not more or less likely 

to happen with less or more flexible polymers; it rather depends on how likely partially 

ordered conformations of the polymer chain, in a given solvent, can be stabilized by a 

given CNT diameter.  

The result with isotactic PMMA further supports our hypothesis of the ordered 

wrapping being controlled by chain conformation. Tacticity of the methyl ester and ester 

groups has been previously shown to modify the solubility parameter and chain 

conformation of PMMA,132 polymer rigidity and glass transition behavior133 along with other 

properties of the bulk polymer.134 Chang and Woo133 studied the glass transition behavior 

of the miscible blends of iso-, a- and syndiotactic- (s-) PMMA, and observed that the blend 

glass transition did not correlate linearly with composition. They concluded that this was 

caused by tacticity-dependent molecular interactions, generated by the polar nature of the 

side group. Furthermore, the glass transition of pure iso-, a- and s-PMMA are, 

respectively, ~52, ~107 and ~124°C,133 showing the strong dependence of the polymer 

conformation and free space with its tacticity.  

Molecular dynamic simulations indicated that partially ordered structures can be 

created when syndiotactic PMA is adsorbed onto CNTs and stabilized by CH- 𝜋𝜋 

interactions, while the polymer backbone twists and folds to follow the CNT curvature and 

its chiral structure. Figure 2-6 shows snapshots of PMA adsorption onto zig-zag SWNTs 

with diameters 0.83 and 1.49 nm. Adsorbed PMA has a partially ordered conformation 

(folded structure) in the SWNT of larger diameter (Figure 2-6b). Figure 2-6c shows that 

the backbone of the polymer is closest to the SWNT surface (distance < 4 Å) and hence 
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that the PMA-CNT interactions are of the CH- 𝜋𝜋 and/or van der Waals type. Considering 

that for the simulated 100-monomer PMA and 1.49 nm SWNT the calculated free energy 

of binding was about -2 kcal per mol monomer, these interactions generated binding 

strength equal to several covalent bonds (i.e. 200 kcal/mol).105  

 
Figure 2-6. Snapshots of polymer backbone adsorbed onto zigzag nanotubes. 
Adsorption onto SWNTs (a) 0.86 and (b) 1.49 nm diameter after ~ 10 ns in vacuum and 
at 75 °C. (c) Close up of the adsorbed PMA backbone to the 1.49 nm SWNT. The 
orientation of the CH2 towards the surface supports CH- 𝜋𝜋 interactions as a driving force 
for polymer-CNT binding.  

2.5 Conclusions  

Similar to what has been previously reported for conjugated and semi-rigid 

polymers, poly(methyl methacrylate) (PMMA), a non-conjugated, flexible polymer, 

adsorbs onto CNTs of specific diameter creating an ordered helical wrapping. We report 

here that this ordered wrapping and the amount of PMMA adsorbed depends not only on 

the CNT diameter but also on the solvent and polymer tacticity. However, ordered 

wrapping and amount of PMMA adsorbed are not directly related to polymer or CNT 

solubility in the solvent, or solvent properties, neither to CNT surface energy with the given 

solvent. Absorption of poly(methyl acrylate) con CNTs was also shown to depend on the 

CNT diameter and solvent used. PMA has been shown by molecular dynamic simulations 

(MDS) to adsorb onto CNTs in vacuum while creating partially ordered structures. 
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Furthermore, MDS results confirm that adsorption of PMA is sustained by CH- 𝜋𝜋 and van 

der Waals interactions that are non-specific to acrylate polymers.  

Based on the experimental and simulation results detailed here, we propose that 

non-conjugated, flexible polymers can adsorb onto CNTs, creating partially and fully 

ordered structures. This occurs when certain conformations of the polymer can be 

stabilized by the CNT curvature and its interaction with the polymer backbone.  
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3 CHAPTER 3: EFFECT OF PMMA MOLECULAR WEIGHT IN SWNT 

DISPERSION AND COMPOSITES’ PROPERTIES AT LOW SWNT 

LOADING (5 wt%) 

 

Preamble 

In this chapter, we demonstrate that the interphase between SWNTs and the PAN 

matrix in PAN nanocomposite fibers can be engineered by wrapping PMMA around the 

SWNTs and by changing the PMMA molecular weight. PAN fibers in this Chapter 3 have 

5 wt% SWNTs.  

Chapter 3 and Appendix B are already published as “Engineering the Interphase 

of Single Wall Carbon Nanotubes/Polyacrylonitrile Nanocomposite Fibers with Poly 

(methyl methacrylate) and Its Effect on Filler Dispersion, Filler−Matrix Interactions, and 

Tensile Properties”34 manuscript first-authored by the author of this thesis (Pedro J. Arias-

Monje) and in collaboration with Dr. Amir A. Bakhtiary Davijani, Mingxuan Lu, Jyostna 

Ramachandran, Mohammad Hamza Kirmani and Dr. Satish Kumar. PAN fibers with 1 wt% 

SWNT were produced and characterized by Dr. A. A. B. D. during his Ph.D. thesis. 
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3.1 Abstract 

Mechanical reinforcement of polymer nanocomposites with pristine Single Wall 

Carbon Nanotubes (SWNTs) beyond 1 wt. % loading is challenging because SWNT-

SWNT contacts generate filler aggregation and reduce polymer-filler interaction. 

Furthermore, SWNT cannot be covalently functionalized without affecting their inherent 

properties. In this study, filler individualization and filler-matrix interactions were tuned by 

helically wrapping the SWNTs with poly(methyl methacrylate) (PMMA) -a non-covalent 

method- and by changing the PMMA molecular weight. Polyacrylonitrile nanocomposite 

fibers were produced by dry-jet wet spinning using 5 wt. % PMMA-wrapped-SWNTs. It is 

demonstrated that PMMA-wrapping becomes part of the filler-matrix interphase. 

Increasing the molecular weight of the PMMA wrapping improves SWNT individualization 

but appears to reduce filler-matrix interaction. Relatively high fiber mechanical properties 

were obtained when SWNTs wrapped with relatively low molecular weight (15000 g/mol) 

PMMA were used. Potential applications of these fibers have been discussed.  

3.2 Introduction 

Sonication of dispersions of single wall carbon nanotubes (SWNTs) with 

poly(methyl methacrylate) (PMMA) in dimethylformamide (DMF) has been shown to 

produce an ordered wrapping of PMMA around the SWNTs47 (Figure 1-2a in Chapter 1). 

Figure 3-1a shows the normalized (normalized to the ~1590 cm-1 signal) Raman spectra 

of fibers produced with 1 wt.% SWNTs when the SWNTs were PMMA wrapped 

(PAN/PMMA-SWNT) or pristine (PAN-p-SWNT). Typical radial breathing mode (RBM), D, 

G and G’ Raman peaks of the SWNTs are observed. Intensity ratio of D/G peaks was the 

same in the PAN fibers reinforced with pristine (p-SWNT) and PMMA-wrapped (PMMA-

SWNT) fillers, indicating that no change in the SWNT’s sp2 structure during the wrapping 

process. In other words, PMMA modification is non-covalent. The RBM normalized to the 
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233 cm-1 band is presented in Figure 3-1b, as a function of filler type and fiber draw ratio. 

The RBM peak that most strongly changed upon PMMA wrapping of the SWNT was that 

at ~ 268 cm-1, which is referred to as RBM2. A list of observed RBM peaks is given in 

Figure B 2. The peak at 268 cm-1 is a function of SWNT-SWNT interactions caused by 

agglomeration,135,136 and can therefore be used as a qualitative indicator of SWNT 

individualization when compared to the total RBM area. RBM2 relative intensity was 

significantly lower in samples produced with PMMA-SWNT than in those with p-SWNT, 

indicating then a higher degree of filler individualization in the former case.  

Upon drawing of the nanocomposite fibers, RBM2 intensity strongly decreased in 

the PAN fibers with p-SWNT and showed a small increase in those with PMMA-SWNT. It 

was previously reported that drawing of CNT/polymer nanocomposite fibers promotes 

exfoliation of the nanofiller,65 which is consistent with the described behavior of the PAN/p-

SWNT fiber. The increase of the RBM2 intensity upon drawing of the fiber with PMMA-

SWNT suggests that SWNT-SWNT contacts and/or SWNT bundles are created, probably 

due to polymer crystal growing in the bulk of the matrix. Another explanation to the 

observed phenomena is the increase in SWNT-polymer packing density after drawing and 

its possible effect on the SWNT RBM spectra. It has been reported that not only substrate 

or bundling affect the resonance window profile of the SWNT, but also the presence of 

surfactants or other species adsorbed onto the SWNTs.137,138  
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Figure 3-1. Raman characterization of PAN nanocomposite fibers with pristine-SWNTs 
(PAN/p-SWNT) and PMMA-wrapped-SWNTs (PAN/PMMA-SWNT). 
(a) Raman spectra using un-polarized laser of PAN/p-SWNT, and PAN/PMMA-SWNT 
fibers of draw ratio 4.5x. (b) RBM profiles of various fibers at listed total draw ratios (TDR). 
(c) Shift of the SWNT G’ band upon straining of the fully drawn nanocomposite fibers as 
listed in Table 2.  

Figure 3-1c presents the observed shift of the G’ peak upon straining the 

macroscopic fiber, which was used to estimate the straining of the SWNT and the 

interfacial shear force (IFSS) between the filler and the matrix. Please refer to the 

Appendix B.1 and ref67 for detailed explanation of the SWNT straining and the IFSS 

calculations. Maximum G’ shift was -9.0 ± 0.7 and -12.5 ± 0.9 cm-1 for the PAN fiber with 

p-SWNT and PMMA-SWNT, respectively. The maximum strain experienced by the SWNT 

upon fiber straining was 0.24 and 0.34 %, for PAN/p-SWNT and PAN/PMMA-SWNT 

fibers, respectively. Overall, the IFSS increased from 32.9 ± 2.7 to 47.5 ± 3.2 MPa upon 

using PMMA-wrapped SWNTs instead of p-SWNTs. An increase in the IFSS is expected 
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when increasing the filler-matrix surface area (improving filler dispersion) and/or 

increasing the interactions between the filler and matrix, and this generally translates to 

improve mechanical properties of the composite.56,139 PAN nanocomposites fibers with 1 

wt.% Few Wall Carbon Nanotubes (aspect ratio ~2800) have been previously reported to 

have an IFSS of 30.9 MPa, and up to 44.3 MPa when lower filler loading of 0.1 wt.% was 

used. The experimental and theoretical IFSS values for several other CNT/polymer 

systems can be found in recent reviews.62,139 However, it should be noted that comparison 

of absolute IFSS values of different systems reported based on different measurement 

protocols is difficult, due to the plethora of factors that affect these values. Still, the 

increase in IFSS upon PMMA-wrapping translated to a modest increase in the mechanical 

properties of the nanocomposite fiber.34 Improvement in IFSS and mechanical properties 

of the composite has also been reported when the PMMA-wrapped-SWNTs are 

incorporated in PMMA films.48  

It is of interest to understand and to deconvolute the two mechanisms by which the 

use of PMMA-wrapped-SWNTs increases IFSS: i.e. (i) by direct modification of the filler-

matrix interactions, and (ii) by changing the filler dispersion and hence the available 

polymer-SWNT surface area.  

In this chapter, the effect of the PMMA molecular weight on SWNT dispersion and 

on the structure and mechanical properties of PAN nanocomposite fiber is studied. It is 

shown that the PMMA wrapping remains after spinning and consequently becomes part 

of the filler-matrix interphase.  

3.3 Experimental  

3.3.1 Materials  

SWNT HiPco™ (grade sp300, lot # PO 271) with an average diameter of 0.9 nm 

were obtained from Carbon Nanotechnologies Inc. SWNTs had a 2 wt.% catalyst content 
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as measured by Thermo Gravimetric Analysis (TGA). A list of the observed chiralities by 

Raman from 785 nm laser is included in the Appendix B (Figure B 2). Poly(methyl 

methacrylate) (PMMA) of weight-average molecular weight (Mw) of 15,000, 350,000 and 

996,000 g/mol and dimethylformamide (DMF, ACS grade, 99.8% purity) were obtained 

from Sigma-Aldrich. PMMA with Mw of 97,000 g/mol was acquired from Supelco (Sigma-

Aldrich). Poly(acrylonitrile-co-methacrylic acid) (PAN, 4 wt. % copolymer) with viscosity 

average molecular weights of 247,000 and 500,000 g/mol were obtained from Japan Exlan 

Co. (Osaka, Japan).  

3.3.2 SWNTs helically wrapped with PMMA 

SWNTs were dispersed in DMF in the presence of PMMA in a sonication bath for 

24 hours at room temperature. SWNT:PMMA mass ratio was 1:1, and SWNT content 

during dispersion was 5 mg SWNT/dL in DMF. This protocol has been previously 

reported47 and allows for the production of SWNTs helically wrapped by PMMA. This 

PMMA-wrapped-SWNT will be referred hereinafter as PMMA-SWNT.  

DMF/SWNT dispersions with and without PMMA were characterized by Raman, 

UV-Vis spectroscopy, and dynamic light scattering (DLS). UV-Vis spectra were collected 

on a Perkin Elmer Lambda 35 from 300 nm to 1000 nm. Raman spectra were collected 

using a HORIBA XploRA ONE (785 nm laser) spectrometer with 50x or 100x objective 

and 1800 grating. DLS was conducted using a BI-200SM system (Brookhaven 

Instruments co.), by collecting the scattered signal from a linearly polarized 532 nm laser 

at 90°, collection time was 2 min while solutions were kept at 25 °C. For DLS and UV/Vis 

measurements the dispersed 5 mg SWNT/dL in DMF were further diluted to 1:20 ratio by 

mass in DMF.  
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3.3.3 PAN/DMF solutions with PMMA-wrapped-SWNTs 

DMF/PAN/PMMA-SWNT dispersions for fiber spinning were prepared by first 

dispersing the desired amount of PAN in 100 ml of DMF by continuous mixing (at 150 rpm) 

for 1 h at 0 °C. Then the temperature was gradually raised to 70 °C to dissolve the polymer, 

and the polymer solution was further mixed for 1 h at 70 °C. Subsequently, PMMA-SWNT 

in DMF were added to the polymer solution and the excess solvent was distilled under 

vacuum (< 40 mbar) at ~70 °C, until reaching the desired amount of SWNT in the PAN 

solution. Solid content of the spinning solutions was measured by TGA (Q500, TA 

Instruments) by heating to 130 °C in air atmosphere until constant weight was achieved. 

Rheology of spinning dispersions was measured using an ARES rheometer in frequency 

sweep mode between 0.5 and 500 rad/s, strain of 1% and at room temperature. Parallel 

plates of 25 mm and 1 mm gap were used.  

3.3.4 Nanocomposite fibers 

For spinning, a system by Hills Inc. was used, with a single filament set-up with 

200 µm diameter spinneret. Polymer dispersions were extruded at a flow rate of 1 cc/min. 

For this study, two different sets of fibers were produced. Barrel, spinneret and coagulation 

bath temperatures can be found in Appendix B (Table B 3). The air gap between the 

spinneret and the coagulation bath was 3 to 5 cm in all cases. Fibers were collected at a 

stretch ratio of 3x and stored overnight in methanol bath at -40 °C prior to a two-stage 

drawing. Cold drawing (1st stage drawing) was done while keeping the as-spun fiber 

submerged in methanol chilled at -40 °C and hot drawing (2nd stage drawing) by passing 

the fiber through a glycerol bath at 165-175 °C. Two-step drawing has been previously 

demonstrated to significantly increase the tensile properties of high-performance polymer 

films140 and fibers.141 Total draw ratio is calculated as the product of the spinning stretch 

ratio, the cold draw ratio and the hot draw ratio. All as-spun fibers have a total draw ratio 
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of 3x (no further drawing after fiber spinning), while fully drawn fibers refer to fibers that 

were stretched at about 80% of the draw ratio at break during the two-stage drawing. The 

80% of the breaking draw ratio was selected to achieve high modulus, while ensuring 

continuously drawn fiber without significant breaks.  

A summary of the fibers produced is presented in Table 3-1. Two different PMMA 

molecular weights were used for the wrapping of the SWNTs: 15,000 and 350,000 g/mol. 

Thus, two PAN composite fibers were produced, one with 5 wt.% SWNT wrapped with 

PMMA of 15,000 g/mol (referred as: PAN/15k.PMMA-SWNT) and a second one with 5 

wt.% SWNT wrapped with PMMA of 350,000 g/mol (referred as: PAN/350k.PMMA-

SWNT). Both nanocomposite fibers had 5 wt.% SWNTs, but considering the 

PMMA:SWNT ratio used, PAN content was 90 wt.%. The control fiber without SWNTs for 

this sample set is referred as PAN-b. 

Table 3-1. Various fibers produced in chapter 3. 

Fiber ID PAN molecular 
weight (g/mol) 

SWNT content* 
(wt.%) 

PMMA 
molecular 
weight (g/mol) 

PAN-b 
500,000 g/mol 

0 - 
PAN/15k.PMMA-SWNT 5 15,000 
PAN/350k.PMMA-SWNT 5 350,000 

*Note: SWNT content refers to the amount of SWNT without considering the PMMA 
wrapped around the SWNTs or free in the nanocomposite fiber.  

Fibers were characterized by wide angle x-ray diffraction (WAXD) (bundles of 64 

filaments) and Raman spectroscopy (single filament). WAXD was conducted on a Rigaku 

MicroMax-003 beam generator (Cu 𝐾𝐾𝐾𝐾 𝜆𝜆 = 0.1542 𝑛𝑛𝑛𝑛, operating at 50 kV and 0.60 mA) 

equipped with an R-axis IV++ detector. Raman characterization included SWNT’s 

orientation factor determination using a polarized incident laser, by measuring the change 

of the G band intensity as a function of fiber orientation (VV configuration), as reported 

elsewhere.142 SWNT straining during deformation of the macroscopic fiber was evaluated 
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by measuring the displacement of the G’ band upon strain of a 1-inch filament, as reported 

elsewhere67 and detailed in  Appendix B.1. All the reported Raman-based data, including 

orientation and SWNT strain are an average of measurement on at least three different 

samples. Scanning Electron Microscopy (SEM) images were collected from the uncoated 

samples at an accelerating voltage of 3 kV and at a working distance < 4 mm on a Hitachi 

SU8230. The reported diameter of the observed fibril-like structures is based on more than 

35 measurements in at least 3 different samples per fiber type. Single filament tensile 

testing was performed on a FAVIMAT+ (Measured Solutions, Inc.) using a gauge length 

of 1 inch, and a strain rate of 1%/s. Linear density was determined by inline vibroscope. 

3.4 Results and discussion 

Prior to nanocomposite fiber spinning, DMF/PMMA/SWNT dispersions and 

PMMA-SWNT buckypapers were prepared while changing the molecular weight of the 

PMMA. This was done to evaluate the effect of PMMA molecular weight on SWNT 

dispersion. The measured hydrodynamic radius and the UV/Vis absorbance spectra of the 

dispersions are presented in Figure 3-2. Figure 3-2b also shows the UV/Vis spectrum of 

SWNT sonicated in DMF without PMMA. Normalized RBM band and XRD of the 

buckypapers produced by vacuum filtration of the dispersions are included in Figure 3-2c 

and d.  
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Figure 3-2. Measured (a) hydrodynamic radius and (b) van Hove transitions of 
PMMA/SWNT dispersions in DMF, and the (c) RBM band Raman spectra and (d) X-ray 
diffraction of produced buckypapers using various PMMA molecular weights (as listed in 
respective figures) for SWNT wrapping.  
Dotted line in (a) shows the estimated hydrodynamic radius for an individual SWNT of 1 
nm diameter and 500 nm length.  

A higher PMMA molecular weight was associated with a smaller hydrodynamic 

radius, and larger shift of the van Hove transitions towards shorter wavelength in SWNT 

dispersion in DMF, as well as a lower relative intensity of the RBM2 peak in the 

buckypapers. These results indicate that increased PMMA molecular weight resulted in 

reduced SWNT bundle size and decreased SWNT-SWNT contacts, thus increased SWNT 

individualization. On the other hand, the DMF/SWNT dispersion without PMMA showed 

larger hydrodynamic radius, higher RBM2 intensity and red-shift of the van Hove 

transitions, as compared to than the dispersions that contained PMMA (see Figure 3-2b 

and c). Measured hydrodynamic radius was larger than 300 nm for pristine-SWNT 

sonicated in DMF, and macroscopic agglomerates were observed as soon as sonication 
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stopped. PMMA-SWNT dispersions in DMF remained stable for many-many months 

(more than 6 months) after stopping the sonication. They were also stable after 2 hours of 

centrifugation at 1000 g-force, and did not result in sedimentation. Unstable dispersions 

of pristine-SWNT in DMF has been previously documented.64,124 Finally, longer PMMA 

molecules created stronger 10.8° 2θ X-ray diffraction peak (Figure 3-2d), which has been 

associated with the ordered helical wrapping of PMMA around the SWNT.47  

The reason for the improved SWNT individualization with increased PMMA 

molecular weight can be analyzed by comparing the data presented in Figure 3-2 and the 

amount of PMMA fixed to the SWNTs after sonication with PMMA of various molecular 

weight. The amount of PMMA adsorbed onto the SWNTs has been previously estimated47 

by thermal gravimetrical analysis (TGA) of the buckypapers produced by filtration of 

sonicated DMF/PMMA/SWNT dispersions. It is assumed that during filtration and 

extensive washing, polymer molecules not strongly attached to the SWNTs are removed; 

and that for the PMMA-SWNT system most of the PMMA in the buckypaper is helically 

wrapped around the SWNTs. It has been reported that regardless of the PMMA molecular 

weight (range of 8,000 to 996,000 g/mol), the buckypapers contained ~37% PMMA,47 

signifying that the amount of PMMA wrapped to the SWNTs does not depend on the 

polymer molecular weight. However, an increase in the 2θ ~10.8° peak intensity was 

observed upon increasing PMMA molecular weight (Figure 3-2d). These results indicate 

that for the conditions studied here, the increase of the SWNT individualization with 

increase in the PMMA molecular weight (Figure 3-2a-c) must be due to the increase of the 

PMMA helix order (Figure 3-2d), and not to the amount of PMMA wrapped. Upon wrapping 

with longer polymer molecules, the number of chain ends is reduced, which translates in 

fewer chances of helix disruption and fewer chances of the exposed surface of the SWNTs 

and, consequently, less SWNT-SWNT contacts. This can be further illustrated by 
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estimating the number of PMMA molecules required to wrap any given SWNT length. For 

example, a SWNT length of ~140 nm is helically covered by one PMMA molecule of 

molecular weight of 350,000 g/mol. To cover the same SWNT length with PMMA of 

molecular weight of 15,000 g/mol, 23 PMMA molecules are needed. Assumptions used 

for these calculations are given in Appendix B.2.  

 
Figure 3-3. XRD, Raman and SEM characterization of PAN nanocomposite fibers with 
PMMA-wrapped-SWNTs with different PMMA molecular weight: 15,000 g/mol 
(PAN/15k.PMMA-SWNT) or 350,000 g/mol (PAN/350k.PMMA-SWNT). 
(a) WAXD pattern of the as-spun PAN fiber with 5 wt.% SWNTs wrapped with PMMA of 
15,000 g/mol (PAN/15k.PMMA-SWNT). The 2𝜃𝜃 peak intensity at 10.8° at the meridional 
position is indicated by an arrow for clarity. (b) RBM2 peak for fibers produced with PMMA-
wrapped-SWNTs of two different molecular weights before and after drawing. Molecular 
weight of PMMA are 15,000 and 350,000 g/mol, in fibers PAN/15k.PMMA-SWNT and 
PAN/350k.PMMA-SWNT, respectively. (c) SEM images at different magnifications of the 
fibrillar-structures present at the cross-section of as-spun fiber PAN/15k.PMMA-SWNT. 
White arrows in right-most image indicate one carbon nanotube and one site of plastic 
deformation (probably caused by a second carbon nanotube) in the same fibril.  

 



49 
 

Effect of polymer molecular weight during non-covalent wrapping of carbon 

nanotubes in the filler-filler contacts and dispersion has been previously documented. 

Polyvinylpyrrolidone (PVP) and poly(4-vynilpyridine) have been used to wrapped Multiwall 

Carbon Nanotubes (MWNT),143 significantly increasing MWNT dispersion upon increase 

of polymer molecular weight.  

The effect of PMMA molecular weight used for SWNT wrapping was also 

investigated in PAN nanocomposite fibers with SWNT content of 5 wt.% (see Table 3-1). 

SWNTs wrapped with PMMA of 15,000 and 350,000 g/mol were used and since the 

PMMA:SWNT ratio was 1:1, the PAN content of these fibers was 90 wt.%. Rheological 

data and optical images of the polymer dispersions used for fiber spinning are presented 

in Figure B 3 at Appendix B. Polymer solutions containing higher PMMA molecular weight 

used for SWNT wrapping resulted in better filler dispersion and a lower complex viscosity 

at 1 rad/s, as compared to the solutions using lower molecular with PMMA (see Figure B 

3).  

Both as-spun (total draw ratio of 3x) nanocomposite fibers with 5 wt.% SWNT 

wrapped with PMMA showed a 2𝜃𝜃 peak at 10.8° (see Figure 3-3a, only 2D image of fiber 

with PMMA wrapping of 15,000 g/mol is shown). This peak was not evident in the fibers 

with 1 wt.% SWNT (PAN/PMMA-SWNT), which can be attributed to the low filler content. 

Furthermore, the 10.8° peak signal was present only in the meridional component of the 

WAXD, indicating that the PMMA ordered structure was along the fiber axis and, therefore, 

along the SWNT axis. This shows that SWNTs were still helically wrapped by the PMMA 

after solution processing and gel spinning, and should therefore be considered part of the 

SWNT-PAN interphase in the fiber. The 10.8° peak almost disappeared after fiber drawing 

of the fibers, see Figure B 4 in Appendix B. Absence of this peak indicates that the highly 
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ordered helical structure gets disturbed/smeared by the shear forces present during fiber 

drawing.  

Figure 3-3b shows the normalized RBM2 peak of the nanocomposite fibers with 5 

wt. % SWNT wrapped with PMMA of two different molecular weights before and after 

drawing. RBM2 intensity was slightly lower in the fibers with nanotubes wrapped with 

PMMA of higher molecular weight (PAN/350k.PMMA-SWNT), as compared to the lower 

molecular weight PMMA. RBM2 intensity decreased upon fiber drawing, in fibers with both 

PMMA molecular weight. The reduction in the relative intensity of the RBM2 band upon 

drawing of the 5 wt.% SWNT fibers with PMMA-wrapped filler differs from the behavior 

observed for fibers with 1 wt.%.34  

Figure 3-3c presents several images at different magnifications of the fracture 

surface of the as-spun fiber produced with SWNTs wrapped with PMMA of 15,000 g/mol 

(PAN/15k.PMMA-SWNT (TDR 3x), showing fibrillar-structure formed by SWNTs and the 

associated polymer. Within one fibril, there may be one SWNT or more than one SWNT, 

individualized or bundled. These fibrillar structures are a result of plastic deformation. 

Diameter of the observed structures were 57 ± 6 and 32 ± 3 nm for the as-spun fibers 

PAN/15k.PMMA-SWNT and PAN/350k.PMMA-SWNT, respectively. Comparative 

additional SEM images are available in Figures S5 and S6. Diameter of these fibrillar 

structures should be expected to be a function of SWNT bundle size and filler-matrix 

interaction. Larger bundles can be formed due to increased SWNT-SWNT contacts, which 

were more prominent upon using PMMA of lower molecular weight for the wrapping, as 

indicated by the RBM differences in the polymer dispersion and fiber. Assuming that each 

fibrillar structure contains one SWNT bundle, it can be estimated that the bundle diameter 

was ~10 nm (~95 nanotubes) in PAN/15k.PMMA-SWNT fiber and ~5 nm (~29 nanotubes) 

in PAN/350k.PMMA-SWNT.  



51 
 

Tensile properties and structural parameters of the as-spun (3x) and drawn fibers 

are listed in Table 3-2. As-spun PAN/15k.PMMA-SWNT fiber had approximately 100 %, 

40 % and 170 % higher tensile strength, modulus and elongation at break, respectively, 

than the as-spun PAN/350k.PMMA-SWNT fiber. No significant difference was measured 

in PAN crystal size and a slight increase in orientation factor of PAN crystal and SWNT 

was found in the as-spun fiber with SWNT wrapped with 15,000 g/mol PMMA as compared 

to the 350,000 g/mol PMMA.  

Table 3-2. Mechanical properties and structural parameters of PAN fiber without filler and 
with 5 wt. % SWNT wrapped with 15,000 and 350,000 g/mol PMMA at different total draw 
ratios. 

 PAN-b PAN/15k.PMMA-SWNT PAN/350k.PMMA-SWNT 

Total draw ratio (TDR) 24x 3x 19x 3x 18x 27x 
Fiber diameter (µm) 11.5 ± 0.2 30.2 ± 0.4 12.3 ± 0.2 28.0 ± 0.7 12.5 ± 0.5 10.4 ± 0.1 
Xc (%) 53 36 57 38 48 62 
LPAN (nm) 9 3.6 12.7 3.5 10.6 11 

Ratio d~17°/d~30° 1.72 1.66 1.72 1.64 1.73 1.73 

fPAN 0.89 0.30 0.82 0.24 0.83 0.90 
fSWNTa NA 0.87 0.89 0.84 0.90 0.94 
RBM2 peak (%)b NA 15 16 12 11 12 

Tensile Strength (MPa) 896 ± 28 208 ± 4  944 ± 38 108 ± 5  672 ± 13 837 ± 19 

Tensile Modulus (GPa) 19.2 ± 0.4 11.9 ± 0.1 24.7 ± 0.3 8.5 ± 0.3 18.4 ± 0.2 21.8 ± 0.2 

Elongation at break (%) 7.4 ± 0.2 35 ± 3 8.9 ± 0.3 13 ± 3 8.1 ± 0.2 7.8 ± 0.2 
Notes: a 2nd order orientation factor of SWNTs calculated from Raman signal by following 
the G band intensity upon rotation of the fiber with respect to the incident polarized beam. 
b RBM2 peak area as a percentage of total area of RBM bands (150-350 cm-1) of the 
Raman spectra using un-polarized laser. TDR of 3x corresponds to the as-spun fibers.  

The improvement of the mechanical properties of the as-spun fiber upon using 

lower PMMA molecular weight demonstrates that the wrapping has a direct effect in the 

filler-matrix interactions, and not only in the filler dispersion. Filler dispersion was 

significantly better in PMMA-SWNT dispersions in DMF and buckypapers when higher 

molecular weight PMMA was used for wrapping, which translated to the observed 
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differences in the RBM spectra and fibril diameter of the as-spun fibers. However, 

nanocomposite fiber mechanical properties were higher in the PAN fiber with SWNT 

wrapped with 15,000 g/mol PMMA. This has been explained by considering an increase 

in the filler-matrix interactions, as discussed later in this document.  

PAN/15k.PMMA-SWNT fiber had a maximum draw ratio of 19x, while 

PAN/350k.PMMA-SWNT fiber could be drawn up to 27x, however, a sample of the latter 

with a draw ratio of 18x was also studied for comparison. All the composite fibers had a 

PAN crystal size larger than that of the control fiber. This is consistent with the results 

observed for the fully drawn fibers containing 1 wt.% SWNT (see previous section). 

PAN/15k.PMMA-SWNT fiber at a draw ratio of 19x had larger PAN crystal than the 

PAN/350k.PMMA-SWNT fibers at comparable (18x), as well as at higher (27x) draw ratios. 

Typically, higher PAN fiber draw ratios correspond to higher crystal size,67,141. However, 

the PAN/15k.PMMA-SWNT fiber (19x) had larger PAN crystals than the 

PAN/350k.PMMA-SWNT fiber (27x). This could have originated by stronger filler-matrix 

interactions that promoted interfacial crystallization around the SWNT bundles. Another 

possible explanation is that the increased distance between fillers (caused by increased 

bundle size) in PAN/15k.PMMA-SWNT fiber provided a less restricted environment for 

polymer crystal in the matrix bulk. However, no differences were observed in the 

dependence of tan 𝛿𝛿 with temperature of the fully drawn fibers (see Figure B 7 in Appendix 

B).  

Fully drawn PAN/15k.PMMA-SWNT fiber have ~30 % and ~20 % higher tensile 

modulus and elongation at break with respect to the control fiber, respectively, and 13 % 

and 14 % higher corresponding values with respect to the fiber with SWNT wrapped with 

350,000 g/mol PMMA. Interestingly, when analyzing together the mechanical and 

structural data, it is observed that PAN/15k.PMMA-SWNT (19x) fiber had higher tensile 
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modulus than PAN/350k.PMMA-SWNT (27x) fiber despite the former one having filler with 

lower orientation and lower degree of SWNT individualization (Table 3-2), and therefore a 

filler with lower effective tensile modulus.39 To further understand these results, the SWNT 

straining behavior upon the axial deformation of the nanocomposite fiber was studied by 

Raman spectroscopy, and is discussed next.  

Figure 3-4 presents the SWNT G’ shift upon straining of the fully drawn fibers with 

5 wt.% filler. The maximum G’ shift (Sm) upon fiber straining was ~8.4 ± 0.4 and ~7.8 ± 0.3 

cm-1 for the PAN/15k.PMMA-SWNT and PAN/350k.PMMA-SWNT fibers, respectively, 

while the G’ shift rate (Sr) of the two corresponding fibers up to 0.4 % fiber strain was -17 

and -8 cm-1/%. G’ shift rate was estimated as the linear slope of the G’ shift between 0 and 

0.4 % fiber strain. The measured G’ maximum shift indicates that SWNTs were subjected 

to the same total strain (and hence same stress) upon fiber deformation, for the two PMMA 

molecular weights used. More so, for both fibers, a plateau was reached in the G’ shift, 

which denotes interphase or matrix failure. Because of this, the method described for 

estimation of the IFSS in 1 wt.% SWNT fibers cannot be used for the 5 wt.% SWNT fibers. 

In contrast, the difference in the G’ shift rate indicates that before interphase failure, the 

strain in the macroscopic fiber was more effectively transferred to the filler in the fibers 

using 15,000 g/mol PMMA than the one with 350,000 g/mol PMMA. The composite fiber 

modulus has been previously found to be proportional to the Raman shift rate57 and in 

elastomer composites, proportional to the filler-polymer interactions.144 However, several 

other factors have been reported to affect the G’ shift rate, like filler dispersion, orientation 

and length.67,145–147  
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Figure 3-4. Shift of the G’ band as a function of strain for fully drawn fibers with 5 wt.% 
SWNT PAN/15k.PMMA-SWNT (TDR 19x) and PAN/350k.PMMA-SWNT (TDR 27x). 
Maximum G’ shift (Sm) and G’ shift rate (Sr) are indicated for each fiber.  

 Our experimental results show that increasing the molecular weight of the PMMA 

wrapping increased the order of the helical wrap (Figure 3-2d), while the amount of 

wrapped PMMA remained about the same for the two molecular weights. A more ordered 

PMMA helix allowed for better individualization of the SWNT by decreasing SWNT-SWNT 

contacts and bundle size (Figure 3-2a-c and Figure 3-3b). However, the same 

phenomenon reduced matrix-SWNT interactions in the composite, as evident from the G’ 

shift rate measured upon deformation of the two fully drawn fibers (Figure 3-4). Higher 

PMMA molecular weight used for SWNT wrapping is useful for SWNT individualization, 

while the lower PMMA molecular weight results in increased filler-matrix interaction and 

increased tensile properties. To the best of our knowledge, this is the first study on the 

nanocomposite mechanical properties, by changing the molecular weight of the polymer 

used for non-covalently wrapping of SWNTs, and where the polymer used for wrapping is 

different than the matrix polymer. Further comparison of the results in this study, with those 

obtained when changing the molecular weight of the polymer used in grafting the carbon 

nanotubes is included in Appendix B.3, along with the discussion of the pair interactions 

of the ternary system PAN-PMMA-SWNT (Appendix B.4) 
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An important question is, what are the potential applications of polymer/carbon 

nanotube nanocomposite fibers in general, and of PAN/SWNT fibers of the type presented 

in this paper. The quest for making polymer/CNT composite fibers started with the aim of 

making high strength, high modulus fibers at very high CNT loading (greater than 60 wt.%) 

that exhibit high strength and high modulus that far exceeds today’s state-of-the-art carbon 

fibers. However, after over 20 years of research, this goal has not yet been achieved. PAN 

is THE precursor for current high strength and intermediate modulus carbon fibers. 

Addition of CNTs, at relatively low loading, as reported in this manuscript, would allow for 

the development of a new class of carbon fibers, which exhibit high strength, high 

modulus, as well as increased electrical and thermal conductivity, as compared to the PAN 

based carbon fibers without CNT. In addition, PAN/SWNT fibers themselves can find 

applications based on the SWNT properties. These applications may be based on the 

PAN/SWNT fiber mechanical, electrical, thermal, and optical properties, response to 

electromagnetic radiation, or due to a combination of two or more of these.  

3.5 Conclusions  

Poly(methyl methacrylate) (PMMA) was used to create ordered non-covalent 

wrapping around Single Wall Carbon Nanotubes (SWNTs). PMMA wrapping remains after 

fiber spinning and, therefore, becomes part of the nanocomposite’s interphase. We also 

demonstrated that increasing PMMA molecular weight increases SWNT individualization 

(as measured by Raman radial breathing mode) by increasing the order of PMMA helical 

wraps around SWNT. Engineering of the filler-matrix interphase and the nanocomposite 

fiber mechanical properties can be done by wrapping the SWNT with PMMA and changing 

the PMMA molecular weight. Wrapping of the SWNTs with PMMA of 15,000 g/mol 

molecular weight resulted in higher tensile property fibers than using 350,000 g/mol 

PMMA.  
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4 CHAPTER 4: PROCESSING, STRUCTURE AND PROPERTIES OF 

NANOCOMPOSITE PAN FIBER WITH HIGH LOADING OF SWNTs (15 

wt%) 

 

Preamble 

In this chapter, we study mechanically strong and electrically conductive PAN 

nanocomposite fibers with up to 15 wt% SWNTs. Results from Chapter 2 are used to 

improve the spinning dispersion protocol and to reduce processing time. Results from 

Chapter 3 are used to engineer the nanocomposite’s filler-matrix interphase.  

Chapter 4 and Appendix C are already published as “Processing, structure and 

properties of polyacrylonitrile fibers with 15 weight percent single wall carbon 

nanotubes,”117 manuscript first authored by the author of this thesis (Pedro J. Arias-Monje) 

and in collaboration with Mingxuan Lu, Jyostna Ramachandran, Mohammad Hamza 

Kirmani and Dr. Satish Kumar.  
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4.1 Abstract 

For the first time, a polyacrylonitrile (PAN) fiber with up to 15 wt% single-wall 

carbon nanotubes (SWNTs) was produced by dry-jet spinning while maintaining good 

SWNT individualization. These fibers exhibited a tensile modulus of 32.1 GPa, tensile 

strength of 0.8 GPa, and axial electrical conductivity of 2.2 S/m. This was possible by 

using SWNTs that were non-covalently wrapped with poly(methyl methacrylate) (PMMA-

SWNTs). Furthermore, this non-covalent PMMA functionalization significantly reduced the 

amount of solvent and time needed for the processing of the spinning solution, as 

compared to the methods used in prior studies. Rheology of the spinning solutions and 

mechanical properties and structural parameters of the produced fibers were related to 

the filler individualization, filler content and presence of filler-matrix interaction. Potential 

applications of this PAN fiber with high SWNT loading are briefly discussed. 

4.2 Introduction 

Polymeric fibers containing carbon nanotubes (CNT) are of interest due to their 

potential of achieving good mechanical properties, electrical and thermal conductivity.20 

Polyacrylonitrile (PAN)/CNT fibers are of further interest as they can be converted to 

carbon/CNT composite fiber.33,75 While many polymer/CNT fibers can be spun from 

melt,148,149 PAN/CNT fibers are spun from solution.71,73,79,150,151 Spinning from solution is 

used industrially to obtain continuous PAN fibers in roll-to-roll processing. PAN solution, 

and PAN/CNT dispersions can also be spun by other techniques to produce nonwoven 

mats. These techniques include electrospinning and centrifugal spinning.152,153 To date, 

there are number of limitations in the development of PAN/CNT fibers. These limitations 

include the following: (1) Low filler content. In the fiber spinning studies to-date, the CNT 

content, particularly single wall carbon nanotubes (SWNTs) and small diameter carbon 

nanotubes, has been limited to about 10 wt%, while the PAN content is 90 wt%.71 Filler 
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content has been limited by the effect of filler in the spinning solution rheology and its 

spinnability. To take full advantage of the CNT properties, the CNT to polymer ratio needs 

to be increased, to as high a value as possible, and the polymer-CNT interface needs to 

be engineered to provide an effective load transfer from polymer to CNT.56,57,75 (2) Low 

mechanical reinforcement of the nanocomposite. With few exceptions,65–67 CNT 

mechanical properties have not yet translated into high fiber mechanical 

properties.20,68,72,73,154 Prior to this report, the highest tensile modulus achieved for a PAN 

nanocomposite fiber was 28.7 GPa, with a SWNT content of 1 wt%,65 and 28.4 GPa with 

1 wt% amino-functionalized-multi wall carbon nanotubes.66 (3) Extensive processing. 

During solution processing of PAN/CNT fibers, CNTs have been dispersed at a very dilute 

concentrations, typically less than 100 mg per dl of solvent,65,68,71,155 and as low as 0.7 

mg/dl.67,73 Dilute CNT dispersions are used to improve filler dispersion in the 

nanocomposite. CNT agglomeration and poor mechanical properties of the 

nanocomposite have been achieved when the concentration of the CNT dispersion is high 

(330 mg/dl). However, reducing dispersion concentration significantly increases time and 

energy usage as excess solvent is typically removed by distillation. 

Here, we report progress in all these areas. This is the first study, reporting 

successful spinning of PAN/CNT fibers with 15 wt% SWNT, exhibiting a tensile modulus 

of 32 GPa. The amount of solvent used during processing of SWNT with PAN was reduced 

by increasing SWNT dispersion concentration from 7 mg/dl to ~200 mg/dl by introducing 

a step of co-solvent induced phase separation. The PAN-SWNT interface was modified 

using poly(methyl methacrylate) (PMMA) in non-covalent wrapping onto SWNTs.34,47  
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4.3 Experimental 

4.3.1 Materials 

Poly(acrylonitrile-co-methacrylic acid) (PAN, 4 wt% copolymer) with viscosity 

average molecular weight of 500,000 g/mol was obtained from Japan Exlan Co. (Osaka, 

Japan). Atactic poly(methyl acrylate) (PMMA) with a weight average molecular weight of 

350,000 and 15,000 g/mol was obtained from Sigma-Aldrich. Single wall carbon 

nanotubes (SWNTs) HiPcoTM (lot. # PO 271) were obtained from Carbon 

Nanotechnologies Inc. Average tube diameter was 0.9 nm and catalyst content 2 wt%. 

Dimethylformamide (DMF, ACS grade, 99.8%) was obtained from Sigma-Aldrich, and 

ethyl acetate (≥99.5%) was provided by VWR. Prior to use, ground-PAN powder and 

SWNT were dried, separately, for 24 h at 60 °C in vacuum. DMF and ethyl acetate were 

used as received, but recovered solvents were also used. Recovered DMF and ethyl 

acetate were obtained by double simple distillation of the by-products of the steps required 

to obtain the spinnable SWNT/PAN dispersion, and these steps are described below. 

Details of the solvent recovery can be found in the Appendix C.2.  

4.3.2 PMMA-wrapped-SWNTs 

SWNTs were non-covalently wrapped with PMMA following a similar protocol to 

that developed by Davijani and Kumar47. Briefly, dried SWNTs were sonicated in DMF for 

2 h and then mixed with a PMMA solution in DMF. Final SWNT and PMMA content in the 

DMF was kept ensuring a mass ratio of 1:1. SWNT content of the final DMF dispersion 

was either 5 - 7 mg/dl or 110 mg/dl, as detailed in Table 4-1. These dispersions were 

further sonicated for 24 h and then immediately used in the two-following processes, as 

the case may be: (i) removal of free PMMA, (ii) preparation of spinning PAN/DMF solutions 

with PMMA-wrapped-SWNTs. PMMA-wrapped-SWNTs are herein referred as PMMA-

SWNTs. Table 4-1 also shows how the PMMA molecular weight and SWNT content were 
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varied. Effect of the PMMA molecular weight in the filler dispersion and filler-matrix 

interaction has been previously studied.34  

Table 4-1. Composition of the spinning solutions prepared for this chapter 4 and used for 
PAN and PAN nanocomposite fiber spinning, along with conditions used for PMMA-
wrapping of the SWNTs. 

Spinning solution label PAN 1wt% 5wt%-A 5wt%-B 15wt% 
PMMA-wrapping of SWNTs 

SWNT content (mg/dl) NA 110* 110* 5* 
7* 
(~200)** 

PMMA Mw (g/mol) NA 350,000 350,000 15,000 15,000 
Composition of the spinning solution 
Total solid content (g/dl DMF) 10.5 9.4 9.3 9.1 6.6 
SWNT content † (wt%) NA 1 5 5 15 
PAN content † (wt%) 100 98 90 90 79 
Total PMMA content † (wt%) NA 1 5 5 6‡ 
Adsorbed PMMA § (wt%)  0.4 1.8 1.8 6‡ 
Free PMMA content § (wt%)  0.6 3.2 3.2 0 
Processing time (days) 1 1 2 15 3 

* solvent used during sonication was DMF. 
** after solvent exchange the SWNT content in ethyl acetate was ~200 mg/dl.  
† respect to solids of the spinning solution i.e. PAN, PMMA and SWNT. Calculated from 
the amount of SWNT and polymers used during SWNT wrapping and distillation.  
‡ free PMMA was removed from the PMMA/SWNT/DMF dispersions by solvent exchange 
with ethyl acetate followed by water-induced phase separation.  
§ calculated assuming ~37% of the PMMA added is adsorbed onto SWNTs, creating 
PMMA-wrapped-SWNTs, and ~63% remains as free PMMA.  

4.3.3 Removal of free PMMA from PMMA/SWNT dispersions in DMF 

Sonication of the PMMA/SWNT dispersions causes about 58 wt% of the PMMA 

present to helically wrap the SWNTs, while the remaining ~42% remains in free solution. 

This has been determined by comparing the polymer content of buckypapers produced 

from the PMMA/SWNT dispersions by removal of the DMF by either vacuum filtration (~37 

wt% PMMA) or evaporation (~50 wt%).47  
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Figure 4-1. Flow diagram summarizing the phase separation and decantation process 
done after PMMA-wrapping of the SWNTs and prior to the preparation of spinning solution 
with 15 wt% SWNTs.  
With this additional step DMF is exchanged for ethyl acetate (lower boiling point solvent), 
free PMMA is removed, and PMMA-wrapped-SWNT dispersion (7 mg SWNT per dl) is 
concentrated to a slurry of ~200 mg/dl.  

Excess PMMA was removed by solvent exchange with ethyl acetate followed by 

induced phase separation. The process is summarized in Figure 4-1. Ethyl acetate was 

added to the sonicated PMMA/SWNT dispersion in a ratio 0.75 to 1 vol/vol ethyl acetate 

to DMF and the container was shaken by hand. Immediately after, distilled water was 

added in a ratio of 1.75 to 1 vol/vol water to DMF. The container was vigorously hand 

shaken one last time and the mixture transferred to a separation funnel. The separation 

funnel was left still for about 2 h, upon which the system underwent phase separation due 

to ethyl acetate/water immiscibility and density differences. The heavy phase was 

transparent and composed of water, DMF and a small amount of ethyl acetate. The light 

phase was comprised of supernatant and precipitate. The light phase supernatant was 

composed of ethyl acetate and the free PMMA, while the precipitate was a slurry of the 
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PMMA-SWNTs in ethyl acetate (~200 mg/dl). Composition of these phases was 

determined by fraction evaporation of the heavy phase and the light phase supernatant. 

Distribution of the free PMMA and PMMA-SWNT was determined by producing films of 

the whole light phase (supernatant and precipitate) and the light phase precipitate, 

followed by thermo gravimetric and wide-angle x-ray diffraction characterization of said 

films. Further details of these experiments and its results are available in the Appendix 

C.1.  

4.3.4 PMMA/SWNT/PAN spinning solutions 

Preparation of the spinning solution started in all cases by mixing dried PAN with 

DMF chilled at ~0 °C. Dispersion was stirred for 1 h before rising the temperature to 70 

°C, after which stirring continued for another hour. The desired amount of PMMA-

wrapped-SWNTs in either DMF (with free PMMA) or ethyl acetate (without free PMMA) 

was added to the PAN solution and the excess solvent was removed by vacuum distillation 

(~70 °C, < 40 mbar). Solid content of the DMF spinning solutions varied with the amount 

of SWNTs, as shown in Table 4-1. Table 4-1 also shows the composition of solids of the 

spinning solutions, which is expected to be the same composition of the solid fibers. 

Spinning solution with 15 wt% SWNTs was prepared using the PMMA-SWNT slurry in 

ethyl acetate, thus without free PMMA. For the spinning solutions with 1 and 5 wt% 

SWNTs, the sonicated PMMA/SWNT/DMF dispersions were used directly in the 

preparation of the spinning solution.  

Solid content was measured by thermal gravimetric analysis (TGA) by heating the 

spinning solutions to 130 °C in air atmosphere until constant weight was reached, using a 

Q500 machine (TA Instruments). An ARES rheometer was used to measure the 

rheological properties of the spinning solutions while in using parallel plates of 25 mm 

diameter and 1 mm gap. Linear viscoelastic region was verified for all solutions by doing 
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strain sweeps from 0.1 to 10% at 0.5, 50 and 250 rad/s. Viscosity was determined doing 

a frequency sweep from 0.5 to 500 rad/s at 1% strain. Optical images of the spinning 

solutions were taken by transmission mode in a Leica DM2500 P. Wide angle x-ray 

diffraction (WAXD) was performed on films produced by drying spinning solution over a 

glass slide under vacuum at ~ 50 °C. Vacuum-dried films of the spinning solutions were 

self-standing after being removed from the glass slide and used without further 

modification. WAXD was performed on a Rigaku MicroMax-003 (transmission mode), 

operating at 50 kV and 0.60 mA (Cu 𝐾𝐾𝐾𝐾) and with a R-axis IV++ detector. Collected images 

were processed with AreaMax software, and the diffraction patterns with Jade.  

4.3.5 PAN fibers with PMMA-wrapped-SWNTs 

Spinning solutions listed in Table 4-1 were spun to obtain PAN fibers without 

SWNT and with PMMA-wrapped-SWNTs by dry-jet wet-spinning. Thus, nanocomposite 

fibers with 1, 5 and 15 wt% SWNT were produced. Two fibers with 5 wt% SWNT were 

produced, labeled 5wt%-A and 5wt%-B, to show the effect of the concentration of the 

SWNT/DMF dispersion on the fiber mechanical properties. Spinning was performed on a 

single filament system (Hills Inc.) using a 200 µm spinneret. Barrel and spinneret 

temperatures were ~65 and ~55 °C, respectively. Dry-jet wet spinning was done by 

extruding the spinning solutions at 1 cc/min (> 4 g/h of fiber depending on the solid content 

of the spinning solution), with an air gap (3-5 cm) between spinneret and the methanol 

coagulation bath chilled at -40°C. Stretch ratio during spinning was 1.3× for the PAN fiber 

with 15 wt% SWNT and 3× for all the other fibers. Collected samples were stored 

submerged in methanol maintained at -40°C prior to two-stage drawing. First step drawing 

consisted of a mild stretching (at a draw ratio between 1.1 and 1.5×) while keeping the 

feeder roller in chilled methanol and the collector roller in room temperature methanol. 

Second step drawing was done by passing the fiber through a glycerol bath (kept at 165-
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170 °C) during stretching (draw ratio between 5 and 7×), while both feeder and collection 

spools were submerged in methanol. All collected fibers were vacuum dried at 40 °C for 

two days prior to further testing.  

Single filament tensile testing (at least 25 filaments) was done on a FAVIMAT+ 

(Measured Solution, Inc.), with inline vibroscope for linear density measurement. Gauge 

length was 1 inch and applied strain rate was 1%/s. Dynamic mechanical analysis (DMA) 

was performed while in air in an RSA III, on bundles with equivalent diameter 800-1000 

µm, by increasing the temperature from 30 to 180 °C at a heating rate of 1 °C/min and 

applying cyclic strain of 0.1% at 0.1, 1 and 10 Hz. WAXD was performed on bundles of 64 

filaments, on the same machine already described. Small angle x-ray scattering (SAXS) 

was measured by transmission signal from fiber bundles on a Panalytical Empyrean, 

operating at 40 kV and 0.40 mA. SAXS data were collected at a step size of 0.01°, 22 s 

per step and while rotating the fiber bundle at 12 rpm. Raman characterization was done 

on a HORIBA XploRA ONE with a 785 nm laser. A motorized translation stage (Thorlabs) 

was used to deform the nanocomposite fiber while estimating the SWNT strain by shift of 

the Raman measured G’ band, following the protocol previously described in elsewhere.67 

Reference67 also describes the methods used for estimation of the SWNT orientation in 

the PAN fibers by polarized Raman spectroscopy, following the intensity dependence of 

G band with the angle between fiber in linear polarizer. Scanning electron microscopy 

(SEM) was done on uncoated samples on a Hitachi SU8230. Accelerating voltage was 3 

kV and working distance 4 mm or less. Cross-sections of the fibers were obtained by either 

cutting the sample at room temperature or while submerged in liquid nitrogen, which 

generated cross sections with plastic deformation or brittle fracture, respectively. At least 

10 filaments were observed by SEM and representative images were selected.  Electrical 

conductivity of selected nanocomposite fibers was measured by 2-probe method in a 



65 
 

Keithley 2400 source-meter, by measuring the resistance of small bundles of fibers; 

distance between probes was varied between 5 and 15 mm and current applied between 

0.025 and 0.1 mA). Current range was selected to ensure that measurements were within 

Ohm’s law region. No thermal aging was done on the fibers.  

Fibrils were obtained by submerging fully drawn fibers in DMF at 120 °C for 6 h 

during magnetic stirring. These dissolved fibers in DMF are herein named fibril solution. 

Imaging of the fibrils was done by submerging copper grids (300 mesh with carbon 

coating) in the fibril solution. UV-Vis spectra of the fibril solutions were obtained in the 

range 300 to 1000 nm on a PerkinElmer Lambda 35. 

Two quantitative indirect methods were used to estimate the SWNT dispersion 

reached in the nanocomposite fibers. The first one is based on Raman spectroscopy and 

consists of following the predominance of the ~268 cm-1 (RBM2) peak with respect to the 

total area of the radial breathing mode (RBM), an indirect but quantitative approach 

explained elsewhere.34,135 The second one consists of using the measured tensile 

modulus of the nanocomposite fiber, to estimate the SWNT bundle diameter of each fiber. 

Detailed explanation of this method is available in Appendix C.3. Briefly, given the 

experimentally measured relationship between SWNT-bundle shear modulus and its 

diameter40 and its effect on the effective tensile modulus of the filler,20 we estimated the 

bundle diameter in each fiber at which the tensile modulus contribution of the filler matched 

the measured tensile modulus of the fiber. This approach is similar to the one presented 

elsewhere.67,71 
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4.4 Results and discussion 

4.4.1 Effect of SWNT dispersion and SWNT content on the spinning solutions and fiber 

spinning 

As detailed in the experimental section, a total of five spinning solutions were 

prepared (see Table 4-1), one without filler (PAN) and the other four with PMMA-SWNT 

at SWNT contents 1, 5, 5 and 15 wt% respect to the total solids. One of the 5 wt% SWNT 

spinning solutions (5wt%-A) was prepared by evaporation of 110 mg/dl PMMA/SWNT 

dispersions in DMF, while the second one (5wt%-B) by evaporating similar dispersions at 

a concentration of 5 mg/dl. Differences between spinning solutions 5wt%-A and 5wt%-B 

allowed to study the effect of SWNT dispersion quality, at a given SWNT concentration.  

Figure C 2a in Appendix C shows the integrated WAXD patterns in the 10 – 20° 

range of films produced from the spinning solutions by vacuum drying, while a 

deconvolution of the observed peaks for the sample with 15 wt% SWNT is presented in 

Figure 4-2a and Figure C 2b. The 10 to 20° range is particularly interesting because it 

shows the PMMA ordered helical around SWNTs and the PAN crystalline structures. The 

peak at 2𝜃𝜃 ~10.8° has been previously shown to be due to the ordered helical PMMA wrap 

around SWNTs.47 Its presence in the films demonstrated that such wrapping remained 

after solvent evaporation and continuous stirring and, for 15wt% spinning solution, after 

solvent exchange, evaporation and continuous stirring. The non-covalent nature and 

structure of this PMMA wrapping has been described in previous works.34,47 The 2𝜃𝜃 ~17° 

signal corresponds to that of the PAN crystal and depending on the chain packing can be 

a single or double peak, depending if the PAN molecule packing is hexagonal or 

orthorhombic, respectively.156 For the films produced here, see deconvolution in Figure 

4-2a, two distinct peaks (~16.8 and ~17.2°, (200) and (110) planes, respectively) were 

observed. The fact that we observed two peaks in the films, is particularly interesting, as 
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such deconvolution is not always possible for vacuum-dried PAN films without 

stretching,157,158 most likely due to low crystal perfection. This orthorhombic structure is 

typically only observed when PAN films or fibers are produced by coagulation in non-

solvents.140,156,159  

 
Figure 4-2. Deconvoluted XRD peaks of dried film produced from spinning solution with 
15 wt% SWNTs and rheological properties of spinning solutions listed in Table 4-1. 
(a) Deconvoluted peaks in the 10 to 20° WAXD range for the film produced by vacuum-
drying from the spinning solution with 15 wt% SWNT, showing the PMMA helical structure 
(2𝜃𝜃 ~10.8°), two crystalline PAN peaks centered at 2𝜃𝜃 16.8 and 17.2° and the amorphous 
PAN signal. (b) Complex viscosity, and (c) tan 𝛿𝛿 dependence on frequency, of the spinning 
solutions at various  SWNT concentrations (1 to 15 wt.%) and filler dispersion conditions 
(5wt%-A and -B). Legend is the same for figures b and c. 

Zhang et al.160 observed the double ~17° peak in vacuum-dried PAN/SWNT films. 

In their case, they sonicated dilute PAN/DMF solutions (molecular weight ~520 000 g/mol, 

25 mg polymer per dl of solvent) along with SWNTs (filler content 50 wt%), followed by 

solution shearing and then vacuum-drying. They found that the orthorhombic (200) (110) 

reflections were distinguishable in films when a continuous tubular PAN coating was 

created around the SWNTs.160 Zhang et al.160 hypothesized that such uniform coating was 

induced by polymer epitaxial interactions with the SWNTs graphitic surface upon shearing 

of the PAN molecules with well-individualized SWNTs, however no evidence of such 

interactions was provided. Several other authors have used vacuum-drying to produced 
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PAN films with single, double and multiwall carbon nanotube and vapor-growth carbon 

nanofibers (filler content from 5 to 20 wt%)158,161 and with cellulose nanocrystals (filler 

content from 5 to 40 wt%).157 However, in all these cases, the planes (200) and (110) 

cannot be distinguished and instead a broad 17° peak is observed, indicating the presence 

of low-order small orthorhombic crystals. Main differences between these works157,158,161 

and that of Zhang et al.160 is that in the former the fillers were sonicated prior mixing with 

the PAN solution, and semi-dilute PAN solutions were vacuum dried, instead of dilute 

solutions. Films produced from the spinning solutions in Table 4-1 had the double peak at 

~17°, similar to that observed by Zhang et al,160 but experimental conditions were closer 

to those previously used by other authors.157,158,161 We hypothesized that the orthorhombic 

crystal structure was present in the vacuum-dried PAN films produced here because our 

SWNTs were helically wrapped by PMMA and said PMMA-SWNTs had good interaction 

with the PAN molecules, which facilitated the formation of uniform PAN coating along the 

filler. Interaction between PMMA-SWNT and PAN was possible due to improved 

dispersion and SWNT-matrix contact. Considering the amount of PMMA fixed to the 

SWNTs after sonication, it is estimated that only about 17% of the SWNT length is covered 

by the PMMA,34 which signifies that the majority of the SWNT length can directly interact 

with the PAN. Effect of PMMA wrapping in the filler-matrix interactions has been previously 

described in PAN nanocomposite fibers.34  

Rheological properties of the spinning solutions are summarized in Figure 4-2b,c, 

and Figure C 2c and Table C 1 in Appendix C, while optical images of the spinning 

solutions can be found in Figure C 3 of the same Appendix. Rheology of the polymer 

solutions is strongly affected by the quality of dispersion of the SWNTs, as observed by 

comparing the spinning solutions 5wt%-A and 5wt%-B that have the same filler content 

but dispersed by sonication under different conditions (see Table 4-1). Figure C 3 shows 
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that both solutions presented agglomerates of various size, however, spinning solution 5 

wt%-A had more and larger agglomerates than 5wt%-B, indicating that the later had better 

dispersed SWNTs. Similarly, spinning solution 5wt%-B had larger viscosity and storage 

modulus than 5wt%-A (Figure 4-2), which can be explained by improved filler dispersion 

in spinning solution 5wt%-B. Solution homogeneity, estimated by how close to 2 is the 

slope of the log G’ vs log G’’ (see Table C 1), was also higher in spinning solution 5wt%-

B (slope of 1.02) than in solution 5wt%-A (slope of 0.71). 

However, improving the dispersion of the PMMA-wrapped-SWNTs in the 5wt%-B 

required the use of more dilute PMMA/SWNT dispersions in DMF: 110 vs 5 mg of SWNT 

per dl for 5wt%-A and 5wt%-B spinning solutions, respectively. Diluting the filler dispersion 

also increased the energy cost, processing time and labor. Reaching the desired SWNT 

concentration in the spinning solution 5wt%-A demanded evaporating 500 ml of DMF from 

the polymer solution, which required ~2 days. On the other hand, for the spinning solution 

5wt%-B, 10.5 liters of DMF had to be evaporated, which increased the processing time to 

~15 days. These long solution preparation times were caused by having to evaporate the 

excess solvent under mild conditions (<70 °C and vacuum), despite the high-boiling point 

of DMF (~153 °C) and its reduced vapor pressure upon increasing solid content. These 

evaporation conditions were selected to ensure gentle boiling, thus avoiding loss of 

polymer at the walls of the glass reactor, and thermal degradation and/or change in 

conformation of the PAN molecule. The change in conformation at temperatures larger 

than 70 °C has been documented in the literature.162  

To overcome these drawbacks while increasing the SWNT content further to 15 

wt%, the spinning solution preparation protocol was modified to include a step that 

exchanged the PMMA-wrapped-SWNTs from DMF to ethyl acetate (boiling point of DMF 

and ethyl acetate is, respectively, 153 and 77.1 °C) and increased the concentration of 
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the filler dispersion added to the PAN solution to about 200 mg/dl. Following this protocol, 

instead of evaporating 22.5 liters of DMF over a period of one month (estimated if following 

a similar protocol to that of solution 5wt%-B), 15wt% spinning solution was prepared by 

evaporating 1 liter of ethyl acetate over 3 days. Figure C 3c,f shows the optical images of 

the 15wt% spinning solution. In this figure, agglomerates were comparable to those 

observed for the spinning solutions with 5 wt% SWNT, even though SWNTs were added 

to the PAN solution while precipitated in ethyl acetate (slurry of 200 mg/dl).  

Increasing the SWNT content increased the viscosity and elastic component of the 

polymer dispersions. Among the prepared solutions, that with 15 wt% SWNTs had the 

largest viscosity and G’ and the lowest tan 𝛿𝛿 over the entire evaluated frequency range 

(see Figure 4-2b,c and Figure C 2c), even though it had the lowest total solid content (see 

Table 4-1) amongst various solutions. Furthermore, G’ dependence at low frequencies (< 

2.5 rad/s) (𝜔𝜔) also decreased with SWNT content (see Table C 1), from G’~ 𝜔𝜔1.11 and 

𝜔𝜔0.95 for PAN and 1wt% spinning solutions, respectively, to 𝜔𝜔0.14 for the spinning solution 

with 15 wt% SWNTs. A linear viscoelastic response of a monodisperse polymer is 

expected to have a G’~ 𝜔𝜔2, while for a nearly perfect polymer network a G’~ 𝜔𝜔0 is 

expected. Observed change upon introduction of SWNTs and at reduced solid content 

indicates the creation of a network, probably due to filler-polymer association, rather than 

polymer entanglements alone. This rheological behavior has been previously described 

upon inclusion of carbon nanotubes,41,83,163 and is the reason why we decided to reduce 

the solid content of the spinning solution to ensure spinnability. Highly elastic polymer 

solutions cannot be spun by dry-jet wet-spinning because of excessive die-swelling and 

jet-discontinuity.84  

The low damping factor (high elastic component) of the polymer solution with 15 

wt% SWNT, also affected the maximum stretch ratio during spinning. Fibers produced 
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from 15wt% had to be collected at a stretch ratio of 1.3×, while all the other fibers were 

collected at 3×. A 15wt% polymer solution with even lower solid content (5.1 g/dl) was 

also produced to further reduce the solution viscosity and elastic component (see Figure 

C 4 in Appendix C), however, such solution was not spinnable by dry-jet wet-spinning. 

Stretch ratio during spinning is affected by the elastic component of the polymer solution 

because, at low enough damping factors, not all the stored energy is released upon 

leaving the spinneret and some continue after gel formation at ca. -40 °C. This was 

observed every time polymer solutions with 5 and 15 wt% SWNT were spun without 

stretching: when the spun stretch ratio was lower than 1×, the spun fibers heavily recoiled 

in the coagulation bath. Such recoiling was not observed in those fibers produced from 

the polymer solution without SWNT. 

4.4.2 Effect of SWNT dispersion and SWNT content on the fiber structure and properties 

As summarized in Figure 4-3 and Table 4-2, tensile properties of the fully drawn 

nanocomposite fibers increased with SWNT content for all fibers except for the fiber 5wt%-

A. The 5wt%-A fully drawn fiber (total draw ratio, TDR 16.2×) had a similar tensile modulus 

and a lower tensile strength than the PAN fiber without SWNTs (TDR 24×). On the other 

hand, fiber 5wt%-B (TDR 19.4×), with the same SWNT content as fiber 5wt%-A, had a 

tensile modulus ~30% higher than that of the control PAN fiber, and with no change in the 

tensile strength.  
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Figure 4-3. Tensile mechanical properties of various fully drawn fibers PAN fibers with 
PMMA-SWNT when changing SWNT content and SWNT dispersion protocol.  
Vertical arrows indicate the decrease in tensile properties upon decreasing SWNT 
dispersion, while horizontal arrows indicate respective axis. Data points are connected by 
dashed lines to guide the eye.  

Differences in the mechanical properties of fibers 5wt%-A and -B were caused by 

difference in filler individualization rather than total draw ratio. This can be better illustrated 

by comparing the mechanical properties of fiber 5wt%-A (TDR 16.2×) with a 5wt%-B fiber 

drawn at even lower draw ratio. Properties of such 5wt%-B fiber with a TDR of 14× are 

listed in Table C 2. Tensile properties of the 5wt%-B (TDR 14×) fiber are still higher than 

those of the 5wt%-A (TDR 16.2×) fiber, which is expected of fibers 5wt%-B with better 

individualized SWNTs. Differences in filler individualization result from the previously 

discussed differences in filler dispersion, which also affected the spinning solution 

rheology. Differences in filler dispersion of the nanocomposite fibers were verified by two 

indirect methods: a. analysis of the Raman radial breathing mode (RBM) and b. fitting of 

the measured fiber tensile modulus to the rule of mixture approximation. Detailed 

explanation of these methods and how they relate to SWNT individualization are available 

in the experimental section and Appendix C.2. Complete RBM spectra of fibers 5wt%-A 

and -B is presented in Figure C 5 and RBM2 predominance is listed in Table 4-2. The 

larger predominance of the RBM2 (method a) of fiber 5wt%-A as compared to that of fiber 
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5wt%-B (20 and 15%, respectively), indicate that the former had a poorer SWNT 

dispersion. Similarly, SWNT bundle diameters estimated by method b) of 5wt%-A and 

5wt%-B fibers were 5.3 and 1.3 nm, respectively. Poorer filler individualization in fiber 

5wt%-A is probably also the reason why this fiber had a lower maximum draw ratio than 

fiber 5wt%-B as relatively large SWNT bundles/agglomerates can act as defects in the 

nanocomposite fiber and cause it to fracture at low draw ratios.  

Table 4-2. Structural parameter and mechanical properties of PAN fiber and PAN 
nanocomposite fibers with various amount of SWNTs prepared from spinning solutions 
listed in Table 4-1.  
Fiber label PAN 1wt% 5wt%-A 5wt%-B 15wt% 
Stretch ratios* 3×1.5×5.3  3×1.5×5 3×1×5.4 3×1.3×5 1.3×1.1×7 
Total draw ratio 
(TDR)* 24× 22.5× 16.2× 19.4× 9.8× 

Fiber diameter (µm) 11.5 ± 0.2 12.9 ± 0.3 15.1 ± 0.6 12.3 ± 0.2 13.2 ± 0.2 
Xc

a (%) 53 54 45 57 38 
LPAN

b (nm) 9 11.0 13.2 12.7 11.2 
Ratioc d~17°/d~30° 1.72(4) 1.71(3) 1.71(2) 1.72(0) 1.73(1) 
fPAN

d 0.89 0.79 0.80 0.82 0.85 
fSWNT

e NA 0.90 0.91 0.89 0.91 
RBM2 peak (%)f NA 19 20 15 16 
Tensile Strength 
(MPa) 896 ± 28 802 ± 28 681 ± 35 944 ± 38 829 ± 20 

Tensile Modulus 
(GPa) 19.2 ± 0.4 20.1 ± 0.4 20.0 ± 0.6 24.7 ± 0.3 32.1 ± 0.5 

Elongation at break 
(%) 7.4 ± 0.2 8.5 ± 0.2 10.1 ± 0.3 8.9 ± 0.3 8.4 ± 0.3 

Estimated SWNT 
bundle diameter 
(nm)g 

NA 2.2 5.3 1.3 2.3 

Notes: * TDR = SSR×CDR×HDR, with TDR: total draw ratio, SSR: as-spun stretch ratio, 
CDR: cold-drawn ratio (1st stage drawing), HDR: hot-drawn ratio (2nd stage drawing). a 

PAN crystallinity from integrated WAXD measurements. b Crystal size from 2𝜃𝜃 ~17° peak 
according to Scherrer’s equation with k = 0.9. c Ratio of d-spacing of diffraction peaks 
reflections at ~17° and ~30°. d 2nd order Hermann’s orientation factor calculated from 
azimuthal scans of 17° peak. e 2nd order orientation factor of SWNTs calculated from 
polarized Raman spectroscopy. f RBM2 peak area as a percentage of the total area of 
RBM bands (150-350 cm-1) of the Raman spectra using un-polarized laser. g calculated as 
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the SWNT bundle diameter required to obtain the measured tensile modulus from the 
modified rule of mixture (see discussion and Appendix C.3). 

Differences in the mechanical properties and filler individualization of fibers 5wt%-

A and 5wt%-B were caused by differences in the filler dispersion protocol used for these 

fibers (see Table 4-1) and further show why several authors preferred dispersing the 

carbon nanotubes in copious amount of excess solvent prior to its addition to the polymer 

solution65,67,71 or mixing with PAN.164 Addition of filler dispersion to PAN solution at 

concentration as low as 0.7 mg/dl have been reported,67 while typical spinnable polymer 

solutions have solid content between 5 and 20 g/dl, depending on the PAN molecular 

weight (see for example 165 about the production of PAN-gel films).  

SWNT individualization is more difficult to achieve upon increasing filler content, 

given the increased probability of filler-filler contacts. Notice for example that estimated 

SWNT bundle diameter in 1wt% fiber was less than half that in fiber 5wt%-A, even though 

the same filler dispersion protocol was used for both fibers. Still, good SWNT dispersion 

in the nanocomposite fiber was maintained upon increasing the SWNT content to 15 wt%. 

RBM2 predominance of fibers 15wt% and 5wt%-B was similar (16% and 15%, 

respectively). Estimated SWNT bundle diameter by the rule of mixture was 2.3 nm in fiber 

15wt%, larger than that of fiber 5wt%-B, but significantly better than that of fiber 5wt%-A. 

Furthermore, SEM imaging of the fully drawn and as-spun 15wt% fibers showed well 

dispersed fillers at the cross-section (see Figure 4-4c-d, i-k and Figure C 6), while few 

agglomerates were observed on the outside of the fiber (Figure 4-4a-b, g-h). Presence of 

the agglomerates only near the surface of the fiber indicates that the agglomerates 

observed in the spinning solution (Figure C 3c,f) were exfoliated due to shearing during 

spinning and drawing.  
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Figure 4-4. Scanning electron micrographs of (a-f) fully drawn (TDR 9.8×) and (g-k) as-
spun (TDR 1.6×) 15wt% SWNT fibers.  
Side-view (a-b, g-h) and cross-section (c-d, i) of the fibers were imaged. (e-f) are high 
magnification images of fibrils with the observed step change in diameter in (d). Images 
at higher magnification (j-k) of the highlighted areas in the as-spun fiber’s cross-section (i) 
show uniform distribution of the SWNTs. Fiber cross-sections were obtained by cutting it, 
while submerged in liquid nitrogen. Infrequent agglomerates, indicated by dotted 
encirclements in (a-b, g-h), were visible only near the fiber surface. Additional micrographs 
are available in Figure C 6 in Appendix C.  

WAXD characterization of the fully drawn fiber containing 15 wt% SWNTs showed 

that the carbon nanotubes were still helically wrapped by the PMMA, confirming that the 
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PMMA becomes part of the SWNT-PAN interphase. Our earlier report34 on the effect of 

PMMA wrapping molecular weight on the structure and properties of fibers with 5 wt% 

SWNTs showed that the PMMA peak at 2𝜃𝜃 ~10.8° remained after fiber spinning. However, 

the ~10.8° peak was not observed after fiber drawing. We show here (see Figure 4-5) that 

at higher SWNT content (15 wt%), the PMMA helical peak is visible in the fully drawn 

fibers. 

 
Figure 4-5. Integrated signal from the wide-angle x-ray diffraction (WAXD) of the fully 
drawn (TDR 9.8×) 15 wt% SWNT fiber, with insets showing the PMMA-helical-originated 
diffraction peak (2𝜃𝜃 ~10.8°) and the 2D WAXD image.  

Among the prepared nanocomposite fibers and despite its lower TDR, PAN 

crystals in 15wt% fiber had the d~17°/d~30° ratio closest to that of the high-packing density 

hexagonal crystal (d~17°/d~30° = √3). This was probably caused by high-shearing of PAN 

molecules near the SWNT surface. Still, fiber 15wt% had smaller crystallinity and crystal 

size than the fibers with 5 wt% SWNTs. It could be argued that the difference is a result 

of the lower TDR, however, it should be noted that the crystallinity and crystal size is bound 

to be limited by the higher content of well-dispersed SWNTs: upon increasing filler content, 

less PAN molecules can fit in the space between fillers and their movement will be 

restricted. Increase at low filler content and decrease at high filler content of the PAN 

crystal size has been previously observed in PAN fibers with cellulose nanocrystals88 and 
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PAN films with vapor grown carbon nanofiber.166 Such dependence with SWNTs content 

had not been clearly observed before71,161 due to the limitation in producing PAN samples 

with high-content (>10 wt%) well-dispersed SWNTs. Small angle x-ray scattering signal of 

15wt% and PAN fibers is presented in Figure C 7. Both fibers showed a comparable 

monotonous decrease in intensity with increase in the scattering vector. An obvious SAXS 

signature due to the presence of mostly individual SWNTs was  not observed.  

SEM images of brittle rupture (Figure 4-4h-k) at the cross section of the 15wt% 

fiber (TDR 9.8×) showed fibrils with a step-wise change of diameter (Figure 4-4k) from ca. 

10.3 ± 0.5 nm to 3.8 ± 0.5 nm. Fibrils of similar diameter were obtained after dissolving 

the fully drawn fibers in DMF at 120 °C for 6 h. Fibrils obtained from 15wt% fiber (see 

Figure 4-6b-d) were 10.4 ± 0.6 nm in diameter, but structures as thin as 3.3 nm were also 

observed. In fact, these fibrils showed a step-wise diameter distribution (Figure C 8). UV-

Vis characterization of these fibrils while in DMF dispersion showed typical van Hove 

transitions of highly individualized SWNTs (Figure 4-6a). Fibrils obtained from the 

dissolution of fiber 5wt%-B had comparable diameters (ca. 9.0 ± 0.6 nm and 2.8 nm, 

Figure C 9) and comparable van Hove transitions to those obtained from the fiber with 15 

wt% SWNTs.  
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Figure 4-6. (a) UV-Vis spectra of DMF dispersion in which fully drawn fibers 15wt% (TDR 
9.8×) and 5wt%-B (TDR 19.4×) were dissolved.  
Fibers broke-down to fibrils, presumed to be SWNT bundles covered in PAN, as observed 
by scanning electron microscopy at different magnifications of dissolved 15wt% fiber (b-
d). Images of fibrils obtained from 5wt%-B fiber are given in Figure C 9 in Appendix C.  

Fibrils have been previously observed after dissolution of PAN fibers reinforced 

with 1 wt% pristine-SWNT and characterized by transmission electron microscopy (TEM) 

65 and in other carbon nanotube/polymer systems.167 Fibrils obtained from PAN/SWNT 
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fibers65 were ca. 20 nm in diameter and formed by a PAN coating of ca. 8 nm thick around 

bundles of 2 SWNTs. We believe that the fibrils observed here (Figure 4-4k and Figure 

4-6b-d) are formed by PMMA-wrapped-SWNT (Figure 4-5) bundles covered by PAN. This 

assumption further explains the two different fibril diameters measured: thin structures (3.3 

nm) would correspond to the SWNT bundles with or without a thin PAN coating, while the 

fibrils of 10 nm are SWNT bundles covered by a thicker PAN coating. 

Differences in the fibril diameter and PAN coating thickness between the 

previously reported PAN/SWNT fiber65 and those produced here was caused by 

increasing the filler content in the fiber. Reported fiber with pristine-SWNTs had 1 wt% 

filler65 and an estimated distance between fillers of 12 nm. On the other hand, for fibers 

with 5 and 15 wt% SWNT, the estimated filler-filler distance is 6 and 4 nm, respectively, 

explaining  the thinner fibrils measured here. Calculation of distance between fillers 

assumes fully individualized nanotubes and was done considering an ideal filler hexagonal 

arrangement as described elsewhere.141  

PAN/SWNT fibrils in nanocomposite fibers65 and PAN coated SWNTs in films 

produced by vacuum-drying160 are believed to be caused by interactions between pristine-

SWNTs and PAN. PMMA-wrapping of SWNTs increased said interactions: firstly, our 

previous report compared the matrix filler interaction of pristine-SWNT and PMMA-SWNTs 

in PAN fibers with 1 wt% filler by indirectly measuring SWNT strain during tensile 

deformation in the nanocomposite fiber.34 It was concluded that upon PMMA-wrapping, 

the SWNTs experienced larger strain rate and maximum strain than pristine-SWNTs, thus 

PMMA-wrapping improved strain transfer from the matrix to the filler.34 Secondly, a similar 

approach was used to determine filler strain in the 15wt% fiber (TDR 9.8×)  produced in 

the current work (see experimental section and Figure C 10). G` shift rate (Sr) and 

maximum G` shift (Gm) of the 15wt % fiber were -44 cm-1 per unit strain  and -9.2 ± 0.4 cm-
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1, respectively. The G′ shift is proportionally related to the SWNT strain, as reported 

elsewhere.168 For comparison, Sr values reported for pristine-single and few wall carbon 

nanotube while in PAN,67 epoxy146 and poly(vinyl alcohol)145 matrix were -28.4, -15 and -

35 cm-1/%, respectively. Interestingly, measured Sr for SWNTs in 15wt% fiber was also 

larger than previously reported for 5wt%-B (-21 cm-1),34 despite both fibers having PMMA-

wrapped-SWNTs. Differences could be caused of the effect the SWNT loading has in the 

amount of PAN that is part of the interphase and that  remains in the bulk of the polymer, 

or because free PMMA was removed in the 15 wt% SWNT fiber while it remained in the 5 

wt% one (Table 4-1). 

Tensile modulus and elongation at break of the 15 wt% SWNT fiber were ~70% 

and ~14% higher than that of the control fiber. These higher mechanical properties were 

obtained albeit 15 wt% SWNT fiber had the lowest maximum draw ratio and the lowest 

PAN crystallinity among all the prepared samples, thus demonstrating improved properties 

were caused by reinforcement provided by the filler. Contrary to fiber 5wt%-A, the lower 

total draw ratio of fiber 15wt% cannot be attributed to the presence of SWNT agglomerates 

acting as defect points and promoting fiber breakage during drawing. Rather, it is probable 

that the maximum draw ratio of fiber 15wt% was limited by the lower as-spun stretch ratio 

reached for this fiber. Similar phenomena has been previously reported for PAN fibers140 

and was illustrated here by producing a 5wt%-B fiber at an stretch ratio during spinning of 

1× (see Table C 2). Fiber 5wt%-B spun at a stretch ratio of 1× had a strain at break during 

tensile testing of 2.3%, and during hot drawing the fiber could only be stretched to a total 

draw ratio of 13.6×. On the other hand, when the stretch ratio during spinning was 

increased to 3×, the strain at break increased to 38% and total draw ratio to 19.4×.  
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Figure 4-7. Tan 𝛿𝛿 (a) at 0.1 Hz as a function of temperature for PAN/SWNT nanocomposite 
fibers prepared with PMMA-wrapped-SWNTs at the indicated filler contents. 

Interactions between the PMMA-wrapped-SWNTs and the PAN matrix were also 

evident during dynamic-mechanical analysis (DMA) of the fully drawn fibers, as the SWNT 

affected the mobility of the amorphous PAN molecules. DMA data is summarized in Figure 

4-7 and Figure C 11 and fully discussed subsequently. As expected, at room temperature, 

tan 𝛿𝛿 of 1wt% fiber was lower than that of the control PAN fiber, caused by a decrease in 

the fiber loss modulus and increase in its storage modulus. tan 𝛿𝛿 at room temperature 

further decreased upon increasing the SWNT content, despite an increase in the fiber loss 

modulus (see Figure C 11a in Appendix C). This behavior was caused by the changes in 

PAN crystal size and the mobility of amorphous regions. At low filler content (1 wt% 

SWNT), domain size of amorphous regions and their viscous component decreased since 

the PAN crystal size changed from 9 to 11 nm. As filler content increased (5 and 15 wt% 

SWNT) and PAN crystal size remained large, mobility of the amorphous molecules was 

further reduced, thus increasing its modulus. Similar phenomena has been observed in 

as-spun and fully drawn PAN fibers with varying content of cellulose nanocrystals.88  
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The described thermal behavior is particularly interesting when compared to that 

previously observed from other PAN and PAN/filler fibers. Foremost, the absence of the 

𝛼𝛼 transition in the control PAN fiber has been previously documented for several other 

drawn PAN fibers,69,71,88 indicating that most of the amorphous polymer is not within truly 

amorphous regions, but rather within paracrystalline regions.159 Shifting of the 𝛽𝛽𝑐𝑐 transition 

towards larger temperatures and overall decrease of the tan 𝛿𝛿, is expected upon reduction 

of the free volume within the paracrystalline regions and has been observed upon 

inclusion of several rod-like fillers.65,69,71,88 However, overall increase of the tan 𝛿𝛿 beyond 

the 𝛽𝛽𝑐𝑐 transition seems to happen only in those systems with SWNT and DWNT, but not 

with fillers of larger diameter,69 even when loads as high as 40 wt% are included.88  

The observed increase of the tan 𝛿𝛿 beyond 𝛽𝛽𝑐𝑐 in 5wt%-B and similar fibers69 should 

not be attributed to a 𝛼𝛼 transitions but rather to the effect of filler-matrix interactions. As 

summarized in Table 4-2, SWNT presence increased the PAN crystal size without change 

of the PAN crystallinity (compare PAN and 5wt%-A fibers), thus without change in the 

amorphous region, i.e. transition is not of the 𝛼𝛼 type. It is also unlikely that it corresponds 

to a first order transitions (𝛼𝛼𝑐𝑐), as such thermal change is typically shown as a sharp 

peak.159 Free PMMA content of the 5wt%-B fiber was 3.2 wt% and could have contributed 

to changes of the thermal-mechanical behavior, however, other authors have reported a 

similar behavior to that of 5wt%-B fiber in pure PAN/SWNT fibers.69 Instead, it is likely that 

the broad increase in tan 𝛿𝛿 beyond 𝛽𝛽𝑐𝑐 is originated by the presence of PAN interactions 

with the PMMA-wrapped-SWNTs that restricts chain mobility169 or altogether chain 

reptation.170  

The increase of tan 𝛿𝛿 beyond 𝛽𝛽𝑐𝑐 observed for 15wt% fiber (Figure 4-7) was 

probably caused by filler matrix-interactions (just discussed for fiber 5wt%-B) and increase 

of amorphous contribution. Since PAN crystallinity of the 15wt% fiber was lower than that 
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of all the other fibers, it is possible to assume that thermal transitions of the 𝛼𝛼 type were 

also present. Furthermore, previous work on PAN gel films and fibers have shown that at 

low draw ratios (therefore low crystallinity) the tan 𝛿𝛿 magnitude of the 𝛼𝛼 transition is larger 

than that of the 𝛽𝛽𝑐𝑐 ones.159  

The PAN nanocomposite fiber with 15 wt% SWNT can be used for other 

applications on its own: upon changing the SWNT type, it should be possible to produce 

PAN nanocomposite fibers with tunable thermal and electrical properties and, at high 

enough filler concentration much of the filler properties should transfer to the PAN 

nanocomposite fiber. Applications can be based on Joule heating 11 and piezoelectric 

response of CNTs9, and as biosensors.10 To illustrate one of these applications, we 

measured the electrical conductivity of our 15 wt% fiber. Even though we had a mix of 

semiconductor and metallic SWNTs (expected average conductivity 1 ×104 S/m), the 15 

wt% nanocomposite fibers had an electrical conductivity (𝜎𝜎) of 14.3 ± 1.2 𝑆𝑆/𝑚𝑚  before 

drawing (TDR 1.6× and tensile modulus 12.2 GPa) and of 2.2 ± 0.5 𝑆𝑆/𝑚𝑚 after drawing 

(TDR 9.8× and tensile modulus 32.1 GPa). Compared to reported PAN fibers with 15 and 

20 wt% multi-wall carbon nanotubes, our 15 wt% fiber has 5 orders of magnitude higher 

electrical conductivity before thermal annealing and 3 times larger tensile modulus and 

tensile strength.11 Therefore, these fibers are also suitable for Joule-heating based 

applications. Mechanical and electrical properties of PAN/CNT fibers from literature have 

been compared to this study in Table 1-1. 

4.5 Conclusions 

The modified procedure for preparation of the spinning polymer solution with high 

SWNT loading allowed a significant reduction in the processing time, and should be more 

appropriate for industrial scale production than the traditional protocol that includes 

extended distillation. Despite adding a slurry of SWNTs (> 200 mg/dl) to the polymer 
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solution the 15 wt% SWNT nanocomposite fiber had well dispersed filler, with an 

estimated bundle diameter of 2.3 nm. This fiber had a tensile modulus of 32.1 GPa, 

demonstrating matrix reinforcement at high filler loading. We show here that PMMA-

wrapping of the SWNTs remains after fiber spinning and drawing, and thus becomes part 

of the filler-matrix interphase. PMMA-wrapped-SWNTs interact with PAN matrix as 

demonstrated by: (a) nanocomposite fiber dissolved into fibrils resistant to extended DMF 

treatment (6 h at 120 °C), which have been previously documented to happen when 

pristine-SWNT bundles are covered by PAN. (b) Measured G’ shift rate upon straining of 

the fiber with 15 wt% SWNTs was -44 cm-1/%, one of the highest reported values for a 

SWNT/nanocomposite system. (c) Dynamic mechanical transition behavior of the 

composite fibers was modified by the presence of PMMA-wrapped-SWNTs. (d) Films 

produced by vacuum-drying of PAN solutions with PMMA-wrapped-SWNTs had similar 

crystalline structure than that previously obtained when SWNT bundles are uniformly 

coated by PAN. Overall, electrical conductivity and tensile properties of the 15 wt% SWNT 

PAN fibers produced here with PMMA-wrapped-SWNTs were significantly higher than that 

previously reported for other PAN fibers with high carbon nanotube concentrations.   
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5 CHAPTER 5: CARBON FIBERS PRODUCED FROM PAN FIBERS WITH 

PMMA-WRAPPED-SWNTs 

 

Preamble 

In this chapter, PAN nanocomposites fibers produced in Chapter 4 with 5 and 15 

wt% SWNTs are carbonized and the effect of SWNT, PMMA wrapping, and free PMMA 

on the carbon fiber structure and properties is studied.  

Transmission electron microscopy images in this chapter were obtained through a 

collaboration with Dr. Jin Gyu Park and Dr. Zhiyong (Richard) Liang at Florida State 

University.  
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5.1 Abstract 

Carbon nanotube (CNT)/carbon (CNT/C) nanocomposite fibers were produced 

with up to 25 wt% single wall carbon nanotubes (SWNTs) via stabilization and 

carbonization of polyacrylonitrile (PAN) precursor fibers containing up to 15 wt% SWNTs. 

Effect of filler loading on the CNT/C fiber structure and properties is studied, and the filler 

effect on PAN stabilization is discussed. Filler-matrix interactions took place despite the 

fact that the precursor fiber had SWNTs wrapped with poly(methyl methacrylate) (PMMA), 

a polymer without carbon yield. Tensile modulus of CNT/C fiber with 25 wt% SWNTs was 

324 ± 20 GPa, while that of the control PAN based carbon fiber was 288 ± 9 GPa. 

Strategies to further improve the tensile properties of this CNT/C fiber are briefly 

discussed.  

5.2 Introduction  

Inclusion of carbon nanotubes (CNTs) in polyacrylinitrile (PAN) fibers is interesting 

because said nanocomposite fibers can be used as a precursor for carbon 

nanotube/carbon (CNT/C) nanocomposite fiber. CNT/C nanocomposites are advanced 

materials that could outperform state of the art carbon fibers and carbon fiber-reinforced 

composites; thus CNT/C nanocomposites could be used for advanced applications like 

the structure of space vehicles.171 While a typical approach to production of CNT/C 

composite is infiltration of self-standing CNT structures with carbon-precursor 

polymers,172–174 direct inclusion of CNT in carbon precursor is interesting as it can 

maximize contact between filler and matrix and should allow the production of high 

performance nanocomposites at reduced CNT loading.  

Many studies have focused on the inclusion of CNTs in PAN and its post-treatment 

to obtain CNT/C nanocomposite fibers.72,75,76,79,153,175–177 Inclusion of CNTs in PAN 

precursor has been shown to promote graphitic templating of the PAN around CNTs33,178 
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and affect the PAN stabilization and carbon fiber’s tensile properties.179 However, PAN 

derived CNT-C nanocomposite carbon fibers still have relatively low mechanical 

properties, due to presence of CNT aggregates and bundles, which facilitate the presence 

of voids and reduce filler-matrix contact.33 Thus, obtaining a high-performance CNT/C fiber 

from CNT/PAN precursor is still an open problem.  

PAN fibers produced in Chapters 3 and 4 with 5 and 15 wt% single wall carbon 

nanotubes (SWNTs) were stabilized and carbonized to obtain CNT/C fibers. These 

precursor fibers were of interest because of the high filler individualization and good 

mechanical reinforcement achieved by SWNTs that were helically wrapped with 

poly(methyl methacrylate) (PMMA). Furthermore, these fibers also presented the 

opportunity to study how the CNT/C fiber is affected by the presence of a polymer without 

carbon yield (PMMA) at the SWNT-PAN interface. Prior studies have shown how different 

functional groups on the CNTs affect the PAN stabilization and carbon fiber tensile 

properties,75,180 However, to the best of our knowledge, there are not prior studies of 

CNT/C fibers obtain from PAN fibers with CNTs helically wrapped with a polymer.  

5.3 Experimental 

5.3.1 PAN nanocomposite precursor fibers 

Precursor fibers carbonized and reported in this chapter were those listed in Table 

5-1 and produced in Chapter 4. Thermal shrinkage of these precursors fibers was studied 

using a TA Q400 thermomechanical analyzer. Filament bundles of at least 85 µm 

equivalent diameter were heated in air atmosphere from room temperature to 265 °C at a 

rate of 3 °C/min, followed by isothermal heating at 265 °C for 170 min. During this process, 

bundles were subjected to engineering stresses in the 15 – 30 MPa range and their length 

change was monitored.  



88 
 

Table 5-1. PAN nanocomposite fibers studied in this chapter. 

Precursor 
Fiber ID 

Precursor fiber composition† 
SWNT content 

(wt%) 
PAN content 

(wt%) 
Total PMMA 

content (wt%) 
Free PMMA 

content (wt%)‡ 
5wt%-B 5 90 5 3.2 
15wt% 15 79 6§ 0§ 

† calculated from the amount of SWNTs, PMMA and PAN used during SWNT wrapping 
and spinning solution preparation. 
‡ free PMMA content was estimated assuming ~37% of the added PMMA is adsorbed 
onto the SWNTs. 
§ free PMMA was removed following the protocol summarized in Figure 4-1 in Chapter 4. 
 
5.3.2 Precursor fiber stabilization and carbonization  

Filament bundles with equivalent diameter of at least 85 µm were batch stabilized 

and carbonized in an MHI H17HT2.5x24 tube furnace. Bundles were kept under tension 

during the stabilization and carbonization by connecting the bundle’s end to graphite and 

stainless-steel weights. Fibers 5wt%-B were kept at an engineering stress of 25 MPa, 

while fibers 15wt% were kept at 30 MPa. The two-step stabilization was carried out while 

passing air through the tube furnace. 1st step of the stabilization consisted in heating from 

room temperature to 265 °C at a heating rate of 3 °C/min, followed by isothermal heating 

at 265 °C for 170 or 330 min. Then, during the 2nd step, the temperature was raised from 

265 to 305 °C at a rate of 3 °C/min, followed by a 10 min isothermal treatment at 305 °C. 

Fibers were carbonized by heating in nitrogen atmosphere from room temperature to 1315 

°C at a rate of 5 °C/min, followed by a 10 min isothermal hold at 1315 °C, then the furnace 

was turned off and allowed to cool down for 4 h before removing the carbon fiber samples.   

Single-filament tensile testing was conducted on a Solids Analyzer III (TA 

Instruments) by mounting individual fibers on paper tabs with a gauge length of 12.5 mm 

and using a strain rate of 0.1 %/min. At least 15 filaments were measured per sample and 

no compliance correction was done on the measured tensile modulus. Scanning electron 

microscopy (SEM) was conducted on uncoated samples on a Hitachi SU8230. Wide-angle 



89 
 

X-ray diffraction (WAXD) of carbon fiber bundles was collected on a Rigaku MicroMax-

003 operating at 50 kV and 0.60 mA and coupled to an R-axis IV++ detector. Electrical 

conductivity was estimated using a Keithley 2400 source-meter. Individual carbon fiber 

filaments were mounted on non-conductive glass and silver paste was used to create 

electric contact points along the fiber. Distance between electric contact points was 

between 5 to 20 mm and the resistance was measured while applying 0.1 mA current.   

5.4 Results and Discussion 

5.4.1 Effect of high SWNT loading on carbon fiber structure and properties 

The structural parameters and the mechanical and electrical properties of the 

nanocomposite carbon fibers depended on the amount of SWNTs present in the precursor 

fiber, as summarized in Table 5-2. Estimated SWNT content in the carbon fibers was 9 

and 25 wt% for those fibers produced from the PAN precursors with 5 and 15 wt% SWNTs, 

respectively. At comparable times for the 1st step of the stabilization, i.e. 170 or 330 min, 

carbon fibers obtained from the precursor with 15 wt% SWNTs had slightly higher tensile 

strength and significantly higher tensile modulus than carbon fibers obtained from the 

precursor with 5 wt% SWNTs. Furthermore, fiber with 25 wt% SWNTs obtained from the 

fiber stabilized at 265 °C for 300 min (25-CF2) had slightly higher tensile modulus than 

the control carbon fiber produced under similar conditions but without SWNTs (see Table 

5-2). TEM imaging of fiber 25-CF2 shows that well dispersed SWNTs served as templates 

for the formation of concentric graphite planes (Figure 5-1a,b). This suggests the presence 

of SWNT-carbon matrix interactions, despite the fact that SWNTs were covered with a 

non-carbonizing polymer, the PMMA (see chapter 4).  
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Table 5-2. Mechanical and electrical properties of nanocomposite carbon fibers produced 
from PAN precursors with 5 and 15 wt% SWNT and while changing stabilization time. 

Carbon Fiber ID Control-
CF a 9-CF1 9 -CF2 25-CF1 25-CF2 

SWNT in Precursor 
(wt%) 0 5  15  

Estimated SWNT 
composition in the 
carbon fiber (wt%) b 

0 9  25  

Engineering stress 
during stabilization 
(MPa) c 

30 25 30 

Hold time at 265 °C 
(min) 170 170 330 170 330 

Diameter (µm) 8.2 ± 0.2 7.8 ± 0.6 8.1 ± 0.2 7.8 ± 0.6 8.9 ± 0.6 

Tensile strength 
(GPa) 

2.08 
± 0.29 

0.84 
± 0.12 

0.49 
± 0.09 

0.99 
± 0.13 

1.25 
± 0.24 

Tensile modulus 
(GPa) d 288 ± 9 198 ± 26 160 ± 53 229 ± 24 324 ± 20 

Strain at break (%) 
0.79 
± 0.10 

0.38 
± 0.04 

0.30 
± 0.06 

0.35 
± 0.05 

0.37 
± 0.05 

f(002) 
e 0.81 0.82 0.83 0.88 0.86 

L(002) (nm) f 1.8 1.4 1.5 1.5 1.5 
L(10) (nm) f 2.0 2.6 2.9 2.8 2.7 
Electrical 
conductivity (kS/m) 59.6 NM 30 ± 3 NM 67 ± 7 

Notes: NM: not measured.  
a as reported elsewhere89 for a PAN precursor fiber produced by similar conditions to those 
listed in Chapter 4 but from PAN of 250,000 g/mol molecular weight. 
b filler content in the carbon fiber was calculated assuming a PAN carbon yield of 56 wt%, 
total loss of PMMA and no SWNT mass loss.  
c engineering stress value was kept during stabilization and carbonization. 
d reported tensile modulus of fibers with 9 and 25 wt% SWNTs were not compliance 
corrected. 
e 2nd order orientation factor calculated for the graphitic (002) peak. 
f crystal size of (002) and (10) planes was from 2𝜃𝜃 ~26° and 43°, respectively, assuming 
a shape factor of 0.9. 
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Figure 5-1. Transmission electron micrographs of 25-CF2 carbon fiber cross-section. 
TEM specimens were prepared by focused ion-beam (FIB) etching. Well-dispersed 
SWNTs and surrounding concentric graphite planes can be observed in the fiber cross-
section (a,b). (c-d) are regions with few SWNTs and (e-f) are regions that appear to show 
SWNT aggregates.  

SWNT presence modified the structure of the PAN-derived graphitic planes. 

Foremost, the axial orientation of the graphite (002) planes, quantified by the 2nd order 

Hermann’s orientation factor, was significantly higher in carbon fibers with 25 wt% SWNTs 
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(0.88 and 0.86 in fibers 25-CF1 and 25-CF2, respectively) than in the control carbon fiber 

(0.79) and in the carbon fibers with 9 wt% SWNTs (0.82 and 0.83 in fibers 9-CF1 and 9-

CF2, respectively). In previous work33 carbon fibers produced with 1 and 0.5 wt% few wall 

carbon nanotubes have also shown an increase in the Hermann’s orientation factor. 

Azimuthal data of these fibers with lower filler loading, as extracted from the original 

manuscript,33 is also plotted in Figure 5-2a. Comparison of the (002) azimuthal data upon 

increasing CNT content shows how the filler content directly relates to the (002) orientation 

(see Figure 5-2a) and was highest in the carbon fiber with 25 wt% SWNT. As reported 

elsewhere,33 the graphitic orientation increased as carbon nanotubes acted as templating 

agents for ordered graphite formation. As shown in Figure 5-1b, similar results are 

obtained here: concentric graphite planes were formed around the SWNTs and SWNT 

bundles. This is particularly interesting because SWNTs in the precursor fibers used here 

were wrapped with PMMA and PMMA and PAN are immiscible polymers. 

Another major effect of the large loading of SWNTs in carbon fiber 25-CF2, was 

the change in the turbostratic structure of the matrix. In PAN-derived carbon fibers, the 

graphitic layers are not ordered in a hexagonal structure, instead these layers have 

several rotations, translations and curve onto each other, a distorted structure known as 

turbostratic carbon that forms an asymmetric 2𝜃𝜃 ~25.3° diffraction peak.181 WAXD results 

for the carbon fibers here prepared are presented in Figure 5-2b. The graphite (002) peak 

of 25-CF2 fiber was more skewed, had a larger full width at half maximum and larger d-

spacing than that of the carbon fiber with fewer SWNTs (9-CF2). This is caused because 

upon increasing filler concentration, the graphite crystal size is decreased and the 

graphitic planes tend to be more turbostratic. Compare for example Figure 5-1 that shows 

two different areas of the same 25-CF2 fiber, in which local density of SWNTs and 

graphitic plane twisting were higher (images a and b) and lower (images c an d).  
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Figure 5-2. Wide-angle X-ray data of carbon fibers 9-CF2 and 25-CF2 produced from PAN 
precursors with 5 and 15 wt% SWNTs, respectively. 
(a) Azimuthal scan of the (002) peak of nanocomposite carbon fibers prepared here (9-
CF2 and 25-CF2) and two carbon fibers reported elsewhere33 and produced from a PAN 
precursor with 1 wt% few-walls carbon nanotubes (1 wt %) and without filler (Control-CF).  
(b) Graphite (002) peak in equatorial scans of carbon fibers 9-CF2 and 25-CF2. Equatorial 
diffraction scans in the 5 – 55° 2𝜃𝜃 range and azimuthal scans of the 2𝜃𝜃 ~25.3° peak in the 
90 to 270° Φ range are available in Figure D 1 in Appendix D. 

Turbostratic structure in carbon fibers has been related to increased tensile 

strength due to hindering crack propagation,182 and to increased tensile modulus due to 

larger shear modulus between graphitic planes and whiskers.183 Furthermore, alignment 

of the graphite planes is directly related to the tensile modulus of the carbon fiber.183 

However, tensile modulus and strength of 25-CF2 were slightly higher and significantly 

lower, respectively, than those of the control carbon fiber. This was caused because 

despite the high filler individualization observed in Figure 5-1a,b for the carbon fiber 25-

CF2, some larger diameter SWNT bundles were also observed in the fiber cross section 

(see Figure 5-1e,f). In fact, some SWNT aggregates of up to 1.5 µm diameter were 

observed (see Figure D 2 in Appendix D). Thus, although high SWNT exfoliation was 

reached by using SWNTs wrapped with PMMA and sonication, there were also SWNT 

aggregates. This indicates that the SWNT dispersion protocol described in Chapter 4 

should be further optimized. SEM characterization of several filament cross-sections 
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showed that large SWNT aggregates, as well as voids were common. It is noted that void-

free cross-sections were also observed (Figure 5-3a,d). Presence of voids explains why 

the tensile strength of the 5wt%-B and 15wt% derived carbon fibers was significantly lower 

than that of the control carbon fiber (2.1 GPa, see Table 5-2) and that of other carbon 

fibers produced from precursors with 1 wt% CNT content after batch stabilization and 

carbonization optimization176  (4 GPa). 

Ordered graphitic formation around SWNTs and SWNT bundles is expected to a 

consequence of filler-matrix interactions. Figure 5-3 shows the cross-section of carbon 

fibers 9-CF2 (a-c) and 25-CF2 (d-g), in which fibril-like structures were widely observed. 

Fibril diameter in fiber 9-CF2 was as large as 30 nm (Figure 5-3b), but in some regions 

the fibril diameter was as small as 7 nm (Figure 5-3c). On the other hand, fibril diameter 

in fiber 25-CF2 was always smaller than 10 nm (see Figure 5-3e-g). Similar nanofibrils 

with 20 – 50 nm diameter have been previously reported in the cross-section of PAN-

derived carbon fiber when up to 1 wt% of the precursor was composed of few-wall carbon 

nanotubes.33,175–177 Reduction of the fibril diameter in the carbon fibers with increasing filler 

content is probably associated with the amount of PAN present in between carbon 

nanotubes. As the CNT content increases, the CNT-CNT distance is reduced, as well as 

the amount of PAN that can be stabilized and carbonized around a given CNT. Nanofibrils 

in PAN/CNT derived carbon fibers have been previously shown via high-resolution TEM 

(HR-TEM) to be formed of highly ordered graphitic structure.177  



95 
 

 
Figure 5-3. Scanning electron micrographs of cross-sections of carbon fibers 9-CF2 (a-c) 
and 25-CF2 (d-g) at different magnifications.  

5.4.2 Effect of SWNT on PAN stabilization 

Tensile properties of carbon fiber 25-CF2 were significantly higher than those of 

fiber 25-CF1. This suggests that longer times during the 1st step stabilization were 

beneficial, and that stabilization reaction was affected by the SWNT presence. SEM 

characterization showed that carbon fibers produced from fibers stabilized at 265 °C for 

170 min (9-CF1 and 25-CF2, Figure 5-4) had more frequent relatively large voids near the 

fiber center, in addition to other irregular voids in no particular location. On the other hand, 

in carbon fibers from fibers stabilized at 265 °C with holding time of 330 min (9-CF2 and 

25-CF2, Figure 5-3) the cross-section had no voids or only had a few irregular voids. While 
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the irregular voids probably correspond to large SWNT agglomerates (see Figure D 2), 

the voids near the cross-section center indicate radial heterogeneity during stabilization. 

Skin-core geometry in stabilized PAN fiber, produced because of radial heterogeneous 

stabilization, has been previously shown to lead to void formation at the carbon fiber 

core.184–186 Heterogenous stabilization along the fiber radius is caused because PAN 

oxidation and cyclization are oxygen-diffusion limited and thermally controlled processes, 

respectively. On the one hand, during stabilization, PAN is homogenously cyclized across 

the fiber cross-section,186 and upon cyclization the rate of oxygen diffusion in PAN is 

reduced.187 On the other hand, oxidation of PAN depends on oxygen concentration profile 

through the fiber cross-section, which is highest near its surface and lowest at the fiber 

center.188,189  

Oxygen diffusion is bound to be affected by the amount of SWNTs in the precursor 

fiber. Presence of a relatively low concentration of CNTs (1 wt%) in PAN fibers has been 

shown to reduce oxidation reaction rate during stabilization.189 Such reduction in the 

oxidation reaction rate was observed despite the fact that activation energy of the 

oxidation reaction decreased upon CNT inclusion.189 Therefore, the decreased in 

oxidation reaction rate is explained by reduced oxygen diffusion in the CNT-reinforced 

PAN matrix. Relatively high CNT content (10 wt%) in PAN fibers has been shown to 

increase oxidation reaction rate190 due to the introduction of porosity at the surface of the 

precursor fiber. High CNT loading in polymer films has been previously shown to produce 

pores and increase oxygen diffusivity.191 The SWNT reinforced PAN fibers carbonized 

here did have high filler content. However, filler alignment and individualization was high 

and no pores were observed in the PAN matrix (see Figure 4-4 and Table 4-2 in Chapter 

4), except for the occasional SWNT aggregates distributed along the fiber (see Figure D 

2). Hence, low oxygen diffusion in the radial direction is to be expected when stabilizing 
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fibers 5wt%-B and 15wt%, as compared to the control PAN fiber. This explains why tensile 

strength and modulus of the 15wt%-derived carbon fiber were higher upon longer 

stabilization times (see Table 5-2), and opens the possibility to further improve the tensile 

properties of fibers with 25 wt% SWNT. This will require optimization of stabilization 

conditions as has been done extensively for control PAN fibers.175,176,184,186,192 

 
Figure 5-4. Scanning electron micrographs of cross-section of carbon fibers 9-CF1  (a-c) 
and 25-CF1 (d-g) at different magnifications. 

5.4.3 Effect of PMMA used for filler dispersion on the carbon fiber structure and 

properties 

Structural parameters and imaging characterization indicated that the presence of 

PMMA at the SWNT-PAN interphase was not detrimental to the filler-matrix interactions, 

even though PMMA does not have carbon yield. Specifically, graphite templating was 

observed via TEM imaging (Figure 5-1b) and fibrils were observed via SEM (Figure 5-3b,c 
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and e-g). Furthermore, graphitic (002) plane axial orientation was higher in fibers with 

higher amount of SWNTs (Figure 5-2b).  

However, while fiber 25-CF2 had slightly higher tensile modulus than the control 

fiber, the carbon fibers with 9 wt% SWNTs had significantly lower tensile properties than 

the control fiber. Similarly, while increasing the stabilization time at 265 °C improved the 

mechanical properties of the fiber with 25 wt% SWNTs, the same increase in the 

stabilization time was detrimental to the mechanical properties of fibers with 9 wt% SWNTs 

(compare fibers 9-CF1 and 9-CF2 in Table 5-2).  

These differences indicate that although helical wrapping of the SWNTs with 

PMMA does not reduce filler-matrix interaction, mechanical integrity of the carbon fiber is 

reduced when unbound PMMA is present in the nanocomposite precursor fiber. As listed 

in Table 5-1 and described in Chapter 4, carbon fibers with 9 wt% SWNTs were produced 

from precursor fiber 5wt%-B that also had 3.2 wt% PMMA that was not helically wrapping 

the SWNTs (and is referred to as free PMMA). However, carbon fibers with 25 wt% 

SWNTs were produced from precursor fiber 15wt% that did not have free PMMA, as in 

this case all the free PMMA was removed via solvent exchanged before preparation of the 

spinning solution. Two mechanisms are proposed to explain the effect of free PMMA on 

the carbon fiber properties. On the one hand, blending of PMMA and PAN has shown that 

PMMA presence induces porosity in the carbon fiber due to phase separation.193–195 On 

the other hand, the low molecular weight (~15,000 g/mol) unbound PMMA in precursor 

fiber 5wt%-B may have increased the entropic relaxation of partially oriented amorphous 

PAN molecules during stabilization and ultimately reduce mechanical properties of the 

resulting carbon fiber.  
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Figure 5-5. Thermo-mechanical analysis (TMA) of PAN nanocomposite fibers with (b) 5 
and (c) 15 wt% SWNTs while changing the experimental conditions as listed in Table 5-1. 
Temperature profile is shown in (a). Bundles of 5wt%-B and 15wt% precursor fibers were 
kept at the indicated engineering stress. Negative strain values in (b) and (c) indicate fiber 
shrinkage caused by thermal relaxation of the PAN molecules. (d) is the strain derivative 
with time for precursor bundles of 5wt%-B and 15wt% at 25 and 30 MPa, respectively.  

Effect of the free PMMA on the entropic relaxation of the PAN molecules was 

described via thermo-mechanical analysis (TMA) by measuring precursor fiber shrinkage 

during heating (see Figure 5-5). Precursor fibers 5wt%-B and 15wt% had comparable total 

shrinkage when the engineering stress was 25 and 30 MPa (see Figure 5-5b, c), which 

were the conditions used to produce the carbon fibers listed in Table 5-2. Still, fibers 5wt%-

B showed two different physical shrinkage stages (entropic relaxation), with onset 

temperatures at 45 and 85 °C, see Figure 5-5d. Meanwhile, for the 15wt% fibers, only one 
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onset was observed at around 65 °C. Similar phenomena was observed when both fibers 

were subjected to lower engineering stress during stabilization (see Figure D 3).  

The presence of free PMMA in the PAN amorphous and paracrystalline regions 

could affect fiber shrinkage due to an increase the molecular repulsive forces. Physical 

shrinkage has been observed to occur below PAN glass transition and cyclization 

temperatures because of repulsive forces between adjacent PAN dipoles in partially 

oriented amorphous and paracrystalline regions.196 Furthermore, irregular intermolecular 

repulsion has been observed when acrylonitrile copolymers are used instead of PAN 

homopolymers,196 indicating that small quantities of another polymer can also affect PAN 

shrinking behavior.  

5.5 Conclusions  

Carbon fibers with up to 25 wt% SWNTs (CNT/C composite fiber) were produced 

via stabilization and carbonization of PAN precursor fiber with PMMA-wrapped-SWNTs. 

Even though PMMA does not have carbon yield, the SWNT reinforced the carbon fiber 

matrix, as indicated by the following results: (a) carbon fiber produced from the precursor 

with 15 wt% SWNT had higher tensile modulus (324 ± 20 GPa) than the control fiber (288 

± 9 GPa); (b) nanofibrils were observed via SEM in the carbon fiber cross-section, which 

have been previously shown to have highly-ordered graphitic structure; (c) graphitic 

templating was observed via TEM surrounding well dispersed SWNTs; (d) orientation of 

the (002) plane increased with increasing SWNT content and was also higher than the 

orientation previously measured from carbon fibers produced under similar conditions 

from PAN precursor with and without 1 wt% carbon nanotubes. Furthermore, high SWNT 

loading increased the disorder of the graphite turbostratic structure and caused a 

reduction in the graphite crystal size. However, when unbound PMMA was present in the 

precursor fiber, carbon fiber tensile properties decreased with respect to those of the 
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control carbon fiber. CNT/C fibers contained large voids and macroscopic SWNTs 

agglomerates. This indicates that further optimization of the filler dispersion, stabilization 

and carbonization conditions should be pursued and may significantly improve the 

nanocomposite fiber tensile properties.  
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6 CHAPTER 6: PROCESSING, STRUCTURE AND PROPERTIES OF PAN 

AND PAN-DERIVED CARBON FIBERS WITH MODERATE AND HIGH 

LOADINGS OF CARBON BLACK 

 

Preamble 

The knowledge acquired in chapters 3 and 4 in producing PAN fibers with up to 15 

wt% SWNTs and in chapter 5 in producing nanocomposite carbon fibers is used in this 

chapter to produce yet another nanocomposite PAN fiber with up to 60 wt% carbon black 

(CB), a low cost filler. Stabilization and carbonization of electrically conductive PAN fibers 

via Joule Heating is also explored. The Joule Heating approach can also be used with the 

SWNT/PAN fibers reported in chapter 4 and has the potential of significantly reducing the 

energy used in carbon fiber manufacturing.  

Results presented in this chapter are obtained as part of an on-going project 

funded by the Advanced Research Projects Agency-Energy (ARPA-E). The objective of 

this project is to produce low-cost carbon fibers from carbon black. PI of the project is Prof. 

Chao Wang from Johns Hopkins University, and the co-PIs Prof. Liangbing Hu from 

University of Maryland, Prof. Satish Kumar from Georgia Institute of Technology and Prof. 

Ping Liu from University of California at San Diego.  
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6.1 Abstract 

Poly(acrylonitrile) (PAN) nanocomposite fibers with 60 – 70 wt% (high loading) and 

15 wt% (moderate loading) carbon black (CB) were produced via dry-jet wet-spinning in 

order to reduce PAN content and produce electrically conductive polymer fibers. CB 

particles caused pseudoplasticization of the spinning solution and CB rearrangement 

occurred during fiber drawing and PAN crystal growth. PAN fiber with 15 wt% CB (20 nm 

diameter) and 2 wt% multiwall carbon nanotubes (MWNTs) had tensile modulus and 

strength of 15.7 GPa and 686 MPa, respectively, and electrical conductivity of 3.6 S/m. 

Joule Heating was used to stabilize CB-PAN fiber bundles of up to 25 cm length and the 

operational window for carbonization via Joule Heating was defined. Carbon fibers 

containing about 24 wt% carbon black and about 3 wt% MWNTs were produced by heating 

in convection furnace, and its tensile strength and modulus values were 740 MPa and 58 

GPa, respectively. This work presents a strategy to produce low cost carbon fibers, given 

the use of a low-cost filler, decreased polymer content and energy efficient stabilization 

and carbonization by Joule Heating. 

6.2 Introduction  

The market size of carbon fiber prepreg in 2019 was USD 4.7 billion and, pre-

pandemic, it was estimated to grow by a factor of three by 2029.197 Still, use of high-

performance carbon fiber has been limited so far to a few industries and applications, such 

as aerospace, aircrafts, professional sport goods and luxury vehicles. The limited 

penetration of high-performance carbon fiber in industry is in part a consequence of its 

high cost, only affordable in specialty products that demand high mechanical, electrical 

and thermal properties and low density. Aeroespace grade carbon fiber is priced in the 

range of US $30 to 80/lb, while that used in sporting goods and wind turbines in the range 
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of US $8 to 20/lb.197 Further cost reduction is required if carbon fiber is to be used on larger 

scale, and especially in the automotive industry.198  

About 50 % of the cost of polyacrylonitrile (PAN)-derived carbon fiber is attributed 

to the cost of the polymer precursor, and it is also dependent on crude oil price.198–200 

Another 30 to 7 % of the carbon fiber cost is caused by the stabilization and carbonization 

treatments that the PAN fiber requires to obtain carbon fiber.198–200 In order to reduce the 

precursor cost, research has focused on introducing cost effective and renewable fillers 

and on using textile grade PAN. To reduce the cost associated with stabilization and 

carbonization, novel treatments have been pursued, like electron ion beam treatment,201 

plasma treatment202 and direct heating via Joule heating effect.11,203  

Particularly interesting is the inclusion of carbon black (CB) in PAN fibers. Carbon 

black is a commodity extensively used in industry,102 which is electrically conductive and 

can induce flame retardancy in a polymer matrix.100,101 Furthermore, carbon black can be 

obtained via environmentally-friendly processes.103,104 Recently, porous PAN fibers with 

diameters as low as 34 µm were produced via wet-spinning with 12 wt% of functionalized 

carbon black, achieving moderate tensile strength and electrical conductivity of 110 MPa 

and 9 × 10-2 S/m, respectively.97 However, more research is needed to evaluate if PAN 

fibers with high tensile properties and conductivity can be achieved after carbon black 

incorporation, and if the resulting carbon fiber could be used in high-performance 

applications. A conductive CB-PAN fiber (> 1 S/m) is of interest because it could be heated 

via Joule Heating to induce PAN stabilization and carbonization, thus further reducing the 

cost for carbon fiber manufacturing.  

In the present work, we use dry-jet wet-spinning technique to produce CB-PAN 

fibers. In order to achieve CB-PAN fibers with electrical conductivities greater than 1 S/m 

and to allow direct heating via Joule heating effect, two strategies were used: A) using 
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small quantities of carbon nanotubes (2 wt%, with respect to solids) along with moderate 

amounts of CB (15 wt%, with respect to solids), or B) using high quantities of carbon black 

(60 wt% and 70 wt%). The effect of filler loading on the processing, structure and 

properties of the PAN nanocomposite fibers was studied. Stabilization and carbonization 

via convection furnace and stabilization via Joule Heating of CB-PAN fibers with moderate 

amount of carbon black was studied.  

6.3 Experimental 

6.3.1 Materials 

Three carbon black samples were obtained from Cabot Corp., with average 

particle size of < 20 nm (Monarch 700), > 70 nm (Monarch 120) and ~13 nm (Monarch 

1300). Carbon black samples with average diameter of 240 and 280 nm were purchased 

from Asbury (5991R) and Cancarb (Thermax N991), respectively. Monarch 1300 ~13 nm) 

was functionalized by the manufacturer (proprietary functionalization), while all the other 

carbon black samples did not have any reported surface modification. All carbon black 

samples were used as received and their x-ray diffraction patterns are available in Figure 

E 1. Multiwall carbon nanotubes (SMW200, herein MWNTs) were purchased from 

SouthWest NanoTechnologies Inc. MWNT length was in the range of 3 to 6 µm and the 

average external diameter was of 12 ± 3 nm (containing 9 to 10 walls), as reported 

elsewhere.204 Poly(acrylonitrile-co-methacrylic acid) (PAN, 4 wt% copolymer) with 

viscosity average molecular weight of 500,000 g/mol was obtained from Japan Exlan Co. 

(Osaka, Japan). Dimethylformamide (DMF, ACS grade, 99.8%) was obtained from Sigma-

Aldrich and used as received.  

6.3.2 Preparation of spinning dispersions 

As summarized in Table 6-1, one fiber (Fiber A) was prepared with moderate CB 

content (15 wt%) and low MWNT content (2 wt%), and three different fibers with high CB 
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loading (60 wt%) while changing CB particle diameter (Fibers B to E). Two additional fibers 

with 70 wt% CB were prepared while simultaneously changing CB particle size and 

functionalization (Fibers F and G).  

Table 6-1. Conditions used to prepare various fibers studied in this chapter. 

Fiber ID A-1 to A-
3 a B C D-1 to 

D-3 a 
E-1 to 
E-3 a F G 

Carbon black 
diameter (nm)  ~ 20 ~ 20 ~ 70 ~ 240  ~ 280 ~ 70 ~ 13 

CB content (wt%)  15 60 60 60 60 70 70 
MWNT content 
(wt%) 2 NA NA NA NA NA NA 

Solid content of 
spinning 
dispersion (g/dL) 

17.0 22.9 38.4 23.4 22.6 50.8 38.6 

Spinneret diameter 
(µm) 200 500 b 350 500  

Coagulation bath c Methanol Methanol/DMAc (70/30 v/v) 
Stretching during 
spinning 2.9× none none 3.9× 3.9× none 1.1× 

Hot draw ratio 
(total draw ratio) d 

5× 
(14.5×) 
9.1× 
(26.4×) 

2.5× none 
(1×) 

6.9× 
(27.1×) 
10.3× 
(40.3×) 

6.9× 
(27.1×) 
14× 
(54.6×) 

none 
(1×) 

none 
(1.1×) 

a Fibers A, D and E had high drawability and three different fibers (1 to 3) were prepared 
for study: Fibers A-1, D-1 and E-1 were as-spun fibers with as spun draw ratios of 2.9, 3.9 
and 3.9×, respectively. Fibers A-2, D-2 and E-2 were fibers with moderate hot draw ratios, 
with total draw ratios of 14.5, 27.1 and 27.1×, respectively. Fibers A-3, D-3 and E-3 were 
fibers with maximum stable hot draw ratios, and with total draw ratios of 26.4, 40.3 and 
54.6×, respectively. 
b Spinning with 350 µm spinneret was attempted but jetting was not stable. 
c Coagulation baths at 25 °C, DMAc stands for dimethyl acetamide.  
d Total draw ratio is calculated as the product of as spun draw ratio and hot draw ratio.  

For the PAN fiber with 15 wt% CB and 2 wt% MWNT (Fiber A), MWNTs were 

dispersed on DMF via 24 h sonication while at a concentration of 20 mg MWNTs per dL 

of DMF. After sonication, CB (< 20 nm) was added to the MWNT/DMF dispersion, and the 

solid concentration reached 160 mg (MWNT + CB) per dL of DMF. For making PAN fibers 
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with 60 and 70 wt% of CB (Fibers B to G, Table 6-1), CB/DMF at a concentration of 10 

g/dL were sonicated for 24 h.  

PAN solutions were prepared by mixing dried PAN with chilled (~ 0 °C) DMF for 1 

h, followed by a temperature increase to 70 °C and further stirring for another 1 h. CB/DMF 

dispersions or MWNT+CB/DMF dispersions were incorporated to the PAN/DMF solution 

during stirring at 70 °C. Excess solvent was removed during continuous stirring via 

evaporation. 

6.3.3 Fiber Spinning 

Fibers were spun using a single filament spinning system designed and 

manufactured by Hills Inc. Spinneret diameter, coagulation conditions and other 

processing parameters are listed in Table 6-1. Barrel and spinneret temperatures were 

~65 and ~60 °C, respectively, and air gap was 3 - 5 cm. Hot drawing was done while 

passing the fibers through a glycerol bath at ~ 165 °C.  

6.3.4 Stabilization and carbonization via convection furnace 

Filament bundles with equivalent diameter of at least 150 µm were batch stabilized 

and carbonized in an MHI H17HT2.5x24 tube furnace. Bundles were kept under tension 

at an engineering stress of 20 MPa during the whole stabilization and carbonization 

experiments by attaching them to stainless steel and graphite weights. Stabilization was 

done in air and heating at a heating rate of 3 °C/min to 265 °C, followed by a hold at 265 

°C for 170 minutes. Then the temperature was increased to 305 °C at a rate of 3 °C/min, 

and held at 305 °C for 10 min. Carbonization on the convection furnace was done by 

heating in nitrogen from room temperature to 1315 °C at a rate of 5 °C/min, followed by a 

10 min hold at 1315 °C.  
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6.3.5 Stabilization via Joule Heating 

Stabilization of Fibers A-2 via Joule Heating was performed in air using a Keithley 

2400 source-meter by varying applied power between 0.6 and 1 W, and the total time was 

up to 3.5 h. Power was applied by positioning the fiber bundle over graphite rods, which 

were 2.5 cm apart from each. Fiber bundle was kept under tension by hanging stainless 

steel and graphite weights at each end of the bundle. These graphite rods were connected 

to the power supply. Fibers were allowed to change length under an engineering stress of 

30 MPa, and no conductive paint or adhesive was used to connect graphite rod and fiber 

bundle. Thus electric contact was directly provided by surface contact between the 

graphite rods and the fiber bundle that was kept in tension under the applied load. 

Stabilization of Fibers A-3 via Joule Heating was performed in a similar fashion to that 

described above, but by using a PS350 (Stanford Research Systems) power supply (in 

place of Keithly 2400) and in this case distance between graphite rods was maintained at  

25 cm. Experimental setting used for Fiber A-3 Joule Heating stabilization is shown in 

Figure E 3.  

Tensile properties were measured using a FAVIMAT+ (Measured solutions, Inc), 

or a Solids Analyzer III (TA Instruments). Strain rate was 1%/s for all precursor and 

stabilized fibers and 0.1%/s for carbon fibers. Scanning electron microscopy (SEM) was 

conducted on uncoated samples on a Hitachi SU8230. Wide-angle X-ray diffraction 

(WAXD) of fiber bundles was collected on a Rigaku MicroMax-003 operating at 50 kV and 

0.60 mA and coupled to an R-axis IV++ detector. Electrical conductivity was measured 

using a Keithley 2400 source-meter by measuring the resistance of individual fibers 

between two probes while applying 0.1 mA current at known distances between probes.  
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6.4 Results and Discussion 

6.4.1 Processing of CB-PAN fibers with high CB loading 

Inclusion of carbon black in polyacrylonitrile solutions strongly affected the 

processing of fibers via dry-jet wet-spinning. As described in Chapter 4, pure PAN fibers 

can be produced from solutions with the same copolymer and molecular weight used here 

at a solid content of ~11 g/dL and complex viscosity of 50 – 150 Pa.s. However, as listed 

in Table 6-1, CB-PAN fibers were only spinnable when the solid content of the spinning 

dispersion was increased to 17 g/dL for fibers with 15 wt% CB and to > 22 g/dL for fibers 

with 60 wt% CB. Dispersions listed in Table 6-1 had larger solid content than that for 

control PAN, as the addition of carbon black results in decreased viscosity. Table E 1 

presents the rheological properties of a control PAN (11 g/dl) and those of CB-PAN 

dispersions with 60 wt% CB of 20 and 70 nm particle diameter when solid content was 17 

and 13.1 g/dL, respectively. Rheological properties of the dispersions for which spinning 

was possible (see Table 6-1) are presented in Table 6-2. 

Table 6-2. Rheological properties of spinning dispersions listed in Table 6-1 and used to 
produce fibers A to G. 

Spinning dispersion ID A B C D E F G 

Solid content (g/dL) 17.0 22.9 38.4 23.4 22.6 50.8 38.6 

Complex viscosity (Pa.s) 352 1371 320 29 21 329 857 

tan 𝛿𝛿 0.87 0.22 1.25 3.66 4.98 1.92 0.55 

log G’ vs log G’’ slope 1.04 0.57 1.05 1.43 1.50 1.19 0.68 
Note: complex viscosity and damping factor at 1 rad/s. log G’ vs log G’’ slope is calculated 
in the 0.6 to 2.5 rad/s range. 

Two different mechanism have been proposed to explain the reduction of polymer 

viscosity upon addition of carbon nanofillers. On the one hand, mixing of poly(butyl 

methacrylate) and polystyrene melts with carbon black has shown that viscosity is reduced 

when polystyrene is used due to supposedly low polymer-CB interactions, while viscosity 
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increases when poly(butyl methacrylate) is used due to preferable polymer-CB 

interactions.205 On the other hand, addition of small quantities of carbon nanotubes to 

ultrahigh molecular weight polyethylene,206 and uncured epoxy207 and of functionalized 

silica nanoparticles to polypropylene208 has been shown to decrease the polymer viscosity, 

as a consequence of selective polymer adsorption around the nanoparticles. This 

selective adsorption phenomenon has been studied by blending polymer nanoparticles 

with the respective linear polymer,209 and it is believed that the presence of the 

nanoparticle changes the conformation of the linear polymer, including its free volume and 

therefore the polymer viscosity.209  

Reduction of PAN viscosity upon CB addition is probably a consequence of the 

interactions between the three components of the dispersion: PAN, CB and DMF (solvent). 

PAN has a polar nitrile group which can interact with CB particles via dipole-π interactions 

with the graphitic layers and via dipole-dipole interactions with the functional groups at the 

CB surface. These PAN-CB interactions could cause a reduction in the polymer free 

volume. Furthermore, dipole-dipole interaction between PAN’s nitrile group and DMF has 

been previously reported,162,210 and has been associated to an increase in the 

hydrodynamic radius of PAN. Presence of CB in the spinning dispersion could also lead 

to a decrease in PAN-DMF interactions due to competitive processes, and therefore to a 

reduction in PAN hydrodynamic radius, polymer entanglements and dispersion’s viscosity.  
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Table 6-3. Mechanical and electrical properties and structural parameters of various 
precursor fibers. 
Fiber ID A-3 B C D-3 E-3 F G 
Total draw ratio 26.4× 2.5× 1× 40.3× 54.6× 1× 1.1× 

Diameter (µm) 21.3 ± 
0.7 347 ± 20 377 ± 

27 NM 38.5 ± 
2.4 434 ± 90 338 ± 

86 
Tensile modulus 
(GPa) 

15.7 ± 
0.5 

0.18 ± 
0.06 

0.44 ± 
0.04 NM 7.1 ± 

1.1 
0.43 ± 
0.09 

0.90 ± 
0.2 

Tensile strength 
(MPa) 

686 ± 
39 1.9 ± 0.6 8.1 ± 

0.6 NM 61 ± 3 7.4 ± 1.8 3.1 ± 
0.3 

Strain at break (%) 8.9 ± 
0.4 3.4 ± 2.2 14.6 ± 

2.1 NM 6.5 ± 
0.5 1.8 ± 0.7 0.3 ± 

0.1 

XTOTAL_PAN (%) a 54 NA 

X~17° PAN (%) a NA 12.6 9.8 14.9 15.1 11.7 7.9 

LPAN (nm) b 9.3 2.9 5.2 6.5 5.7 8.4 7.7 

d-spacingPAN (nm) b 0.526 0.519 0.523 0.531 0.532 0.525 0.524 

fPAN 
c 0.77 0.01 0.03 0.68 0.62 0 0 

Electrical conductivity 
(S/m) 

3.6 ± 
1.6 0.6 ± 0.1 

<  
1×10-5  

1.4 
×10-3 

<  
1×10-5  

4.4 ± 1.8 7×10-2  

Notes: not measured (NM). a PAN crystallinity of fibers A was calculated considering area 
of peaks at 2θ ~17, ~25, ~29 and ~40° as crystal content (see Figure E 2) respect to total 
XRD signal area. For fibers B to G, area fraction of the 2θ ~17° peak is shown instead, as 
the other PAN crystal peaks were dwarfed by the CB amorphous peak (see Figure E 4 
and Figure E 5). b PAN crystal size and d-spacing calculated from equatorial scans. 
Scherrer’s equation was used with k = 0.9. c PAN. a 2nd order Hermann’s orientation factor 
calculated from azimuthal scans of the 2θ ~17° peak. Mechanical properties of fibers A, 
D and E were measured at a gauge length of 2.5 cm, while for fibers B, C, F and G, gauge 
length was 0.5 inch. 

Continuous jetting formation during fiber spinning requires the presence of 

entanglements in the spinning dispersion. However, as discussed above, PAN 

entanglements were reduced upon CB addition. Therefore, CB-PAN dispersions were only 

spinnable at relatively high solid content. Interestingly, when CB diameter was larger than 

200 nm, spinning was possible at relatively low dispersion viscosity and at relatively low 

solid content. This suggests that large CB particles acted as entanglement points and 

allowed continuous spinning. Furthermore, among the dispersions with 60 wt% CB, only 
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fibers D and E resulted in continuous jetting when the 350 µm spinneret. On the other 

hand, fibers B and C had to be produced with a spinneret of 500 µm diameter, as 

continuous jetting in these cases was not possible with 350 µm diameter spinneret. These 

differences could also be a consequence of the effect of CB size on dispersion 

homogeneity, which, as quantified by the log G’ vs log G’’ slope (Table 6-2), decreased 

with increase in CB diameter. This result indicates that CB of smaller diameter is also 

more difficult to mix homogenously in the spinning dispersion.  

Another major effect of CB presence on the processing of CB-PAN fibers with high 

CB content was observed upon stretching the fibers during spinning and hot drawing. As 

listed in Table 6-1, despite the large spinneret diameter used for fibers B to G, only fibers 

D and E allowed significant drawing during spinning and hot drawing. Differences in the 

drawability were caused by differences in the PAN crystal structure obtained after spinning 

and gelation. In turn, the PAN crystal structure was affected by the CB size. As listed in 

Table E 2, as-spun fibers E-1 and D-1, had low predominance of the PAN crystal peak at 

2θ ~17° (8.3 and 9.0 %, respectively) and small crystals (3.8 and 3.4 nm, respectively), 

while fibers B and C (see Table 6-3) had larger 2θ ~17° peak predominance (12.6 %) at 

comparable crystal size (2.9 nm) or comparable 2θ ~17° peak predominance (9.8 %) but 

larger crystal size (5.2 nm), respectively.  

6.4.2 Structure of CB-PAN fibers with high CB loading 

Differences in PAN crystal size and predominance of the 2θ ~17° peak, and the 

drawability of the as-spun fibers were caused by how the PAN crystal domains were 

formed around the CB particles. This is further illustrated by studying how the d-spacing 

of the PAN crystal 2θ ~17° peak changed depending on CB particle diameter. As-spun 

CB-PAN fibers with small diameter CB particles (20 and 70 nm, Fibers B and C in Table 

6-3), had smaller d-spacing than fibers with larger diameter CB particles (240 and  280 
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nm, Fibers D-1 and E-1 in Table E 2). In control PAN fibers, d-spacing tends to decrease 

(packing density increase) upon drawing as the PAN orthorhombic crystal structure 

changes to hexagonal, caused in turn by a change of PAN conformation from helical to 

planar zig-zag.65 Orthorhombic structure has also been related to the presence of solvent 

co-crystallized with the polymer.156 Thus, small d-spacing in fibers B, C, F and G, right 

after spinning, indicates that the small diameter CB promoted PAN crystallization in 

hexagonal structure and inhibited solvent co-crystallization. On the other hand, large 

diameter CB in fibers D-1 and E-1 promoted the formation of orthogonal crystals with 

solvated polymer molecules. This polymer solvation and the high PAN amorphous content 

in fibers D-1 and E-1 allowed for increased drawability.  

Interestingly, upon drawing of fibers D-1 and E-1, while predominance of the 2θ 

~17° peak and crystal size increased (Figure E 5 and Table 6-3), the 2θ ~17° peak d-

spacing did not change (Table 6-3 and Table E 2). This indicates that despite the high 

draw ratios (40.3 and 54.6× for fibers D-3 and E-3, respectively), PAN molecules did not 

acquire planar zig-zag conformation and crystal packing density remained the same as 

that of the as-spun fiber. This was probably a consequence of PAN coating the CB 

particles (see Figure E 6). This is further supported by comparing the orientation of the 

PAN crystals of fibers D and E to that in the control PAN fiber. A typical PAN fiber, 

produced through a spinneret diameter of 200 µm has PAN crystal orientation of ~0.10-

0.2 after spinning, and as high as 0.9 after hot drawing. However, as-spun fibers D-1 and 

E-3 had orientation factor close to 0 (see Table E 2) and fully drawn fibers D-3 and E-3 

had orientation factors of 0.68 and 0.62, respectively (see Table 6-3).  

6.4.3 Properties of CB-PAN fibers with high CB loading 

Tensile and electrical properties of fibers with 60 and 70 wt% CB are listed in Table 

6-3 and Table E 2. As expected from the described processing and structure differences, 
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fiber E-3 had the highest tensile strength and modulus among the various fibers with high 

CB loading. However, typical fully drawn pure PAN fibers have crystal orientation 

exceeding 0.80, and tensile modulus and strength greater than 19 GPa and 900 MPa, 

respectively (see reported data of control PAN fiber elsewhere117 and in Table 4-2 in 

Chapters 4 of this thesis). Furthermore, PAN crystal size of fibers with large CB diameter 

(D-3 and F-3) was about 6 nm, while in drawn control PAN fiber the crystal size can be as 

large as 9 nm. Comparing the structure of fibers D-3 and F-3, it is observed that larger 

and better oriented PAN crystals are obtained when CB size is decreased, owing probably 

to how easily the CB can be rearranged during crystal growth. Thus, we hypothesize that 

tensile strength and modulus of CB-PAN fibers with high CB loading could be further 

improved by changing the CB particle size distribution to better allow for high fiber 

drawability (large particles) and better PAN crystal growth and orientation (small particles).  

Difference in CB’s chemistry surface could also be behind the observed 

differences in the fiber tensile properties. Fibers F and G were produced with the same 

CB loading (70 wt%) while varying CB diameter and surface functionalization. As seen in 

Table 6-3, fiber G was slightly more brittle and had higher tensile modulus and lower 

tensile strength than fiber F.  

Electrical conductivity of the various fibers also supports the hypothesis that CB 

particles are rearranged during drawing and crystal growth. Foremost, electrical 

percolation of spherical conductive particles in a nonconductive medium is reached when 

conductive particle concentration is larger than 16 %.211 However, among the as-spun 

fibers with 60 wt% CB, i.e. fibers B, C, D-1 and E-1, only Fiber B had a measurable 

electrical conductivity of 0.6 S/m. This supports that non-conductive PAN coated the 

conductive CB particles, resulting in decreased electrical percolation. Then, upon drawing 

of fibers D-1 and E-1, CB particles were rearranged and electrical conductivity first 
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increased (fibers D-2 and E-2 in Table E 2) and then decreased (fibers D-3 and E-3 in 

Table 6-3).  

An earlier report on CB-high density polyethylene composites have shown that 

percolation threshold depends on CB size and surface area, and that composite’s 

conductivity changes with temperature.212 This phenomena, named positive or negative 

temperature coefficient, has also been observed in CB-semicrystalline polymer blend 

composites near the melting temperature of any polymers, indicating its dependence on 

the mobility of the polymer as well as that of the carbon black.213 

6.4.4 CB-PAN fibers with moderate CB loading 

Fibers A with moderate 20 nm CB loading (15 wt%) and 2 wt% MWNTs had high 

spinnability and drawability. PAN crystal d-spacing of as-spun fiber A-1 was also lower 

than that of as-spun fibers D-1 and E-1, indicating larger packing density upon using CB 

of smaller diameter. This increased crystal packing density was also observed for Fiber B 

with 20 nm CB but significantly larger filler loading. Furthermore, PAN crystal size and 

orientation of fully drawn fiber A-3 was larger than that for fibers D-3 and E-3 (Table 6-3), 

which translated into significantly better mechanical properties for fiber A-3.  

SEM imaging of Fiber A-3 shows that fiber had an irregular circumference, the 

MWNT were well distributed and PAN polymer was uniformly distributed around the filler 

particles (Figure 6-1). Due to this PAN coating and due to the relatively large as-spun 

diameter, PAN crystal orientation in Fiber A-3 was 0.77. This is significantly lower than 

that reported for control PAN fiber with an orientation of 0.89. However, the two fibers 

have comparable crystal sizes (see Table 6-3 and Table 4-2). Thus, fiber A-3 still had 

significantly lower tensile properties than control PAN fiber.  
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Figure 6-1. SEM images at different magnifications of Fiber A-3. 

Similar to what was described for fibers D and E, electrical conductivity of fibers A 

also changed with draw ratio, indicating CB rearrangement during drawing and crystal 

growth. While as-spun fiber A-1 had electrical conductivity of 5×10-4 S/m, upon drawing 

the electrical conductivity increased to 13.6 S/m (fiber A-2) and then decreased to 3.6 S/m 

(fiber A-3). Electrical conductivity of drawn fibers A-2 and A-3 was significantly higher than 

that measured for drawn CB-PAN fibers with 60 wt% CB with larger CB diameter (see D-

2, D-3, E-2 and E-3). This indicates that MWNT presence was critical to reaching the 

electrical percolation network along the fiber axis. 

Electrical percolation network of fibers A-1, A-2 and A-3 was not solely made by 

MWNTs. Comparable electrical conductivity of single component nanocomposite MWNT-

PAN fiber has only been reached when carbon nanotube content is greater than 15 wt%,11 

Comparable electrical conductivity has also been observed in bi-component PAN-
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PAN/MWNT core-sheath fiber, when the sheath contained 10 wt% MWNTs in PAN.214 

Thus, CB was also part of the electrical percolation network for the fibers in the current 

study. We hypothesize that due to 𝜋𝜋- 𝜋𝜋 interactions, CB particles associated at several 

points along the MWNT length, which facilitated electron pathways along the fiber radial 

direction, while MWNT, due to their large aspect ratio, created longitudinal electron 

pathways. Interaction between CB and MWNTs was observed in the CB+MWNT 

dispersion in DMF. Prior to mixing with PAN, MWNTs in a concentration of 20 mg/dL were 

sonicated for 24 h. After this, CB was added to the MWNT/DMF dispersion and the new 

CB+MWNT/DMF dispersion with a concentration of 160m mg/dL was sonicated for 

another 24 h. The resulting MWNT+CB dispersion was stable after several days, despite 

its high concentration. In contrast, MWNT dispersion in DMF at a concentration of 20 

mg/dL and sonicated for 48 h were unstable and begun precipitating a few hours after  

sonication was stopped.  

Overall, the CB-MWNT-PAN fiber produced here has good mechanical properties 

and relatively high electrical conductivity. This has been achieved by using a relatively 

low-cost filler, carbon black. A-3 and A-2 fibers have comparable electrical conductivity to 

that obtained for intrinsically conductive polymeric fibers such as polyaniline and 

polypyrrole prior to doping, and in some cases even after doping. An extensive review on 

several conductive polymer fibers is available elsewhere,215 including state of the art 

polyaniline and polypyrrole fibers with electrical conductivity up to four order of magnitude 

larger than those of fiber A-2. However, fibers prepared here have tensile properties higher  

than those reported for polyaniline, polypyrrole with and without CNT inclusion.215,216  

6.4.5 Stabilization of CB-PAN fibers with moderate CB loading via Joule Heating 

PAN stabilization requires temperatures in the 250 to 380 °C and several reports 

are available concerning its chemistry and the changes caused in fiber’s structure.217 As 
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observed in Figure 6-2 by comparing the integrated WAXD signal of precursor fiber A-2 

and that of the same fiber after convection furnace stabilization, PAN crystallinity is lost 

during stabilization and instead a broad peak at 2𝜃𝜃 ~26° appears, which corresponds to 

the ladder structure of stabilized PAN.  

 
Figure 6-2. Integrated WAXD of precursor fiber A-2 and the same fiber after stabilization 
via convection furnace and via Joule Heating. Different Joule Heating conditions were 
studied, as listed. Power values should be normalized to the fiber bundle volume of 2.43 
mm3 to show power density.  

Figure 6-2 also shows how the structure of the precursor fiber A-2 changed 

depending on the applied power density and holding time. The gradual loss of the PAN 

structure and formation of the ladder structure at higher electric power density and holding 

times indicates an increase in the extent of stabilization. This agrees with what is expected 

from Joule Heating, by which the power of heating is directly proportional to the electric 

power. Thus, at the given conditions, enough heat was generated via Joule Heating to 

reach stabilization reaction temperature. 

PAN stabilization via Joule Heating has been previously reported for as-spun and 

low draw ratio PAN nanocomposite fibers with carbon nanotubes.11 In this earlier report, 

temperature and PAN stabilization via Joule Heating were related to absolute current, fiber 

length and voltage, as controlling parameters. However, as established by the Joule-Lenz 
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power equation law: 𝑃𝑃ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐼𝐼2𝑅𝑅 = 𝑉𝑉2 𝑅𝑅⁄ = 𝐼𝐼𝐼𝐼 = 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒, heating power (𝑃𝑃ℎ𝑒𝑒𝑒𝑒𝑒𝑒) is directly 

proportional to electric power (𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒) and thus to any two of the three parameters in 

Ohm’s law, voltage (V), current (A) and resistance (R),  V = IR. Furthermore, due to heat 

dissipation and mass of the fiber, heat accumulated in the fiber is proportional to power 

density, not proportional to electric power. Therefore, the variable to control during Joule 

Heating is electric power density, which can be adjusted by controlling current, voltage 

and fiber resistance.  

To illustrate this, fiber A-3 was also stabilized via Joule Heating (see Figure 6-3). 

In fiber A-2 Joule Heating stabilization, power was controlled via current, and in fiber A-3 

it was controlled via voltage. Due to the low resistance of fiber A-2 (13.6 S/m fiber 

conductivity and bundle length of 2.5 cm), stabilization took place by applying no more 

than 10 mA current and voltage was no greater than 120 V. For this fiber, the absolute 

applied power was 1 W, and the electric power density was 0.41 W/mm3. On the other 

hand, fiber A-3 had high resistance (3.6 S/m fiber conductivity and bundle length of 25 

cm) and stabilization took place by applying voltage as high as 1700 V and current always 

lower than 5 mA. Thus, stabilization of fiber A-3 was done at absolute power of 5.5 W and 

power density of 0.37 W/mm3. Fiber A-3 was not stabilized (Figure 6-3) when an absolute 

power of 1 W was applied, and the power density was only 0.06 W/mm3. Please note that 

no absolute value of current and voltage is reported, because during stabilization the fiber 

resistance decreases, and therefore current and voltage values were adjusted to maintain 

constant power density. This reduction in fiber resistance upon PAN stabilization has also 

been observed in PAN nanocomposite fibers containing only carbon nanotubes.11,203 
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Figure 6-3. Integrated WAXD of precursor fiber A-3 and the same fiber after stabilization 
via convection furnace and via Joule Heating.  
Different Joule Heating conditions were studied, as listed. Power values should be 
normalized to the fiber bundle volume of 15.1 mm3 to show power density.  

Mechanical properties of fibers A-2 and A-3 after convection furnace and Joule Heating 

stabilization are presented in Table 6-4. Tensile modulus, strength and elongation at break 

were virtually the same regardless of the method used for stabilization. However, fiber A-

2 stabilized via Joule Heating had a slightly larger diameter than the one stabilized using 

convection furnace. This is despite the fact that applied engineering stress was higher 

during Joule Heating than during convection furnace stabilization. On the other hand, 

diameter of fiber A-3 did not change with stabilization method and despite PAN crystal 

orientation was higher for fiber A-3 than for the fiber A-2. Differences are attributed to the 

power increase rate which is proportional to the temperature increase rate. For fiber A-2, 

final power density was reached after 15 min (Figure E 7a), while for fiber A-3, power 

density was gradually increased over 100 min. Heating rate in convection furnace has 

been previously shown to affect ratio of intra to inter-chain cross-linking during 

stabilization, and fibers stabilized at higher heating rate have lower density.187 This further 

shows how the applied power density is directly proportional to the accumulated heat and 

that Joule Heating can be used to stabilize PAN nanocomposite fibers instead of heating 

in convection furnace.  
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Table 6-4. Mechanical properties of stabilized fibers A-2 and A-3 via convection furnace 
and Joule Heating 
Precursor fiber ID A-2 A-3 
Diameter of precursor (µm) 27.7 ± 0.7 21.3 ± 0.7 

Stabilization method Convection 
furnace 

Joule 
Heating 

Convection 
furnace 

Joule 
Heating 

Absolute power during Joule 
Heating (W) NA 1 NA 5.5* 

Electric power density during 
Joule Heating (W/mm3) NA 0.41 NA 0.37 

Diameter of stabilized (µm) 29.0 ± 2.8 33.1 ± 1.7 27.4 ± 1.6 28.3 ± 2.2 
Tensile modulus (GPa) 6.4 ± 1.1 6.5 ± 0.8 7.3 ± 0.6 7.7 ± 0.6 
Tensile strength (MPa) 111 ± 21 118 ± 16 136 ± 8 188 ± 13 
Strain at break (%) 2.8 ± 0.8 2.6 ± 0.9 4.4 ± 0.4 7.7 ± 0.6 

Mechanical properties of stabilized fibers A-2 were measured at a gauge length of 5 mm, 
while for fiber A-3 the gauge length was 25 mm. 
* Power density was gradually increased over 1 h.  

Carbonization of these fibers via Joule Heating is also possible, but it was beyond 

our current capabilities. Reaching carbonization temperatures (> 1000 °C) via Joule 

Heating would require a significantly larger electric power density than that used for 

stabilization (0.4 W/mm3 to reach 250 – 380 °C). However, in our experimental set-up, we 

were constrained to the power supply voltage and current limits, and to a reasonable 

sample size. Please note that although the Keithley 2400 and PS350 power supplies had 

absolute power limits of 20 and 25 W, respectively, these values can only be achieved 

within certain voltage and current limits. Furthermore, as discussed next, carbonization 

via Joule Heating will also require a multi-stage, preferably continuous, system. Our 

results indicate that stabilized CB-PAN fiber breaks at current area-densities higher than 

5 mA/mm2. Thus, in order to achieve higher power densities, higher voltages are required 

(𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐼𝐼𝐼𝐼). However, voltage decreases and current increases at constant power due 

to the resistance decrease. Consequently, at constant power density, the current area-
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density limit will be achieved unless the fiber bundle length is increased to counter the 

resistance’s reduction.  

6.4.6 Carbon fibers from CB-PAN precursor with moderate CB loading 

Convection furnace-stabilized PAN nanocomposite fibers with 15 wt% CB and 2 

wt% MWNTs were carbonized via convection furnace. Mechanical properties and 

structural parameters of carbon fibers obtained from precursor fibers A-2 and A-3 are 

listed in Table 6-5. This nanocomposite carbon fibers had significantly lower tensile 

modulus and strength than a typical control PAN-based carbon fiber produced under 

similar conditions.89 The lower tensile strength can be explained by the large diameter of 

carbon fibers A-2 and A-3, which in turn suggest the presence of defects. Low tensile 

strength is also possible in nanocomposites when filler-matrix interactions are low and the 

unbound filler acts as a defect in the matrix.32 SEM imaging of the fiber partially supports 

failure at the CB-carbon fiber interphase (see holes at the carbon fiber fraction  in Figure 

6-4).  However, further characterization is required to distinguish if the observed structures 

are formed during fracture or correspond to high porosity in the carbon fiber itself. High 

porosity could be generated during carbonization if the stabilized PAN covering the CB 

particles were to decompose without carbon yield.  

Interestingly, the carbon fiber obtained from A-2 had lower tensile modulus than 

the control carbon fiber even though the nanocomposite carbon fiber had graphite layers 

with fewer defects, as quantified by the Raman ID/IG ratio. The difference in the tensile 

modulus was caused by the effect of CB on the graphite ordering. Hermann’s orientation 

factor values of carbon fibers derived from A-2 and A-3 were 0.57 and 0.60, while for the 

control carbon fiber a significantly higher orientation value of 0.81 was obtained.  

To the best of our knowledge, this is the first study on the effect of moderate 

amount of carbon black in PAN-derived carbon fibers. Pitch-derived carbon fiber with 0.3 
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wt% CB in the precursor had been reported. 218 At this low CB loading, no effect on the 

axial orientation was observed, while the radial orientation of the graphitic pleats was 

found to be affected.218  

Table 6-5. Mechanical properties and structural parameters of carbon fibers produced via 
convection heating from precursor CB-PAN fibers A-2 and A-3 and a control carbon fiber. 
Precursor fiber ID Control carbon fiber89 A-2 A-3 
Draw ratio of precursor fiber 14.5× 14.5× 26.4× 
Diameter (µm) 8.2 ± 0.2 22.1 ± 1.4 19.4 ± 1.1 
Tensile modulus (GPa) 288 ± 9 58.5 ± 8.2 70.8 ± 8.2 
Tensile strength (MPa) 2080 ± 290 740 ± 151 684 ± 100 
Strain at break (%) 0.79 ± 0.10 1.1 ± 0.3 1.1 ± 0.1 

f(002) 
a  0.81 0.57 0.60 

L(002) (nm) b  1.8 1.6 1.6 

L(10) (nm) b 2.0 2.8 2.8 

ID/IG 2.5 1.1 NM 
Notes: NM: not measured. a 2nd order Hermann’s orientation factor calculated from 
azimuthal scans of the (002) graphite peak. b Crystal size of (002) and (10) planes from 
2𝜃𝜃 ~26° and ~43°, respectively, according to Scherrer’s equation with k = 0.9.  

The carbon fibers produced here are estimated to contain 24 wt% carbon black 

and 3 wt% MWNTs. This should translate into a significant reduction in the cost of the 

carbon fiber, as about 50 % of the carbon fiber cost is due to PAN polymer.198–200 This 

carbon fiber can find applications based on it mechanical properties and cost factors. 

Furthermore, changing the carbon black size, functionalization, and fiber diameter, among 

other processing conditions, would allow for further improvements in mechanical 

properties.  
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Figure 6-4. SEM images at different magnifications of carbon fiber produced via 
convection furnace from precursor fiber A-3. Stabilization of fiber A-3 was also done via 
convection furnace.  

6.5 Conclusions  

PAN nanocomposite fibers with 60 and 70 wt% carbon black (CB) were produced 

by dry-jet wet-spinning while using CB of different particle sizes, and also with 15 wt% CB 

and 2 wt% MWNTs. CB addition to PAN solution caused a reduction in the viscosity of the 

spinning dispersion Therefore solid content had to be increased in order to allow for fiber 

formation. Spinning solution homogeneity, spinnability and fiber drawability were observed 
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to be highest when larger CB particles (240 – 280 nm diameter) were used. These fibers 

exhibited good tensile properties. However, PAN crystal packing density and crystal size 

and fiber electrical conductivity were higher when small CB particles were used (20 – 70 

nm diameter). These results were explained in terms of how the CB particles are 

rearranged during drawing and crystal growth. 

PAN nanocomposite fibers with moderate CB loading (15 wt%) and 2 wt% MWNTs 

had tensile properties similar to those of the control PAN fiber and were electrically 

conductive. Electrical percolation network was achieved by the synergy of carbon black 

and carbon nanotubes. These PAN nanocomposite fibers were stabilized via Joule 

Heating, as well as by convection heating in a furnace. Joule Heating phenomena was 

accurately described, and it is concluded that a power density of > 0.41 W/mm3 is required 

to achieve PAN stabilization. Discussion is presented for achieving carbonization via Joule 

Heating and its operational space. For the fibers here produced, the current area-density 

needs to be lower than 5 mA/mm2 to avoid fiber breakage.  

Nanocomposite carbon fibers with 24 wt% carbon black and 3 wt% MWNTs were 

produced via convection furnace stabilization and carbonization. These fibers had 

significantly lower mechanical properties than the state of the art PAN-derived carbon 

fibers produced under similar conditions.  
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CHAPTER 7: CONCLUSIONS 

 

Flexible, non-conjugated polymers can adsorb onto CNTs of specific diameters 

and create partially and fully ordered structures sustained via non-specific CH- 𝜋𝜋 and van 

der Waals interactions. We propose that this specific, ordered adsorption is a 

consequence of the random polymer conformations stabilized by the CNT surface, and 

that it depends on the rotational statistics of the polymer.  

Non-covalent polymer wrapping of carbon nanotubes, and specifically of single 

wall carbon nanotubes (SWNTs) can be used to improve the nanoparticle dispersion and 

dispersion stability in different solvents. The polymer wrapping behavior is maintained 

after doing select solvent exchange, and these non-covalently functionalized carbon 

nanotubes can be used in polymer nanocomposites.   

When poly(acrylonitrile) (PAN) nanocomposite fibers are produced via dry-jet wet-

spinning with PMMA-wrapped-SWNTs, the PMMA wrapping remains after fiber 

processing, and thus  becomes part of the filler-matrix interphase. Polymer wrapping 

affects filler-matrix interactions in  the polymer nanocomposite. These filler-matrix 

interactions can be further tuned by changing the molecular weight of the polymer used 

for SWNT wrapping.  PAN reinforced with polymer wrapped SWNTs can be produced with 

good mechanical properties  and modest electrical  conductivity.   

PAN nanocomposite fibers with PMMA-wrapped-SWNTs can be used to obtained 

carbon nanotube/carbon (CNT/C) fiber composites. Even though PMMA does not have 

carbon yield, CNT/C fiber showed filler-matrix interaction and SWNT presence increases 

the axial orientation of the graphitic planes in the carbon fiber.  
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Carbon black, a cost-effective carbon nanofiller, can also be used to produce 

mechanically strong and electrically conductive PAN nanocomposite fibers, particularly 

when used in conjunction with relatively small quantities of carbon nanotubes. However, 

CB inclusion significantly reduces polymer orientation.  

Electrically conductive PAN nanocomposite fibers can be stabilized by Joule 

Heating. PAN nanocomposite fibers stabilized via Joule heating have comparable 

mechanical properties to  fibers stabilized via conventional convection heating. Boundary 

conditions required to stabilize electrically conductive PAN nanocomposite fibers by Joule 

heating have been determined.   

The knowledge  acquired in this study was used to obtain the following 

technological products:  

- PAN nanocomposite fibers containing  15 wt% single wall carbon nanotubes 

(SWNTs) with a tensile modulus of 32.1 GPa, tensile strength of 830 MPa, and 

axial electrical conductivity of 2.2 S/m. 

- PAN nanocomposite fibers with 15 wt% carbon black (CB) and 2 wt% multiwall 

carbon nanotubes (MWNTs), with a tensile modulus of 15.7 GPa, tensile 

strength of 686 MPa, and axial electrical conductivity of 3.6 S/m.  

- Carbon nanotube/carbon (CNT/C) nanocomposite fibers with up to 25 wt% 

SWNTs, with a tensile modulus of 324 GPa, and a tensile strength of 1.25 GPa. 

- Carbon/carbon (C/C) nanocomposite fibers with  24 wt% CB and 3 wt% 

MWNTs, with a tensile modulus of 70.8 GPa, and tensile strength of 0.68 GPa.  

For comparison, control  PAN fiber, obtained under somewhat similar conditions 

to the nanocomposite PAN fibers reported here , has a tensile modulus of 19.2 GPa, 

tensile strength of 896 MPa, and axial electrical conductivity of about 3 x 10-16 S/m. PAN-
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derived carbon fiber, obtained under similar conditions to the nanocomposite carbon 

fibers, has a tensile modulus of 288 GPa and tensile strength of 2.08 GPa.  
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CHAPTER 8: RECOMMENDATIONS 

 

Experimentally observed CNT diameter-dependent PMA and PMMA adsorption 

and PMMA ordered helical wrapping, and the molecular dynamics-predicted PMA folding 

studies, open a vast materials-design space that should be studied. In previous studies, 

conjugated, semi-rigid or rigid polymers chains have been almost exclusively evaluated 

for the wrapping and encapsulation of CNTs. Prior experimental observation of PMMA 

wrapping onto SWNTs by Davijani and Kumar, it was believed that flexible polymer chains 

will adsorb without specific order. Now we know that ordered wrapping of flexible polymers 

is possible, given the right solvent system, CNT diameter, and the polymer tacticity. Full 

understanding and exploitation of this phenomena should heavily rely on molecular 

dynamic simulations (MDS), to reduce experimental time and cost while surveying the 

experimental space. MDS studies will require  careful selection of the force field and that 

of the interface force field parameters. This will allow the accurate representation of the 

electronic structure of the surveyed substances and their interactions.  

Co-solvent assisted dispersion of carbon nanotubes, as explored in Appendix F, 

could improve filler dispersion and reinforcement efficiency in nanocomposite polymers 

without the need to do filler covalent functionalization or the non-covalent polymer 

wrapping. This strategy should be further investigated. Hansen Solubility Parameters 

(HSP) and surface energies could be used to predict and select other possible co-

solvents. However, as new nanofillers are studied, with various surface functionalities (e.g. 

carbon black), measurement of appropriate HSP and surface energy parameters will be 

required.  
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Electrically conducting and mechanical strong PAN nanocomposite fibers 

produced here via continuous spinning are a new class of material to be added to the 

Ashby charts. However, during material selection, depending on the specific application, 

many other material characteristics and properties, not studied here, are also needed.  

Examples of these include, cost, performance during compression, bending, in humid vs 

dry conditions, and so on. Therefore, further characterization of the fibers reported here  

is required, so these fibers can be considered for relevant product design. Furthermore, 

the properties reported here  (i.e. tensile strength, modulus, elongation at break and axial 

electrical conductivity) can be further improved by further process optimization.   

There are large number of reports in the literature on processing, structure and 

properties of polyacrylonitrile nanocomposite fibers and PAN-derived carbon fibers. 

Experimental space is vast, and  more laboratory experimentation and characterization 

are required. However, a simultaneous effort is needed for compiling the information that 

has already been generated. Data mining and data analytics should be used to 

consolidate the worldwide results reported over the years,  and to create models that can 

support future material design. Specifically, for the carbon nano fillers for polymer 

composites, the following factors need to be evaluated: aspect ratio, the type of 

functionalization and its effect on  filler dispersion and filler-matrix interaction,  and different 

processing methods.  

Carbonization of electrically conductive stabilized PAN nanocomposite fibers via 

Joule Heating is possible but has yet to be experimentally done. Although many carbon-

systems have been used to reach high temperatures via electric power, carbonization by 

Joule heating for the axially oriented stabilized PAN nanocomposite fibers will require a 

sophisticated set-up, to achieve high mechanical properties.  This is particularly true, given 

that the fiber resistance will continuously decrease with increasing temperature, and that 
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the effect of electron flow and the electric field on the PAN stabilization mechanism is yet 

to be analyzed. Further progress of this technology will require specific funding and a 

multi-disciplinary team.  

 Crosslinking of filler, before, during, and after fiber spinning should be studied. 

Consider for example the PAN-CB system, in which a CB network could provide additional 

elastic behavior and improve processability. PAN-derived carbon fiber with CB or CNTs, 

with filler-filler and filler-matrix bridging should have greatly enhanced tensile properties. 

Many CNT-CNT bridging techniques are already reported in the literature and can be 

evaluated for the nanocomposite systems described here. 
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Appendix A - Chapter 2 

A.1  Additional tables for chapter 2 

Table A 1.Dispersion, dipole-dipole and hydrogen bonding contributions of the Hansen 
Solubility Parameters (HSP) for the various CNTs, polymers and solvents used.  
Component 𝛿𝛿𝑑𝑑 𝛿𝛿𝑝𝑝 𝛿𝛿ℎ 
SWNT* 19.5 6.5 4.5 
DWNT* 19.4 7.4 5.3 
MWNT* 19.5 6.7 5.5 
PMMA 18.6 10.5 5.1 
PMA** 17.3 5.4 7.3 
DMF 17.4 16.7 11.3 
DMSO 18.4 16.4 10.2 
Acetone 15.5 10.4 7 
Nitromethane 15.8 18.8 5.1 
NMP 18 12.3 7.2 
Decalin 18 0 0 
1,4-dioxane 17.5 1.8 9 
MEK 16 9 5.1 
Ethyl acetate 15.8 5.3 7.2 
Toluene 18 1.4 2 
THF 16.8 5.7 8 

Unless otherwise noted, all data was taken from.219 *HSP of CNTs were taken from.124 
**HSP of PMA were averaged from the reported values by220,221 

Pair interaction distances (Ra) were calculated as per: 

𝑅𝑅𝑎𝑎2 = 4�𝛿𝛿𝑑𝑑,1 − 𝛿𝛿𝑑𝑑,2�
2

+ �𝛿𝛿𝑝𝑝,1 − 𝛿𝛿𝑝𝑝,2�
2

+ �𝛿𝛿ℎ,1 − 𝛿𝛿ℎ,2�
2 
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Table A 2. Surface free energy (total, dispersive and polar contributions) of the various 
carbon nanotubes, polymers and solvents used.  

Component 
Surface free 
energy at 20 °C 
𝛾𝛾 (mN/m) 

𝛾𝛾d at 20 °C 
(mN/m) 

𝛾𝛾p at 20°C 
(mN/m) 

SWNT* 52.8222   
FWNT** 50   
MWNT 42.2223 35.2 ± 0.2 7.0 ± 0.3 
PMMA 41.1 29.6 11.5 
PMA 42.7224   
DMF 36.5225 25.2 11.3 
DMSO 44225 36 8 
Acetone 23.3225 16.5 6.8 
Nitromethane 36.5226 22 14.5 
NMP 40.8225 29.2 11.6 
Decalin 32.2227 32.2 0 
1,4-dioxane 33   
Ethyl Acetate 23.9 23.9 0 
Toluene 28.4   
MEK 24.6   
THF 27.4   

* Reported surface free energy for SWNT was measured by AFM222 and as such there is 
no report of the dispersive and polar contributions.  
*Assumed to be 50 mN/m based on the expected changed of surface energy with fiber 
diameter123 and the measured values for SWNTs (52.8 mN/m) and MWNTs (42.2 mN/m).   
Unless otherwise noted, solvent data was obtained from.228 

Pair surface tension values were calculated by the Fowkes equation229 that 

assumes a small contribution of the polar component, which should be the case of pristine 

CNTs: 𝛾𝛾12 = 𝛾𝛾1 + 𝛾𝛾2 − 2�(𝛾𝛾1𝛾𝛾2) 

A.2   Evaluation of the PMMA and PMA adsorption onto CNTs by analysis of the 
spreading coefficients 

The tendency towards phase separation of any two phases by encapsulation of 

one of them by a third one can be estimated by comparing the values of spreading 

coefficients (𝜆𝜆).230,231 The spreading coefficient is calculated according to, 𝜆𝜆ijk=𝛾𝛾ik-𝛾𝛾ij+𝛾𝛾jk, 
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in which each pair 𝛾𝛾12=𝛾𝛾21 is the surface tension between any two components, and 𝜆𝜆ijk>0 

translates to spreading of phase j and separation of phase i from k, with phase j at the 

interphase. We performed such analysis for the polymer/CNT/solvent systems studied 

here and found that in most of the cases the differences in spreading coefficient supported 

encapsulation of the CNT by the polymer. This analysis is however does not fully represent 

the ternary system created upon ordered wrapping of the CNT by the polymer. A complete 

analysis of the surface tension between the three components is not possible because the 

polymer surface energy strongly depends on molecule conformation. On the other hand, 

the reported tension between solvent and CNT, is accurate because it refers to the initial 

thermodynamic state of solvent wettability of the SWNTs.  

A.3   Is the PMMA ordered structure inside or outside the SWNTs? 

Molecular dynamic simulations of perfluorooctanesulfonate (PFOS),232 a small 

(500 g/mol) organic molecule, have shown that attractive interaction between PFOS and 

SWNTs increase with tube diameter when the organic molecule is adsorbed at the 

surface, similar to the results obtained for polymers adsorbed onto CNTs.50,114 However, 

the authors showed that attractive interactions can be significantly stronger when the 

PFOS is placed inside the SWNT and that there is a CNT diameter at which the 

interactions are strongest.232 This result supports CNT diameter-specific binding of organic 

molecules while inside the CNT. Dahal and Dormidontova233 simulated poly(ethylene 

oxide) (PEO) with SWNTs while in water, and showed that the polymer spontaneously 

moves inside the SWNT, and that, stabilized by water molecules inside the CNT, can 

acquire ordered helix conformations in a narrow CNT diameter range.  

These results232,233 are strong evidence for CNT-specific ordered adsorption of the 

PMMA inside the SWNTs and stabilized by the solvent presence, rather than the CNT-

curvature. However, several considerations contradict the inside-the-CNT mechanism. 
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Foremost, helical structure has been observed after solvent removal and vacuum drying 

of SWNT buckypapers. This indicates that although solvent presence is required to 

achieve the helical conformation, said conformation can remain after solvent removal. 

Secondly, it is reasonable to assume that diffusion of the polymer chain inside the CNT is 

energetically less favorable than adsorption at the CNT surface and would have a stronger 

dependence with the polymer molecular weight. Experimental results indicate that the 

amount of PMMA adsorb to the SWNTs does not depend on the molecular weight of the 

PMMA.34,47 Finally, earlier reports of the wetting of carbon nanotubes with glycerol, 

polyethyleneglycol and water indicate that internal wetting is more probably with water 

than with the organic solvents studied.234 
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Appendix B – Chapter 3 

B.1 Calculation of SWNT strain and SWNT-PAN Interfacial Shear Strength (IFSS) 

Single filaments of the nanocomposite fibers were fixed in a straining stage while 

maintaining an initial gauge length of 1 inch. No pre-strain was applied to the fiber. Fibers 

fixed to the stage with some pre-strain were subjected to negative strain (gauge length 

was reduced) to ensure that the fiber was without straining before data collection. Raman 

data for the G’ band (~ 2570 – 2590 cm-1) were collected after subsequent step-wise 50 

µm strain until reaching 5% strain. Upon straining of the fiber, G’ band shifted to lower cm-

1 values, as shown in Figure S 3, in which PAN/PMMA-SWNT fiber (1 wt.% SWNT and 

PMMA wrapping with 350,000 g/mol) was subjected to 3 % strain. Shift of the Raman 

peaks has been previously related to the strain of SWNTs strain168 (𝜀𝜀𝑖𝑖) and, then with it, 

to the interfacial shear strength (IFSS).67   

 
Figure B 1. G’ peak of 1 wt.% SWNT wrapped with PMMA of 350,000 g/mol (PAN/PMMA-
SWNT) before and after fiber straining.  

SWNT strain (𝜀𝜀𝑖𝑖) was estimated assuming a G’ shift rate of -37.3 cm-1/%.168 IFSS 

was calculated assuming a modified shear-lag equation:235 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
𝑛𝑛𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶𝜀𝜀𝑖𝑖

2
tanh(𝑛𝑛𝑛𝑛),                    𝑛𝑛2 =

2𝐺𝐺
ln(𝑅𝑅/𝑟𝑟)𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶
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Where 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶 is the SWNT modulus (760 GPa), G is the PAN shear modulus 

(assumed to be 1.5 GPa, from typical values measured for other high-modulus polymer 

fibers),236 s is the ratio of SWNT length (500 nm) to SWNT radius (r = ~0.5 nm) and R is 

the distance between nanotubes assuming they are completely individualized and 

equidistant in a hexagonal arrangement (8 nm for 1 wt. % SWNT).  

B.2 Calculation of number of PMMA molecules required to coat SWNTs 

Davijani & Kumar47 estimated that the ordered PMMA helix giving rise to the 2𝜃𝜃 

~10.6° peak should have a pitch of about 0.83 nm, a diameter of 1.6 nm and be composed 

by ca. 21 PMMA repetitive units. This data can be used to estimate the number of 

monomers required to cover any given length of SWNTs, and given a polymer molecular 

weight, the number of molecules that will be attached to the SWNT surface. 

This data can also be used to estimate the length of SWNTs that is covered after 

the wrapping procedure used here and initially reported in47 and by assuming a SWNT 

density of 1.552 g/cm3, diameter of 1 nm and length of 500 nm, PMMA density of 1.18 

g/cm3, and the helix geometry described before. After 24 h sonication of solutions of 5 mg 

SWNT + 5 mg PMMA in 100 ml DMF, the produced buckypapers by vacuum filtration are 

37 wt.% PMMA. This polymer mass content corresponds to a helix cover of a single 

polymer molecule thick and about 85 nm long. Hence, product of this procedure 17% of 

the SWNT length is covered. The reason for this low surface cover, and its dependence 

or not to SWNT chirality and polymer tacticity should be further investigated. It is possible 

that only some of the nanotubes present in the SWNT sample are being wrapped. 

Diameter-selective polymer wrapping has been extensively documented and is believed 

to be caused by the competitive process of carbon nanotube re-bundling and polymer 

adsorption.114 



138 
 

B.3 Effect of polymer molecular weight in the mechanical properties of composites 
with polymer-grafted carbon nanotubes  

Regarding the effect of the molecular weight of the polymer used for CNT wrapping 

on  the mechanical properties of CNT/polymer nanocomposites, available literature is on 

covalent modification of the CNTs i.e. polymer-grafted carbon nanofillers.237,238 It has been 

found that increasing molecular weight of the grafted polymer can decrease mechanical 

properties of the nanocomposite because of steric hindrance,239 similar to what is 

observed in the mixing of branched polymer chains. The lower filler-matrix interaction 

described in this contribution upon increasing the molecular weight of the PMMA wrapping 

the SWNTs is not the same phenomenon. PMMA wrapping happens along the SWNT 

axis, and ‘branches’ or dangling PMMA groups are chain ends (discontinuities of the helix). 

Increasing the PMMA molecular weight increases the order of the helix, reduces the 

number of molecules required to wrap the SWNTs and the number of chain ends present 

i.e. chances of steric hindrance caused by dangling chain ends are reduced with larger 

molecular weight PMMA. 

B.4 Analysis of pair interactions of the ternary system PAN-PMMA-SWNT 

For the samples here prepared, it could be expected that the interface interactions 

will be dominated by the ternary system PAN-PMMA-SWNT, with SWNT-PMMA, SWNT-

PAN interactions, as well as PAN-PMMA ones. Considering SWNT-polymer pairs, SWNT 

interactions with PAN and PMMA can be predicted by calculation of wetting parameters 

i.e. spreading coefficient, wetting tension and interfacial energy.240 Wettability calculations 

are summarized in Table B 1 and suggest that SWNT-PMMA interactions are slightly more 

favorable than PAN-SWNT ones. This trend is also supported by molecular dynamic 

simulations of SWNTs in DMF with PAN and PMMA oligomers.46 Interestingly, in that 

same report, it was predicted that polymer-SWNT interactions are lowest (within the 

studied cases) when PAN and PMMA were blended.  
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Regarding the PAN-PMMA interactions, PAN and PMMA are immiscible polymers, 

both with donor functionalities and their solubility depends on the molecular weight of the 

polymer chains, with increasing solubility (entropic interactions) upon reducing the mass 

of the molecules. Early reports indicate that the tensile modulus of immiscible polymer 

blends does not depend on their miscibility, but rather on the modulus of the components 

and their composition;241 however, such conclusion was reached by blending different 

polymers and not as a function of molecular weight and molecular weight-induced 

immiscibility.  

Finally, we must also stress that the described analysis of interface interactions do 

not fully convey the conditions of the here produced solid-state fibers, e.g. polymer 

crystallinity, packing and orientation, ordering of the helix structure and so on, which are 

expected to also affect the interphase properties.  

Table B 1. Wettability parameters of polyacrylonitrile (PAN) and poly(methyl methacrylate) 
(PMMA) with carbon nanotubes (CNT).  

Parameter PMMA/CNT PAN/CNT 
𝛾𝛾𝑠𝑠𝑠𝑠 (mJ/m2) 0.8 4.4 
s (mJ/m2) -6.8 -19.6 
Δ𝐹𝐹 (mJ/m2) 36.0 32.4 

 

𝛾𝛾𝑠𝑠𝑠𝑠 is interfacial energy, s is spreading parameter and Δ𝐹𝐹 is wetting tension. 

Calculated according to the Lifshitz-van der Waals approximation.240 Equation and used 

parameters are as follows.  

𝛾𝛾𝑠𝑠𝑠𝑠 = 𝛾𝛾𝑠𝑠𝐿𝐿𝐿𝐿 + 𝛾𝛾𝑙𝑙𝐿𝐿𝐿𝐿

+ 2 �(𝛾𝛾𝑠𝑠+𝛾𝛾𝑠𝑠−)0.5 + (𝛾𝛾𝑙𝑙+𝛾𝛾𝑙𝑙−)0.5 − �𝛾𝛾𝑠𝑠𝐿𝐿𝐿𝐿𝛾𝛾𝑙𝑙𝐿𝐿𝐿𝐿�
0.5 − (𝛾𝛾𝑠𝑠+𝛾𝛾𝑙𝑙−)0.5 − (𝛾𝛾𝑠𝑠−𝛾𝛾𝑙𝑙+)0.5� ;           

  𝑠𝑠 = 𝛾𝛾𝑠𝑠 − (𝛾𝛾𝑙𝑙 + 𝛾𝛾𝑠𝑠𝑠𝑠);           Δ𝐹𝐹 = 𝛾𝛾𝑠𝑠 − 𝛾𝛾𝑠𝑠𝑠𝑠 
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Table B 2. Lifshitz-van der Waals parameters used for calculation of wettability parameters 
in Table B 1.  

Parameter CNT242 PMMA243 PAN244 
𝛾𝛾 (mJ/m2) 36.8 42.8 52.0 
𝛾𝛾𝐿𝐿𝐿𝐿 (mJ/m2) 35.9 40.0 40.0 
𝛾𝛾+ (mJ/m2) 0.2 0.4 1.2 
𝛾𝛾− (mJ/m2) 1.4 6.8 18.0 
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B.5 Additional tables for chapter 3 

 

Table B 3. Experimental conditions used during processing of fibers with 5 wt. % SWNT 
when varying molecular weight of the PMMA wrapping. 

 PAN-b PAN/15k.PMM
A-SWNT 

PAN/350k.PM
MA-SWNT 

PAN molecular weight 
[polyacrylonitrile-co-methacrylic 
acid] 

500,000 g/mol 

Target SWNT content (wt.%) in the 
nanocomposite fiber 0 5 5 

MW of PMMA used during wrapping - 15,000 g/mol 350,000 g/mol 
TGA measured concentration of 
polymer dispersion before spinning 
(g of solids per dl of solvent) 

10.5 9.4 9.9 

Spinneret temperature 70 °C 50-60 °C 
Coagulation bath temperature - 40 °C -30 °C to -10 °C 
Hot drawing bath temperature 165 °C 175 °C 

Drawing  
[TDR = SDR × CDR × HDR] 

24 = 3 × 1.5 
× 5.3 

19.5 = 3 × 1.3 
× 5 

27 = 3 × 1.5 
× 6 

18 = 3 × 1.5 
× 4 

TDR: total draw ratio is calculated as a product of the spinning draw ratio (SDR), cold draw 
ratio (CDR) and hot draw ratio (HDR). 
Produced fibers are control fiber (PAN-b), and 5 wt.% SWNT composite fibers with SWNT 
wrapped with 15,000 g/mol PMMA (PAN/15k.PMMA-SWNT) and 350,000 g/mol PMMA 
(PAN/350kPMMA-SWNT). 
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B.6 Additional figures for chapter 3 

 

 

Figure B 2. SWNT chiralities detected from fitting of the RBM Raman Shift observed under 
785 nm excitation laser.  
Side table presents the same information, along with the expected carbon nanotube 
diameter values.  
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Figure B 3. Complex viscosity and tan 𝛿𝛿 at room temperature and optical images of the 
polymer solutions used to spin the fibers listed in Table 3-1. 
. 
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Figure B 4. Integrated WAXD of as-spun and drawn fibers with 5 wt. % SWNTs, (a) 
PAN/15k.PMMA-SWNT and (b) PAN/350k.PMMA-SWNT. 
 
 
 

 
Figure B 5. SEM images of cross-sections of as-spun fibers PAN/15k.PMMA-SWNT (a 
and b) and PAN/350k.PMMA-SWNT (c and d).  
Indicated areas (a1, b1, c1 and d1) are magnified in Figure S 6. 
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Figure B 6. Fibril-like structures observed at the cross-sections of the as-spun fibers with 
5 wt.% SWNT when varying the PMMA molecular weight of the wrapping from 15,000 
g/mol (a1 and b1) to 350,000 g/mol (c1 and d1).  
Images a1, b1, c1 and d1 were obtained from the indicated areas in Figure S5.  
 
 

 
Figure B 7. tan 𝛿𝛿 as a function of temperature for PAN and 5 wt.% SWNT PAN 
nanocomposite fibers.  
PMMA molecular weight wrapping the SWNTs is 15,000 g/mol and 350,000 g/mol in fibers 
PAN/15k.PMMA-SWNT and PAN/350k.PMMA-SWNT, respectively. 
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Appendix C – Chapter 4 

C.1 Removal of free PMMA from PMMA/SWNT dispersions in DMF  

Upon mixing the sonicated PMMA/SWNT/DMF dispersion with distilled water and 

ethyl acetate, the solution underwent phase separation: a heavy and a light phase. The 

heavy phase was clear, while the light phase further separated into a clear supernatant 

and a precipitate. The light phase precipitate contained the SWNTs at an estimated solid 

content of about 200 mg SWNT per dl of ethyl acetate. Determination of composition of 

each phase by fraction evaporation and the distribution of free PMMA and PMMA-

wrapped-SWNTs by producing films from the supernatant by vacuum evaporation are 

described next.  

At atmospheric pressure, the heavy phase showed three distinct boiling points, 

thus three different components. First boiling point was reached in the range 70 - 80 °C, 

corresponding to that of ethyl acetate. By keeping the temperature constant at the first 

boiling point 10% of the total volume was evaporated. The second boiling point was 

achieved by further increasing the temperature to about ~105 °C (boiling point of water). 

Boiling continued at this temperature until less than 30% of the initial total volume of the 

heavy phase remained. This remaining solvent had a boiling point close to 150 °C, which 

corresponds to that of DMF. No black residue was left after evaporating the totality of the 

heavy phase, demonstrating that SWNTs were exchanged to the light phase.  

The light phase supernatant boiled completely at about 75 °C, demonstrating that 

it was mainly composed of ethyl acetate. Two SWNT films were prepared by mild vacuum 

evaporation at ~30°C. One film was produced by evaporating the whole light phase 

(supernatant and precipitate). The second film was produced by first removing the 

precipitate while still in the separation funnel, then mixing it with fresh ethyl acetate, and 

promoting phase separation by centrifugation until a new precipitate and supernatant were 
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formed. Washing process in ethyl acetate was repeated twice, after which the precipitate 

was left to evaporate/dry in vacuum at ~30 °C.  

Composition and structure of the two SWNT films were studied by TGA and 

WAXD. The film produced from the totality of the light phase had an overall PMMA content 

of about 45 wt%, while the film produced from the light phase precipitate was ca. 25 wt% 

PMMA. Indicating thus that part of the PMMA remains in the supernatant, while other 

another part of it is still adsorbed onto the SWNTs.  

 
Figure C 1. Integrated WAXD of SWNT films produced by vacuum evaporation of the light 
phase precipitate and of the whole light phase (supernatant & precipitate). 
Pure PMMA film and SWNT film are also included. Dotted line shows the ~10.8° 2𝜃𝜃 
position that corresponds to the helical wrapping of PMMA onto SWNTs.  

Structure difference between the PMMA that remains in solution and the one that 

continued adsorbed to the SWNT was determined by WAXD. Figure C 1 shows that the 

film produce from the supernatant precipitate had a prominent peak at about 10.8° 2𝜃𝜃, 

which corresponds to the ordered PMMA helical wrap onto SWNTs.47 On the other hand, 

in the film that also contains the supernatant, the 10.8° peak is dwarfed by that coming 

from the amorphous PMMA. Thus, it can be concluded that the described procedure 

allows for an increase in the solid content of PMMA-wrapped-SWNTs and the removal of 

unwrapped (excess) PMMA.  
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C.2 Solvent recovery 

Ethyl acetate and DMF were recovered from the heavy phase and the light phase 

supernatant by simple distillation in vacuum, considering the boiling point difference of 

each solvent. Temperature was set to 50 °C and vacuum pressure was adjusted according 

to the solvent being and their respective boiling point at vacuum condition, i.e.  350, 110 

and 15 mbar for ethyl acetate, water and DMF, respectively.245 In order to reduce chances 

of co-evaporation and increase the purity of the distilled solvent after simple distillation, 

each distillation point was set to 100 mbar greater than that of the individual component. 

Solvents were distilled a second time, following the same protocol just described, to 

ensure solvent purity before further use.  

C.3 Estimation of the SWNT bundle size from measured tensile modulus and 
modified rule of mixture 

Measured tensile modulus of the composite (𝐸𝐸𝑐𝑐) can be related to the tensile 

modulus of the filler (𝐸𝐸𝑓𝑓) and the matrix (𝐸𝐸𝑚𝑚) by considering the volume fraction of the filler 

(𝑉𝑉𝑓𝑓) as in:  

𝐸𝐸𝑐𝑐 = 𝑉𝑉𝑓𝑓𝐸𝐸𝑓𝑓 + �1 − 𝑉𝑉𝑓𝑓�𝐸𝐸𝑚𝑚 

In turn, the effective tensile modulus of the filler depends on the filler orientation 

〈𝜃𝜃〉, shear modulus (𝐺𝐺12), longitudinal modulus (𝐸𝐸1), transverse modulus (𝐸𝐸2) and the 

Poisson’s ratio (𝑣𝑣12), as detailed by other authors39:  

𝐸𝐸𝑓𝑓 =
1
𝐸𝐸2

+ �
1
𝐺𝐺12

−
2𝑣𝑣12
𝐸𝐸1

−
2
𝐸𝐸2
� 〈cos2 𝜃𝜃〉 + �

1
𝐸𝐸1

+
1
𝐸𝐸2

−
1
𝐺𝐺12

+
2𝑣𝑣12
𝐸𝐸1

� 〈cos4 𝜃𝜃〉 

Here we assumed 𝐸𝐸1 = 750 GPa, 𝐸𝐸2 = 15 GPa (from elsewhere246),  𝑣𝑣12 = 0.17 

(from246), 〈𝜃𝜃〉 = cos−1(�(2𝑓𝑓𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 1)
3�  with 𝑓𝑓𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 the experimentally measured 2nd order 

Herman’s orientation factor. Shear modulus (𝐺𝐺12) of SWNT bundles of various diameter 
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has been previously measured.40 We used the reported data40 to create the empirical 

relationship 𝐺𝐺12 = 15.11 𝐷𝐷𝐵𝐵−0.80 by fitting a power-law equation within the limiting values 

for 𝐺𝐺12 of 19.5 GPa for individual SWNT and 0.7 GPa for a bundle of 20 nm.40  

Thus, SWNT bundle size was estimated by simultaneous solution of the previous 

equations, determining the value of 𝐷𝐷𝐵𝐵 at which the tensile modulus calculated by the rule 

of mixture equals that experimentally measured for the nanocomposite fibers.  
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C.4 Additional tables for Chapter 4 

Table C 1. Complex viscosity, damping factor, G’ and G’’ scaling factors, and stretch ratio 
at spinning for the prepared spinning solutions. 

spinning 
solutions 
(ss) 

Complex 
viscosity  
(Pa s) 

tan 𝛿𝛿 
value of  x 
(G’ ~ 𝜔𝜔𝑥𝑥) 

value of y 
(G’’ ~ 𝜔𝜔𝑦𝑦) 

log G’ vs 
log G’’ 
slope 

Stretch 
ratio at 
spinning 

PAN 50 3.33 1.11 0.77 1.44 3× 
1wt% 87 2.42 0.95 0.71 1.33 3× 
5wt%-A 89 0.7 0.38 0.53 0.71 3× 
5wt%-B 203 0.95 0.50 0.49 1.02 3× 
15wt% 1471 0.28 0.14 0.21 0.66 1.3× 

Note: complex viscosity and damping factor at 1 rad/s. Scaling factors (x and y) of G’ and 
G’’ with 𝜔𝜔 were obtained by fitting experimental data in the frequency range 0.6 to 2.5 
rad/s to a power law equation. 0.6 to 2.5 rad/s range was also used for calculation of the 
log G’ vs log G’’ slope. 

 

Table C 2. Structural parameter and mechanical properties of as-spun or mildly drawn 
PAN fiber and PAN nanocomposite fibers with various amount of SWNTs. 

Fiber label 5wt%-B 15wt% 
Stretch ratios* 1× 1×13.6 3× 3×1.3×3.6 1.6× 
Total draw ratio (TDR)* 1× 13.6× 3× 14× 1.6× 

Fiber diameter (µm) 49.4 
± 0.2 

14.0 
± 0.2 

30.2 
± 0.4 

14.2 
± 0.2 

33.7 
± 0.2 

Xc
a (%) 32 51 36 40 36 

LPAN
b (nm) 3.5 11.2 3.6 12.2 3.6 

Ratioc d~17°/d~30° 1.62 1.72 1.66 1.71 1.63 
fPAN

d 0.1 0.85 0.3 0.80 0.18 
fSWNT

e NM NM 0.87 0.89 0.67 
Tensile Strength (MPa) 99 ± 11 890 ± 30 208 ± 4 717 ± 27 131 ± 1 

Tensile Modulus (GPa) 8.9 ± 0.2 22.6  
± 0.8 

11.9  
± 0.1 

21.4  
± 0.3 

12.2  
± 0.1 

Elongation at break (%) 2.3 ± 0.4 9.1 ± 0.2 38 ± 3 10.0 ± 0.3 3.4 ± 0.2 
NM: not measured. 
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C.5 Additional figures for Chapter 4 

 
Figure C 2. XRD of several films and G’ of spinning solutions produced for chapter 4. 
(a) WAXD of films produced by vacuum-drying of spinning solutions with 5 and 15 wt% 
SWNT. SWNTs in 5 wt% spinning solutions were dispersed following different protocols 
(-A and -B). Signals are shifted for clarity. (b) Deconvoluted peaks in the 5 to 50° region 
of the dried spinning solution 15 wt% SWNT. (c) G’ dependence with frequency of the 
spinning solutions (ss) while changing SWNT content (1 to 15 wt.%) and the filler 
dispersion level (low to high dispersion for the 5 wt%-ss).  
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Figure C 3. Optical micrograph images of the 5wt%-A (a and d), 5wt%-B (b and e) and 
15wt% (c and f) spinning solutions produced for chapter 4 at different magnifications.  
Scale bars are the same for images in each row. Note 1: SWNT agglomerates appear 
lighter in figure f, as compared to figures d and e, because the brightness and contrast 
were adjusted to overcome the lower transmittance of the sample. Note 2: presence of 
micro-sized aggregates typically reduces spinnability and fiber’s final properties. That was 
not the case for the fibers produced here. We believe that the observed micro-size 
agglomerates, made of the PMMA-wrapped-SWNTs, were small and loose enough such 
that fiber spinning and drawing allowed for their exfoliation. Exfoliation of those micro-
sized aggregates is supported by several data results: 1) SWNT individualization is high 
in fibers as measured by Raman RBM and estimated by rule of mixtures. 2) SWNT 
orientation, as determined by Raman spectroscopy, is also high, which should not be 
possible with randomly oriented agglomerates. 3) SEM characterization shows 
agglomerates only at fiber surface, not in the cross-sectional images (see figure 4 of the 
main document). 
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Figure C 4. Rheological properties of two spinning solutions with 15 wt% SWNTs (respect 
to solids) upon changing the content of solids with respect to solvent (i.e. 6.6 and 5.1 g/dl).  
The two 15 wt% SWNT spinning solutions were produced following the same protocol 
during SWNT wrapping, solvent exchange with ethyl acetate and mixing with PAN/DMF 
solution. A spinning solution of pure PAN (10.5 g solids per dl of solvent) is included for 
comparison. Spinning solution with lower solid content (5.1 g/dl) was not spinnable by dry-
jet wet-spinning.  
 
 

 
Figure C 5. Radial breathing mode (RBM) of fully drawn PAN fibers with 5 wt% SWNT.  
Both fibers have PMMA-wrapped-SWNTs but fillers were dispersed under different 
conditions (-A and -B) detailed in Table 4-1. 
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Figure C 6. Scanning electron micrographs of (a-f) fully drawn (TDR 9.8×) and (g-i) as-
spun (TDR 1.6×) 15wt% fiber.  
Cross section of the fully drawn fiber was produced by cutting the fiber at room 
temperature and showed plastic deformation. 
 

 
Figure C 7. Small angle x-ray scattering (SAXS) of fully drawn PAN (TDR 24×). and 15wt% 
(TDR 19.4×) fibers in the 0.02 to 0.35 Å-1 range (0.28 to 4.92° 2𝜃𝜃 with 𝑞𝑞 = (4𝜋𝜋 sin𝜃𝜃)/𝜆𝜆). 
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Figure C 8. Diameter distribution of fibrils obtained by dissolving fiber with 15 wt% SWNT 
in DMF at 120 °C for 6 h.  
 
 

 
Figure C 9. Scanning electron micrographs  at different magnifications (a-c) of the fibrils 
obtained after dissolving fully drawn (TDR 19.4×) 5 wt%-B fiber in DMF at 120 °C for 6 h. 

0
4
8

12
16
20

3 4 5 6 7 8 9 10 11 12 13 14 15 16

Fr
eq

ue
nc

y 
(%

)

Fibril diameter (nm)



156 
 

 
Figure C 10. Shift of the G′ band as a function of strain for fully drawn fibers with 15 wt % 
SWNT. Five different fibers were measured (a) and the average displacement is presented 
in (b).  
Maximum G′ shift (Sm) and G′ shift rate (Sr) are indicated. Shifting of G′ is proportionally 
related to SWNT strain, as reported elsewhere.168  
 
 

 
Figure C 11. Loss modulus E’’ (a) and storage modulus E’ (b) at 0.1 Hz as a function of 
temperature for PAN/SWNT nanocomposite fibers prepared with PMMA-wrapped-SWNTs 
at the indicated filler contents. 
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Figure C 12. Tan 𝛿𝛿 as a function of temperature for gel-spun PAN and 1 wt% SWNT PAN 
fibers (adapted from65). 
 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

-100 -70 -40 -10 20 50 80 110 140 170

ta
n 
𝛿𝛿

Temperature (°C)

gel-spun PAN fiber
gel-spun PAN/SWNT fiber

𝛽𝛽𝑐𝑐

𝛾𝛾
𝛼𝛼 (𝛼𝛼𝑐𝑐)



158 
 

Appendix D – Chapter 5 

D.1 Additional figures for Chapter 5 

 

Figure D 1. Wide-angle X-ray data of carbon fibers produced from PAN precursors with 5 
and 15 wt% SWNTs.  
(a) Skewing of the (002) plane in equatorial scans of carbon fibers 5wt-330min and 15wt-
330min. (b) Azimuthal scan of the (002) peak of nanocomposite carbon fibers prepared 
here (5wt-330min and 15wt-330min) and two carbon fibers reported elsewhere33 (1wt and 
Control-CF) and produced from a PAN precursor with 1 wt% few-walls carbon nanotubes 
and without filler.  
 

 
Figure D 2. Scanning electron micrograph of the sectioning of the carbon fiber via focused 
ion beam (FIB) milling.  
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Figure D 3. strain derivative with time for precursor bundles of 5wt%-B and 15wt% at 20 
MPa.  
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Appendix E – Chapter 6 

E.1 Additional tables for Chapter 6 
 

Table E 1. Rheological properties of a PAN solution used to obtain control PAN fiber and 
of CB-PAN dispersions with 60 wt% CB with two different particle sizes. 

Dispersion ID control 
PAN 

CB-PAN with CB of 20 
nm 

CB-PAN with CB of 70 
nm 

Solid content (g/dL) 11 13.1 12.1 
Complex viscosity 
(Pa.s) 50 30 8 

tan 𝛿𝛿 3.33 1.09 1.39 
log G’ vs log G’’ slope 1.44 0.77 0.51 

Note: complex viscosity and damping factor at 1 rad/s. log G’ vs log G’’ slope is calculated 
in the 0.6 to 2.5 rad/s range. 
 

Table E 2. Mechanical and electrical properties and structural parameters of various 
precursor fibers. 
Fiber ID A-1 A-2 D-1 D-2 E-1 E-2 
Total draw ratio 2.9× 14.5× 3.9× 27.1× 3.9× 27.1× 

Diameter (µm) 
53.8  
± 0.7 

27.7  
± 0.7 

NM NM NM 
52.0  
± 3.2 

Tensile modulus (GPa) 4.9 ± 0.3 
13.3  
± 0.7 

NM NM NM 2.7 ± 0.5 

Tensile strength (MPa) 76 ± 3 494 ± 25 NM NM NM 32 ± 2 

Strain at break (%) 20.4 ± 
5.2 

12.3 ± 
0.6 NM NM NM 5.9 ± 0.6 

XPAN (%) a 45 50 NA 

X~17° PAN (%) a NA 8.3 15.6 9.0 15.2 

LPAN (nm) b 3.7 9.1 3.8 6.5 3.4 6.8 

d-spacingPAN (nm) b 0.524 0.526 0.532 0.527 0.532 0.530 

fPAN 
c 0.08 0.72 0.04 0.59 0.05 0.59 

Electrical conductivity 
(S/m) 5×10-4  13.6 ± 

2.3 <1×10-5  2×10-3  <1×10-5  9 ×10-4  

Notes: not measured (NM). ). a PAN crystallinity of fibers A was calculated considering 
area of peaks at 2θ ~17, ~25, ~29 and ~40° as crystal content (see Figure E 2) respect to 
total XRD signal area. For fibers B to G, area fraction of the 2θ ~17° peak is shown instead, 
as the other PAN crystal peaks were dwarfed by the CB amorphous peak (see Figure E 4 
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and Figure E 5). b PAN crystal size and d-spacing calculated from equatorial scans. 
Scherrer’s equation was used with k = 0.9. c PAN. a 2nd order Hermann’s orientation factor 
calculated from azimuthal scans of the 2θ ~17° peak.  

E.2 Additional figures for Chapter 6 

 
Figure E 1. X-ray diffraction of powder carbon black samples used in this study to prepare 
fibers A to G, as listed in Table 6-1. 
 
 

  
Figure E 2. (a) Integrated WAXD scans of Fibers A produced at different draw ratios, as  
listed in Table 6-1, and of carbon black of 20 nm used to produce these fibers with 15 wt% 
CB and 2 wt% MWNT. (b) Deconvoluted peaks of the integrated WAXD scan of Fiber A-
3. 
 

10 20 30 40 50

In
te

ns
ity

 (a
.u

.)

2θ (degrees)

13 nm CB
20 nm CB
70 nm CB
240 nm CB
280 nm CB

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

10 20 30 40 50

In
te

ns
ity

 (a
.u

.)

2θ (degrees)

Fiber A-3
Fiber A-2
Fiber A-1
20 nm CB

increasing
draw ratio

a.

-0.1

0.1

0.3

0.5

0.7

0.9

1.1

5 25 45

In
te

ns
ity

 (a
.u

.)

2θ (degrees)

(200)
~17 °

amorphous
PAN

(201)
~25° (310),(020)

~29° CB
(10)(003)

~40°

b.



162 
 

 
Figure E 3. Photograph showing setup used to stabilize bundle of fiber A-3 via Joule 
Heating at engineering stress of 30 MPa. 
 

 
Figure E 4. Integrated WAXD scans of Fibers B, C, F and G and carbon black used in 
those fibers.  
(a) Fiber B with 60 wt% carbon black of 20 nm diameter and Fiber G with 70 wt% of 
oxidized carbon black of 13 nm diameter. (b) Fiber C and F with 60 and 70 wt% CB, 
respectively, of carbon black of 70 nm diameter.  
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Figure E 5. Integrated WAXD scans of (a) fiber D and (b) fiber E produced at different 
draw ratios, as listed in Table 6-1. WAXD of corresponding carbon blacks of 240 nm and 
280 nm diameter are also given, 
 
 
 
 

 
Figure E 6. SEM images at different magnifications of fiber B cross-section (a-b) with CB 
of 20 nm diameter, and of fiber C (c-d) with CB of 70 nm diameter.  
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Figure E 7. Power profile used for stabilization via Joule Heating of fibers A-2 (a) and A-3 
(b).  
 

0

0.2

0.4

0.6

0.8

1

1.2

0 100 200

po
w

er
 (W

)

time (min)

1 W - 1 h
0.8 W - 1.2 h
0.6 W - 3.2 h
0.6 W - 2 h
0.6 W - 0.5 h

a.

0

1

2

3

4

5

6

0 50 100 150

po
w

er
 (W

)

time (min)

b.



165 
 

Appendix F – Improving CNT dispersion via co-solvent approach and its 

use in PAN nanocomposite fibers 

F.1 Abstract 

Dispersion of single wall carbon nanotubes (SWNTs) in dimethyl formamide (DMF) 

are more stable and a higher level of SWNT individualization is reached when co-solvents 

are used during SWNT sonication. Co-solvents studied have favorable π-π interactions 

with pristine SWNTs and polar interactions with DMF. Fibers were produced to evaluate if 

the filler reinforcement increased when using SWNTs sonicated in DMF with PMMA and 

the co-solvent rather than SWNTs sonicated in DMF and PMMA alone. Results were not 

conclusive given the large PMMA molecular weight used during dispersion in DMF and 

co-solvent.  

F.2 Introduction 

Individualization of CNTs in composite matrices is limited by the low solubility of 

pristine CNTs in most solvents and polymers. This in turn causes high CNT agglomeration 

at relatively low concentrations. Therefore, understanding of CNT solubility is of 

paramount importance to produce high performance composites from CNTs. Solubility of 

SWNT and CNTs has been the subject of debate over the years, and strong discrepancies 

can be found in the literature. For example, Cai et al. found in their work with HiPco-

produced SWNTs that their solubility in DMF was 125 mg/L 247, while Yokoi et al. reported 

less than 7.5 mg/L in DMF with CVD SWNTs 248.  

Such discrepancies were addressed by Detriche et al. 124 by estimating solubility 

after centrifugation. In their work, they evaluated a wide range of solvents and different 

CNT types and functionalities, including SWNT, DWNT and MWNTs. According to their 

findings, DMF is a poor solvent for pristine SWNT and can only effectively disperse MWNT 

and oxidized CNTs. Detriche et al. reported other solvents that are better for dispersing 
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SWNTs such as benzaldehyde, o-dichlorobenzene, α,α-dichlorotoluene, 1-

choronaphthalene and hexachloroacetone. More impressively, their data support 

predictions by Hansen Solubility Parameters (HSP), in which solvents that have short 

interaction distances (√𝑅𝑅𝑅𝑅2) with SWNT are better at dispersing SWNTs.  

In addition to the solvents listed above, other solvents have been reported to have 

high compatibility with pristine SWNTs. Davis et al. have proposed a phase diagram 

showing isotropic and liquid crystal behavior of SWNT in super-acids at concentrations 

smaller than 10 vol. %.249 Such impressive behavior was possible because of non-covalent 

induced repulsion between the CNTs by protonation, and similar approaches have been 

used to produce CNT yarns.27,249 Recently, Kim et al.250 reported the mixing of 1:1 mol 

ratio of diphenylamine (DP) and benzophenone (BP) with SWNT at concentrations as high 

as 200 mg SWNT per 1 mL (< 20 wt.%). Such mixes were used to produce gels that 

retained the eutectic liquid solvent (mix of DP and BP) even at concentrations lower than 

1 wt.%, and in turn, those gels were mixed with suitable polymers to fabricate composite 

films. Although not done originally by Kim et al, the high interaction between the SWNTs 

and the eutectic liquid can also be predicted by calculation of the interaction distance 

following the HSP approach.  

On the other hand, other authors have found experimental results that contradict 

HSP predictions when evaluating multicomponent systems with polymers. When doing 

dispersions of SWNT in PMMA, Liu et al.251 found that prior sonication of SWNTs in 

nitromethane and subsequent addition of PMMA and continued sonication, a good 

dispersion was achieved, even better than when DMF was used as a solvent in a similar 

dispersion protocol. Liu et al. attributed it to the high polar component of the nitromethane 

solvent (18.8 MPa0.5). However, according to the HSP prediction, DMF should be a better 

solvent than nitromethane for SWNT. This demonstrates that a better understanding of 
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the SWNT dispersibility in multicomponent systems is still needed and that such could 

offer new and initially unexpected alternatives to reach high CNT dispersion.  

The use of multicomponent systems for dispersion of nanoparticles has been 

previously demonstrated, and a similar approach could be beneficial for SWNTs– polymer 

fiber nanocomposites. Chang et al.252 reported that cellulose nanocrystals (CNC) are more 

effectively dispersed in DMF upon sonication if the CNC have a moisture content of 3.8 

wt.%. In fact, in some cases (high solid content during dispersion), CNC dispersion was 

largest if a mix of water and DMF was used as solvent, rather than pure water or pure 

DMF. In this work, we study the dispersibility of SWNTs by using a co-solvent approach 

like that reported by Chang et al. Co-solvents were selected via HSP predictions and a 

selected system was used to produce polyacrylonitrile (PAN) nanocomposite fiber with 1 

wt% SWNT.  

F.3 Experimental  

Unless otherwise noted, all solvents were purchased from Sigma Aldrich and used 

as received, as well as the poly(methyl methacrylate) (PMMA) of 996,000 g/mol. Single 

wall carbon nanotubes (SWNTs) HiPco™ (grade sp300, lot # PO 271) with an average 

diameter of 0.9 nm were obtained from Carbon Nanotechnologies Inc. Poly(acrylonitrile-

co-methacrylic acid) (PAN, 4 wt. % copolymer) with viscosity average molecular weight of 

500,000 g/mol was obtained from Japan Exlan Co. (Osaka, Japan).  

By use of Hansen Solubility Parameters (HSPs) three solvents with short 

interaction distances (√𝑅𝑅𝑅𝑅2) with pristine SWNT were identified (see Table F 1). Such 

solvents are named here as Solvent 1 (mix of benzaldehyde and diphenylamine), Solvent 

2 (benzaldehyde) and Solvent 3 (eutectic liquid from diphenylamine and benzophenone). 

Each of these solvents has calculated interaction distances with SWNT several times 

smaller than between SWNT and DMF (see Table F 1).  
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Table F 1. Interaction distance (√𝑅𝑅𝑅𝑅2) between different selected polymers, organic 
solvents and some solvent mixes. 

 DMF Methanol DP BP 

80% BA 
+ 
 20% DP 

BA 

40% DP  
+  
60% BP 
(eutectic liquid) 

(Solvent 1) (Solvent 2) (Solvent 3) 
SWNT 10.8 21.0 3.6 2.4 0.9 1.2 1.4 
PAN 10.2 20.4 12.2 8.6 10.2 9.8 9.8 
PMMA 7.4 19.0 7.8 2.8 3.5 9.3 4.7 
DMF  12.3 12.8 8.8 10.2 9.6 10.2 
Methanol   21.5 19.6 20.3 20.0 20.2 

Note: Single Wall Carbon Nanotubes (SWNTs), polyacrylonitrile (PAN), poly(methyl 
methacrylate) (PMMA), dimethylformamide (DMF), diphenylamine (DP), benzophenone 
(BP) and benzaldehyde (BA). 

F.3.1  SWNT dispersion 

Dispersions were made by sonication of 7 mg of SWNT per dL of solvent during 

24 h. All solvents were filtered by means of a 0.2 µm pore PTFE filter before use. After 

sonication, aliquots of all samples were further diluted in DMF at ratio of 1:20 per mass. 

Quality of the dilute dispersions was assessed by measuring hydrodynamic radius via 

dynamic light scattering (DLS). DLS was conducted using a BI-200SM system 

(Brookhaven Instruments co.), by collecting the scattered signal from a linearly polarized 

532 nm laser at 90°, collection time was 2 min and solutions were kept at 25 °C. Two 

aliquots were taken from each sample and their diluted counterparts were measured at 

least 5 times in the DLS instrument, for a total of over 10 measurements per sample. 

Selected samples were prepared new up to three times to corroborate findings. 

Hydrodynamic diameter (Equation 6) was used because it correlates to the length and 

diameter of the rod-like particle in solution, according to the translation diffusion coefficient 

measured by DLS. 
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𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒 =
𝐿𝐿

ln �𝐿𝐿𝑑𝑑�
 Equation 6 

  

F.3.2  Preparation of spinning dispersion and fiber spinning 

SWNTs were mixed with Solvent 3 to incipient wetness level (1 drop of solvent per 

1.4 mg of SWNTs) and sonicated for 24 h while in DMF at a concentration of 7 mg SWNTs 

per dl of DMF. Sonicated SWNT dispersion was added to a PAN/DMF solution and excess 

solvent was removed via distillation, until reaching a solid content concentration of 9.4 

g/dl. Dry-jet wet-spinning was conducted on a single filament system designed by Hills 

Inc, with a spinneret diameter of 200 µm. Spinning dispersion and spinneret were kept to 

64 and 70 °C, respectively, and dispersion was extruded to an air gap of 3-5 cm and into 

a methanol coagulation bath kept at ca. -40 °C. Stretch ratio during spinning was 3× and 

fibers were stored overnight in methanol at -40 °C prior two stage drawing. 1st stage 

drawing was conducted at room temperature by stretching the fiber 1.5 times its original 

length. 2nd stage drawing was done by passing the fiber through a glycerol bath at ~ 170 

°C and stretching the fiber 4.5 times its original length. Total draw ratio, calculated as the 

product of the stretch ratio at each step, was 20.3×. 

Spinning dispersion rheology, nanocomposite fibers’ structure, and tensile 

properties, and filler orientation and deformation during axial straining of the macroscopic 

fibers were measured following the same methods described in Chapter 3.  

F.4 Results  

F.4.1 Co-solvent effect on SWNT dispersion 

Sonicated SWNT dispersions were not stable in pure DMF, neither when any of 

the pure solvents (1 to 3) in Table F 1 were used instead. However, when SWNTs were 

slightly wet by solvents 1 to 3 (1 drop of solvent per 1.4 mg of SWNTs) and sonicated in 
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DMF, the sonicated dispersions were stable. In unstable dispersions, aggregates started 

forming once sonication was stopped and the measured hydrodynamic radius was > 500 

nm. On the other hand, SWNTs did not aggregate when the solvents 1 to 3 were used in 

conjunction with DMF and the measured hydrodynamic diameter was always lower than 

220 nm and as low as 180 nm, as summarized in Figure F 1. For comparison, the smallest 

hydrodynamic diameter achieved upon PMMA wrapping of SWNTs in Chapter 3 was 169 

nm with PMMA of 996,000 g/mol molecular weight (see Figure 3-2 and Figure F 1).  

 

Figure F 1. Hydrodynamic diameter of SWNT dispersions in DMF after 24 sonication by 
using different dispersion strategies. SWNT were mixed with different solvents (solvents 
1 to 3) to incipient wetness and sonicated in DMF with and without PMMA.  
Solvent 1 is a mix of benzaldehyde and diphenylamine (BA/DP), Solvent 2 is 
benzaldehyde (BA) and Solvent 3 is a eutectic liquid formed by diphenylamine and 
benzophenone (DP/BP). Dotted line shows the estimated hydrodynamic diameter for an 
individual SWNT of 1 nm diameter and 500 nm length.  

Increased SWNT individualization and dispersion stability upon addition of the co-

solvent are explained by co-solvent/filler and co-solvent/solvent interactions. 

Diphenylamine (DP), benzophenone (BP) and benzaldehyde (BA) can interact with 
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pristine SWNTs via π-π interactions (see Figure F 2a). On the other hand, the same co-

solvent molecules can interact with DMF via polar interactions. We propose that 

simultaneous interaction of the co-solvent molecules with SWNTs and DMF favors 

dispersion stability (see Figure F 2b). Interestingly, when SWNTs wet with co-solvent were 

sonicated in mixtures of DMF and the co-solvent (95/5 and 70/30 vol/vol) the dispersion 

was not stable, indicating that dispersion quality is also favored by the low interaction 

between SWNTs and DMF.  

 
Figure F 2. Chemical structure of solvents used for dispersion of SWNTs (a) and 
schematic of stabilized SWNT dispersion in DMF via co-solvent addition (b).  

SWNTs were also sonicated in DMF and co-solvent while using PMMA to evaluate 

the hydrodynamic diameter after PMMA wrapping. Combining PMMA wrapping and co-

solvent assisted dispersion reduced further the hydrodynamic diameter of the SWNTs in 
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DMF, as summarized in Figure F 1. The system with the lowest hydrodynamic diameter 

(127 nm) was that in which PMMA wrapping was done while also using co-solvent 3, i.e. 

the eutectic liquid obtained from diphenylamine and benzophenone.  

F.4.2 PAN fibers with SWNTs dispersed via PMMA and co-solvent 

PAN fibers with 1 wt% SWNTs were produced using SWNTs dispersed via PMMA 

(996,000 g/mol) wrapping in DMF and co-solvent (solvent 3). This nanocomposite fiber 

had similar tensile properties than those of the pure PAN fiber (see Table F 2) and than 

those reported in Chapter 4 for a PAN fiber with 1 wt% SWNTs dispersed via PMMA 

(350,000 g/mol) wrapping in pure DMF (see Table 4-2 or Table F 2).  

Table F 2. Structural parameters and mechanical properties of pure PAN fiber and two 
composite fibers with 1 wt% SWNTs while varying dispersion method of the SWNTs.  
 Pure 

PAN 1 wt%  - Chapter 4 1 wt% - This Appendix 

SWNT dispersion 
strategy NA 350,000 g/mol 

PMMA 

996,000 g/mol PMMA 
+ 

co-solvent (DMF and 
solvent 3) 

Total draw ratio (TDR) 24× 22.5× 20.3× 

Fiber diameter (µm) 11.5 ± 
0.2 

12.9 ± 0.3 12.1 ± 0.3 

Xc (%) 53 54 58 
LPAN (nm) 9 11.0 10.5 
Ratio d~17°/d~30° 1.72 1.71 1.73 
fPAN

a 0.89 0.79 0.80 
fSWNT

b NA 0.90 0.91 
Tensile Strength (MPa) 896 ± 28 802 ± 28 817 ± 25  

Tensile Modulus (GPa) 19.2 ± 
0.4 

20.1 ± 0.4 19.5 ± 0.4 

Elongation at break (%) 7.4 ± 0.2 8.5 ± 0.2 8.1 ± 0.2 
a 2nd order Hermann’s orientation factor calculated from azimuthal scans of 17° peak.b 2nd 
order orientation factor of SWNTs calculated from Raman signal by following the G band 
intensity upon rotation of the fiber with respect to the incident polarized beam. 

Mechanical properties did not change despite the fact that SWNT dispersion was 

improved when using larger molecular weight PMMA and the co-solvent approach (see 
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Figure F 1). This can be explained by the negative effect that increasing PMMA molecular 

weight has in the SWNT-PAN interactions, as fully described in Chapter 4. Co-solvent 

assisted SWNT dispersion could still be used to achieve uniform filler dispersion in 

nanocomposite polymers and increase filler reinforcement efficiency, but further 

experimentation is required to validate this hypothesis.  
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