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SUMMARY 

 

Vapor grown carbon nanofibers (VGCNFs) developed in 1980s are being widely 

used for reinforcing composites. Carbon nanotubes (CNTs) discovered in early 1990s can 

be classified as single wall carbon nanotubes (SWNTs), double wall carbon nanotube 

(DWNTs) and multi wall carbon nanotubes (MWNTs) depending on the number of 

graphene layers forming the carbon nanotube. SWNT, DWNT, MWNT and VGCNF are 

being incorporated in various polymers to improve mechanical, thermal, and electrical 

properties of the resulting composites. Polyacrylonitrile (PAN), a commercially 

important polymer is a predominant precursor for carbon fiber. Carbonized and activated 

PAN/SWNT films can find application as electrochemical supercapacitor electrodes. This 

study is focused on the structure, processing and properties of polyacrylonitrile/carbon 

nanotube composite films. Limited studies on composite fibers are also reported. History, 

synthesis, properties and characterization of carbon nanotubes and the literature on 

polymer/CNT composites are briefly reviewed in Chapter 1. 

PAN/SWNT composite films in the weight ratio of 60/40 have been processed 

from dispersions in dimethyl formamide (DMF) with a unique combination of properties 

including tensile strength, tensile modulus, in plane dc electrical conductivity, 

dimensional stability, low density, solvent resistance, and thermal stability. PAN 

molecular motion above the glass transition temperature (Tg) in the composite film is 

significantly suppressed, resulting in high PAN/SWNT storage modulus above Tg (40 

times the PAN storage modulus at 180ºC). In order to understand the PAN-SWNT 

interaction, the composite film has been treated in DMF at various temperatures and the 
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resulting film has been characterized using X-ray diffraction. This study is presented and 

discussed in Chapter 2. 

Processing, structure, and properties of PAN/VGCNF composite films, in the 

weight ratios of 95/5, 90/10, 80/20, 60/40, 40/60, and 10/90, are presented in Chapter 3. 

The specific modulus of PAN/VGCNF composite films is consistent with the predictions 

of the Halpin-Tsai equation up to 20% VGCNF loading. The magnitude of modulus and 

other property enhancement is reduced as the nanofiber loading is increased (up to 40 %). 

Above 40 wt% VGCNF, modulus and tensile strength values are lower than those of the 

control PAN. Electrical percolation was observed at 3.1 vol% VGCNF loading. These 

composites have also been characterized by dynamic mechanical analysis, wide angle X-

ray diffraction, as well as scanning and transmission electron microscopic techniques.    

Structure, processing, and properties of PAN/carbon nanotubes (CNTs) composite 

films containing SWNTs, DWNTs, MWNTs and VGCNFs are reported in chapter 4. Five 

different types of SWNTs have been used. Weight percentage of carbon nanotubes was 5 

and 10 wt%, with limited studies being carried out at 20 wt% carbon nanotube loading. 

Surface area of all carbon nanotubes was characterized using nitrogen gas adsorption 

analysis. In general tensile modulus and tensile strength of the films increased with the 

increasing surface area, though from the data it is clear that other factors such as catalytic 

impurity and amorphous carbon content also play a role in controlling the mechanical 

properties. PAN/CNT films have been characterized by wide angle X-ray diffraction 

(WAXD), Raman spectroscopy, and scanning as well as transmission electron 

microscopy. Films have also been characterized for electrical conductivity, tensile, 

thermo-mechanical, and dynamic mechanical properties. Mechanical property results 
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have been analyzed in terms of the nanotube surface area determined by nitrogen gas 

adsorption. Solution behavior of various composite films has been monitored using DMF, 

suggesting that PAN exhibit stronger interaction with all five types of SWNTs than PAN 

interaction with DWNT, MWNT, or VGCNF.  

PAN/CNTs composite films and fibers have been characterized using solid state 

1H NMR spin lattice relaxation time (T1) saturation recovery experiments as described in 

Chapter 5. With the addition of nanotubes, the T1 values for the PAN matrix generally 

decreased, and the reduction mechanism is discussed. Usefulness of this technique to 

assess carbon nanotube dispersion as well as problems posed by catalytic and other 

impurities are also discussed. 

The optical anisotropy of SWNT in PAN/SWNT composite fibers was observed 

in their polarized infrared spectra and analyzed using the effective medium theory in 

Chapter 6. This data has been used to calculate SWNT optical constants using the 

modified Maxwell Garnet (MG) theory. This method can be used to determine the optical 

constants of other nano materials. 

Conclusions and recommendations for future work are presented in Chapter 7. 

 



 

1 

CHAPTER 1 

INTRODUCTION 

 

1.1 HISTORICAL BACKGROUND OF CARBON NANOTUBE 

Carbon nanotubes (CNTs) and carbon nano fibers (CNFs) have attracted the 

attention of many scientists and engineers for their potential applications in 

nanocomposites. The first carbon fiber was processed in 18891 and developed during 

1960s. A patent published in 1986 first reported the production of carbon nano fibers 

grown on a nucleated ceramic surface by passing a methane gas stream over the surface.2 

In the 1980s, CNFs were widely developed and found applications as additive in 

polymers and as catalyst support material.3, 4 Vapor grown carbon nano fibers (VGCNFs) 

are distinguished from other types of CNFs, such as polyacrylonitrile- and mesophase 

pitch-based fibers, in their physical properties, method of production, and low cost 

fabrication. The history of carbon nanotubes goes back to 19605, when Bacon grew the 

graphite whiskers on a nucleated ceramic surface. However, these graphite whiskers were 

not recognized as CNTs until the 1990s. In 1991, Iijima6 discovered multi wall carbon 

nanotube (MWNT) in the samples grown on the negative end of the electrode used in the 

arc-discharge evaporation of carbon in an argon-filled vessel. In 1993, Iijima and 

Ichihashi7, and Bethune et al.8 reported the preparation of single wall carbon naotube 

(SWNT) independently. In 1996, Dai et al.9 and Thess et al.10 independently discovered 

double wall carbon nanotube (DWNT) when they synthesized SWNT. The time-line for 

the carbon nanotubes development is listed in Table 1.1.  
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Table 1.1. Chronology of the developments of carbon fibers and carbon nanotubes 

When Whos Event 

1889 Hughes, T. V. and 
Chambers, C. R. Discovery of carbon fibers1 

1960s Scientists Wide development of  carbon fibers 

1960 Bacon, R. 

Production of graphite whiskers with graphite layers 5 
(grown in a dc arc under a pressure of 92 atmospheres 
of argon and at 3900 oC; 1-5 µm in diameter; and up 
to 3 cm in length) 

1986 Tibbetts, G. G. and 
Devour, M. G. Discovery of CNF2. 

1980s Scientists Wide development of  CNF3, 4 

1991 Iijima 
Discovery of MWNT6 (arc-discharge evaporation 
method; 4-30 nm in diameter; and up to 1 µm in 
length) 

1993 
Iijima  and 
Ichihashi 

 

Discovery of SWNT7 (arc-discharge evaporation  
method with the presence of iron; 0.7-6 nm in 
diameter; and 700 nm in the longest length) 

1993 Bethune et al. 
Discovery of SWNT8 (arc-discharge evaporation 
method with the presence of cobalt; and 1.2 nm in 
diameter) 

1996 Dai et al. Discovery of DWNT9 

1996 Thess et al. Discovery of DWNT10 
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1.2 SYNTHESIS OF CNT 

Synthesis techniques for CNT include arc discharge6-8, laser ablation10, 11, 

chemical vapor deposition (CVD)12-16, and high pressure carbon monoxide (HiPCO)17, 18. 

Arc-discharge method is based on an arc discharge which is generated by running 

an a.c or d.c current (50-100 A) at certain voltage (~20 V) between two graphite 

electrodes under an inert atmosphere of Helium or Argon.19 The diameter of SWNT 

prepared by this method by Iijima and Ichihashi7 is in the range of 0.7 to 1.65 nm. In 

laser ablation method, graphite target is vaporized by a pulsed or continuous laser in an 

oven (~1200 oC) filled with helium or argon gas.11 The carbon species produced during 

laser vaporization are then removed by the flowing gas from the high temperature zone 

and deposited on a conical water-cooled copper collector outside the furnace to form 

nanotubes. For the production of SWNT, a small amount of metal catalyst such as Ni and 

Co is added to the graphite target. These SWNTs have uniform diameter and are formed 

into bundles with 5-20 nm in diameter and tens to hundreds of micron long. In CVD 

synthesis, a gaseous carbon source which commonly includes methane, carbon monoxide 

and acetylene is heated by using an energy source such as plasma or a resistively heated 

coil. Then the resultant carbon diffuses towards the substrate to form carbon nanotubes. 

For the production of SWNT, the metal catalyst such as Ni, Fe or Co is used. The 

diameters of SWNTs prepared by CVD method are in the range of 2-4 nm13 while that of 

MWNTs are in the range of 70 -100 nm.16 

Recently, SWNTs are processed using the high pressure carbon monoxide 

(HiPCO) method. SWNTs used in our work are synthesized based on this method by 

Carbon Nanotechology Inc. (CNI). CO provides the carbon source (CO+CO = 
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C(solid)+CO2) and Fe(CO)5 is the catalyst precursor. SWNTs are produced by flowing 

CO mixed with a small amount of Fe(CO)5 through a heated reactor.17 By controlling the 

pressure of CO, the size and diameter distribution of nanotubes can be roughly 

controlled. SWNTs  as small as 0.7 nm in diameter have been produced by this method 

and the average diameter of SWNTs is approximately 1.1 nm.18 This method is promising 

for bulk production of carbon nanotubes. 

1.3 PHYSICAL PROPERTIES OF CNT 

1.3.1 Mechanical Properties 

SWNT exhibits remarkable mechanical properties. Young’s modulus of 

individual (10,10) nanotube is predicted to be 0.64 TPa20, close to that of silicon carbide 

nanofibers (~0.66 TPa). Ruoff et al.21 predicted tensile strength of SWNT to be ~20 GPa. 

The bending modulus of the armchair SWNT (n, n) is calculated to be 963 GPa and that 

of the zigzag tube (n, 0) is 912 GPa.22 Recently, some experiments have been done to 

estimate the mechanical properties of SWNT.22, 23 The stiffness of SWNT was estimated 

by directly observing their freestanding room temperature vibrations in a transmission 

electron microscope (TEM) and the average Young’s modulus is determined to be 1.3 

TPa.22  Li et al.23 experimentally estimated the tensile strength of individual SWNT to be 

22.2 ± 2.2 GPa based on the measured tensile strength of PVC/SWNT rope 

minicomposites. SWNTs tends to aggregate together to form rope (or bundle) with 

several tens of nanometers. Many studies have predicated that the Young’s modulus 

along the SWNT rope to be 1 TPa.20, 24 The Young’s modulus transverse to the SWNT 

rope has been calculated as 15 GPa25 or 60.3 GPa26. The shear modulus has been 

predicted to be 19.5 GPa27 or 22.5 GPa26. Using AFM, Yu et al.28 determined the 
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Young’s modulus of fifteen SWNT ropes to be in the range of 320-1470 GPa with a 

mean of 1002 GPa. These SWNT ropes have a tensile strength ranging from 13 to 52 

GPa (mean 30 GPa) and break at a strain of 5.3 %. Li et al.23 measured directly the tensile 

strength of PVC/SWNT composites and then extrapolated the tensile strength of SWNT 

rope to be 2.3±0.2 to 14.2±1.4 GPa. Walters et al.29 used AFM to measure the elastic 

strain of the SWNT rope and determined the tensile strength and breaking strain to be 45 

GPa and 5.8 %, respectively. The theoretical and experimental mechanical properties of 

carbon nanotubes are listed in Table 1.2. 

1.3.2 Electrical Properties 

The axial electrical conductivity for one SWNT rope reaches to 106 S/m at 300 

K.10 The small diameter SWNTs can become superconductive at low temperature: 1.4 nm 

diameter SWNT shows  superconductivity at 0.55 K30 and 0.5 nm diameter SWNT shows  

superconductivity at 5 K.31 The axial electrical conductivity of the aligned MWNT film is 

5000 S/m.32 
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Table 1.2. Mechanical properties of carbon nanotubes 

Sample Mechanical 
Properties Calculated Data Experimental Data 

Young’s modulus 
(GPa) 

100023 

(10,10) tube: 640.320 
125022 

Tensile strength 
(GPa) 2021 3.6±0.4 to 22.2±2.223 

Shear modulus 
(GPa) 

50023 

270-30033 
 

Individual 

SWNT 

Bending modulus 
(GPa) 

(n,n) tube: 96320 

(n,0) tube: 91220 
 

Young’s modulus 
(GPa) 100023 

320-1470 (mean:1002)25 

100028 

Tensile strength 
(GPa)  

2.3±0.2 to 14.2±1.423 

45±729 

13-52 (mean: 30)28 

Shear modulus 
(GPa) 

22.526 

19.527 

6.026 

1.027 

SWNT 

rope 

Break strain 
(%)  

5.328 

5.8±0.929 
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1.3.3 Thermal Properties 

The thermal expansion behavior of carbon nanotubes can be quantified by the 

coefficient of thermal expansion (CTE). CTE can be volumetric (β) or linear (α) 

coefficient of thermal expansion as expressed in the following equations:34 

VT
V

p
1)(

∂
∂

=β               (1.1) 

LT
L

p
1)(

∂
∂

=α               (1.2) 

 

Where V is the volume, L is the length, T is the temperature and the derivative is at 

constant pressure P. The radial shrinkage of SWNT bundles was observed in the 

temperatures ranging from 290 to 1600 K by the X-ray diffraction (XRD) 

measurements.35 Figure 1.1 shows the XRD profile of SWNT bundles measured at 290 K 

and the 2D triangular arrangement of SWNT bundles. In Figure 1.1, parameter V is the 

van der Waals gap between nanotubes, D is the diameter of an individual SWNT, and L0 

is the triangular lattice constant (L0=D+V). The linear CTE perpendicular to the tube axis 

was determined to be (-1.5±0.1)×10-6 K-1 between 290 and 330 K, and (-2.5±0.1)×10-6 

K-1 between 1300 and 1550 K. By assuming that the expansion along the tube axis in the 

SWNT bundle is similar to the in-plane expansion of graphite, the volumetric CTE is 

expected to be negative. Maniwa et al.36 also determined the CTE in the SWNT bundles 

by X-ray studies. The linear CTE was determined as (-1.5±2)×10-6 K-1 for the tube 

diameter and (7.5±2.5)×10-6 K-1 for the lattice constant between 300 K and 950 K. The 

CTE for the inter-tube gap (V) was determined to be (42±14)×10-6 K-1, which is larger 

than that for the c-axis thermal expansion in graphite (26×10-6 K-1). The CTE of 

individual SWNT is only studied theoretically37-39. CTE in the direction perpendicular to 
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the tube axis is simulated to be -12×10-6 K-1 at 400 K39. Based on molecular dynamics 

(MD) simulation37 and a effective analytical method38,  the CTE in the radial direction in 

the armchair SWNT is found to be less than that in the axial direction. However, the 

radial CTE is larger than the axial one for zigzag SWNTs. The radial CTE is independent 

on the chirality, however the axial CTE depends on the chirality of SWNT.37, 38 The 

CTEs in both radial and axial directions are negative at low temperature and become 

positive at high temperature. With increasing SWNT diameter, the CTEs decrease and 

approach that of the graphene sheet.  

 

 

 
Figure 1.1. XRD profile measured at 290 K and the lattice arrangement of the SWNT 
bundles.35 

 

 

The CTE along the fiber axis in VGCNF is in a range from 1.2×10-6 K-1 to 

1.8×10-6 K-1 at about 1500K40. Bandow41 found that the radial thermal expansion in 

MWNT is almost the same as the c-axis thermal expansion of graphite in the temperature 

ranging from 10 to 320 K. From their x-ray diffraction experiments, the CTE along the 
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radial direction of MWNT is determined to be in a range from 1.6×10-5 K-1 to 2.6×10-5 

K-1.42 

1.4 DISPERSION OF SWNT 

SWNTs tend to aggregate and form 20-35 nm diameter ropes (or bundles) due to 

the strong van der Waals interaction between tubes (binding energy is about 900 

meV/nm43). The SWNT ropes entangle together in the solid state to produce a highly 

dense, complex network structure. SWNTs are extremely resistant to wetting and do not 

have any surface functional groups. As SWNTs are dispersed in the polymer matrix, the 

viscosity of the polymer/SWNT dispersion increases due to the high surface area of 

nanotube especially when the SWNT loading is higher.44 All of above factors make the 

dispersion of SWNT extremely difficult in any media. Therefore, achieving uniform 

dispersion or exfoliation of SWNT ropes in the solvent or polymer matrix is a critical 

challenge. The dispersion of SWNT can be improved by using non-covalent approaches 

such as the use of organic solvent, surfactant, ionic salt, and in-situ polymerization, and 

covalent approach (or chemical modification). In order to achieve good dispersion of 

nanotubes, sonication and shear mixing are used in many cases. However, the high-power 

sonication of nanotubes for a long time may cut tubes into small pieces and reduce the 

aspect ratio.45 Therefore the power of sonicator and sonication time should be controlled.  

1.4.1 Dispersion in Solvent 

Bahr et al.46 have studied the solubility of SWNT in various solvent (Table 1.3). 

The solubility of SWNT is only 95 mg/L for the best solvent, 1,2-dichlorobenzene. 

Ausman et al.47 investigated the room-temperature solubility of SWNTs in five types of 

solvents and found that the non-hydrogen-bonding Lewis bases such as N,N-
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dimethylformamide (DMF) and N-methylpyrrolidone (NMP) give the good solubility of 

SWNTs. The reason is that DMF and NMP have high values for β (the hydrogen bond 

acceptor ability), negligible values for α (the hydrogen bond donor ability), and high 

values for π* (solvatochromic parameter). 

 

Table 1.3. Room-temperature solubility of SWNT in various solvents 

 

 

1.4.2 Surfactant Assisted Dispersion 

 Moor et al.48 suspended individual SWNTs in aqueous media using various 

anionic, cationic, nonionic surfactants and polymers, and compared their ability to 

suspend individual SWNT. For the ionic surfactants, sodium dodecylbenzene sulfonate 

(SDBS) is the best for the dispersion of individual SWNT while for the nonionic systems, 

surfactants with higher molecular weight suspend more SWNTs. The mechanism of 

SWNT dispersion in water using sodium dodecyl sulfate (SDS), sodium 
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dodecylbenzenesulfonate (NaDDBS) and TX100 has been studied in detail.49 The surface 

of SWNTs can show negative or positive charges depending on the pH values of the 

media. SWNT is covered by the surfactant molecules that lie on the tube surface parallel 

to the tube axis. Surfactant introduces a repulsive force between nanotubes by 

overcoming the van de Waals attractive force between tubes. Because of their benzene 

rings, NaDDBs and TX100 disperse tubes better than SDS. Because of its head group and 

slight longer alkyl chain, NaDDBS disperses better than TX100. Smalley’s group 

obtained the individual SWNT surrounded by SDS when dispersed nanotubes in SDS.50  

1.4.3 Polyelectrolyte 

Upon reduction with alkali metals such as Li or Na, SWNT forms polyelectrolyte 

which dissolves spontaneously in polar organic solvents in concentration up to 2.0 

mg/mL in DMSO and 4.2 mg/mL in sulfolane. This method does not need sonication, 

surfactants or fuctinalization of SWNT.51 With the treatment of the hydroxylamine 

hydrochloric acid salt (NH2OH)(HCl), SWNTs were exfoliated or dispersed well in 

organic and aqueous solution.52 

1.4.4 Polymer Assisted Dispersion 

The semi conjugated organic polymer, poly (m-phenylene-co-2,5-dioctyloxy-p-

phenylenevinylene (PmPV-co-DOctOPV) enhance the dispersion of SWNT in toluene.53 

During the formation of hybrid solution with 3 wt% SWNT loading, SWNT ropes are 

exfoliated due to the intercalation of polymer. The solubility of SWNT in CHCl3 is up to 

about 2.2 mg/mL in the conjugated polymer, poly(aryleneethynylene) solution.54 Star et 

al.55 reported that the PmPV wrapped SWNTs disperse well in organic solvents. The 
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individual SWNT surrounded by SDS were mixed with polyvinyl pyrrolidone (PVP) 

obtaining the solubility of the PVP wrapped SWNTs to be as high as 1.4 g/L in water.50  

1.4.5 In-situ Polymerization 

During electrochemical polymerization of the aniline containing SWNTs, the 

donor-acceptor complexes formed, from which polyaniline/SWNT composite films with 

good uniformity and dispersion were prepared.56 The in-situ polymerized SWNT/PMMA 

composites exhibit an increase in the low-temperature elastic modulus (10% higher than 

that of pure PMMA) with the addition of less than 0.1 wt % SWNT.57 By in-situ 

polymerization, the polyimide/SWNT (0.1 vol% SWNT) composite films with enhanced 

electrical conductivity and thermal stability were obtained.58   

1.4.6 Chemical Modification 

Functionalization of carbon nanotubes improves their solubility or dispersibility 

in solvent or polymer matrices. However, during the chemical modification process, 

CNTs may be cut into short pieces (100-300 nm length)59 and the nanotubes with smaller 

diameter are easily destroyed60, which causes the reduction of aspect ratio. The ends of 

nanotubes contain highly curved hemispheres, therefore are highly reactive as compared 

with sidewalls. SWNTs can be chemically modified by strong acids such as HNO3
59, 61-63, 

HCl64, H2SO4/HNO3
65 or H2SO4/H2O2

66, and by other strong oxidizing agents such as 

KMnO4/H2SO4
67

 or oxygen gas68 to generate oxygenated functional groups at the ends 

and defect sites and to open the ends69. The 30 vol% HNO3-treated SWNTs dispersed 

well in butanol/toluene or xylene/ethanol mixtures, which are poor solvents for the 

pristine ones.70 The dispersibility of the acid-treated tubes increases with the hydrogen-

bonding ability of solvents reaching 27 mg/L in ethanol and 35 mg/L in water. The 
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oxidized SWNT is reacted with thionyl chloride producing the acylchloride group on 

SWNT  that can be linked to alkyl-aryl amine71 or esters72 to form the long alkyl tail 

modified SWNTs. These chemical modifications improve the solubility of nanotubes in 

solvents such as THF, CH2Cl2 and CS2. The HCl and thionyl chloride treated SWNTs is 

attached to lipophilic and hydrophilic dendrons via amidation and esterification, resulting 

in the improvement of SWNT solubility in hexane and chloroform.64 The acid treated 

SWNTs is reacted with derivatized pyrenes via esterification helping nanotubes dissolve 

in THF, chloroform and toluene.73 The nitric acid and octadecylamine (ODA) treatment 

of SWNTs improve their solubility in tetrahydrofuran and 1,2-dichlorobenzene.74 The 

H2SO4/HNO3 (70 wt% HNO3) treated SWNTs disperse well in the epoxy/SWNT (99/1) 

composites.75The sidewalls of nanotubes contain the defects such as pentagon-heptagon 

pairs, sp3-hybridized defects and vacancies in the nanotube lattice. Strong acid can 

oxidize the sidewalls to generate the carboxylic acid, ketone, alcohol and ester groups.76 

The acid- treated SWNTs were then treated with thionyl chloride to form acyl chloride 

that then was reacted with ODA. These modifications of SWNTs improve the solubility 

of nanotubes.76 The sidewalls of SWNTs have also been chemically modified using direct 

fluorination and subsequent nucleophilic substitution.77   

1.5 CHARACTERIZATION OF CNT 

1.5.1 Raman Spectroscopy 

A powerful and nondestructive tool to characterize SWNT and SWNT/polymer 

composites is Raman spectroscopy. Figure 1.2 shows the Raman spectrum of SWNTs. 

There are four main features: radial breathing mode (RBM), G band, D band, and G' band 

(overtone of D* band).78  
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Figure 1.2. Representative Raman spectrum of SWNT.  

 

 

RBM (in the 200-500 cm-1 range) corresponds to the in-phase radial displacement 

of the carbon atoms. SWNT shows sharp van Hove singularities in their density of state 

(DOS) at the Fermi surface.79 Based on tight-binding model, the energy transition 

between the pairs of van Hove singularity for SWNT can be determined by Equation 

(1.3). 

t

occ
tii d

ka
dE

γ−=)(                               (1.3) 

where aC–C is the nearest-neighbor C–C separation (1.42 Å80), γ0 is the hopping matrix 

element (2.9 eV for best fitting Raman data or 2.7 eV for best fitting STS data81), dt is the 

diameter of nanotubes, i is the order of van Hove transitions of SWNTs, and k is 

constant. When k is 2, 4, 8, the energy transitions are the first, second, third order van 
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Hove transitions for the semi-conducting nanotubes, respectively. When k is 6, 12, the 

van Hove transitions correspond to the first, second order transitions for the metallic 

tubes, respectively. The energy separation Eii(dt) between van Hove singularities in the 

valence and conduction band DOS depends only on the tube diameter, as shown in Figure 

1.3. The two low energy transition are the first order energy transition E11
S and the 

second order energy transition E22
S for semi-conducting nanotubes. The next higher 

energy transition is the first order energy transition E11
M for metallic nanotubes followed 

by the third order energy transition E33
S. For the small diameter nanotubes, E11

M and E11
S 

depend on the tube chirality due to the trigonal warping effect.  

The RBM frequency ωRBM is inversely proportional to the nanotube diameter d 

(ωRBM=α/d) and α is experimentally found to be 248 cm-1 for the isolated SWNTs.82 

Considering the van der Waals forces between nanotubes in the SWNT bundles, the 

RBM frequency is related with diameter by Equation (1.4): 

5.6232
+=

dRBMω                                                           (1.4) 

The intensity of RBM bands depends on the laser excitation energy (Elaser). It 

reaches its maximum intensity when Elaser matches the energy separation Eii between the 

van Hove singularities in the electronic DOS of SWNT.83 As the energy difference 

iilaser EE −  increases, the RBM linewidth increases and reaches the narrowest when 

Elaser=Eii.84
 At the fixed laser energy, the linewidth of RBM increase with increasing 

SWNT diameter.84 Recently, RBM band has been used to probe the aggregation state of 

SWNTs in solution or as solids.85 
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Figure 1.3. Calculation of the energy separations Eii(dt) versus SWNT diameter in the 
range 0.7< dt< 3.0 nm using γ0 =2.9 eV and a nearest neighbor carbon–carbon distance 
aC–C =1.42 Å. Semiconducting (S) and metallic (M) nanotubes are indicated by crosses 
and open circles, respectively. The filled squares denote zigzag tubes. The vertical lines 
denote dt =1.35 ± 0.20 nm for a SWNT.79 
 

 

The G band ranging from 1500 to 1605 cm-1 characterizes the vibrations mode 

along the nanotube axis. G band can be used to distinguish metallic from semi-

conducting nanotubes. Semi-conducting nanotubes show two dominate Lorentzian 

features at the upper and lower frequency but metallic nanotubes show one Lorentzian at 

the upper frequency and the other Breit–Wigner–Fano (BWF) line at the lower 

frequency.86 The lower frequency component attributes to vibrations along the 

circumferential direction (ωG
-) while the higher frequency component associates with 

vibrations along the tube axis (ωG
+). ωG

+ is independent on the tube diameter while ωG
- 

show the strong d-2 dependence which is different for the semi-conducting and metallic 

tubes.78 G band can be used to determine the orientation factor of SWNT in the 
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polymer/SWNT composites by measuring Raman VV and VH intensities at a series of 

angles to the orientation direction.87 D band (in the 1250-1450 cm-1 range) induced by the 

defect on the nanotube can be used to characterize the structure perfection of nanotubes. 

G' band (or second-order overtone of D band) which appears in the range of 2500-2900 

cm-1, is used to monitor the load transfer between SWNT and the matrix.88   

At the given laser energy, the Raman bands of SWNTs are influenced by the 

environment such as temperature, pressure, and doping. Raman modes shift to the lower 

energy frequency with increasing temperature. The shift in the frequency of the G band in 

SWNT was reported to be -0.038 cm-1K-1, which is larger than that in MWNT and 

graphite.89  The temperature coefficient in the frequency of the RBM in SWNT was 

determined to be -0.013 cm-1K-1.89 G and G’ bands of SWNT shift to higher frequency 

upon the application of pressure or compression. From the Raman spectra of SWNTs 

measured at room temperature under different pressure, the pressure dependence of the 

Raman mode frequency ω(P) was fit by Equation (1.5) and the value of ap and bp are 

listed in Table 1.4. The shift constant of  G (8.7 cm-1/GPa90) and that of G’ bands (23 cm-

1/GPa91) have been reported. 

ω(P) = ω(0) + ap P + bp P2                             (1.5) 
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Table 1.4. Values of the fitting parameters ap and bp in Equation (1.5) obtained by fitting 
the measured pressure dependent Raman frequencies92. 

 

 

The intensity of Raman bands of SWNT decreases and linewidth increases with 

increasing pressure, and the Raman spectra are largely but not completely recovered 

when the pressure is released.92 By studying the strain-induced RBM intensity variations 

of SWNT in epoxy/SWNT composites, Lucas and Young93 found that the magnitude of 

the intensity variations under pressure depends on the nanotube diameter and chirality, 

which can be explained by the resonant Raman effect. The value of Eii shifts with strain, 

becoming closer or further away from Elaser, affecting the resonance condition and thus 

causing the intensity variations. The RBM intensity increases when the difference 

laserii E-E decreases and decreases in the other case. If the equation (n-m=3q+p) is 

defined, E22
S decreases under compression when q=-1 and increases under compression if 

q=1. Doping can also cause the shift of Raman modes. Under p-doping (electrons transfer 

from carbon nanotubes), G band of SWNT shifts to higher frequency while that shifts to 

lower frequency under n-doping (electrons transfer to carbon nanotubs). 

1.5.2 Other Techniques 

The quality of nanotube dispersion in polymer matrices or solvents and structure 

of CNT can be examined by many methods including Raman spectroscopy, optical 



 19

microscopy, scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), scanning tunneling microscopy (STM) etc. UV-vis spectroscopy is a useful tool 

for the qualitative determination of the dispersion state in SWNT solution and 

polymer/SWNT composites since only individual SWNT, or small SWNT bundles show 

the sharp peaks, which are van Hove singularities.94 Large SWNT bundles show the 

monotonically decreasing absorbance with increasing wavelength without van Hove 

singularities.95  Small-angle X-ray, neutron or light scattering with wave vectors Q in the 

range from 10-3 to 100 nm-1 have been used to study the nanotube structures in 

suspension.96-98 In neutron scattering , the scattered intensity for the dilute suspension of 

SWNT (0.01-0.1%) in water decrease as Q-1 in the range 0.003 < Q < 0.02 Å-1, which is 

characteristic of isolated rigid rods, suggesting the presence of isolated SWNT or very 

small SWNT bundles in suspension.97 The scattered intensity followed power law 

dependence with exponents of Q in the range from -2 to -3, indicating the formation of a 

loose network with a mesh size of similar to 160 nm. The exponent of Q is used to 

evaluate semi-quantitatively the degree of nanotube dispersion in suspension: exponents 

is closer to -1 suggesting better dispersion of nanotube.98 Recently, confocal microscopy 

is used to evaluate the nanotube dispersion in PS/MWNT nanocomposites.99  

1.6 NON-BONDED INTERACTIONS 

The non-covalent approaches for the dispersion of SWNT conserve the tube 

electronic structure by preventing disruption of the intrinsic sp2 structure and conjugation. 

The resultant interaction between SWNT and polymer (or solvent or other molecules) is 

not covalently bound, but can nevertheless be quite strong. The improved interaction at 

the nanotube/matrix interface is a critical issue in the processing of nanocomposites. 
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1.6.1 Interfacial Interaction Model  

The molecular mechanics of interfacial binding of polymer/CNT composites was 

first studied by Lordi and Yao.44 Using force-field-based molecular mechanics, they 

found that the nature of interfacial binding energy between the nanotubes and epoxy resin 

comes from the electrostatic and van der Waals forces. When SWNTs were dispersed in 

PmPV-co-DOctOPV/toluene solution, polymer wrapped SWNT structure were formed.53 

O’Connell et al.50 proposed possible wrapping arrangement of polymer on a nanotube by 

studying the dispersion of SWNT in polyvinyl pyrrolidone (PVP)/water solution. During 

solution formation, polymers disrupt the hydrophobic interface with water and reduce the 

inter-tube interactions in SWNT bundles. The structure of poly (metaphenylenevinylene) 

(PmPV) wrapped SWNTs was proposed.55, 100 Interaction between PmPV and SWNT 

changes the conformation of PmPV. The side groups of PmPV are bound onto the 

cylindrical SWNT while PmPV backbone has curvature imposed upon SWNT100. The 

short, rigid backbone of poly(aryleneethynylene) cannot wrap around the SWNTs.101 The 

π-π interaction between nanotube and the conjugated polymer backbones results in the 

formation of irreversible polymer-SWNT complexes.101 

Mismatch in the coefficients of thermal expansions (CTEs) between CNT and 

epoxy resins result in thermal residual radial stress and deformation along the tube: 

compressive radial stress results in closer CNT-polymer contact enhancing the 

electrostatic and van der Waals interaction, while deformation promotes mechanical 

interlocking.102 Local non-uniformity of CNT in this epoxy/nanotube composite also 

result in mechanical interlocking. From molecular mechanics simulations and elasticity 
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calculations, Liao and Li103 proposed the presence of mechanical interlocking in CTE 

between CNT and PS matrix, as well as electrostatic and van der Waals interaction.  

 Electron donor–acceptor (EDA) complex can be formed between SWNT and 

polymer (or solvent or other molecules). EDA complexes are typically formed between a 

molecule with high electron affinity and one with low ionization potential. SWNTs 

behave amphoterically and thus interact strongly with both electron donors and electron 

acceptors. Researchers have studied the molecules for doping with SWNT, which include 

alkali metals (donors)104-107, halogens (acceptors)106, gas 108, 109 ((NH3, H2) as donors, (O2, 

NO2) as acceptors), aromatic acceptors (anthracene derivatives110),  organic amine 

donors47, 111 and polymers112. The interaction between SWNTs and polyethylene imine 

(PEI) leads to the evolution of SWNTs from p-type to n-type.112 SWNT was well 

dispersed in the polymer, (-CN)APB/ODPA, forming the EDA interaction between 

nanotubes and the (-CN)APB subunit of the polymer113.  

A series of nanocomposite films consist of SWNT and copolymers of styrene and 

vinyl phenol (PSVPh) with varying vinyl phenol content were processed. The 

intermolecular interactions (hydrogen bonding) between the hydroxyl group of the vinyl 

phenol and the functional groups of nanotube were connected with the mechanical 

properties of composite films.114, 115  

1.6.2 Interfacial Strength 

Simulation results suggest that in determining the interfacial strength of 

polymer/CNT composites, the interfacial binding energy and frictional force play a minor 

role and helical conformation of polymer around the nanotube is essential.44 Therefore 

the interfacial strength may result from the molecular-level entanglement of the nanotube 
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and polymer matrix. Molecular dynamics simulations predict the interfacial strength (van 

der Waals interactions) of a SWNT/polyethylene system to be 2 MPa.116 CNT pullout 

experiments have been used to estimate the interfacial strength of polymer/CNT 

composites by using atomic force microscopy (AFM). Using this method, the average 

interfacial stress required to remove a single MWNT from the polyethylenebutene matrix 

was estimated to be 47 MPa117,  which is about 10 times larger than the adhesion between 

the same polymer and carbon fibers. From the pullout experiment, the interfacial shear 

strength of a SWNT/epoxy system were determined to be 366±74 MPa118 and that of a 

CNT/PS system was estimated to be about 160 MPa103. Polymers comprised of aryl 

groups containing electron-withdrawing subgroups exhibit stronger interfacial 

interactions with the sidewalls of nanotubes as compared to polymers comprised of 

extended alkyl moieties. The strength of adhesive interactions between SWNTs and 

thiolated AFM cantilever tips can be examined by chemical force microscopy (CFM).119 

The interfacial interactions between substituted alkane- and arylthiol molecules and the 

sidewalls of SWNT were measured using CFM.120 Based on fragmentation experiments, 

the interfacial strength required to remove a CNT from polyurethane matrix was 

estimated to be 500 MPa.121  

1.7 POLYMER/CNT COMPOSITES  

The unique combination of mechanical (tensile strength 45 GPa29, Young’s 

modulus ~640 GPa18), electrical conductivity (106 S/m)122, thermal conductivity (6600 

W/mK)123, low density20 as well as high aspect ratio, make CNTs excellent candidates for 

multifunctional polymer/CNT composites. The methods for the CNTs dispersion in 

polymer matrices include solution blending, melt blending124, 125 and in-situ 
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polymerization126. Solution blending is the most common method for processing 

polymer/CNT composites. The nanotubes are dispersed in a suitable solvent, and then 

mixed with the polymer to form a dispersion of polymer/SWNT/solvent. The composite 

is then formed from the resultant dispersion by precipitating or casting a film.127, 128 The 

polymers acting as the matrices for polymer nanocomposites includes thermoplastic129-

132, thermosetting133-136, semi-crystalline137, 138, amorphous125, 139-142, water soluble88, 143, 

144, conjugated145-147 and liquid crystalline ones126, 132. The mechanical, electrical and 

thermal properties of polymer/CNT composites will be introduced in the following 

section. 

1.7.1 Mechanical Properties 

The mechanical properties of polymer/carbon nanotube composites are influenced 

by polymer matrix, dispersion quality, orientation of nanotubes, and nanotube loading. 

Enhancement of 145 %  and 300 % in tensile modulus and tensile strength, respectively 

have been achieved in the 1 wt% fluorinated SWNT/poly (ethylene oxide) composites.148 

By fabricating PVA/MWNT composite film, PVA formed a crystalline coating around 

the nanotubes, improving the interfacial stress transfer and leading to increase in Young's 

modulus, tensile strength, and toughness by 3.7, 4.3, and 1.7 times, respectively at less 

than 1 wt% nanotube loading.149 The multilayer polymer/SWNT composite thin film with 

SWNT loading as high as 50 wt% was prepared by layer-by-layer assembly using 

functionlized SWNT, PEI, and poly (acrylic acid) (PAA) obtaining the tensile strength to 

be 220 ± 40 MPa with some values as high as 325 MPa.150  

 The orientation of CNTs in polymer matrices is expected to improve the 

mechanical properties of polymer/CNT composites. Highly aligned MWNT/PS 
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composite films with 5 wt%  nanotube loading processed by melt extruding method, have 

the improved  tensile modulus, yield strength and ultimate strengths.151 The improvement 

in elastic modulus of the aligned MWNT/PS composite film is five times greater than that 

for the randomly oriented composite film. SWNTs were firstly dispersed in PP by solvent 

process. After the solvent was removed, the solid polymer was melt-spun obtaining the 

oriented SWNT/PP fibers.152 The resultant PP/SWNT composite fiber with 1 wt % 

nanotube loading exhibited 40 % enhancement in tensile strength and 55 % increment in 

modulus. The poly (p-phenylene benzobisoxazole) (PBO)  fiber in the presence of 10 

wt% SWNT loading exhibits 50 % increment in tensile strength as compared with the 

control PBO fiber.126 By the melt spinning technique, poly (ethylene terephthalate) 

(PET)/CNF composite fibers were processed and improvement in compressive strength 

and torsion modulus was achieved.153 PMMA/CNF composite fibers processed by melt 

blending shows the improved compressive strength, enhanced thermal stability, as well as 

significantly reduced shrinkage.154 The interconnected network of PVA and SWNT 

formed in the PVA/SWNT composite fibers leading to a 4-fold increase in Young's 

modulus.155 Dalton et al.156 spun the PVA/SWNT super-tough composite fiber with 60 

wt% SWNT loading by using optimized coagulation spinning. The tensile strength of the 

super tough PVA/SWNT composite fiber is as high as 1.8 GPa comparable to that of 

spider silk. The fiber modulus reaches 80 GPa, elongation at break of about 100 % and 

the energy to break is as high as 570 J/g which is significantly larger than that of silk 

fiber (165 J/g). Polyacrylonitrile (PAN) containing 10 wt% SWNT composite fiber 

exhibits enhancement of 105 % (from 0.79 to 1.6 GPa) and 43 % (from 0.23 to 0.33 GPa) 

in tensile modulus and tensile strength, respectively and decrease of 16 % in elongation 
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to break.157 Thermal oxidation of this PAN/SWNT (10 wt% SWNT) composite fiber at 

250 oC under continuous air flow results in enhanced mechanical properties. The tensile 

modulus, tensile strength, and elongation at break of the oxidized composite fiber are  

160 %, 100 %, and 115 %, respectively, higher than the control oxidized PAN fiber.158 

PAN was spun with various CNTs to obtain composite fibers with 5 wt% CNT loading 

achieving improvement in modulus (75 %), tensile strength (70 %), strain to failure  (110 

%) and work of rupture (230 %) as compared to control PAN fiber.159 PAN/SWNT 

composite fibers with an orientation factor of SWNT as high as 0.915 were obtained by 

gel spinning.160 The draw ratio of PAN/SWNT fiber reached to 51 and the SWNT 

exfoliation were observed by using UV–vis spectroscopy and high resolution 

transmission electron microscopy (HRTEM). With the addition of 1 wt% SWNT, tensile 

modulus of PAN increased by 6.6 GPa (from 22.1 to 28.7 GPa).160 PAN/MWNT 

composite fibers containing up to 5 wt% MWNT were prepared by dry-jet wet spinning 

and exhibited 36 % increase in tensile modulus and 31 % increase in tensile strength as 

compared to control PAN fiber.161 The highly oriented PAN/MWNT composite nanofiber 

sheets were prepared by electrospinning.162 With the addition of 20 wt% MWNT, the 

tensile modulus of composite nanofiber sheets was enhanced by 10 GPa (from 4.5 to 14.5 

GPa). The tensile strength of composite nanofiber sheets with 10 wt% MWNT loading 

was improved by 0.11 GPa (from 0.26 to 0.37 GPa).   

The introduction of chemical bonding between polymer and nanotubes containing 

functional groups leads to the improvement in mechanical properties of polymer/CNT 

composites. In-situ polymerization of caprolactam in the presence of carboxylated SWNT 

yielded nylon-6/SWNT composites with nylon-6 chains grafted to the SWNT via 
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covalent linkage.163 A 153 % enhancement in Young’s modulus and 103 % increment in 

tensile strength were obtained in the nylon-6/SWNT composite fiber with 1 wt % 

nanotube loading. In the chlorinated PP/MWNT composite film at less than 1 wt% 

nanotube loading, the  covalent bond formed been chlorinated PP chains and nanotubes 

led to the enhancement in Young's modulus, tensile strength and toughness by 3.1, 3.9 

and 4.4 times, respectively.149   

1.7.2 Electrical Properties  

Carbon nanotubes are good candidates to impart electrical conductivity to 

insulating resins due to its high electrical conductivity and large aspect ratio. When the 

filler loading exceeds a critical value, composites containing conducting filler in an 

insulating polymer matrix become electrically conductive. The minimal volume fraction 

of nanotubes at which a continuous conducting network of the filler appears in the matrix 

is defined as percolation threshold. The composite conductivity, σc, is related with the 

volume fraction of the conductive filler, V, as expressed by Equation (1.6).136 

t
cc VV )( −∝σ                                    (1.6) 

Where Vc is the percolation threshold and t is the critical exponent. The percolation 

threshold in polymer/CNT composites is influenced by the volume fraction, dispersion, 

aspect ratio, and orientation of nanatubes. The homogeneous solution was formed by 

dispersing PPE-functionalized SWNT in polycarbonate (PC) & PS. The PC/SWNT 

composite film prepared from the uniform solution exhibit the lower percolation 

threshold of 0.045 wt.% and higher electrical conductivity of 4.81×102 S/m with 7 wt% 

SWNT loading, which is 15 orders of magnitude higher than that of PC.164 The 

percolation threshold in the PS/SWNT composite film is 0.11 wt% and the electrical 
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conductivity is 6.89 S/m with 7 wt% SWNT loading, which is 14 orders of magnitude 

higher than that of PS.164 The PC/SWNT composite films can find applications in 

electrostatic painting and electromagnetic interference (EMI) shielding. The percolation 

threshold was observed to be 0.05 vol% for the polyimide/SWNT composites.165 

Epoxy/SWNT composites exhibit a percolation threshold at the volume fractions as low 

as 0.0052 vol% and achieve several orders of magnitude enhancement in electrical 

conductivity.166 In polymer/ MWNT composites, the percolation threshold of 0.0025 

vol% was observed and t was equal to 1.2.167  

Bryning et al.166 studied the effect of aspect ratio on the electrical conductivity of 

epoxy/SWNT composites using two types of SWNTs synthesized by HiPCO and laser 

ablation method. The composites prepared using SWNTs with higher aspect ratio (laser 

SWNTs ~380) give the lower percolation threshold than that with lower aspect ratio 

(HiPCO SWNTs ~150). As the length of MWNT increase from 1 to 5 µm, the 

epoxy/MWNT composites shows more than 8-fold decrease in the percolation 

threshold.168   

Alignment of nanotubes in the polymer matrix has an effect on the electrical 

properties. Choi et al.169 observed the significant improvement in electrical properties of 

epoxy/SWNT composite with the oriented SWNT that was aligned by magnetic filed. At 

2 wt% SWNT loading, the electrical conductivity parallel to the alignment direction for 

the SWNT/PMMA composites decrease with the increasing SWNT orientation.127 The 

electrical conductivity is about 10-10 S/cm and 10-4 S/cm for the SWNT/PMMA 

composites with and without SWNT orientation, respectively. The percolation threshold 

in these composites increases with increasing alignment of nanotubes. The reason may be 
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that the high orientation of SWNT in the composites results in the smaller contact area 

between tubes and thus cause the decrease in electrical conductivity and higher 

percolation threshold.127 The percolation threshold for the PAN/SWNT composite film 

was observed to be lower than 1 wt% and its electrical conductivity decreases with 

increasing SWNT orientation.170 The electrical conductivity of PAN/MWNT composite 

nanofiber sheets with 20 wt % MWNT loading is up to 1 S/cm.162 

The chemical modification of CNT also influences the electrical conductivity of 

polymer/functionalized CNT composites. With the treatment of the concentrated HNO3 

or H2O2/NH4OH, MWNTs are negatively charged and functionalized with carboxylic 

groups , disrupts the extended π- π conjugation of nanotubes, resulting in the decrease in 

electrical conductivity at a low content of MWNT and hence an increase in percolation 

threshold.171  

1.7.3 Thermal Properties 

Due to the low coefficient of thermal extension (CTE) values of CNT, the 

incorporation of CNT in polymer results in a decrease in the composite CTE172. Improved 

thermal shrinkage properties with the incorporation of SWNT, DWNT, MWNT or 

VGCNF in PAN matrix has been reported.157, 159 The shrinkage of PAN/SNWT (90/10) 

composite fiber is almost half that of control PAN fiber at 200 oC.157 Ge et al.162 prepared 

the highly oriented PAN/oxidized MWNT composite nanofibers which exhibited 

enhancement in thermal deformation temperature and thermal stability. The CTEs of the 

composite nanofibers containing 20 wt % MWNTs were reduced by more than an order 

of magnitude to 13×10-6 /oC along the fiber axis.  
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1.8 THESIS OBJECTIVES 

This thesis has the following objectives: 

• To compare the reinforcement efficiency of various types of carbon nanotubes in 

PAN. 

• To study PAN-CNT interaction. 

• To develop characterization tools for assessing CNT dispersion in polymer 

matrices. 

• To characterize PAN/CNT interface. 

• To characterize the anisotropic optical properties of carbon nanotubes. 
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CHAPTER 2 

STRUCTURE AND PROPERTIES OF 

POLYACRYLONITRILE/SINGLE WALL CARBON NANOTUBE 

COMPOSITE FILMS 

 

2.1 INTRODUCTION 

Single wall carbon nanotube (SWNT) possesses high strength, stiffness, and 

electrical conductivity1, 2, and is being incorporated in polymers to obtain composites 

with unique properties. Various matrix systems that have been studied for this purpose 

such as: poly (vinyl alcohol) (PVA)3-5, poly (methyl methacrylate)6-9, poly (m-

phenylenevinylene-co-2, 5-dioctoxyp-phenylenevinylene)10, polyaniline11, polypyrrole12, 

polypropylene13, epoxy14, 15, poly (3-octylthiophene)16, 17, polyimide18, 19, polycarbonate20, 

polystyrene (PS)21, 22, alkoxysilane terminated amide acid (ASTAA)23, PAN24, 25, and 

poly (p-phenylene benzobisoxazole)26. Most of these studies have been carried out at 

nanotube loadings generally below 10 wt %. However, several studies at high nanotube 

loadings have been reported. For example, exceptionally tough PVA fibers with 60 wt% 

SWNTs have been processed27. Polyelectrolyte film with 50 wt% SWNT resulted in a 

tensile strength of 220 MPa28. Improvements in modulus, strength, and toughness of 

SWNT films have been reported with PVA or PS infiltration.29  PAN, a commercially 

important polymer and carbon precursor30, is generally processed from solution31. 

Carbonized PAN/SWNT films are good candidates for electrochemical capacitor 

electrodes32. This chapter discusses the polymer/SWNT composite film prepared at 
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higher SWNT loading with unique combination of tensile, electrical, and thermo-

mechanical properties, low density, and solvent resistance, and explains its properties 

with a control polymer film and SWNT bucky paper. Results pertaining to the interaction 

between PAN and SWNT in the composite films are also presented. 

2.2 EXPERIMENTAL 

2.2.1 Preparation of Films 

Unpurified HiPCO SWNTs (catalytic impurity based on the thermogravemetric 

analysis was about 30 wt %) obtained from Carbon Nanotechnologies, Inc were used as 

received. Dimethylformamide (DMF) and Polyacrylonitrile (PAN) containing 10% 

methyl acrylate (random copolymer, molecular weight 100,000 g/mole) were purchased 

from Sigma- Aldrich and were also used as received. Vacuum dried 0.137 g SWNTs 

were dispersed in 50 ml DMF by a combination of sonication (Cole-Parmer 8891 bath 

sonicator, 80 W, 43 kHz) and homogenization using a bio-homogenizer (Biospec 

products Inc. M133/1281-0). To this SWNT/DMF dispersion, 0.2055 g PAN was added 

and dissolved by stirring. The PAN/SWNT/DMF solution was cast onto a hot glass 

substrate (at 60 oC) to form 15 to 30 µm thick films. The resulting film was dried under 

vacuum at 60 oC. Control PAN and SWNT (bucky paper) films were also made using the 

same process. 

2.2.2 DMF Treatment 

The PAN/SWNT composite films were kept in DMF at temperature of 50, 70, 90, 

110 and 130 oC for one hour. The films were then dried under vacuum for one week at 80 

oC.  
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2.2.3 Tensile and Dynamic Mechanical Analysis 

RSA III (Rheometrics Scientific) was used to measure the tensile and dynamic 

mechanical properties. The gauge length, film width, and strain rate for the tensile test 

was 25.4 mm, 5 mm and 10 %/min, respectively. Dynamic mechanical tests were carried 

out at 1 Hz at 1 oC/min heating rate.  

2.2.4 Thermo-Mechanical Analysis 

Coefficient of thermal expansion was determined using a thermo-mechanical 

analyzer (TA Instruments TMA 2940) at 0.05 MPa pre-stress on 10 mm long and 2 mm 

wide films during the second heating cycle when heated at 5 oC /min.  

2.2.5 Electrical Conductivity and Morphological Characterization 

In plane dc electrical conductivity was measured by four-probe method. SEM 

imaging was done on gold coated films using Leo 1530 Scanning Electron Microscope.  

2.2.6 X-ray Diffraction 

X-ray diffraction studies were conducted on Rigaku R-AXIS IV++ equipped with 

an image plate. The nickel filtered CuKα radiation (wavelength = 0.15418 nm) was used 

and data analysis was done using jade software.  

2.2.7 Raman Spectroscopy 

Raman spectra were collected by an Invia Raman Microscope made by Renishaw 

Company using 488 nm excitation lasers. 
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2.3 RESULTS AND DISCUSSION 

2.3.1 Properties of PAN/SWNT Composite Film 

The initial modulus of the PAN/SWNT composite film is 4 times the modulus of 

PAN and an order of magnitude higher than that of the SWNT bucky paper, while the 

tensile strength of the composite is twice the PAN strength, and 13 times the strength of 

the bucky paper (Table 2.1). In this work, SWNT bucky paper was made from unpurified 

tubes. By comparison, in the earlier work, it was reported that the  bucky paper made 

from purified tubes exhibited substantially higher strain to failure (~5%)33. Bucky paper 

strain to failure observed in this work is in better agreement with the value reported by 

Malik et al34. 

 

Table 2.1. Properties of PAN, PAN/SWNT and SWNT films 
 

Sample 
SWNT 
loading 
(wt%) 

Tensile 
modulus 

(GPa) 

Tensile 
strength 
(MPa) 

Elongation 
at break 

(%) 

Density 
(g/cm3) 

PAN 0 2.7 ± 0.4 57 ± 4 22.3 ± 6.5 1.01 

PAN/ SWNT 40 10.9 ± 0.3 103 ± 18 1.6 ± 0.6 1.08 

SWNT bucky 
paper 100 1.1 ± 0.1 7.6 ±1.5 0.6 ± 0.1 0.80 

 

 

The storage modulus of PAN/SWNT composite in the plateau region above the 

glass transition temperature is 40 times the PAN modulus at that temperature (Figure 

2.1). Based on the Tan δ peak position, glass transition temperature of the 

composite film is 103 oC, while that of the control PAN film it is 91 oC. The 
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decrease in the Tan δ magnitude for the PAN/SWNT composite film suggests 

suppression of the PAN molecular motion above the glass transition temperature. 
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Figure 2.1. Storage modulus (E’) and tan δ behavior of PAN and PAN/SWNT (60/40) 
films as a function of temperature. 
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The thermal expansion of PAN shows the typical polymer behavior, with CTE 

value being much higher above Tg than its value below Tg (Figure 2.2, Table 2.2), while 

the composite film exhibits only one CTE in the entire temperature range. These 

properties clearly demonstrate the reinforcing effect of PAN in SWNT and vice-versa. 
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Figure 2.2. Thermal expansion of PAN and PAN/SWNT (60/40) films as a function of 
temperature. 

 

 

Table 2.2. CTEs of PAN and PAN/SWNT films 

CTE  (10-6/ oC) 
Sample 

35 -91 oC (Tg)  91 (Tg) -150 oC 

PAN 57 108 

PAN/ SWNT (60/ 40) 1.7 ± 0.6 

SWNT35 –1.5  
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The CTE of the two-dimensionally isotropic composite is calculated by the 

following equations36: 
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νm and νNT are the Poisson’s ratio for the PAN and SWNT and are taken to be 0.0737 and 

0.1738, respectively. VNT is the volume fraction of SWNT in the PAN/SWNT (60/40) film 

and is equal to 0.38. The axial modulus of the SWNT (ENT) is 640 GPa1. αm and αNT are 

CTEs of PAN and SWNT, respectively and are taken as the values listed in Table 2.2. Em 

is the modulus of the PAN matrix. In a film with a random nanotube orientation in a 

plane, E11 and E22 are related to the composite modulus (Ec) by the equations36. 
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lNT and dNT are the length and diameter of nanotube ropes, respectively. Using Ec and Em 

values in Table 2.1, lNT/dNT, E11, E22, were calculated to be 4, 16.6 GPa, 7.5 GPa, 

respectively. Using these values in Equation (2.1)-(2.4), in plane CTE of the composite 

film was determined to be 1.8×10-6 oC-1, which is in excellent agreement with the 

experimental value of 1.7×10-6 oC-1.    

The electrical conductivity of PAN/SWNT (60/40) composite is 1.5 × 104 S/m. By 

comparison, electrically conductivity of PVA/MWNT composite film (40/60) was 

reported3 to be 102 S/m. The conductivity of PAN/SWNT film of the order of 104 S/m is 

comparable to those of the electrically conducting polymers such as polypyrrole (104 

S/m)39 , polythiophene (104 S/m) 40, and polyaniline (103 S/m)41.  

Scanning electron micrographs of the tensile fractures of the control PAN and 

PAN/SWNT composite films (Figure 2.3) indicate that nanotubes disperse well in the 

PAN matrix. PAN/SWNT composite film retained its shape after being immersed in 

DMF for three days at room temperature, and only 27 % of the PAN in PAN/ SWNT 

(60/40) composite film dissolved in DMF. From the SEM images (Figure 2.4), the rope 

diameters in the SWNT powder and in the PAN/ SWNT (60/ 40) films were estimated to 

be 26 ± 3 nm and 40 ± 2 nm, respectively.  
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Figure 2.3. Scanning electron micrographs of the tensile fractures of (a) PAN, and (b) 
PAN/SWNT (60/40) composite film. 
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Figure 2.4. Scanning electron micrographs of (a) SWNT powder, and (b) PAN/SWNT 
(60/40) composite film. 

 

 

In other work, SWNT rope diameters of 3042  and 35 nm32 have been estimated. 

We attribute these variations in SWNT rope diameter to differences in different batches 

of nanotubes. Assuming that all PAN is adsorbed on the SWNT rope, the diameter of the 

PAN wrapped SWNT bundle can be calculated using the following equation: 

SWNT

PAN

SWNTSWNT

PANSWNT
m
m

R
dRd

=
+

ρ

ρ
2

2 )2(
                                                                         (2.10) 

(a) 
Diameter  of  rope 

26 ± 3 nm

(b) 
Diameter  of rope

40 ± 2 nm 
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where RSWNT is the radius of the SWNT bundle, d is the thickness of PAN coating on 

SWNT bundle, mPAN and mSWNT are the weight fractions, and ρPAN and ρSWNT are the 

densities of PAN and SWNTs, respectively. The measured density of PAN film (1.01 

g/cm3) is lower than the typical PAN polymer density of 1.18 g/cm3. During PAN film 

formation, pore structure forms due to solvent evaporation, resulting in reduced PAN 

density. Using the measured PAN and SWNT densities (Table 2.1), and the 26 nm 

diameter of SWNT bundle, the diameter of the PAN wrapped SWNT bundle is calculated 

to be  39 nm for the PAN/ SWNT (60/40) composite. Using PAN and SWNT theoretical 

densities of 1.18 and 1.30 g/cm3, respectively, rope diameter for the composite film was 

calculated to be 42 nm. Composite rope diameter calculated values of 39 and 42 nm are 

in excellent agreement with the measured value of ~ 40 nm (Figure 2.4b). This suggests 

that almost all the PAN is adsorbed on the SWNT bundle. The fact that 73% of the total 

PAN is not accessible to the solvent and can not be re-dissolved in DMF, further 

confirms the strong PAN association to SWNT.   

PAN and PAN/SWNT films exhibit the characteristic PAN x-ray diffraction 

peaks at 16.7-16.9o, 24.7-26.4o and 28.3-29.6o (Figure 2.5)43. PAN crystallite size44 

(without instrumental broadening correction) calculated using Scherrer equation from the 

110 peak at 16.8° 2θ and PAN x-ray crystallinity values are given in Table 2.3. The 

crystal size perpendicular to (110) plane in the composite film is nearly half of the crystal 

size in the control PAN film. The x-ray diffraction intensity of the composite film is 

substantially less than that for the PAN for the same exposure time. The suppressed 

motion of the PAN molecule and reduced thermal expansion, particularly above the glass 
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transition temperature, reduced x-ray diffraction intensity, decreased PAN solubility in 

DMF in the composite film point to good interaction between PAN and SWNT.  
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Figure 2.5. Wide angle X-ray diffraction radial scans for PAN and PAN/SWNT (60/40) 
films. 
 

 

Table 2.3. Wide angle X-ray diffraction results of PAN and PAN/SWNT films 

Sample Crystal size (nm) Crystallinity (%) 

PAN 5.3 53 

PAN/SWNT (60/40) 2.9 45 

PAN/SWNT (60/40) after 
dissolving in DMF 2.6 53 
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2.3.2 DMF Treated PAN/SWNT Composite Film 

The PAN/SWNT composite films with 40 wt% nanotube loading were kept in 

DMF at temperature of 50, 70, 90, 110 and 130 oC for one hour, then taken out from 

DMF and dried completely. A PAN/SWNT composite film with no treatment in DMF is 

referred to as original composite film. 

The weight of PAN/SWNT composite films before and after DMF treatment was 

measured and listed in Table 2.4. When the composite film is kept in DMF, part of PAN 

molecules is resistant to solvent DMF. The ratio of PAN not dissolved in DMF to the 

total PAN in the composite film was calculated (Table 2.4). The fact that 61 % PAN of 

the total PAN can not be re-dissolved in DMF even at the temperature as high as 130 oC 

indicates the strong interaction between PAN and SWNT. 

 

Table 2.4. Weight change for PAN/SWNT (60/40) composite films before and after DMF 
treatment at different temperatures 

DMF 
treatment 

temperature 
(oC) 

Film weight 
before DMF 

treatment 
(mg) 

Film weight 
after DMF 
treatment 

(mg) 

(PAN not re-dissolved 
in DMF)/ (total PAN 
in the composite film) 

(%) 

50 1.02 0.85 72 

70 1.25 1.00 68 

90 1.26 0.96 60 

110 1.11 0.85 61 

130 2.06 1.59 61 
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X-ray patterns of SWNT powder, PAN/SWNT composite films and SWNT bucky 

paper are shown in Figure 2.6. The 2θ values and corresponding d-spacing for samples 

are listed in Table 2.5. The peaks at 2θ ~ 6.5-7.5 o and 2θ ~ 10-13 o correspond to (10) 

and (11) planes of the 2D hexagonal lattice in the ordered SWNT bundle.2, 45 The peak at 

2θ ~16.8 ° for the PAN/SWNT composite film corresponds to (110) plane of PAN. PAN 

crystallinity for the composite films is listed in Table 2.5. DMF treated composite films 

have smaller PAN crystallinity as compared to the original PAN/SWNT composite film 

possibly due to the destruction of part of the crystalline phase. 

The average diameter dt of nantotubes is related with the d-spacing d(10) of the 

(10) plane and inter-tube spacing D by Equation (2.11): 

D
d

dt −=
3

2 )10(                                  (2.11) 

 
Inter-tube spacing of SWNT powder in the powder is 0.34 nm which is the inter-plane 

spacing of graphite46. From this inter-tube spacing value, the average nanotube diameter 

in the SWNT powder is estimated to be 1.033 nm.  Based on measured d-spacing values 

and the average tube diameter of 1.033 nm, the inter-tube spacing of nanotubes in the 

buckypaper, original PAN/SWNT composite film, and DMF treated PAN/SWNT films 

are calculated and listed in Table 2.5. Figure 2.7 shows the inter-spacing of SWNT in 

samples as a function of DMF temperature. The inter-tube spacing of SWNT in the 

original composite film is larger than that in the SWNT powder and that in the SWNT 

bucky paper indicating the possibility of the intercalation of PAN molecules within 

nanotube bundles. The inter-tube spacing of SWNT in the composite films subjected to 

DMF has no significant change with increasing DMF temperature.  
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Figure 2.6. X-ray patterns for SWNT powder, SWNT buckypaper and PAN/SWNT 
composite films. 
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Table 2.5. X-ray results for SWNT powder, SWNT bucky paper and PAN/SWNT 
composite films 

Samples d(1,0) 
(nm) 

2θ 
(o) 

Inter-tube 
spacing 

(nm) 

Crystallinity 
(%) 

Crystal 
size 

(nm) 

SWNT Powder 1.19 7.43 0.340 - - 

SWNT buckypaper 1.25 7.09 0.406 - - 
Original 

PAN/SWNT film 1.31 6.72 0.485 45 2 

Treatment at 50 oC 1.32 6.71 0.487 25 3 

Treatment at 70 oC 1.31 6.72 0.485 22 3 

Treatment at 90 oC 1.31 6.72 0.485 27 2 

Treatment at 110 oC 1.31 6.76 0.476 18 3 

Treatment at 130 oC 1.31 6.73 0.483 21 3 
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Figure 2.7. Inter-tube spacing as a function of DMF temperatures for SWNT powder, 
SWNT buckypaper and PAN/SWNT composite films. 
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In the Raman spectra of SWNT powder and composite films, G’ band for the 

composite films appears at ~ 2580 cm-1. G’ peak position for the SWNT powder and 

composite films is plotted as a function of DMF treatment temperature in Figure 2.8. G’ 

band for the original PAN/SWNT composite film shifts to higher wavenumber relative to 

the SWNT powder due to the compressive stress exerted by polymer on the SWNT 

bundles. G’ band position shows no significant variation when the composites films are 

treated in DMF.  
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Figure 2.8. G’ band position as a function of DMF treatment temperature for SWNT 
powder and PAN/SWNT composite films. 

 

 

G band shows two dominant Lorentzian features (Figure 2.9). The low frequency 

component (ωG
-) located at ~1564 cm-1 is related to the vibrations along the 

circumferential direction and the higher frequency one (ωG
+) at ~1592 cm-1 is associated 



 60

to the vibrations along the direction of the nanotube axis.47 G bands show no significant 

shift for the PAN/SWNT composite films as compared to the SWNT powder. The full-

width at half maxima (FWHM) of G band for SWNT powder and PAN/SWNT composite 

films is plotted as a function of frequencies in Figure 2.10. The width of G band 

decreases for the original composite film relative to the SWNT powder and reduces 

further with DMF treatment. Stephan et al.3 have reported the decreased width of G band 

by the addition of nanotubes to PMMA matrix and attribute them to the intercalation of 

PMMA between tubes. In our PAN/SWNT case, the decreased width of G band by 

incorporating SWNT into PAN may be explained by the intercalation of PAN between 

nanotube bundles. The width of Raman bands of SWNT increases with increasing 

pressure.48 When PAN/SWNT is treated in DMF, part of PAN molecules are removed 

resulting in the reduced compressive stress, which may cause reduction of  the width of G 

band for the DMF treated films as compared to the original film.  
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Figure 2.9. G band of the Raman spectra for SWNT powder and PAN/SWNT composite 
films.                 
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Figure 2.10. G band width as a function of DMF treatment temperature for SWNT 
powder and PAN/SWNT composite films.                 
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2.4 CONCLUSIONS 

SWNTs have been incorporated into PAN to form PAN/ SWNT composite films 

with unique properties. Tensile strength and modulus of the composite films are higher 

than that of the control PAN or that of the control SWNT bucky paper. The electrical 

conductivity of the PAN/SWNT composite film with 40 % SWNT loading is in the order 

of 104 S/m. The modulus of PAN/SWNT film above glass transition temperature is 40 

times the PAN modulus. Composite film also shows significantly reduced thermal 

extension at high temperature as compared to PAN film. SEM image of PAN/SWNT film 

indicates good dispersion of SWNT in the PAN matrix. Due to PAN adsorption on 

SWNT, the diameter of SWNT bundle increased from 26 nm to 40 nm with 60 % PAN. 

The crystal size in the composite film is significantly smaller than that in the control PAN 

film. The increased inter-tube spacing of the SWNT bundle in the composite film as 

compared to that in SWNT powder indicates the intercalation of PAN between nanotube 

bundles, which is also supported by the Raman spectra.  
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CHAPTER 3 

POLYACYLONITRILE/VAPOR GROWN CARBON NANO FIBER 

COMPOSITE FILMS 

 

3. 1 INTRODUCTION 

Carbon fibers, developed during 1960s are now being widely used for reinforcing 

composites. Vapor grown carbon nano fibers (VGCNFs) were developed in 1980s.1-4 

VGCNFs are synthesized by exposing a metallic catalyst to hydrocarbon gases.4 Uchida 

et al5 studied the microstructure of nano fibers using transmission electron microscopy. A 

truncated cone microstructure of VGCNFs was observed with outer and inner diameters 

of 60 and 25 nm, respectively. The graphite sheets in nano fibers were found to be 

oriented at an average angle of about 15 degrees with respect to the fiber axis. The tensile 

modulus along the nano fiber axis was calculated to be as low as 50 GPa using the 

graphitic plane mis-orientation. VGCNFs have been incorporated into a variety of  

polymers such as epoxy6-8, polyethylene9, polypropylene10-15, polycarbonate13, 14, 16-20, 

polystyrene21 acrylonitrile-butadiene-styrene (ABS)22, nylon23, 24, poly(phenylene 

sulfide)7, phenylethynyl terminated polyimide 25, poly(methyl methacrylate)6,26, 

poly(ethylene terephthalate) (PET)27, and poly(p-phenylene benzobisthiazole) (PBZT)28. 

Property improvements in polymer with incorporation of VGCNF include electrical 

properties8, 11, 14, 20, mechanical properties10, 12, 14, thermal stability10, 20, as well as 

crystallization rate10. Rheological properties of VGCNF-reinforced nanocomposites have 

also been studied.9, 11, 13, 17 PP/VGCNF composites were reported to exhibit an electrical 

conductivity percolation threshold of 9-18 wt%.11 The percolation threshold of 
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PC/VGCNF composites was reported at 6.3 wt%.20 PP/VGCNF composites with 15 wt% 

fiber loading shows 90% enhancement in Young’s modulus over the control polymer.14 

In another study, a 60% increase in Young’s modulus and a 35% reduction in the thermal 

expansion coefficient were observed for PP/VGCNF bulk composites with 5 vol% fiber 

loading.10 The storage modulus at room temperature increased by 350% for PP/VGCNF 

composites containing 60 wt% VGCNF as compared to the control PP.12 PAN/VGCNF 

composite fibers with significant property improvements have been reported29. In this 

chapter, processing, structure, and properties of PAN/VGCNF composite films with 

varying nano fiber loading are presented and discussed.   

3.2 EXPERIMENTAL 

3.2.1 Materials 

PAN (molecular weight =100,000 g/mol) obtained from Exlan, Co. (Japan) and 

dimenthylformamide (DMF) supplied by Sigma-Aldrich were used as received. VGCNFs 

(Grade PR-24-HT) were obtained from Applied Sciences, Inc. (Cedarville, OH).  

3.2.2 Preparation of PAN/VGCNF Composite Films 

Dried VGCNFs were dispersed in DMF by sonication in a sonic bath (Cole-

Parmer 8891R-DTH, 80 W, 43 kHz) for 48 hours. Homogenous dispersion of VGCNF in 

DMF was confirmed by optical microscopy. Dried PAN was dissolved separately in 

DMF, and the PAN/DMF solution was subsequently added to the VGCNF dispersion. 

The resultant PAN/VGCNF/DMF dispersion was stirred and excess solvent was 

evaporated to obtain the desired volume. The PAN/VGCNF/DMF dispersion was cast on 

the glass substrate to form the film in the vacuum oven at 80 oC. The composite film was 
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peeled off the glass substrate and further dried in vacuum oven at 80 oC for 3 days.  The 

composite films with various loading of VGCNFs (5, 10, 20, 40, 60, 80, 90 wt% CNFs) 

were prepared using the same procedure. The volume of DMF and the amount of PAN 

and VGCNF used for the preparation of various composite films are listed in Table 3.1. A 

control PAN film was also prepared. 

 

Table 3.1. Volume of DMF and amount of PAN and VGCNF for preparation of the 
composite films 

VGCNF 
loading   
(wt%) 

Volume of 
DMF 
(mL) 

Weight of 
VGCNF 

(mg) 

Weight of 
PAN 
(mg) 

Conc. of PAN in 
PAN/VGCNF/DMF 

solution (mg/mL) 

0 25 - 250 10 

5 50 12.6 240 4.8 

10 50 26.7 240 4.8 

20 50 60 240 4.8 

40 200 100 150 0.75 

60 200 150 100 0.5 

80 200 200 50 0.25 

90 200 200 22.2 0.11 

 

 

3.2.3 Characterization of Composite Films 

RSA III manufactured by Rheometrics Scientific was used to measure the tensile 

and dynamic mechanical properties. The gauge length, film width, and strain rate for the 

tensile tests were 20 mm, 2 mm, and 10 %/min, respectively. Dynamic mechanical 
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measurement was carried out at the testing frequencies of 0.1, 1, 5 and 10 Hz, and 

temperature increment of 1 oC/min. Transmission electron microscopy (TEM) studies 

were conducted using Hitachi HF-2000 (operated at 200 kV). For TEM specimen 

preparation, the PAN/VGCNF/DMF dispersion was diluted using DMF and dropped on 

lacey carbon TEM grids. Other experimental procedures are described in Chapter 2.  

3.3 RESULTS AND DISCUSSION 

The high resolution TEM (HRTEM) images of VGCNF dispersion are given in 

Figure 3.1. Single-layer structure in carbon nano fibers is shown in Figure 3.1a. Double-

layer nano fibers contain well oriented graphite sheets at the outer truncated cone 

structure and misoriented inner layer (Figure 3.1b). Due to the existence of the higher 

orientation graphitic sheet at outer layer, the density and mechanical properties of double-

layer CNF is higher than that of the single layer CNF. The triple-layer CNF and bamboo 

type structures were also observed and are shown in Figure 3.1c and 3.1d, respectively.  

 

 

 

 

 

 

 

 

 

 



 71

 

 

 

 
 

Figure 3.1. HRTEM images of VGCNF showing various types of carbon nano fiber 
structures: (a) single layer, (b) double layer, (c) triple layer, and (d) bamboo type. 
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The densities (ρ) of the composite films were determined from their measured 

weight and volume and are listed in Table 3.2. The measured density of the composite 

films is lower than the calculated density for all composites except for the film with 5% 

VGCNF loading. The difference between the theoretical and observed density is 

attributed to the presence of defects and voids. 

 

Table 3.2. Electrical conductivity and density of control PAN and PAN/VGCNF 
composite films 

VGCNF 
loading 
(wt%) 

VGCNF 
Loading 
(vol%) 

Conductivity 
(S/m) 

Density  
(g/cm3) 

Theoretical 
density a 

(g/cm3) 

0 0 - 1.15 ± 0.06 1.18 

5 3.1 0.7 ± 0.6 1.22 ± 0.07 1.20 

10 6.3 35.2 ± 11.7 0.91 ± 0.09 1.23 

20 13.1 88.8 ± 18.6 0.66 ± 0.05 1.28 

40 28.7 (8.8 ± 0.2)×102 0.81 ± 0.01 1.40 

60 47.6 (1.06 ± 0.04) ×103 0.73 ± 0.06 1.55 

80 70.8 (1.57 ± 0.06) ×103 0.51 ± 0.06 1.72 

90 84.5 (1.67 ± 0.08) ×103 0.50 ± 0.09 1.83 
 

a Theoretical density of the composite films is calculated using the following equation: 
  
   ρc =Vf (ρf – ρm) + ρm 

 
where ρc is the density of the composite film, Vf is the volume fraction of VGCNF, ρf is   
the density of VGCNF (1.95 g/cm3), and ρm is the density of PAN (1.18 g/cm3). 
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The tensile test results for various composite films are given in Table 3.3. The 

initial modulus of the composite film with 5% VGCNF loading is about 1.2 times the 

modulus of control PAN film, while the tensile strength of this composite film is 1.5 

times that of control PAN film. Further enhancement in tensile properties was not 

observed upon increased VGCNF loading. VGCNF loading higher than 40% in the 

composite film yielded tensile properties inferior than that for the control PAN film.  

 

Table 3.3. Mechanical properties of control PAN and PAN/VGCNF composite films 

VGCNF 
Loading 
(wt%) 

Thickness 
(µm) 

Tensile 
Modulus 

(GPa) 

Tensile 
Strength  
(MPa) 

Elongation 
(%) 

0 24 ± 2 3.7 ± 0.4 53 ± 9 3.2 ± 1.5 

5 23 ± 4 4.4 ± 0.3 80 ± 6 5.5 ± 1.6 

10 20 ± 2 4.1 ± 0.3 73 ± 6 3.7 ± 0.5 

20 30 ± 1 4.0± 0.2 59 ± 3 2.5 ± 0.3 

40 21 ± 1 5.4 ± 0.5 57 ± 9 1.4 ± 0.3 

60 22 ± 2 3.2 ± 1.2 19 ± 6 0.8 ± 0.2 

80 26 ± 0 1.6 ± 0.7 12 ± 4 1.5 ± 0.6 

90 29 ± 1 1.1 ± 0.1 5.7 ± 0.7 1.2 ± 0.4 
 

 

The theoretical modulus of the composite films can be predicted using Halpin-

Tsai equation, as discussed in Section 2.3.30 The parameters used in the Halpin-Tsai 

equation are listed in Table 3.4. The theoretical specific moduli calculated using VGCNF 

modulus of 50 GPa for various nano fiber lengths and the experimental specific moduli 

are plotted as a function of VGCNF loading of up to 40 % (Figure 3.2a). The theoretical 
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modulus of the composite films increased significantly with increasing nano fiber length 

from 200 nm up to 10 µm. However, further increase in nano fiber length to 100 µm did 

not result in significant increase in the calculated modulus. At 5 wt% VGCNF loading, 

the theoretical modulus of film corresponding to the nano fiber length of 10 µm agrees 

well with the experimental value. The experimental specific moduli are higher than the 

theoretical one for the composite films containing 10 and 20% nano fiber. The theoretical 

modulus for the composite films is calculated based on the VGCNF morphology where 

all graphite layers are oriented at 15° to the nano fiber axis31. However, two types of 

morphologies in VGCNF were observed: single-layer nano fiber and double-layer nano 

fiber. The graphite layers in the double-layer nano fiber are highly oriented in a second 

outer layer resulting in higher modulus.31 For the double layer VGCNF, the modulus was 

calculated to be 72 GPa. Using this modulus, the theoretical specific modulus of the 

composite films for various nano fiber lengths are calculated using Halpin-Tsai equation 

and plotted as a function of VGCNF loading (up to 40 %) in the composite films (Figure 

3.2b). The experimental specific moduli agree well with the theoretical one for the 

composite films with VGCNF loading as high as 20 %. At VGCNF loading of 40% or 

more, the experimental modulus of the composite films is significantly lower than the 

predicted value. Choi et al6 also reported a similar observation for the epoxy/cup-stacked 

carbon nanotube nanocomposites. 

Table 3.4. Parameters used in Halpin-Tsai equation 

Modulus of 
VGCNF, Enf 

(GPa) 

Modulus of  
PAN, Ep 

(GPa) 

Length of 
VGCNF, lnf 

(µm) 

Diameter of 
VGCNF, Dnf 

(nm) 

Density of 
VGCNF, ρnf 

(g/cm3) 

50 and 725 3.7 0.2-100 60 1.9532 
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Figure 3.2. Theoretical and experimental modulus of PAN and PAN/VGCNF composite 
films assuming the modulus of VGCNF to be (A) 50 GPa and (B) 72 GPa.  
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The electrical conductivity data for PAN and various composite films are shown 

in Figure 3.3. The inset of Figure 3.3 is the plot of conductivity as a function of nano 

fiber volume fraction (V), from which a percolation volume (Vc) of 3.1 vol% is obtained. 

Plotting electrical conductivity as a function of (V-Vc) (both axes in logarithmic scales) 

results in a slope of 1.29, suggesting two-dimensional electrical percolation behavior.  
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Figure 3.3. Electrical conductivity of PAN/VGCNF composite films. 

 

 

The storage modulus (E’) and Tan δ as a function of temperature for PAN and 

various composite films are given in Figure 3.4. Consistent with the tensile modulus data 

(Figure 3.4, top), storage modulus of PAN initially increased with the VGCNF loading. 

Enhancement in storage modulus is particularly evident above the glass transition 

temperature. The magnitude of the Tan δ peak decreased (Figure 3.4, bottom) with the 
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addition of VGCNF indicating the reduction of the damping in the composite with 

addition of nano fiber. The tan δ peak shifts to higher temperature and broaden towards 

higher temperatures with the addition of VGCNF. Eitan et al33 studied the dynamic 

mechanical properties of multiwall carbon nanotube/polycarbonate composites. The 

results suggested the presence of a large annular interphase region of immobilized 

polymer surrounding the nanotubes. The molecular mobility of this non-bulk polymer is 

reduced, hence contributing to broadening of Tan δ peak towards higher temperature. The 

composite film with 20 % VGCNF loading did not exhibit a shift in tan δ peak position 

or the peak broadening to higher temperatures.  In general, peak broadening increased 

with increasing amount of nanofiber in the composite. This observation can be explained 

in terms of restricted-mobility interphase present in the composite. With increasing 

amount of nanofiber, the fraction of polymer present at the polymer-nanofiber interphase 

is also increased. As stated previously, significant amount of this polymer at the 

interphase becomes immobilized hence results in tan δ peak broadening. This effect is 

very pronounced at >40 % nanofiber loading (Figure 3.4) 
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Figure 3.4. Storage modulus (top) and Tan δ (below) as a function of temperature for 
PAN and PAN/VGCNF composite films. 
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Figure 3.5 gives the Tan δ peak as a function of temperature for PAN and 

PAN/VGCNF composite films at various frequencies. The tan δ peak temperatures at 

various frequencies are listed in Table 3.5. Activation energy for the PAN molecular 

motion can be calculated using Arrhenius equation:  

Ln f =Ln C - Ea/RT               (3.1) 

where f is frequency, C is the material constant, Ea is the activation energy, R is the gas 

constant (8.314 KJ/mole) and T is absolute temperature. A plot of Ln f as a function of 

1/T for the control and composite films are shown in Figure 3.6. The activation energy is 

obtained from the slopes of the fitted lines in Figure 3.6. The activation energy for PAN 

molecular motion in the control PAN film was 425 KJ/mole. For the composite films 

with 5 and 10 wt% VGCNF loading, the activation energy values were 754 and 535 

KJ/mole, respectively. The higher activation energy needed for PAN molecular motion in 

the composite films indicates interaction between polymer and carbon nano fiber, 

resulting in hindered motion for polymer molecules. The tensile modulus, tensile 

strength, and glass transition temperature of PAN/VGNCF (90/10) composite film is 

lower than those for PAN/VGCNF (95/5) composite film indicating lower reinforcement 

efficiency in composite film with 10 wt% nano fiber loading.  Therefore, lower activation 

energy is needed for PAN molecular motion in the PAN/VGCNF (90/10) composite film 

as compared to film with 5 wt% VGCNF loading.  
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Figure 3.5. Tan δ behavior of (A) Control PAN, (B) PAN/VGCNF (95/5), and (C) 
PAN/VGCNF (90/10) films as a function of temperature at various frequencies. 
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Frequency 
 (Hz) 

Sample 

Table 3.5. Temperature of Tan δ peak at various frequencies 

Temperature (oC)  
 

0.1 1 5 10 

PAN 82.2 88.0 92.1 94.0 
PAN/VGCNF 

(95/5) 94.1 96.1 100.0 100.2 

PAN/VGCNF 
(90/10) 90.3 93.9 97.6 100.1 
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Figure 3.6. Ln f as a function of 1/T for control PAN (◊), PAN/VGCNF with 5 wt% 
loading (□) and PAN/VGCNF with 10 wt% loading (∆) films. 

 

 

 

 



 82

The structure of the composite films is characterized using wide angle X-ray 

diffraction, as shown in Figure 3.7. The peak at 43.5 o is attributed to the (100) peak in 

graphite34. The crystal size of the graphite (002) plane in composite film is listed in Table 

3.6. The crystal size of graphite in the composite film with VGCNF loading higher than 

20% is almost same as that in VGCNF powder. However, the average crystal size of 

graphite in the composite films with lower VGCNF loading (5 wt% and 10 wt%) is 

smaller than that in VGCNF powder. PAN and PAN/VGCNF films exhibit a 

characteristic PAN x-ray diffraction peak at 16.9 o attributed to the PAN (110) peak.35 

PAN crystallite size calculated using Scherrer equation36 from the (110) peak and PAN 

crystallinity values are also given in Table 3.6. At lower VGCNF loading (<20 wt%), 

PAN crystal size in the composite films is larger than that for the control PAN film. 

When the fiber loading is larger than 40 wt%, PAN crystal size decreases with further 

addition of nano fibers.  
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Figure 3.7. Wide angle X-ray diffraction of VGCNF powder, control PAN, and 
PAN/VGCNF composite films. 
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Table 3.6. Wide angle X-ray diffraction results of VGCNF powder, control PAN and 
PAN/VGNF composite films 

 

VGCNF 
 Loading (wt %) 

Graphite crystal 
Size (nm) 

PAN crystallite 
size (nm ) 

PAN 
crystallinity (%)

0 - 5.7 43 

5  12 6.4 46 

10  13 6.7 41 

20  14 5.9 43 

40  14 5.4 40 

60  14 4.7 48 

80  15 4.3 47 

90  16 4.6 43 

100 15 - - 

 

 

Figure 3.8 shows the HRTEM for the PAN/VGCNF/DMF dispersion with 90 % 

VGCNF loading. The wrapping behavior of PAN around nano fiber was observed. 

Scanning electron micrographs for VGCNF and 20 wt% VGCNF films are shown in 

Figure 3.9a and b, respectively. The images reveal coating of nano fiber by PAN (arrows 

in 3.9b) to form a PAN shell and VGCNF core structure. Figure 3.9c shows the 

morphology of tensile fracture for PAN/VGCNF film with 5 wt% VGCNF loading. 

When the composite film was stretched and then broken, a hole was left in the polymer 

matrix due to the weaker interaction between polymer and VGCNF. PAN was observed 

in the center of the hole suggesting that some PAN molecules do enter into hollow nano 

fibers. 
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Figure 3.8. HRTEM image for PAN/VGCNF/DMF dispersion with 90 % VGCNF 
loading. 
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Figure 3.9. Scanning electron micrographs for (a) VGCNF powder, (b) PAN/VGCNF 
(80/20), and (c) PAN/VGCNF (95/5) composite films. 
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3. 4 CONCLUSIONS 

Single-layer, double-layer, triple-layer and bamboo structured vapor grown 

carbon nano fibers were observed by transmission electron microscopy. PAN/VGCNF 

composite films with different VGCNF loading have been processed. The tensile results 

exhibit enhancement in modulus and tensile strength. The magnitude of enhancement 

decreases with increasing nano fiber loading up to 40 %. Beyond 40 % CNF loading, the 

tensile properties are lower than that of the control PAN. Electrical conductivity of 

composites increased with the nano fiber loading and exhibited percolation at 3.1 vol%. 

The storage modulus of PAN is enhanced by incorporation of nano fibers, particularly 

above the glass transition temperature. The tan δ peak broadens and shifts to higher 

temperatures with the addition of VGCNF. Activation energy needed for PAN molecular 

motion in the composite films is higher than that in the control PAN film. PAN crystallite 

size, PAN crystallinity and graphite crystallite size in various films were calculated and 

compared. The wrapping of PAN around nano fiber was observed by SEM and TEM. 

Specific modulus of the composites containing up to 20% VGCNF was consistent with 

the Halpin-Tsai theory. 
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CHARPTER 4 

POLYACRYLONITRILE/CARBON NANOTUBES COMPOSITE 

FILMS 

 

4.1 INTRODUCTION 

PAN/SWNT and PAN/VGCNF composite films with significant enhancement in 

mechanical, thermo-mechanical, and electrical properties have been processed, as 

discussed in Chapter 2 and Chapter 3. The reinforcement efficiency of SWNT, DWNT, 

MWNT and VGCNF have been compared in PAN/CNT composite fibers at 5 wt% CNT  

loading.1 In this chapter, reinforcement efficiency of five different types of SWNTs, 

DWNT, MWNT and VGCNF have been compared in PAN films at 5, 10, and 20 wt% 

nanotube loading. The films have been characterized for mechanical, dynamic 

mechanical and thermo-mechanical properties as well as electrical conductivity. Films 

have also been characterized using scanning and transmission electron microscopy, X-ray 

diffraction, Raman spectroscopy. Surface area of all carbon nanotubes has been 

characterized using nitrogen gas adsorption and the composite film surface area has been 

correlated with the nanotube surface area. Solvent behavior of various composite films 

has also been compared. 

4.2 EXPERIMENTAL 

4.2.1 Materials 

SWNTs were obtained from Carbon Nanotechnologies, Inc. (Houston, TX), 

DWNTs from Nanocyl, Co. (Belgium), MWNTs from Iljin Nanotech, Co. (Korea), and 
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VGCNFs from Applied Sciences, Inc. (Cedarville, OH). The catalytic impurity of the 

each type of nanotube was determined from the thermogravimetric analysis (TGA) based 

on the residual weight and listed in Table 4.1. PAN (molecular weight =100,000 g/mol) 

was obtained from Exlan, Co. (Japan). Dimethyl formamide (DMF) was purchased from 

Sigma- Aldrich and used as received.  

 
Table 4.1. Various carbon nanotubes used in this study 

 

Nanotubes Source Impurity 
(%) Batch or Lot # 

SWNT1 CNI 3 X5054C 

SWNT2 CNI 1 XO0PPP 

SWNT3 CNI 1 XO1PPP 

SWNT4 CNI 6 P0252 

SWNT5 CNI 35 R0231 

MWNT Iljin Nanotech, Co. 
(Korea) 3 - 

VGCNF Applied Sciences, Inc. 0.3 PR24-HHT-LD 
2850 

DWNT Nanocyl, Co. (Belgium) 5 270c700056 

 

 

4.2.2 Preparation of Films 

Dried carbon nanotubes (CNTs) were added to 50 ml DMF and sonicated for 48 

hours (DWNT was sonicated for 6 days) until a homogenous dispersion was formed. The 

homogeneity of dispersion was confirmed by optical microscopy. 240 mg PAN was 

added to the CNT/DMF dispersion and homogenized while stirring. Excess solvent was 
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evaporated to obtain the final solution volume of 25 mL. The PAN/CNT/DMF solution 

was cast on a glass substrate and kept in vacuum oven (~ 80 oC) for solvent removal to 

form the film. The films were further dried in vacuum oven at 80 oC for 3 days.  The 

PAN/CNT composite films with various loading of CNTs (5, 10, 20 wt% CNTs) were 

prepared by the same procedure. 

4.2.3 Themogravimetric Analysis  

 Themogravimetric analysis (TGA) of CNT powders was conducted on TGA 2950 

(TA Instruments, Inc.) in air at a heating rate of 10 oC /min. 

4.2.4 Raman Spectroscopy 

Raman spectra were collected by a Holoprobe Research 785 Raman Microscope 

made by Kaiser Optical System using 785 nm excitation lasers. 

4.2.5 Surface Area 

The isothermal N2 gas adsorption and desorption at 77 K were carried out on 

ASAP 2020 (Micromeritics Inc.), on samples degassed at 90 °C for 16 h. The specific 

surface area and pore size distribution were determined using Brunauer, Emmet, Teller 

(BET) and density functional theory (DFT) methods. Other experimental procedures are 

described in Chapters 2and 5.  

4.2.6 FTIR Spectroscopy 

Carbon nanotube powders are characterized by FTIR spectroscopy. For each 

measurement, about 1 mg CNT and 250 mg dried KBr were mixed by mortar and pestol 

till the mixture appears homogenous. The KBr used was dried at ~100 °C overnight. The 

CNT and KBr mixture was pressed in a mold to form pellet. FTIR spectra were collected 
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by spectrum one FTIR spectrometer by Perkin-Elmer using 1064 scans at a resolution of 

4 cm-1 against KBr background. Baseline correction was not performed.  

4.3 RESULTS AND DISCUSSION  

4.3.1 Thermogravimetric Analysis 

TGA curves for various SWNTs, DWNT, MWNT and VGCNF are shown in 

Figure A.1. The amount of metal catalyst in SWNT samples can be determined by TGA.2 

The residue of the samples is oxidized metal (Fe2O3 and Fe3O4), from which the metal 

impurity is estimated and listed in Table 4.1. The degradation temperature for various 

nanotubes determined from TGA plots is tabulated in Table 4.2. MWNT and VGCNF 

begin to degrade at higher temperature than various SWNTs and DWNT due to the 

existence of the layered graphitic structure.3 SWNT4 and SWNT5 begin to degrade at 

lower temperature as compared to SWNT1, SWNT2 and SWNT3 due to the presence of 

higher metal content and the smaller diameter nanotube. The obvious weight increase at ~ 

170 oC observed for SWNT5 is attributed to the oxidation of large amount of iron4 

present in the nanotube. The temperature at the fastest degradation rate is the highest for 

SWNT3 among various SWNTs though the initial degradation temperature of SWNT1 is 

the highest. 
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Table 4.2 Degradation temperatures of various carbon nanotubes in air 

Nanotubes 

Initial 
degradation 
temperature 

(oC) 

Temperature 
at the fastest 

degradation rate 
(oC)  

BET  
surface area 

(m2/g) 

SWNT1 516 550 583 

SWNT2 489 555 830 

SWNT3 483 570 795 

SWNT4 424 510 823 

SWNT5 368 421 434 

DWNT 440 456 563 

MWNT 584 640 161 

VGCNF 695 755 41 

 

 

4.3.2 Structure  

X-ray diffraction plots of various CNTs are given in Figure A.2. The 2θ values 

and d-spacings obtained for various SWNTs are listed in Table 4.3. All CNT powders 

show peak at ~ 44 o, which is attributed to (100) plane in graphite5 or/and to (110) 

reflection of the α-Fe body centered cubic lattice. SWNT1, SWNT 2 and SWNT 3 show 

the peak at 25.9 o  attributed to (002) plane of a defective graphite phase (often referred to 

as turbostratic carbon) resulting from the oxidative degradation of SWNTs during 

purification.6 DWNT, MWNT, and VGCNF also exhibit the peak at 25.4 ~26.3 o due to 

the turbostratic graphitic layer. The peaks at ~ 8 o and ~ 13 o correspond to (10) and (11) 

planes of the 2D hexagonal lattice in the ordered SWNT bundles.7, 8 SWNT4 and SWNT5 

show the peaks corresponding to (10) and (11) planes. From the d-spacing for the (10) 
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plane and the inter-tube distance in the SWNT bundle (0.34 nm), the average diameter of 

SWNT4 and SWNT5 are estimated to be 0.92 and 0.94 nm, respectively. The absence of 

(10) and (11) planes in the x-ray pattern of SWNT1, SWNT2 and SWNT3 indicates 

disruption of these crystalline packing. The peak at 2θ ~21 o for SWNT4 is attributed to 

the γ - band of carbon, which arises due to the packing of saturated structures such as 

aliphatic carbons.9-12 

 

 
Table 4.3. Wide angle X-ray diffraction results for CNT powders 

 

 SWNT1 SWNT2 SWNT3 SWNT4 SWNT5 DWNT MWNT VGCNF 

2θ (o) 

d (Å) 
- - - 

8.14 

10.85 

8.02 

11.01 
- - - 

2θ (o) 

d (Å) 
- - - 

13.18 

6.71 

13.22 

6.69 
- - - 

2θ (o) 

d (Å) 
- - - 

20.74 

4.28 
 - - - 

2θ (o) 

d (Å) 

Crystal 
Size 
(Å) 

25.92 

3.44 

30 

25.97 

3.43 

40 

25.86 

3.44 

30 

- - 25.44 

3.50 

83 

25.88 

3.44 

93 

26.30 

3.39 

150 

2θ (o) 

d (Å) 

43.56 

2.08 

43.01 

2.10 

43.05 

2.10 

43.93 

2.06 

44.28 

2.04 

43.30 

2.09 

42.90 

2.11 

42.60 

2.12 
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4.3.3 Raman Spectra 

Raman spectra for various CNT powders are shown in Figure A.3. The intensity 

in all cases is normalized to the intensity of the G band (1550-1605 cm-1). The peaks 

located in the region of  200 cm-1 ~ 500 cm-1 correspond to the radial breathing mode 

(RBM)13 (Figure A.4). RBM position is inversely proportional to the diameter of 

nanotube, and is used to estimate the nanotubes diameter in bundle according to the 

Equation (4.1) 14:  

 
5.12

223.5  (nm) d
RBM

t −
=
ω

                      (4.1) 

where ωRBM is the wavenumber in cm-1.  

The disorder induced D band appears at ~1300 cm-1 (Figure A.3). D band 

originates due to the presence of disordered carbon, and SWNTs with incomplete or 

modified wall structure.15, 16 Normalized intensity of D band for SWNT1, SWNT2, 

SWNT3, SWNT4 and SWNT5 is 0.2, 0.25, 0.1, 0.12 and 0.08, respectively, assuming 

that the inetsnity of G band in all cases is 1.. High intensity of D band for SWNT1 and 

SWNT2 indicate that these nanotubes contain more amorphous and disordered carbon 

among various SWNT powders. This observation is consistent with high-resolution TEM 

(HRTEM) images where presence of amorphous carbon is evident (Figure 4.1 and Figure 

A.8). The intensity of D band of MWNTs and of VGCNF is very high, indicating highly 

defective graphitic structure in these two samples.  

G band in Raman spectrum originates from the graphite-like in-plane vibration 

mode. G band shows two dominant Lorenzian features located at ~1560 cm-1 and at 

~1590 cm-1 (Figure A.5).17 The low frequency component (ωG
-) is related to the 
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vibrations along the circumferential direction and the higher frequency one (ωG
+) is 

associated with the vibrations along the direction of the tube axis. The peak position and 

the full width at half maxima (FWHM) of the G band for the higher frequency 

component for various CNTs are listed in Table 4.4. G bands for SWNT4 and 5 show a 

clear separation between the axial and circumferential components as compared to 

SWNT1, 2 and 3.  Jorio et al. reported that frequency ωG
+ is independent on diameter (d) 

whereas that of ωG
- strongly depend on d-2 (Equation 4.2).18  

ωG
- = ωG

+ -A/d2             (4.2) 

where A is constant.  The presence of the smaller-diameter tubes in SWNT4 and SWNT5 

causes ωG
- to shift to lower frequency resulting in the larger difference between ωG

- and 

ωG
+.   

 

Table 4.4. G band position and FWHM for CNT powders 

Sample 
G band position 

(cm-1) 

FWHM of G band 

(cm-1) 

SWNT1 1586 24 

SWNT2 1590 26 

SWNT3 1589 25 

SWNT4 1595 21 

SWNT5 1592 17 

DWNT 1587 28 

MWNT 1612 54 

VGCNF 1582 18 
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4.3.4 Surface Area and FTIR Spectra 

The specific surface area of CNT by BET method can be calculated by Equation 

(4.3): 

o

Am
mV

NV
S

σ
=                (4.3) 

where Vm is the quantity of gas absorbed when the entire surface is covered with a 

monomolecular layer, σ is the area of the surface occupied by individual gas molecules 

and NA is the Avogadro’s number, m is the mass of absorbing sample, and Vo is the 

molar volume of the gas (22414 cm3/mole for gas at atmospheric pressure). The total 

surface area by DFT method is given by Equation (4.4) and (4.5):  

S = 16.2 ×10 -20 (NA) (VSTP)            (4.4) 

ISTP VP
T

V ⎟
⎠
⎞

⎜
⎝
⎛
⎟
⎠
⎞

⎜
⎝
⎛=

760
2.273             (4.5) 

where NA is the Avogadro’s number, VSTP is the volume of absorbate at standard 

temperature (T) and pressure (P), and VI is the total amount of absorbed N2. The amount 

of absorbed N2 as a function of pressure for various CNT is shown in Figure A.6. The 

pore volume and surface area of various CNTs using BET and DFT methods are 

calculated and listed in Table A.1 and A.2. The surface area of SWNTs and DWNT is 

higher compared to MWNT and VGCNF. The surface area of SWNT2, SWNT3 and 

SWNT4 is higher than that of SWNT1 and SWNT5. The BET surface areas for SWNT2, 

SWNT3 and SWNT4 are 830, 795 and 834 m2/g, respectively and are significantly higher 

than those for SWNT1 (583 m2/g) and SWNT5 (434 m2/g). BET surface areas for 
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MWNT and VGCNF are 161 and 41 m2/g, respectively. The FTIR spectra of various 

nanotubes do not reveal any significant difference (Figure A.7). A possible reason could 

be the low sensitivity of the instrument.  

4.3.5 High Resolution Transmission Electron Microscopy  

Figure 4.1 shows the bright field high resolution TEM (HRTEM) images of 

various nanotubes (Low-magnification TEM images are shown in Figure A.8). It is 

evident from the TEM images that SWNTs bundles are highly entangled. Diameter of 

SWNT bundles is in the range of 8-29 nm. Presence of amorphous carbon was observed 

in SWNT1 and SWNT2 (Figure A.8). The metal particles were clearly observed in 

SWNT4 and SWNT5 due to their higher impurity. The size of the metal particles in the 

SWNT 4 and SWNT5 is in the 3 to 5 nm range. SWNT3 appears to have most uniform 

bundle diameter distribution (from SEM), least metal content (from TEM and TGA), and 

least amorphous carbon in all five types of SWNTs.  

Most of DWNTs do not form bundles and exist as individual nanotubes and are 

entangled. The diameter of DWNT is about 5 nm. MWNT mostly exist as individual 

entangled nanotubes. Figure 4.1 shows the HRTEM images of double-layer VGCNFs 

(other structures are shown in Chapter 5). VGCNF exists as individual nano fiber. The 

inner wall of VGCNF is oriented at an angle with the fiber axis while the outer wall is 

almost oriented along fiber axis. The inner diameter is about 25 nm and the outer 

diameter is about 60 nm.  
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Figure 4.1. Bright field high-resolution TEM (HRTEM) images of CNTs.  
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4.3.6 Mechanical and Electrical Properties of PAN/CNT Composite Films 

Tensile modulus, tensile strength, elongation at break, and electrical conductivity 

for the control PAN and the composite films are listed in Table 4.5. Comparisons of 

modulus and tensile strength for various films are shown in Figure A.9. For the 5 wt% 

CNT composite films, PAN/SWNT2, PAN/SWNT3, PAN/SWNT4, PAN/VGCNF 

composite films exhibit improved mechanical properties relative to the control PAN film. 

Among the SWNT containing composites, the composite film prepared using SWNT3 

shows the highest improvement in tensile modulus (3.7 GPa for control PAN to 5.6 GPa 

for PAN/SWNT3) and tensile strength (53 MPa for control PAN to 77 MPa for 

PAN/SWNT3). Composite films containing SWNT2 and SWNT4 exhibits similar 

enhancement in tensile modulus (4.9 GPa and 5.0 GPa for PAN/SWNTT2 and 

PAN/SWNT4, respectively). Relatively lower enhancement in tensile properties for 

SWNT2 composite film can be attributed to the presence of amorphous carbon evident in 

the TEM image. Composite films prepared from SWNT1 and SWNT5 show little 

enhancement in tensile modulus and their tensile strength is lower than that of control 

PAN. The mechanical properties for SWNT1 and SWNT5 composites can be attributed 

to their lower surface area as compared to SWNT2, SWNT3 and SWNT4. The role of 

CNT surface area on the composite properties is discussed later in this section. Among 

DWNT, MWNT and VGCNF composites, at 5 wt% loading only PAN/VGCNF 

composite film exhibits improvement in tensile properties (4.4 GPa modulus and 80 MPa 

strength). For both DWNT and MWNT containing composite films, the tensile modulus 

and tensile strength were lower than that for the control PAN film. Somewhat similar 
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trends in tensile modulus and tensile strength are also observed for the PAN/CNT films 

with 10 wt% CNT loading (Figure A.9).  

As CNT loading increases from 5 wt% to 10 wt%, tensile modulus increases 

significantly for SWNT3, SWNT4 and SWNT5 composites, while the improvement in 

tensile strength is most prominent in PAN/SWNT3 composites. Overall, among various 

SWNT composites, the improved tensile strength of films containing SWNT2, SWNT3, 

and SWNT4 are attributed to their higher surface area as compared to SWNT1 and 

SWNT5. Among DWNT, MWNT and VGCNF composites, poor tensile properties of 

DWNT composite can be attributed to its poor dispersion in the polymer matrix as 

observed by SEM (Figure A.32 & A.33 for the 5 wt% loading composites and Figure 

A.34 & A.35 for the 10 wt% composites). Improved tensile properties of VGCNF 

composite despite its low surface area can be attributed to its long length (30 – 100 µm). 

Though the length of SWNT, DWNT, and MWNT are not exactly known to us, they are 

typically on the order of a few microns. Four types of CNTs (SWNT1, SWNT3, SWNT5 

and VGCNF) were used to prepare the composite films with CNT loading of 20 wt%. 

PAN/SWNT3 composite film shows the highest increase in modulus (2.5 times that of 

PAN), tensile strength (twice that of PAN’s) and strain to break.  

The electrical conductivities of all composite films are improved relative to the 

control PAN film (Table 4.5). With increasing CNT loading, the electrical conductivity 

of PAN/CNT composite films increases. Electrical conductivities of various films are 

also compared in Figure A.10. The PAN/SWNT3 exhibits the highest electrical 

conductivity among all composite films prepared with same loading of CNTs. 
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Improvement in tensile modulus, tensile strength as well as electrical conductivity 

of polymer matrix in the presence of CNT depends on a number of factors. Interaction 

between CNT and polymer is one of the critical factor that dictates the composite 

properties. Interaction between CNT and polymer, besides other factors, depends on the 

interfacial area between the polymer and the CNT. As the surface area of CNT increases, 

the interfacial area between polymer and nanotube increases resulting in improved 

polymer-CNT interaction and hence improved composite properties. Figure 4.2 shows the 

plot of tensile modulus of various PAN/CNT films as a function of CNT surface area. In 

general, the tensile moduli of the composite films increases with the CNT surface area. 

The tensile strength of various films is plotted as a function of CNT surface area in 

Figure 4.3. At the same CNT loading, the tensile strength of various composite films 

increase with increasing nanotube surface area, except for the composites containing 

VGCNF, which shows higher strength, despite its low surface area. Effect of nanotube 

surface area on the reinforcement efficiency has also been studied by Cadek et al.19 The 

results suggest that reinforcement scales linearly with the total nanotube surface area in 

the films. Hence our results are in agreement with the reported results in literature.  
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Table 4.5. Mechanical and electrical properties of control PAN and PAN/CNT composite 
films 

 

CNT loading  
Sample 

(wt%) (vol%) 

Modulus  
(GPa) 

Strength 
(MPa) 

Elongation 
(%) 

Electrical 
conductivity 

(S/m) 

control PAN 0 0 3.7 ± 0.4 53 ± 9 3.2 ± 1.5 - 

PAN/SWNT1 5 4.6 3.8 ± 0.3 47 ±9 1.6 ± 0.6 1.2  

PAN/SWNT2 5 4.6 4.9 ± 0.1 79 ± 8 5.1 ± 1.3 6.1  

PAN/SWNT3 5 4.6 5.6 ± 0.3 77 ± 3 3.9 ± 0.9 88.1  

PAN/SWNT4 5 4.6 5.0 ± 0.5 70 ± 12 4.4 ± 1.4 4.1  

PAN/SWNT5 5 4.6 3.9 ± 0.3 48 ± 8 2.0 ± 0.5 7.3  

PAN/DWNT 5 4.0 3.5 ± 0.2 48 ± 15 1.9 ± 0.8 0.006  

PAN/MWNT 5 3.3 3.4 ± 0.1 35 ± 4 1.2 ± 0.2 0.005  

PAN/VGCNF 5 3.1 4.4 ± 0.3 80 ± 6 5.5 ± 1.6 0.7 

PAN/SWNT1 10 9.2 3.1 ± 1.3 41 ± 17 1.7 ± 0.7 35.2 

PAN/SWNT2 10 9.2 4.8 ± 0.4 72 ± 13 5.2 ± 1.6 78.0  

PAN/SWNT3 10 9.2 6.8 ± 0.7 93 ± 9 4.3 ± 1 243.0  

PAN/SWNT4 10 9.2 6.4 ± 1.3 74 ± 28 1.6 ± 0.9 37.6  

PAN/SWNT5 10 9.2 5.6 ± 0.4 56 ± 11 1.3 ± 0.5 30.0  

PAN/DWNT 10 8.0 4.4 ± 0.6 64 ± 10 1.9 ± 0.6 5.9  

PAN/MWNT 10 6.8 3.6 ± 0.3 56 ± 9 2.1 ± 0.6 1.5  

PAN/VGCNF 10 6.3 4.1 ± 0.3 73 ± 6 3.7 ± 0.5 35.2  

PAN/SWNT1 20 18.5 4.9 ± 0.3 72 ± 9 1.9 ± 0.3 2.7 ×102 

PAN/SWNT3 20 18.5 9.3 ± 0.7 102 ± 8 3.6± 0.6 5.5×103 

PAN/SWNT5 20 18.5 7.0 ± 1.1 66 ± 22 1.8 ± 0.7 1.3×102 

PAN/VGCNF 20 13.1 4.0 ± 0.2 59 ± 3 2.5 ± 0.3 88.8  
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Figure 4.2. Tensile modulus of control PAN and PAN/CNT composite films as a function 
of CNT surface area. Correlation was based on all the samples except sample number 8 
(PAN/VGCNF). 
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Surface area determined by BET method. (m2/g) 
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Figure 4.3. Tensile strength of control PAN and PAN/CNT composite films as a function 
of CNT surface area. Correlation was based on all the samples except sample number 8 
(PAN/VGCNF). 
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4.3.7 Dynamic Mechanical Properties of PAN/CNT Composite Films 

The storage modulus and Tan δ of PAN and composite films for 5, 10 and 20 wt% 

loading are shown in Figures 4.4 to 4.6. Tan δ peak temperatures for PAN/CNT 

composite films is generally higher than that for the PAN films and the values are listed 

in Table A.3. Moderate enhancement in storage modulus are obtained for PAN/SWNT2, 

PAN/SWNT3 PAN/SWNT4, PAN/MWNT and PAN/VGCNF composites at 5 wt% CNT 

loading, below the glass transition temperature (Tg). At 25 oC, PAN/SWNT3 exhibits the 

highest enhancement in storage modulus (1.7 times that of the control PAN). No 

improvement in storage modulus is observed for PAN/SWNT1, PAN/SWNT5 and 

PAN/DWNT composites. With increasing CNT loading to 10 wt%, the magnitude of 

enhancement in storage modulus also increases.  

Enhancement in storage modulus for composite films is significantly higher above 

the glass transition temperature. The highest increase in storage modulus above Tg is 

observed for PAN/SWNT3 composite films, followed by PAN/SWNT4, and 

PAN/SWNT5 or PAN/SWNT2 composites. The storage modulus at 125 oC is about 14, 

27 and 31 times that of the control PAN for 5, 10, and 20 wt% SWNT3 containing 

composites, respectively. For PAN/SWNT4, the improvement in storage modulus at 125 

oC is 7 and 13 times that of control PAN for 5 wt% and 10 wt% composites, respectively, 

while it is 5 and 9 times for PAN/SWNT2 at 5 wt% and 10 wt% loadings, respectively.  

For SWNT1 composite films at low loading, enhancement in storage modulus 

above Tg is considerably low as compared to SWNT2, SWNT3, SWNT4 and SWNT5, 

however, at higher CNT loading (20 wt%), significant enhancement in storage modulus 

(10 times that of control PAN at 125 oC) is observed. Storage modulus at 125 oC for 
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PAN/DWNT, PAN/MWNT and PAN/VGCNF is comparable for both 5 wt% and 10 wt% 

CNT loading. However, enhancement is significantly less as compared to PAN/SWNT3 

composite. 

Tan δ peak typically shifts to higher temperature and its magnitude decreases for 

PAN/SWNT composites. The highest reduction in magnitude of Tan δ peak is observed 

for PAN/SWNT3 composite film at 5 wt% CNT loading, the Tan δ magnitude decreased 

from ~ 0.37 for control PAN to ~ 0.2 for PAN/SWNT3 composite. For the PAN/SWNT2 

and PAN/SWNT4 composites, the magnitude of Tan δ peak is ~ 0.25. For SWNT1 and 

SWNT5, the value of Tan δ peak height is ~ 0.3. PAN/VGCNF composites show no 

appreciable reduction in Tan δ magnitude. For PAN/DWNT and PAN/MWNT, the 

magnitude of Tan δ peak shows slight reduction to ~ 0.3. Similar trend in magnitude of 

Tan δ peak is observed for the composite films with 10 wt% loading. Reduction in Tan δ 

peak magnitude for the PAN/CNT composites suggests suppression of polymer 

molecular motion, hence imparting more elastic behavior. This suppression of molecular 

motion can be considered a result of interaction between the polymer and CNT. 

Therefore, PAN/SWNT3 composites exhibit the highest interaction as indicated by the 

highest reduction in magnitude of Tan δ peak. The trend in tensile modulus, tensile 

strength, storage modulus and magnitude of Tan δ peak for the PAN/CNT composites are 

in good qualitative agreement with each other. 
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Figure 4.4. Storage modulus and Tan δ versus temperature plots of various PAN/CNT 
composite films with 5 wt% CNT loading. 
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Figure 4.5. Storage modulus and Tan δ versus temperature plots of various PAN/CNT 
composite films with 10 wt% CNT loading.  
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Figure 4.6. Storage modulus and Tan δ versus temperature plots of various PAN/CNT 
composite films with 20 wt% CNT loading.  
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The storage modulus of control PAN and various PAN/CNT films at different 

temperature is summarized in Table A.3. The difference in storage modulus between the 

composite films and the control PAN film (E’comp-E’PAN) is plotted as a function of 

temperature and shown in Figure A.11. For all composite films except for PAN/SWNT3 

(5 & 10 wt% nanotube loading) and PAN/SWNT2 (10 wt% nanotube loading), the 

nanotube contribution to the storage modulus does not vary significantly below the glass 

transition temperature. At the glass transition temperature, the CNT contribution to 

modulus increases, and then decreases with further increase in temperature. These 

temperature dependences of modulus contribution from CNTs is similar as those reported 

for epoxy/CNT composites20 (Figure A.13). For PAN/SWNT3 (5 & 10 wt% CNT) 

composite films, the nanotube contribution to the storage modulus decreases with 

increasing temperature especially above glass transition temperature. The ratio of storage 

modulus of composites to storage modulus of PAN (E’PAN/CNT/ E’PAN) is also plotted as a 

function of temperature (Figure A.12). This modulus ratio increases at about the glass 

transition temperature, and decreases above it. The modulus ratio has also been compared 

to the behavior of epoxy/CNT composites20 (Figure A.13). 

The plot of Tan δ peak as a function of temperature for the PAN/CNT composite 

films with 10 wt% CNT loading at frequencies (f) of 0.1 Hz, 1 Hz, 5 Hz and 10 Hz are 

given in Figure A.14. The tan δ peak temperatures (T) at various frequencies are listed in 

Table A.4. Plots of Ln f as a function of 1/T for the various composite films are shown in 

Figure A.15. Activation energy for the PAN molecular motion in the composite films 

with 10 wt% nanotube loading is determined from the slopes of the fitted lines in Figure 

A.15 using Arrhenius equation and is listed in Table 4.6 and Table A.3. Using the same 
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method, activation energy for the PAN molecular motion in the composite films with 5 

wt% and 20 wt% nanotube loading is obtained and listed in Table 4.6.  Activation energy 

for the PAN molecular motion in various films is compared in Figure 4.7. Increase in 

activation energy of the polymer chain motion in the presence of CNT is an indication of 

interaction between polymer and nanotube. At 5 wt% CNT loading, the activation energy 

of PAN/SWNT3 is 2.3 times that for the PAN film. While, at the same loading, the 

increase in activation energy for PAN/SWNT1 and PAN/SWNT2 are 1.6 and 2.0 times 

that of control PAN, respectively. For composites with 10 wt% nanotube loading, 

activation energy enhancement is the largest for PAN/SWNT2, followed by 

PAN/SWNT3, PAN/SWNT1, PAN/SWNT4 and PAN/SWNT5. For composites 

containing 20 wt% CNT, increase in activation energy for PAN/SWNT5 is larger than 

that for PAN/SWNT1 and PAN/SWNT3 composites. Activation energy for PAN/MWNT 

composite films shows no significant change as compared to the control PAN. 
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Figure 4.7. Activation energy for the PAN glass transition in control PAN and various 
PAN/CNT composite films. 
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Table 4.6. Dynamic and thermo-mechanical analysis results for control PAN film and 
various PAN/SWNT composite films 
 

Transition 
Temperatures  b 

(oC) 

CTE 
(10-6/oC) Sample 

CNT 
loading 
(wt%) 

Activation 
Energy 

(kJ/mol) 

Tg a 

(oC) 
Tfirst Tseco

 Region 
I 

Region 
II 

Region 
III 

Control PAN 0 425 88 75 99 55 91 60 

PAN/SWNT1 5 659 94 67 101 35 59 43 

PAN/SWNT2 5 843 89 70 109 24 51 28 

PAN/SWNT3 5 969 89 64 103 18 30 9 

PAN/SWNT4 5 476 96 65 105 19 41 12 

PAN/SWNT5 5 479 90 69 105 30 46 17 

PAN/DWNT 5 457 92 74 103 41 66 45 

PAN/MWNT 5 400 98 67 101 37 63 32 

PAN/VGCNF 5 754 96 72 99 39 72 58 

PAN/SWNT1 10 1011 92 71 100 32 59 53 

PAN/SWNT2 10 1006 90 68 100 23 35 17 

PAN/SWNT3 10 1343 92 65 93 11 20 6 

PAN/SWNT4 10 1069 102 66 95 18 26 16 

PAN/SWNT5 10 619 104 66 98 17 29 16 

PAN/DWNT 10 913 92 68 106 28 47 48 

PAN/MWNT 10 438 94 71 102 29 55 40 

PAN/VGCNF 10 538 94 72 99 36 61 54 

PAN/SWNT1 20 434 98 74 97 22 33 44 

PAN/SWNT3 20 526 108 65 98 7 9 4 

PAN/SWNT5 20 892 103 78 96 14 20 18 

 
Note: a. Tg

 is determined by DMA at a frequency of 1 Hz. 
 
          b. Transition temperatures are determined by TMA. 
 
              Tfirst: the first transition temperature       Tseco: the second transition temperature. 
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4.3.8 Thermal Properties of PAN/CNT Composite Films 

Dimensional change in PAN/CNT composites as a function of temperature are 

shown in Figure A.16. According to the different slopes of the curve for certain film in 

Figure A.16, the curve  are divided into three regions, as shown in Figure 4.8 (Taking the 

control PAN and PAN/SWNT1 composite films with 10 wt% loading as examples).  
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Figure 4.8 Thermal expansion as a function of temperature for control PAN and 
PAN/SWNT1 (90/10) composite films.  
 

 

The temperatures at which slope of the curves change are the transition 

temperatures, named as the first transition temperature (Tfirst) and second transition 

temperature (Tsecond), respectively and are listed in Table 4.6. The coefficients of thermal 
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expansion (CTEs) in three regions for various films were determined from Figure A.16 

and are also listed in Table 4.6. All PAN/CNT composite films exhibit reduced thermal 

expansion as compared to the control PAN film. The CTEs of the control PAN film are 

55×10-6 K-1, 91×10-6 K-1, and 60 ×10-6 K-1 in Region I, II and III, respectively. Figure 

4.9 shows the CTEs of various PAN/CNT composites in three regions. At 5 wt% CNT 

loading, PAN/SWNT3 shows the highest reduction in CTE relative to the control PAN 

(CTE reduced from 55×10-6 K-1 for control PAN to 18×10-6 K-1 (Region I), a reduction in 

CTE of about 67%). PAN/SWNT4 show next higher reduction in CTE followed by 

PAN/SWNT5, PAN/SWNT2, PAN/SWNT1, PAN/MWNT, PAN/DWNT and 

PAN/VGCNF. Similar trends in CTE reduction are shown for composites with 10 wt% 

(except for PAN/MWNT) and 20 wt% CNT loadings.  
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Figure 4.9. CTE in (a) Region I, (b) Region II, and (c) Region III for control PAN and 
various PAN/CNT composite films. 
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Xu et al21 reported a decrease in CTE of SWNT-PVDF composite by 35 % at a 49 

% SWNT loading. In our case, CTE of the PAN/SWNT3 composite film with 20 wt% 

loading is reduced by 90% as compared to the control PAN, indicating good polymer-

nanotube interaction. It is noteworthy that for various PAN/SWNT composites, the trend 

for reduction in CTE follows a similar order as that for enhancement in tensile and 

dynamic mechanical properties. PAN/VGCNF composite films show the lowest 

reduction in CTE as compared to other composite films indicating relatively poor 

interaction between PAN and carbon nano fibers, which is also evident by the SEM 

images of their tensile fractured surfaces (Figure A.32-A.36). CTEs for various 

PAN/CNT composites in Region I, Region II and Region II plotted as a function of CNT 

surface area in Figure A.17, Figure A.18 and Figure A.19, respectively. It is evident that 

in general CTE decreases with increasing CNT surface area. As mentioned in a previous 

section, nanotube surface area is an important parameter governing the extent of 

polymer-nanotube interaction. The CTE clearly shows that the interfacial area is playing 

a critical role in governing the composite properties. The trend in CTE with CNT surface 

area is also complemented by the trend in tensile properties (Figure 4.2 and Figure 4.3), 

where good correlation was observed between tensile properties and CNT surface area.  

4.3.9 Raman Spectra of PAN/CNT Composite Films 

RBM bands in Raman spectra for CNT powders and various composite films are 

plotted in Figure A.20-A.25.  The RBM bands were fitted with Lorentzian components. 

Each component corresponds to certain nanotube diameter which  can be calculated from 

the frequencies of the RBM bands (Equation 4.114). The high intensity RBM band 

positions for various films and CNT powders are listed in Table 4.7. 
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Table 4.7. Raman spectra data of CNT powders and PAN/CNT composite films 

RBM  G band   G'  
Sample 

CNT 
loading 
(wt%) 

Position 
(cm-1) 

Position  
(cm-1) 

FWHM 
(cm-1) 

Position 
(cm-1) 

SWNT1 0 264 1586 24 2577 

PAN/SWNT1 5 267 1588 26 2584 

PAN/SWNT1 10 266 1590 27 2586 

PAN/SWNT1 20 266 1591 27 2590 

SWNT2 0 267 1589 26 2577 

PAN/SWNT2 5 266 1588 20 2585 

PAN/SWNT2 10 265 1590 21 2590 

SWNT3 0 267 1589 25 2584 

PAN/SWNT3 5 267 1589 21 2589 

PAN/SWNT3 10 267 1589 20 2589 

PAN/SWNT3 20 266 1589 20 2589 

SWNT4 0 266 1594 21 2579 

PAN/SWNT4 5 268 1592 14 2586 

PAN/SWNT4 10 268 1593 16 2588 

SWNT5 0 265 1592 17 2576 

PAN/SWNT5 5 267 1592 14 2583 

PAN/SWNT5 10 267 1593 16 2586 

PAN/SWNT5 20 267 1593 14 2586 

DWNT 0 265 1587 28 2576 

PAN/DWNT 5 267 1585 24 2581 

PAN/DWNT 10 267 1587 27 2581 

MWNT 0 - 1596 54 2610 

PAN/MWNT 5 - 1596 54 2609 

PAN/MWNT 10 - 1596 54 2610 

VGCNF 0 - 1581 18 2617 

PAN/VGCNF 5 - 1581 27 2618 

PAN/VGCNF 10 - 1582 56 2618 

PAN/VGCNF 20 - 1582 20 2618 
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For SWNT1, SWNT2, SWNT3 and DWNT powders and their composite films, 

RBM peaks were fitted with two Lorentzian components located at 263 and 267 cm-1. For 

SWNT4 powder and PAN/SWNT4 composite films, RBM band was fitted with three 

Lorentzian components located at 235, 263 and 267 cm-1 while RBM band for SWNT5 

powder and PAN/SWNT5 films was fitted with three Lorentzian components located at 

233, 263 and 267 cm-1. The peaks located at 233, 235, 263 and 267 cm-1 correspond to 

the nanotube diameters of 1.01, 1.00, 0.89 and 0.88, respectively. Not all diameters, 

chiral, and metallic tubes can be observed with the 785 nm excitation used in the current 

work.      

RBM peak intensity varies for the composite films as compared to the CNT 

powders. RBM intensity depends on the laser excitation energy (Elaser). Under strain, the 

energy separation between the van Hove singularities Eii shifts closer to or farther away 

from laser excitation energy (Elaser). When the difference │Eii- Elaser│ decreases, RBM 

intensity increases and vice versa. RBM intensity reaches maximum when Eii is equal to 

Elaser. The second-order energy separation sE22  for semiconducting nanotube for the 263 

cm-1 peak is in the range of 1.81 eV-1.88 eV.22 Under compressive stress, sE22  of 263 cm-

1 peak increase (mode 123) and shifts far away from the laser energy value of 1.58 eV 

resulting in decreased intensity. PAN/SWNT and PAN/DWNT composites do show the 

decreased intensity of peak at 263 cm-1 as compared to CNT powders.  

sE22  of 267cm-1 peak is between 1.81 and 1.90 eV.22 Under compressive stress, 

sE22  of 267cm-1 peak decreases (mode 223) and shifts closer to Elaser and resulting in 

increased intensity.22-24 PAN/SWNT1 and PAN/SWNT5 composite films exhibit 

increased intensity of 267 cm-1 peak. The intensity for 267 cm-1 peak decreased for 
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PAN/SWNT3, PAN/SWNT4 and PAN/DWNT composite films. PAN/SWNT2 

composites show no significant change compared to their corresponding CNT powders. 

The reason for this decreased intensity is not clear. As mentioned previously, all 

intensities have been normalized linearly taking the intensity of the G-band as 1. 

The intensity of the peak at 235 cm-1 decreased for PAN/SWNT4 composite films 

as compared to that for the SWNT4 powder. With increase in SWNT4 loading, 235 cm-1 

peak intensity for composite films further decreases. This intensity variation comes from 

the effect of strain exerted by PAN molecules on resonance. Under compressive strain, 

sE22  of 235 cm-1 peak located in the range of 1.59-1.67 eV will decrease (mode 2) and 

shifts to closer to the laser energy.22-24 Normalized 235 cm-1 peak intensities for the 

PAN/SWNT5 composite film are suppressed as compared to that for the SWNT5 powder 

and decrease with increasing SWNT5 loading.  

For SWNT1, SWNT4, SWNT5 and DWNT containing composite films, the RBM 

peak positions show a slight up-shift to higher frequency as compared to their respective 

CNT powders. The RBM peak positions for the other composite films show no 

significant difference relative to their CNT powders. Calculation of the pressure 

dependence of RBM position showed that RBM position increase approximately linearly 

with increasing pressure.25 The upshift of RBM for various PAN/CNT films may also be 

due to the compressive force exerted by the PAN molecules on the nanotube bundles.  

G band for CNT powders and various PAN/CNT composite films are shown in 

Figure A.26. G band positions, FWHM of G band and G’ band position (at ~ 2585 cm-1) 

for CNT powders and various PAN/CNT composite films are listed in Table 4.7. No 

significant shift of G band position is observed for PAN/CNT composite films (except for 
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the PAN/SWNT1 composites), as compared to the G band of their CNT powder. The 

upshift of G’ band is observed for the PAN/CNT composite films except for 

PAN/MWNT and PAN/VGCNF films (Figure A.27). The upshift of G band and G’ band 

in polymer/CNT composites is attributed to the compressive force on the nanotubes 

exerted by the polymer.26  G’ band is more sensitive to the pressure as compared to G 

band, resulting in larger band position shift.27, 28  

4.3.10 Solvent Resistance of PAN/CNT Composite Films  

PAN/CNT composite films with 10 wt% CNT loading were immersed in DMF 

for one hour at room temperature. Figure 4.10 shows the composite films in DMF after 1 

hour.  Various PAN/SWNT composite films mostly retained their shapes indicating good 

interaction between PAN and SWNTs. The color of DMF is clear for the PAN/SWNT1, 

PAN/SWNT4 and PAN/SWNT5 composite films. Some dispersion occurred in 

PAN/SWNT2 and PAN/SWNT3 composite films as indicated by the gray color of the 

solvent in these cases. Mechanical and electrical properties and thermal expansion results 

for various PAN/SWNT composite films indicate that the interaction between PAN and 

SWNT3 is better. Based on these results, we had expected that PAN/SWNT3 films would 

show better resistance to DMF. Therefore this result is a bit surprising. As expected 

PAN/DWNT, PAN/MWNT, and PAN/VGCNF exhibit better dispersion in DMF than 

various SWNTs. The solvent study does confirm that all SWNTs exhibit better 

interaction with PAN, than DWNT, MWNT, and VGCNF. 
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Figure 4.10. PAN/CNT composite films with 10 wt% CNT loading immersed in DMF for 
one hour.   
 

 

4.3.11 Structure of PAN/CNT Composite Films 

WAXD patterns for various films are shown in Figure A.28-A.30. PAN crystallite 

size calculated using Scherrer equation from the 110 peak at 2θ ~ 16.8° and PAN X-ray 

crystallinity values are given in Table 4.8. PAN crystallinity increases by the addition of 

CNTs. PAN crystal size determined from 110 peaks in the composite films is smaller 

than that in the control PAN film. PAN crystallinity and crystal size are the largest in the 

composite film containing MWNT.   
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Table 4.8. Structural properties and density of control PAN and PAN/CNT composite 
films 

CNT loading  
Sample 

(wt%) (vol%) 

Crystallinity 

(%) 

Crystal  
size 

(nm) 

Experimental 
density 
(g/cm3) 

Theoretical 
density a 
(g/cm3) 

control PAN 0 0 43 5.7 1.15 ± 0.06 1.18 

PAN/SWNT1 5 4.6 48 4.9 0.89±0.05 1.19 

PAN/SWNT2 5 4.6 47 5.2 0.97±0.04 1.19 

PAN/SWNT3 5 4.6 46 5.1 1.00± 0.01 1.19 

PAN/SWNT4 5 4.6 46 4.8 0.98± 0.01 1.19 

PAN/SWNT5 5 4.6 48 5.1 0.97±0.02 1.19 

PAN/DWNT 5 4.0 48 5.4 0.88±0.01 1.19 

PAN/MWNT 5 3.3 50 5.4 0.95±0.01 1.20 

PAN/VGCNF 5 3.1 49 5.4 1.22 ± 0.07 1.20 

PAN/SWNT1 10 9.2 47 5.2 0.68±0.01 1.19 

PAN/SWNT2 10 9.2 46 5.2 0.92±0.03 1.19 

PAN/SWNT3 10 9.2 45 4.9 1.08±0.01 1.19 

PAN/SWNT4 10 9.2 46 4.7 0.96±0.09 1.19 

PAN/SWNT5 10 9.2 49 5.0 0.98± 0.06 1.19 

PAN/DWNT 10 8.0 46 4.9 0.87±0.01 1.21 

PAN/MWNT 10 6.8 50 5.4 0.88±0.02 1.22 

PAN/VGCNF 10 6.3 46 5.1 0.91 ± 0.09 1.23 

PAN/SWNT1 20 18.5 41 4.8 0.93±0.02 1.20 

PAN/SWNT3 20 18.5 38 4.5 1.03±0.01 1.20 

PAN/SWNT5 20 18.5 41 4.8 1.08±0.03 1.20 

PAN/VGCNF 20 13.1 43 5.9 0.66 ± 0.05 1.28 

 
a Theoretical density of the composite films is calculated using the following equation: 
 
    ρc =Vf (ρf – ρm) + ρm 
 
    Where ρc is the density of the composite film; 
               Vf is the volume fraction of VGCNF; 
                ρm is the density of PAN (1.18 g/cm3); 
                ρf is the density of filler: SWNT (1.3 g/cm3)29, DWNT (1.5 g/cm3)30, MWNT (1.8 g/cm3)31, and 

VGCNF (1.95 g/cm3)31. 
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4.3.12 Morphology of PAN/CNT Composite Films 

Scanning Electron Microscopy (SEM) images of various CNT powder are shown 

in Figure A.31. MWNT and VGCNF exist as individual nanotubes while SWNT form 

bundles. MWNT, SWNT and DWNT are entangled. Morphologies of the fractured cross-

section of the various PAN/CNT composite films are shown in Figure A.32-A.36. CNTs 

are well dispersed in the PAN matrix except for DWNT. TEM images for CNTs shows 

that DWNTs are highly entangled. During preparation of composite films, DWNT was 

the most difficult to disperse in the solvent. Though more sonication time is used to 

disperse DWNTS, its dispersion quality in the polymer is not very good. The SEM 

images do not show any significant difference in the dispersion quality of various 

SWNTs in the PAN matrix. 

4.4 CONCLUSIONS 

Polyacrylonitrile composite films of about 25 µm thickness have been processed 

using 8 different type of carbon nanotubes at a nanotube loading of 5, 10, and 20 wt%. 

Generally, tensile modulus and tensile strength of PAN/CNT composites increase and 

coefficient of thermal expansion decrease with increasing nanotube surface area. 

Dynamic mechanical properties of the composite films have been measured and 

compared to those of the control PAN. In plane dc electrical conductivity and film 

solvent resistance in dimethyl formamide has been characterized. Based on these studies, 

it is concluded that in general DWNT, MWNT, and VGCNF exhibit relatively poor 

interaction with PAN than any SWNT used in this study. However, different SWNTs 

were observed to have different interaction with PAN.  RBM, D, G, and G’ Raman bands 

have been analyzed and discussed for various CNTs and composite films. Structure and 
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morphology of the films have been examined by scanning electron microscopy and X-ray 

diffraction. Among all composites, PAN/SWNT3 exhibits the highest improvement in 

tensile modulus, storage modulus, electrical conductivity and most reduction in thermal 

shrinkage. 
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CHAPTER 5 

POLYACRYLONITRILE/CARBON NANOTUBE DISPERSION: A 

NMR STUDY 

 

5.1 INTRODUCTION 

Good dispersion of nanotubes in polymer matrices is the key issue to improve the 

composites physical properties. Solid state NMR has been used to analyze the nanoclay 

dispersion in polymer matrices.1-5 VanderHart et al.1-3 suggested that the spin-lattice 

relaxation time T1 determined from solid-state NMR measurements can characterize the 

dispersion quality of nanoclay in nylon/nanoclay composites. 

Under a magnetic field Bo, the net magnetization MZ at the equilibrium is along 

the direction of Bo and is called the equilibrium magnetization Mo (Figure 5.1).6 The Z 

component of magnetization MZ equals Mo and is referred to as the longitudinal 

magnetization. Spin-lattice relaxation time (T1) describes how longitudinal magnetization 

returns to its equilibrium state. Equation 5.1 describes the relationship between MZ and 

time t when MZ is along the +Z axis. 

)1( 1/
0

Tt
z eMM −−=                                                                       (5.1) 

If Mz is placed along the -Z axis, the process describing how Mz returns to its equilibrium 

along the +Z axis is expressed by Equation (5.2).7   

)21( 1/
0

Tt
z eMM −−=                                              (5.2) 

Two important techniques for T1 measurements including inversion recovery and 

saturation recovery8 are typically implemented in the software of the modern NMR 
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spectrometers. When an alternating current is passed through a coil of wire that is along 

the X axis, a pulsed magnetic field B1 is produced along the X axis and will cause MZ to 

rotate around the direction of B1. A 90o pulse rotates the magnetization vector clockwise 

by 90 degrees about the X axis: that is, rotates MZ down to along the Y axis. A 180o pulse 

is one that will rotate the magnetization vector by 180 degrees: that is, rotates MZ down 

to along the -Z axis. By the inversion recovery method, an 180o pulse is first applied to 

the sample, the magnetization is then allowed to recover for some time and finally a 90o 

sampling is used to measure the residual magnetization (Figure 5.1b).9 In this case, 

Equation 5.2 is used to determine T1. By the saturation recovery method, a 90o pulse is 

applied to sample repeating at intervals, a 90o pulse is then input and the longitudinal 

component of magnetization is finally measured (Figure 5.1c). In this case, Equation 5.1 

is applied to determine T1.   

 

 
 
 
Figure 5.1. (a) Conventional NMR coordinate system for MZ, Mo and Bo, (b) Inversion 
recovery method, and (c) Saturation recovery method.6, 9 
 

 

In a polymer/carbon nanotube system, T1 relaxation time may be used to assess 

nanotube dispersions quality due to the presence of magnetic nanotubes. Tang et al.10 first 

reported the T1 relaxation of SWNT determined by 13C NMR. Two relaxation times for 

(a)          (b)      (c) 
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SWNTs were identified: one is at ~ 5 s and the other is at ~90 s due to the metallic and 

semiconducting carbon nanotubes, respectively.10 In polymer/nanotube composites, two 

relaxation mechanisms contribute to the experimental T1 relaxation time.  

(i) Ring currents are produced when clusters of nanotubes interact with radio-

frequencies applied in the NMR experiments.7, 11 These currents induce magnetic fields, 

which add to the external NMR field, and as a result areas surrounded by the CNT-

clusters will become “invisible” to the NMR. Hence only areas free of ring currents can 

be detected. Spin diffusion between excited spins and spins in the “invisible” area lead to 

a loss of detected magnetization providing an apparent relaxation mechanism. Very little 

is known as to the size of domains, where this effect becomes relevant. 

(ii) In polymer/CNT composites, carbon nanotubes with magnetic properties will 

lead to a shortening in relaxation time T1
para of polymer within 0.4-1 nm of the nanotube 

surface. Polymers in the other region have a relaxation time T1
polym which may be the 

same as T1 of the control polymer. By spin diffusion, polymer within 25- 40 nm of the 

nanotube surface will experience a shortened relaxation time T1
exp which can be 

measured by solid state NMR experiments. The schematic mechanism resulting in a 

reduction of T1 of polymer in the polymer/CNT composites is shown in Figure 5.212. The 

relationship of T1
exp with T1

para and T1
polym is expressed by Equation 5.38: 

polympara T
f

T
f

T 11
exp

1

1)1(11
−+=                                                                        (5.3) 

where f is the volume fraction of the polymer within 0.4-1 nm of the tube surface. T1
exp 

can be calculated from Equation 5.3 using a set of ratios of T1
polym to T1

para (T1
polym/T1

para). 

Assuming the value of T1
para is equal to one, the calculated T1

exp for various values of f 



 133

are calculated and plotted as a function of (T1
polym/T1

para), as shown in Figure 5.3. When 

T1
polym > T1

para, increased f value results in a reduction in T1
exp. Good nanotube dispersion 

in the polymer matrix leads to increased interface between polymer and nanotubes tubes3, 

5 resulting in the significant increase in the polymer volume fraction (f) within 0.4-1 nm 

of the nanotube surface. When the nanotube dispersion is poor, the interface volume 

between polymer and nanotubes is small and thus f value is small, resulting in only a 

slight reduction in T1. While a good dispersion will increase f and further reduce T1. 

When, T1
polym < T1

para, calculated T1
exp for the composite is larger than T1

polym and 

increases moderately with increasing value of f (Figure 5.3b). The question is, is it 

physically possible to have T1
polym < T1

para. If the polymer at the nanotube interface has 

higher mobility than the bulk polymer, then T1
polym is expected to be less than T1

para. If 

such a case (T1
polym < T1

para) physically exists, remains to be seen.  

The mechanism (ii) is understood and well described for polymer-nanoclay 

composites while mechanism (i) is still not well understood. In nanotubes, presence of 

paramagnetic or ferromagnetic impurities such as oxygen, Fe3+ or Fe2+ also influences the 

NMR response due to the inhomogeneous local field induced by these impurities7, 11. 

These issues lead to some ambiguity in understanding and explaining the measured T1 

results.   

In the current work, carbon nanotube dispersion has been characterized in 

PAN/CNT composite fibers and films by monitoring their T1 relaxation times using solid 

state 1H NMR. Carbon nanotubes utilized in this work include SWNTs, DWNTs, 

MWNTs and VGCNFs, as well as nitric acid treated SWNTs. 
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Figure 5.2. Schematic presentation of the mechanism (ii) leading to the reduction of T1 of 
polymer in the polymer/CNT composites.12 (a) Polymers within 0.4-1 nm of the nanotube 
surface experience a shortened relaxation time T1

para. Polymers in other areas experience 
a relaxation time, T1

polym. Polymers within 25-40 nm of the nanotube surface experience a 
spin diffusion resulting in an T1

exp. (b) When nanotubes are exfoliated or dispersed well 
in polymer, the interface between polymer and nanotube increased. In this case, most of 
polymer experiences a shortened T1 and thus overall T1

exp
 value is significantly shortened.  

(c) When the dispersion of nanotubes in polymer is poor, only a minor fraction of the 
polymer is on the paramagnetic surface of nanotubes. Overall T1

exp
 value is only slightly 

shortened. 

Carbon nanotube

0.4-1 nm of nanotube surface

25- 40 nm of nanotube surface 

(a) 

(b) 

(c) 



 135

0

1

2

3

4

5

0 1 2 3 4 5

T1
polym/T1

para

T1
ex

p

f = 0.05
f = 0.10
f = 0.20

 
 

0.1

0.3

0.5

0.7

0.1 0.2 0.3 0.4 0.5 0.6 0.7

T1
polym/T1

para

T1
ex

p

f = 0.05
f = 0.10
f = 0.20

 
 
Figure 5.3. Calculated T1

exp using Equation 5.3 of composites for various values of f as a 
function of (T1

polym/T1
para). 
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5.2 EXPERIMENTAL 

5.2.1 Preparation of PAN/SWNT Composite Fibers13  

PAN/untreated-SWNT (95/5) composite fiber was prepared using as-received 

HiPCO 87 SWNT containing 10 % impurity provided by CNI.  0.75 g HiPCO 87 SWNTs 

were firstly dispersed in 200 ml dimethyl formamide (DMF) (obtained  from Sigma- 

Aldrich Milwaukee, WI and used as received) at room temperature by sonication using a 

bath sonicator (Cole-Parmer 8891R-DTH, 80 W, 43 kHz) for 2 hours. During the 

sonication process, the SWNT/solvent mixture was stirred every half an hour with a bio-

homogenizer for 3 minutes. 14.25 g PAN containing 10% methyl acrylate (random 

copolymer, molecular weight 100,000 g/mole, obtained from Sigma-Aldrich, Milwaukee, 

WI and used as received) was added gradually into the SWNT/DMF dispersion. The 

PAN/SWNT/DMF dispersion was stirred and at the same time sonicated for 16 hours at 

room temperature. The composite fibers were obtained by dry-jet wet-spun the resulting 

PAN/SWNT/DMF dispersion on a small scale-spinning machine (manufactured by 

Bradford University Research Ltd.) using a single hole spinneret with a diameter of 500 

µm.  

PAN/acid-treated-SWNT (95/5) composite fiber was prepared using nitric acid-

treated HiPCO 87 SWNT. 0.5 g SWNTs were firstly added to 6M HNO3, sonicated for 2 

hours, and refluxed for two hours. The treated SWNTs were finally washed with distilled 

water and DMF. 100 ml SWNT/DMF dispersion was then prepared by adding DMF to 

the treated and washed SWNTs. 7.6 g PAN was added gradually into the SWNT/DMF 

dispersion and then follow the process for the preparation of PAN/untreated SWNT 
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composite (95/5) fiber. The control PAN fiber was made using the same process without 

the addition of SWNT.  

5.2.2. Preparation of PAN/CNT Composite Fibers and Films 

PAN/CNT composite films were prepared using PAN with molecular weight 

100,000 g/mol obtained from Exlan, Co. (Japan), SWNTs from Carbon 

Nanotechnologies, Inc. (Houston, TX), DWNTs from Nanocyl, Co. (Belgium), MWNTs 

from Iljin Nanotech, Co. (Korea), and VGCNFs from Applied Sciences, Inc. (Cedarville, 

OH). The catalytic impurity of the each type of nanotubes determined from the 

thermogravimetric analysis (TGA) was 1, 5, 3, and 0.3 wt% in SWNT3, DWNT, MWNT, 

and VGCNF, respectively. Dried carbon nanotubes were added to 50 ml DMF (purchased 

from Sigma- Aldrich, Milwaukee, WI and used as received) and sonicated for 48 hours 

(DWNT was sonicated for 6 days) until the homogenous dispersion form. The 

homogeneity of dispersion was confirmed by optical microscopy. 240 mg PAN was 

added to the CNT/DMF dispersion and homogenized while stirring. Excess solvent was 

evaporated to obtain the final solution with the volume of 25 mL. The resulting 

PAN/CNT/DMF solutions were cast on the glass substrate to form the film in the vacuum 

oven at 80 oC. The composite films were further dried in the vacuum oven at 80 oC for 3 

days. The PAN/CNT composite films with various loading of CNTs (5, 10, 20 wt% 

CNTs) were prepared. The control PAN film was made using the same process. 

The same types of PAN, SWNTs, DWNTs, MWNTs and VGCNFs were used to 

prepare the PAN/CNT (95/5) composite fibers.14  1.5 g CNTs were firstly dispersed in 

300 mL DMAc using sonication and stirring until dispersion reached optical 

homogeneity. 28.5 g PAN was gradually dissolved in 150 mL DMAc to prepare 
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PAN/DMAc solution at 70 oC. The PAN/DMAc solution was then added to the 

CNT/DMAc dispersion and stirred until homogenous dispersion was obtained. The 

desired solution concentration of 30 g solids (PAN+CNT) in 150 mL DMAc was 

obtained by evaporating the excess solvent. The resulting PAN/CNT/DMAc solutions 

were spun to produce PAN/CNT composite fibers at room temperature by dry-jet-wet 

spinning using the small scale spinning system (manufactured by Bradford University 

Research Ltd.). The control PAN fiber was made using the same process without the 

addition of CNT. 

5.2.3. Solid State 1H NMR Measurement 

Solid state 1H NMR experiments were conducted on a Brucker DSX400 NMR 

spectrometer (Bruker Biospin, Rheinstetten, German), operating at a magnetic field of 9.4 

T (1H frequency of 400 MHz). Due to the high amount of paramagnetic Fe3+ irons in 

nanotubes, it is difficult to obtain the reasonable amount of measurable signal under static 

measuring conditions. These paramagnetic irons results in large susceptibility gradients 

in the sample. A double-resonance Magic Angle Spinning (MAS) at a frequency of 10 

kHz was used to the concentrated observable signal, thus enhancing sensitivity, and 

facilitating the discrimination from background signal. For each study, less than 50 mg 

specimen was used in 4 mm rotors for the NMR measurement.  

5.3 RESULTS AND DISCUSSIONS 

T1 values and mechanical properties for the PAN, PAN/acid-treated-SWNT and 

PAN/untreated SWNT composite fibers are compared in Table 5.1. T1 relaxation time for 

PAN decreases with the addition of SWNT. T1 value for the PAN/acid-treated-SWNT 

composite fiber is shorter than that for the PAN/untreated-SWNT composite fibers. The 
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mechanical properties of the composite fibers indicate that the treatment of SWNT with 

acid results in improvement in mechanical properties. With nitric acid treatment, some of 

the SWNTs are cut into smaller lengths15, and some smaller diameter nanotubes may be 

destroyed.16 Thus acid treatment leads to the better SWNT dispersion in polymer. Hence 

the interface between PAN and nanotubes is improved causing the reduction in T1 value 

and increase in mechanical properties in the composite using acid treated SWNTs. 

SWNTs treated with nitric acid can introduce oxygenated functional groups at the ends 

and defect sites17, which however have no significant  effect on the measured T1 value. 

Therefore, the shorter T1 for the PAN/acid-treated-SWNT composite fiber may be an 

indication for the improved dispersion quality. Nitric acid treatment reduces catalytic 

impurity as well as metallic nanotubes. Therefore, in addition to the effect of SWNT 

dispersion quality, the ring currents and reduced amount of metal in nanotubes can also 

result in shortened relaxation time. In this study, attempt was not made to separate the 

effects of these three factors (namely dispersion, catalytic impurity, and conducting 

nanotubes) on T1.  

 

Table 5.1. Relaxation time (T1), and mechanical properties for control PAN and 
PAN/SWNT (95/5) composite fibers. The mechanical property data is obtained from 
reference 13 
 

Sample T1 
(ms) 

Tensile 
Modulus13 

(GPa) 

Tensile 
strength13 

(GPa) 

Elongation13

 
(%) 

Control PAN  3120 ± 5 5.9 ± 0.2 0.13 ± 0.01 11.0 ± 08 

PAN/acid-treated-
SWNT (95/5)  617 ± 6 17.8 ± 1.3 0.45 ± 0.06 8.6 ± 1.0 

PAN/untreated-SWNT 
(95/5)  1827 ± 9 13.1 ± 1.0 0.33 ± 0.04 6.9 ± 2.0 
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In another study, PAN/CNT (95/5) fibers were processed using SWNT, DWNT, 

MWNT, and VGCNF. The experimental T1 and mechanical property results14 for the 

PAN/CNT  composite fibers are given in Table 5.2. With the addition of CNT (except for 

VGCNF), T1 relaxation time for PAN is shortened due to the presence of nanotubes. 

Among various PAN/CNT composite fibers, T1 value for the PAN/DWNT composite 

fiber is the shortest while that for the PAN/VGCNF composite fiber is the largest. As we 

discussed, the larger interface area in the PAN/CNT composites leads to the shorter T1 

value. Using the experimentally determined surface area of CNTs (listed in Chapter 4), 

the surface area of nanotubes based on 5 wt% CNT loading in the composite fiber is 

calculated and listed in Table 5.2. Polymer relaxation times (Tl) are plotted as a function 

of nanotube surface area in the composite fibers, as shown in Figure 5.4. Relaxation time 

for the PAN/CNT composite fibers decreases with increasing nanotube surface area. As 

we discussed in Section 4.1, the paramagnetic metal impurity and ring currents may also 

attribute to reduction in T1 value for composites. The catalytic impurity in SWNT, 

DWNT, MWNT and VGCNF used in this part of the study was about 2.4, 5.4, 2.5, and 

0.3 wt%, respectively.  
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Table 5.2. Relaxation time (T1), mechanical properties, and CNT surface area for various 
PAN/CNT (95/5) composite fibers. The mechanical property data is obtained from 
reference 14 

 

Sample T1 
(ms) 

Modulus14 
(GPa) 

Strength14 
(MPa) 

Elongation 
(%)14 

Surface area 
of CNT in 
composites 

(m2/g) 

control PAN 3304 7.8 ± 0.3 244 ± 12 5.5 ± 0.5 - 

PAN/SWNT 2717 13.6 ± 0.5 335 ± 9 9.4 ± 0.3 35* 

PAN/DWNT 1336 9.7 ± 0.5 316 ± 15 9.1 ± 0.7 28.2 

PAN/MWNT 2994 10.8 ± 0.4 412 ± 23 11.4 ± 1.2 8 

PAN/VGCNF 4320 10.6 ± 0.2 335 ± 13 6.7 ± 0.3 2 

 
* Surface area of SWNT is the average experimental data of five types of SWNTs provide by CNI. 
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Figure 5.4. Polymer relaxation time (T1) as a function of nanotube surface area in 
PAN/CNT composite fibers. Nanotube surface area was determined based on the 
nanotube weight fraction and the BET surface area values in Chapter 4. 
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T1 values, mechanical properties and electrical conductivity values for the 

PAN/CNT composite films are listed in Table 5.3. With the addition of CNT (except for 

VGCNF), T1 relaxation time for PAN decreased. As discussed previously, reduction in  

T1 relaxation time may also be due to the presence of the paramagnetic impurities 

Fe2+/Fe3+18. The tensile modulus and log (Electrical conductivity) (abbreviated as log 

(E.C.)) for various composite films are plotted as a function of relaxation time T1 

(Figures 5.5 and 5.6). 

 

Table 5.3. T1 values, mechanical and electrical properties for control PAN and various 
PAN/CNT composite films 

Sample T1 
(ms) 

Modulus 
(GPa) 

Strength 
(MPa) 

Elongation 
(%) 

Electrical 
conductivity 

(S/m) 

Surface area 
of CNT in 

composites* 
(m2/g) 

Control PAN 4509±160 3.7 ± 0.4 53 ± 9 3.2 ± 1.5 - - 

PAN/SWNT3 
(95/5) 974 ± 3 5.6 ± 0.3 77 ± 3 3.9 ± 0.9 88.1 ± 1.9 29 

PAN/SWNT3 
(90/10) 682 ± 9 6.8 ± 0.7 93 ± 9 4.3 ± 1 243.0 ± 1.3 58 

PAN/SWNT3 
(80/20) 472 ± 15 9.3 ± 0.7 102 ± 8 3.6± 0.6 5500 ± 30 117 

PAN/DWNT 
(95/5) 1090 ± 55 3.5 ± 0.2 48 ± 15 1.9 ± 0.8 0.006 ± 0.007 28 

PAN/DWNT 
(90/10) 760 ± 2 4.4 ± 0.6 64 ± 10 1.9 ± 0.6 5.9 ± 0.2 56 

PAN/VGCNF 
(95/5) 4852 ± 11 4.4 ± 0.3 80 ± 6 5.5 ± 1.6 0.7 ± 0.6 2 

PAN/VGCNF 
(90/10) 3552 ± 34 4.1 ± 0.3 73 ± 6 3.7 ± 0.5 35.2 ± 11.7 4 

PAN/VGCNF 
(80/20) 2488 ± 69 4.0 ± 0.2 59 ±34 2.5 ± 0.3 88.8 ± 18.6 8 

*CNT surface area was determined based on their weight fraction and the BET surface 
area values in Chapter 4. 
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Figure 5.5 Modulus as a function of relaxation time (T1) for PAN/CNT composite films. 
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Figure 5.6. Electrical conductivity (E.C.) as a function of relaxation time (T1) for 
PAN/CNT composite films. 
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The electrical conductivity for each series of PAN/CNT composite films increases 

with decreasing T1 values. The modulus for the PAN/SWNT and PAN/DWNT composite 

films increase with decreasing T1, however the modulus of PAN/VGCNF composite film 

have no significant change with increasing T1. The improved modulus, strength and 

electrical conductivity for various PAN/CNT composite films indicate good dispersion of 

nanotube in polymer matrix, resulting in the reduction in T1 values. T1 values for the 

PAN/VGCNF (95/5) composites are moderately higher than that for the control PAN and 

needs further investigation. Presence of paramagnetic impurities such as oxygen, as well 

as sonication resulting in reduced molecular weight polymer may contribute to this effect. 

Based on the CNT surface area determined using nitrogen gas adsorption, the surface 

area of nanotubes based on 5, 10 and 20 wt% loading in the composites is calculated and 

listed in Table 5.3. Polymer relaxation times (Tl) for various films are plotted as a 

function of nanotube surface area in the composites (Figure 5.7). As expected, relaxation 

time for the PAN/CNT composite films decreases with increasing nanotube surface area.  
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Figure 5.7. Polymer relaxation time (T1) as a function of nanotube surface area in 
PAN/CNT composite films. Nanotube surface area was determined based on the 
nanotube weight fraction and the BET surface area values in Chapter 4. 

 

5.4 CONCLUSIONS 

Relaxation times (T1) for various PAN/CNT films and fibers have been 

determined using solid state 1H NMR. In general, T1 values for the composite samples 

exhibit good correlation with modulus, electrical conductivity, and nanotube surface area. 

While the presence of metal impurity, metallic nanotubes, as well as other paramagnetic 

impurities contributes to some ambiguity, the correlation of relaxation times with various 

properties does suggest the potential of solid state 1H NMR as a useful tool for 

characterizing the polymer - filler interface.  
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CHAPTER 6 

ANISOTROPIC OPTICAL PROPERTIES OF   SINGLE WALL 

CARBON NANOTUBES IN THE INFRARED RANGE 

 

6.1 INTRODUCTION 

The optical properties of carbon nanotubes (CNTs) have been studied both 

theoretically and experimentally.4-16  Theoretically, Ajiki and Ando1 predicted the low-

energy optical absorption of CNTs due to the Aharonov-Bohm effect and found the 

suppressed optical absorption when the polarization light was perpendicular to the 

nanobube axis due to the depolarization effect. Mintmire and White2 calculated the 

optical absorption spectra of several selected isolated SWNTs and observed anisotropy in 

the imaginary parts of the dielectric response using a first-principles, all-electron 

Gaussian-orbital-based local-density-functional approach. Extended Su-Schrieffer Heeger 

(SSH) model with the Coulomb interaction included has been used to study the optical-

absorption spectra for the armchair tubes3. Based on the tight-binding model, TasaKi et 

al.4 investigated in detail the anisotropy in the dielectric function of CNTs and predicted 

the optical rotatory power, circular dichroism and optical activity of the nanotubes. Using 

the line group symmetry approach, anisotropic absorption5 and polarized optical 

conductivity tensor6, 7 have been calculated for the isolated CNTs. By a dipole-dipole 

interaction, Jensen et al8 calculated the static and frequency-dependent polarizability 

tensor of (5, 5) and (9, 0) SWNTs. The symmetry and intramolecular geometry of the 

tubes was found to have significant influence on its polarizability. Lin and Shung9 have 
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investigated the frequency dependence of the dielectric function, loss function and 

reflectance of SWNT bundles using the gradient approximation. The optical properties of 

SWNTs are independent on their chiral angle and diameter, however, are influenced 

strongly by the light polarization direction.9 A prominent plasmon in the calculated 

electron-energy-loss spectrum and a weak but sharp plasmon edge in the reflectance 

spectrum are observed at ~ 6 eV.  

Experimentally, optical properties of carbon nanotube have been investigated by 

the optical elliposometry10, by the reflectivity measurements11 or by the photothermal 

deflection spectroscopy (PDS)12. The measured dielectric function of aligned SWNT film 

indicates the intrinsic anisotropic behavior of tubes reflecting difference in the dielectric 

function for light polarized parallel and perpendicular to the tubes10, 11. A sharp 

absorption band at 0.68 eV, slight broad band at 1.2 eV and rather broad band at 1.7 eV 

are observed in the optical absorption spectra of SWNT films from infrared to visible 

region12. The first and second lowest peaks are due to optical transition in the 

semiconducting nanotubes and the third is due to metallic nanotubes. From the measured 

reflectance and transmittance of PMMA/SWNT (99/1) composite fiber, the polarized 

absorption coefficient of SWNT in 1.5-2.5 eV region was calculated13.  Jiang et al.14 

constructed a carbon nanotube polarizer by parallel alignment of nanotube yarns and 

investigated the anisotropic properties of yarns in the ultraviolet range. The polarization 

degree of the nanotube yarns were determined to be 0.92.  

Although the transition band of semiconducting SWNTs appears in the infrared 

region, few measurements of polarized absorption spectra in the infrared region have 

been conducted. By measuring the reflectance of free-standing SWNT film over 15-5000 
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cm-1,   Ugawa et al.15 determined the real parts of dielectric function by a Kramers-

Kronig analysis. The low-energy absorption band was observed in the optical 

conductivity at 135 cm-1 due to a pseudogap in bundled armchair nanotubes and due to 

the small-gap in 13-15 Å diameter nanotubes. Ichida et al.16 processed aligned 

SWNT/polystyrene composites using mechanical stretching and measured the polarized 

absorption spectra in the infrared region. The absorbance decreases with the increasing 

angle between the polarization light and the nanotube axis and shows a maximum when 

polarization light is parallel to the nanobube axis. Sreekumar at al.17 observed the 

anisotropic behavior of SWNT in the PAN/SWNT (99/1) using the polarized infrared 

spectroscopy. In this chapter, the polarized infrared spectra of PAN/SWNT composite 

fibers were measured. This data is used for determining the intrinsic anisotropic optical 

constants of SWNTs.  

6.2 EXPERIMENTAL 

PAN (viscosity average molecular weight is 2.5×105 g/mol) obtained from Exlan, 

Co. (Japan) and dimethyl formamide (DMF) obtained from Sigma–Aldrich, Co. were 

used as received. Purified SWNTs were obtained from Carbon Nanotechnologies, Inc. 

(Houston, TX). The metallic impurity in SWNTs was about 1 wt% determined from the 

thermogravimetric analysis (TGA) result.  Dried SWNTs were dispersed in DMF (at a 

concentration of 40 mg/L) by sonication in a sonic bath (Branson 3510R-MT, 100 W, 

42 kHz) for 24 hour. Homogenous dispersion of SWNT in DMF was confirmed by 

optical microscopy. Dried PAN (15 g) was dissolved separately in DMF (100 mL) at 

80 °C and the SWNT/DMF dispersion was subsequently added to the PAN/DMF 

solution. The PAN/SWNT/DMF dispersion was stirred and excess solvent was 
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evaporated by vacuum distillation at 80 °C to obtain the desired solution concentration 

(15 g solids (PAN+SWNT)/100 mL DMF). Following the above procedure, various 

PAN/SWNT/DMF solutions were prepared to produce SWNT concentration of 0, 0.5, 

and 1 wt%. The PAN/DMF and PAN/SWNT/DMF solutions were gel-spun using a 

500 µm diameter single-hole spinneret (110 °C) into a methanol bath (−50 °C) to obtain 

the PAN/SWNT fibers. The air gap between spinneret and the methanol bath was about 

2 cm and the spun speed was 31.4 m/min. The as-spun fibers were taken up at 100 m/min 

and were immersed in methanol bath (−20 ~ −40 °C) for 1 week in order to gel. The spun 

fiber draw ratio was 3.2. The gel fiber was further drawn at 160 °C in glycerol bath, 

washed in ethanol and vacuum dried at 40 °C for 3 days. The total draw ratio was as high 

as 51. The gel-spun fibers were provided by Han Gi Chae. Structure and properties of 

these fibers have been reported (Polymer 2006).18 

Transmission infrared spectra of the PAN/SWNT composite fibers were measured 

using a Perkin Elmer FTIR microscope with the polarization direction of the incident 

infrared beam parallel and perpendicular to the fiber axis. For the collection of the 

infrared spectra of the PAN/ SWNT composite fibers, a single filament was immersed in 

the mineral oil in order to reduce the surface scattering.  

Raman spectra of PAN and PAN/SWNT composite fibers were collected using 

Holoprobe Research 785 Raman Microscope made by Kaiser Optical System with 

785 nm excitation laser with polarizer and analyzer parallel to each other. A series of 

Raman spectra were measured with the fiber axis at 0, 5, 10, 20, 30, 40, 50, 60, 70, 80, 

85, and 90° from the polarization direction. From the peak intensity of the tangential 
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band (ca. 1590 cm−1) at various polarization angles, the SWNT orientation in the 

composite fiber was determined. 

6.3 RESULTS AND DISCUSSION 

6.3.1 Polarized Infrared Spectra 

The polarized infrared spectra of control PAN, PAN/SWNT (0.5 wt% SWNT) 

and PAN/SWNT (1 wt% SWNT) composite fibers, with the infrared beam parallel and 

perpendicular to the fiber axis, are shown in the Figure 6.1. The baselines of the polarized 

spectra for control PAN fiber almost overlap when the incident beam is polarized along 

and normal to the fiber axis. However, the significant absorption differences in baselines 

of the spectra for PAN/SWNT composite fibers were observed when the beam was 

polarized parallel and perpendicular to the fiber axis. These absorption differences in the 

PAN/SWNT composite fibers are due to the presence of the intrinsically anisotropic 

SWNTs orientated in the composite fibers. The PAN/SWNT composite fibers shows 

higher absorption when the incident light is parallel to the tube axis. For PAN/SWNT 

composite fibers with higher SWNT loading, the baseline absorbance is higher especially 

when the polarization light is parallel to the fiber axis.  
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Figure 6.1. Absorbance spectra for the control PAN and PAN/SWNT composite fibers 
containing 0.5 and 1 wt% SWNT in the infrared region over 1500-2500 cm-1 when the 
beam is polarized parallel (SWNT_0) and perpendicular (SWNT_90) to the fiber axis. 
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6.3.2 Optical Constants 

The optical properties of a material can be characterized by a complex refractive 

index ( )~n or a complex dielectric constant (ε)19:  

kin  n~ +=                                  (6.1) 

2nki n  n~  2k2
ImRe

2 +=+== −εεε                                  (6.2) 
 
where n is the refractive index, k is the extinction coefficient, n is the refractive index, εRe 

is the real part of the complex dielectric constant, and εIm is the imaginary part of the 

complex dielectric constant. From Equation (6.2), the extinction coefficient k the 

refractive index n, and the real and imaginary parts of the complex dielectric constant are 

obtained:   

 
2

Re
2

Im
2

Re εεε −+
=k                                          (6.3) 

2
Re

2
Im

2
Re εεε ++

=n              (6.4) 

εRe = n2 – k2                         (6.5) 

εIm = 2nk                   (6.6) 

At a wavelength λ, the absorbance (A), and reflectance (R) of a sample with thickness d 

are related by equations as follows19:   

k = Aλ/(4πd)                                                (6.7) 

22

22

)1(
)1(

kn
knR

++

+−
=              (6.8) 
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From the measured absorbance spectra for the control PAN fiber, the extinction 

coefficient exp.
h)(k of PAN was calculated from Equation (6.7). Figure 6.2 shows plots of 

the refractive index (n)20 and the calculated extinction coefficient (k) as a function of 

wavenumber. From exp.
h)(k  and the reported refractive index20, the real and imaginary 

parts of the dielectric constant exp.
h)(ε of  PAN were determined and plotted as a function 

of wavenumber as shown in Figure 6.3.  
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Figure 6.2. Extinction coefficient k (top) and refractive index n (bottom) 20 of PAN. 
Extinction coefficient was calculated in this work using the data on control PAN fiber. 
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Figure 6.3. Real part (top) and imaginary part (bottom) of the dielectric constant of PAN. 
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6.3.3 Effective Medium Theories  

Effective medium theories are used to determine the optical constants of 

composites when electromagnetic (EM) waves propagate into a media.21-26 If the 

nanotube length is assumed to be infinite, Mossotti-Clausius formalism can be used to 

calculate the effective permittivity and polarizability of nanobubes randomly dispersed in 

an isotropic dielectric host21. Maxwell Garnet (MG) approximation 22 is one of the most 

widely used methods for calculating the bulk dielectric function for a composite system 

consisting of a  anisotropic inclusions with finite length and a isotropic host. MG model 

can be applied for polarizable spherical particles and cylindrical particles embedded in 

dielectric host. MG approach works very well in the dilute limit for dielectric media 

where the distance between the tubes is so large that electromagnetic interaction between 

nanotubes is negligible. When nanotubes are close packed, the full electromagnetic 

coupling between the nanotubes should be considered in order to determine the optical 

properties of carbon nanotubes23. In a media with tensor-like dielectric function, the 

effective dielectric function of multi wall carbon nanotube was calculated accurately by 

solving Maxwell’s equations24, 25. Anisotropic carbon nanotube is regarded as an 

electrically small particle in the infrared and microwave frequency range, because a 

nanotube is several microns in length and its cross sectional diameter range between 1 

and 20 nm26.  The optical behavior of polymer/SWNT composites not only depend on 

particle shape and SWNT loading, but also on the orientation distribution of SWNT in 

the bulk sample. Ohad27 introduced a an extended MG approximation theory which 

provide the relationship between the particle properties, orientation distribution, field-

induced birefringence and electro-optical phase shift.  
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For the PAN/SWNT composite fibers, the isotropic PAN is assumed to contain a 

scalar dielectric constant. The anisotropic SWNT are assumed to be with a dielectric 

tensor εSWNT: 

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

= ⊥

⊥

||00
00
00

ε
ε

ε
εSWNT  

The external field is applied in the fiber direction (Z axis). The applied field will 

not cause the distribution change of the azimuthal angle φ, however, the polar orientation 

angle will decrease when the field is increased. The PAN/SWNT composites are regarded 

as the uniaxial materials, where the dielectric coefficient has one value along one 

preferred direction and another value in all perpendicular directions. The effective 

dielectric tensor of the PAN/SWNT composites, εeff, can be written as: 

〉〈+−
〉〈

+=
Kff

fIheff ~1

~αεε                       (6.9) 

 

where I is the unite matrix, f is the volume fraction of SWNT in the PAN/SWNT 

composites, and εh is the dielectric constant of host. The average tensor of 〉〈K~ and 〉〈α~  

along X axis, Y axis and Z axis can be expressed as  

]cos)([
2
1~~ 2

||||
〉〈−−+=〉〈=〉〈 ⊥⊥ θswntswntswntswnt
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swntk
||

 and swntk⊥  are the extinction coefficient of SWNT when polarization light is 

parallel and perpendicular to Z axis, respectively. swnt
⊥α  and swnt

||
α are the polarizability 

per volume of SWNT when polarization light is parallel and perpendicular to Z axis, 
respectively. The tensor swntk and swntα  can be determined from the following 

equations: 

h
swnt

hswnt

dd
k

εε
ε

)1( ||||
||

|| −+
=           (6.14) 

h
swnt

hswnt

dd
k

εε
ε

)1( ⊥⊥⊥
⊥

−+
=           (6.15)  

)(
||||||

h
swntswntswnt k εεα −=           (6.16) 

)( h
swntswntswnt k εεα −= ⊥⊥⊥           (6.17) 

where θ is the polar orientation angle of SWNT in the composite sample, S is the 

Herman’s orientation factor, swnt
||

ε  and swnt
⊥ε  are the dielectric constant of SWNT when 

polarization light is parallel and perpendicular to Z axis, respectively,  || d  is the 

depolarization factor and equal to 0 when the polarized light is parallel to the Z axis23, 

and ⊥d is the depolarization factor and equal to 0.5 when the polarized light is 

perpendicular to Z axis23. Absorbance of the PAN/SWNT composite fibers with 

polarization direction parallel to fiber axis, exp.
comp. || )(A , and that of the composite fibers with 

polarization direction perpendicular to fiber axis exp.
comp.)( ⊥A were measured by the polarized 

infrared spectroscopy. Herman’s orientation factors of SWNT in the composite fibers 

were measured by Raman spectroscopy and determined to 0.915.18 According to 

Equation (6.6), the experimental extinction coefficient of the composite fibers with 
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polarization direction parallel and perpendicular to fiber axis can be determined, which 

are expressed as exp.
comp. || )(k  and exp.

comp.)( ⊥k , respectively. Assume a set of theoretical 

dielectric constants of SWNT ( swnt
|| ε  and swnt

⊥ε ), the theoretical extinction coefficients of 

the composite fiber ( theo.
comp. || )(k  and theo.

comp.)( ⊥k ) are calculated from Equation (6.10) to 

Equation (6.18) and Equation (6.3). Minimizing exp.
comp.

theo.
comp. ) ()( kk − , the dielectric 

constants of SWNT, swnt
 || ε  and swnt

⊥ε , can be finally determined. Figure 6.4 shows the real 

part (top) and imaginary part (bottom) of the dielectric constant of SWNT, which have 

been calculated based on the extended MG theory and the measured spectra for the 

composite fibers. When the incident light is polarized along the fiber axis, dielectric 

constant of SWNT is larger than that when light is polarized normal to the fiber axis, 

indicating the anistropic optical property of SWNTs in the infrared range. Furthermore, 

the extinction coefficient k of SWNT was calculated according to the Equation (6.3) and 

is shown in Figure 6.5 indicating the anisotropic properties. 

MG approximation is based on the assumption that the polymer host matrix is 

isotropic. Although in the current system, PAN matrix is not isotropic, as PAN 

orientation in PAN/SWNT fibers is about 0.9218, the infra-red absorption of the PAN 

matrix in the IR region (excluding the absorption peaks) does not exhibit strong 

orientation dependence (Figure 6.1). Therefore the anisotropic PAN matrix should not be 

a major source of error in our analysis. Here we also note that the refractive index of the 

oriented PAN film parallel and perpendicular to the orientation direction is the same.28  
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Figure 6.4. Real part (top) and imaginary part (bottom) of the dielectric constant of 
SWNT calculated from PAN/SWNT composite fiber data. 
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Figure 6.5. Extinction coefficient of SWNT calculated from PAN/SWNT composite fiber 
data. 

 

The dielectric constant of the randomly aligned SWNT film can be calculated 

based on Equation (6.19). In this case, the dielectric constant of polymer εh is zero, the 

volume fraction of SWNT is equal to one, and the Herman’s orientation factor S is zero. 

Therefore, Equation (6.9) for the calculation of the dielectric constant εfilm of the 

disordered SWNT film can be modified to Equation (6.19)   

                                                       

                                                              (6.19) 

 

Figure 6.6 shows the calculated dielectric constant of the randomly aligned SWNT based 

on Equation (6.19). The real part of the calculated dielectric constant is comparable to 

value reported in the literature15, except a peak at ~1665 cm-1. (Figure 6.6).  For 

comparison, the dielectric constant of graphite15 is also plotted in Figure 6.6. Dielectric 

swntswnt

swntswntswntswnt

film
kk

kk

||

||||

2

2

+

+
=

⊥

⊥⊥ εε
ε



 164

constant of carbon nanotubes in our study as well as the value reported in the literature 

represents the average for all nanotubes present in the samples – these include metallic 

and semi-conducting tubes as well as tubes of different diameter and chirality.  
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Figure 6.6. Dielectric constants (εRe and εIm)  for the unoriented SWNT films calculated 
in the current work. The real part of the dielectric constant of the SWNT film15 
(εRe_SWNT film ) and graphite29 (εRe_graphite) obtained from literature are also plotted. 
 

 

Based on Equation (6.3) and (6.4), the refractive index n and extinction 

coefficient k of the randomly aligned SWNT is determined, and plotted as a function of 

frequency in Figure 6.7 and Figure 6.8, respectively. Using graphite dielectric constant 

data from the literature,29 we calculated its refractive index and extinction coefficient and 

compared them with the SWNT values obtained in this work (Figure 6.7 and 6.8.). 

Ignoring the spurious peaks, primarily resulting from PAN absorption, the SWNT n and k 

values can be given by the resulting baseline.   
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Figure 6.7. Calculated refractive index n of the randomly aligned SWNT. The refractive 
index of graphite is also given by the dotted line for comparison. 
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Figure 6.8. Calculated extinction coefficient k of the randomly aligned SWNT. The 
refractive index of graphite is also given by the dotted line for comparison. 
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From Equation (6.8), The reflectance R of the unoriented SWNT film is 

calculated and compared with that of the disorder SWNT film15 (Figure 6.9). The 

calculated reflectance of SWNT is higher than that of the SWNT film reported in the 

literature15 over 1500-2500 cm-1 region. Reflectance in reference 15 is based on the 

randomly oriented SWNT film containing 30 – 40 % voids. On the other hand, our 

calculation method gives reflectance for a randomly oriented SWNT film, where 100% of 

the volume is occupied by the nanotubes. This may at least partially explain why our 

reflectance values are higher than those reported in reference 15. When Ugawa et al.15 

measured the reflectance of the SWNT film, they normalized the sample spectrum with 

the spectrum measured after evaporating gold on the sample surface. This procedure is 

also a potential source of error. We also compared the reflectance of the unoriented 

SWNT film to that of the graphite. From the dielectric constant29, reflectance of graphite 

is calculated and plotted in Figure 6.9. Ignoring spurious peaks, the SWNT reflectance 

calculated in current work is quite comparable to that of the graphite reflectance.   
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Figure 6.9. Calculated reflectance of the randomly aligned SWNT. Reflectance of the 
SWNT film15 and graphite are given by the dashed and dotted line, respectively. 
 

 

In summary, the optical constants calculated from the experimental data on 

oriented PAN/SWNT fibers using extended MG theory are reasonable except for a 

number of spurious peaks, which we believe are a result of PAN absorption. Reflection 

and surface scattering losses, non-uniform fiber thickness (unless the beam size << the 

fiber diameter, which was not the case in our study), and accuracy of the PAN optical 

constants represent potential sources of error. 

6.4 CONCLUSIONS 

The optical anisotropy of SWNT in PAN/ SWNT composite fibers was observed 

in their polarized infrared spectra. A method for determining the intrinsic SWNT optical 

constants has been developed. The SWNT optical constants thus determined have been 

compared to the literature reported values.  
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

 

CONCLUSIONS 

1. PAN/SWNT composite films containing 40 wt% nanotube have been processed 

with unique combination of modulus (10.9 GPa), tensile strength (103 MPa), electrical 

conductivity (1.5×104 S/m), dimensional stability (coefficient of thermal expansion 

(CTE) 1.7×10-6/°C), low density (1.08 g/cm3), solvent resistance, and thermal stability. 

The storage modulus of PAN/SWNT film above glass transition temperature (Tg) is 40 

times the PAN storage modulus at that temperature. Rope diameter in the SWNT powder 

was 26 nm, while in 60/40 PAN/SWNT film, the rope diameter was 40 nm. PAN/SWNT 

(60/40) film could not be dissolved in DMF even at 130 ºC. After heating the film at this 

temperature, only about 40 wt% of the PAN could be removed. This suggests that the 

remainder of the PAN has strong interaction with single wall carbon nanotubes and can 

not be dissolved in its solvent (DMF). Wide angle X-ray diffraction study suggests that 

PAN intercalates SWNT bundles. 

2. At 5 wt% VGCNF loading, the tensile modulus and strength of the 

PAN/VGCNF composite film is 1.2 and 1.5 times the modulus and strength of the control 

PAN film, respectively. Specific modulus of the composites containing up to 20% 

VGCNF was consistent with the predictions of the Halpin-Tsai theory. Electrical 

conductivity of composites increased with the nano fiber loading and exhibited a two 

dimensional percolation behavior at 3.1 vol%. The storage modulus of PAN is enhanced 

by incorporation of nano fibers, particularly above the glass transition temperature. The 
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tan δ peak shifts to and broadens toward higher temperatures with the addition of 

VGCNF. Activation energy values needed for PAN glass transition motion in the 

composite films are higher than those in the control PAN film. The coating of PAN 

polymer around VGCNFs was observed.  

3. Among various CNT composites, the PAN/SWNT3 composite films exhibit the 

highest enhancement in modulus, tensile strength, and highest electrical conductivity 

(modulus and tensile strength increased by a factor of 2.5 and 1.8, respectively at 10 wt% 

loading). In general, for all nanotube composites, tensile modulus and tensile strength 

exhibited good correlation with nanotube surface area. However, other factors such as 

catalytic impurity, amorphous carbon etc. also play a role in governing various composite 

properties. 

4. Enhancement in storage modulus for all PAN/CNT composite films is observed 

especially above glass transition temperature. The highest increase in storage modulus 

above Tg is observed for PAN/SWNT3 composite films (increased 14 times at 5 % 

loading and 28 times at 10 % loading at 140 oC). The magnitude of the Tan δ peak 

decreased and shifted to higher temperature for all PAN/CNT composite films. 

5. All PAN/CNT composite films exhibit reduced thermal expansion as compared 

to the control PAN film. PAN/SWNT3 composite films show the least thermal expansion 

(~90 % reduction in CTE at 20 wt% loading).  

6. Based on the PAN/CNT solubility in DMF, it was shown that PAN-SWNT 

exhibit stronger interaction, than PAN-DWNT, PAN-MWNT, and PAN-VGCNF.  
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7. Solid state 1H NMR is a useful tool for characterizing the polymer - filler 

interface. T1 values for the composite samples exhibit good correlation with the carbon 

nanotube surface area. 

8. The optical anisotropy of SWNT in PAN/ SWNT composite fibers was 

observed in their polarized infrared spectra. A method for determining the intrinsic 

SWNT optical constants has been developed and demonstrated.  

RECOMMENDATIONS FOR FUTURE WORK 

 Several results reported here need further investigation. Some suggestions for 

future work are listed below: 

1. G’ band in the Raman spectra is used to detect the load transfer between 

polymer and nanotube. Considering the trends in tensile and dynamic mechanical and 

thermal properties, we expected larger shift in G’ band peak position for PAN/SWNT3 

composites. However, no shift is observed for PAN/SWNT3 composites. The explanation 

for this result needs more investigation.  

2. Although the surface area of VGCNF is low, the mechanical proprieties of 

PAN/VGNCF composites are enhanced possibly due to its long length. Electrical 

conductivity of polymer/CNT composite depends on nanotube diameter and length. 

Measurement of nanotube length may provide further support to observed PAN/CNT 

composite properties.  

3. We have prepared a series of PAN/CNT composite films using various CNTs. 

Based on the properties reported in this thesis, potential applications of these films may 

be investigated.  

 



 

174 

APPENDIX A 

 TABLES AND FIGURES FOR PAN/CNT COMPOSITE FILMS 

 
 

Table A.1. Pore volume and surface area of various SWNTs using BET and DFT method 

 SWNT 1 SWNT 2 SWNT3 SWNT4 SWNT 5 

Micropore(%) 37.6 43.0 47.4 54.5 60.1 

Mesopore(%) 34.6 39.5 34.5 31.0 21.1 
Surface 

area 
Macropore(%) 27.9 17.5 18.2 14.5 18.8 

Micropore(%) 4.1 8.9 9.0 14.0 9.1 

Mesopore(%) 18.4 34.0 21.8 28.7 13.5 
Pore 

volume 
 

Macropore(%) 77.5 57.1 69.2 57.3 77.5 

BET method 582.9 829.7 795.0 823.5 433.9 Surface 
area 

(m2/g) DFT method 238.7 333.5 273.7 337.2 206.8 

 

Table A.2. Pore volume and surface area of various CNTs using BET and DFT method 

  DWNT MWNT VGCNF 

Micropore(%) 34.2 36.8 37.0 

Mesopore(%) 41.6 27.9 31.4 
Surface 

area 
Macropore(%) 24.3 35.3 31.6 

Micropore(%) 4.5 2.6 2.5 

Mesopore(%) 26.4 10.1 10.0 
Pore 

volume 
 

Macropore(%) 69.1 87.3 87.5 

BET method 563.3 160.7 40.6 Surface 
area 

(m2/g) DFT method 290.2 81.8 23.3 
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Figure A.1.Thermogravimetric analysis of (a) various SWNTs and (b) DWNT, MWNT 
and VGCNF in air at a heating rate of 10 oC /min. 
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Figure A.2. Wide angle X-ray diffraction plots for (a) various SWNTs and (b) DWNT, 
MWNT and VGCNF.  



 177

 

0 500 1000 1500 2000 2500 3000

Wavenumber (cm-1)

N
or

m
al

iz
ed

 In
te

ns
ity

  1

SWNT1

VGCNF

SWNT2

MWNT

DWNT

SWNT5

SWNT4

SWNT3

 

Figure A.3. Raman spectra for various CNTs. 
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Figure A.4. RBM of Raman spectra for DWNT and various SWNTs. 
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Figure A.5. G band of Raman spectra for various SWNTs. 
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Figure A.6. Absorbed N2 as a function of pressure for various CNTs.  
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Figure A.7. FTIR spectra of various CNTs. 
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Figure A.8. Bright field transmission electron microscopy (TEM) images of various 
CNTs.  
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Figure A.9. Comparison of modulus (top) and tensile strength (bottom) for various 
PAN/CNT composite films. 
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Figure A.10. Comparison of electrical conductivity for various PAN/CNT composite 
films with (a) 5 wt% and 10 wt% CNT loading, and (b) 20 wt% CNT loading. 
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Table A.3. Storage modulus for control PAN and various PAN/CNT films at different 
temperatures 

 

E’ (GPa) at different temperatures (oC) 
Sample 

CNT 
loading 
(wt%) -

100 -75 -50 -26 0 25 50 75 100 125 150 

PAN 0 5.9 5.7 5.4 5 4.6 4.1 3.3 0.74 0.089 0.04
9 0.047 

PAN/SWNT1 5 6.1 5.8 5.5 5.0 4.6 4.2 3.6 1.6 0.25 0.14 0.11 

PAN/SWNT2 5 6.7 6.4 6.1 5.8 5.4 5.0 4.3 1.6 0.36 0.25 0.23 

PAN/SWNT3 5 9.2 8.9 8.6 8.2 7.7 7.1 6.2 2.6 0.89 0.67 0.66 

PAN/SWNT4 5 6.8 6.6 6.3 6.1 5.6 5.2 4.5 1.9 0.52 0.35 0.30 

PAN/SWNT5 5 6.2 5.9 5.6 5.3 4.9 4.4 3.8 1.3 0.27 0.18 0.18 

PAN/DWNT 5 6.1 5.8 5.6 5.3 4.9 4.4 3.8 1.4 0.22 0.12 0.11 

PAN/MWNT 5 7.0 6.8 6.5 6.1 5.6 5.1 4.5 2.9 0.48 0.13 0.099 

PAN/VGCNF 5 7.1 6.8 6.5 6.1 5.6 5.1 4.4 2.1 0.30 0.14 0.13 

PAN/SWNT1 10 5.6 5.4 5.2 4.9 4.5 4.1 3.5 1.6 0.33 0.20 0.20 

PAN/SWNT2 10 7.5 7.3 7.0 6.6 6.2 5.7 4.9 2.0 0.65 0.42 0.39 

PAN/SWNT3 10 11.7 11.6 11.2 10.7 10.1 9.5 8.7 5.3 1.90 1.3 1.3 

PAN/SWNT4 10 7.6 7.3 6.9 6.6 6.1 5.7 5.1 3.0 0.94 0.62 0.59 

PAN/SWNT5 10 9.2 8.9 8.5 8.1 7.5 6.8 6.2 4.6 1.20 0.52 0.48 

PAN/DWNT 10 5.3 5.0 4.8 4.5 4.2 3.8 3.3 1.4 0.27 0.17 0.15 

PAN/MWNT 10 7.0 6.7 6.4 6.0 5.5 5.0 4.4 2.5 0.43 0.15 0.14 

PAN/VGCNF 10 6.8 6.6 6.3 6.0 5.6 5.1 4.4 2.4 0.39 0.17 0.15 

PAN/SWNT1 20 7.7 7.5 7.1 6.7 6.3 5.7 5.0 2.8 0.85 0.49 0.44 

PAN/SWNT3 20 11.1 10.7 10.3 9.9 9.4 8.8 7.9 5.5 2.50 1.5 1.4 

PAN/SWNT5 20 13.5 13.1 12.6 11.7 9.9 9.0 8.3 5.4 2.10 1.0 1.0 
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Figure A.11.  Storage modulus difference between PAN/CNT films and control PAN film 
as a function of temperature. 
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Figure A.12. Values of E’PAN/CNT/ E’PAN  as a function of temperature. 
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Figure A.13. Dynamic mechanical properties of epoxy/CNT composite fibers.32 
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Figure A.14. Tan δ behavior of PAN/CNT composite films with 10 wt% CNT loading as 
a function of temperature at various frequencies. 
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Frequency 
 (Hz) 

Sample 

 
Table A.4. Temperature of Tan δ peak at various frequencies for PAN/CNT composite 
films with 10 wt% loading 
 

Temperature (oC)  

0.1 1 5 10 

Activation
Energy 

(KJ/mole) 

PAN/SWNT1 
(90/10) 89.2 91.3 93.3 94.2 1011 

PAN/SWNT2 
(90/10) 89.2 91.3 93.2 94.3 1006 

PAN/SWNT3 
(90/10) 96.2 98.2 99.2 100.3 1343 

PAN/SWNT4 
(90/10) 97.3 99.3 101.2 102.2 1069 

PAN/SWNT5 
(90/10) 100.1 104.1 107.1 109.0 619 

PAN/DWNT 
(90/10) 89.2 90.4 93.3 94.3 913 

PAN/MWNT 
(90/10) 89.3 95.4 99.3 101.3 438 

PAN/VWNT 
(90/10) 93.2 98.1 101.2 103.2 538 
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Figure A.15. Ln f as a function of 1/T for PAN/CNT composite films with 10 wt% CNT 
loading. 
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Figure A.16. Thermal expansion as a function of temperature for control PAN and 
PAN/CNT composite films. 
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Figure A.17. CTE in Region I for PAN/CNT composite films as a function of CNT 
surface area.  
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Figure A.18. CTE in Region II for PAN/CNT composite films as a function of CNT 
surface area.  
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Figure A.19. CTE in Region III for PAN/CNT composite films as a function of CNT 
surface area. 
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Figure A.20. RBM band in Raman spectra for SWNT1 powder and PAN/SWNT1 
composite films. 
 



 197

 

Wavenumber (cm-1)

N
or

m
al

iz
ed

 in
te

ns
ity

   

0

0.1

0.2

0.3

200 220 240 260 280 300
0

0.1

0.2

0.3

200 220 240 260 280 300

SWNT2

5%

10%

0

0.1

0.2

0.3

200 220 240 260 280 300
0

0.1

0.2

0.3

200 220 240 260 280 300

SWNT2 powder PAN/SWNT2 (95/5)

PAN/SWNT2 (90/10)

 

Figure A.21. RBM band in Raman spectra for SWNT2 powder and PAN/SWNT2 
composite films. 
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Figure A.22. RBM band in Raman spectra for SWNT3 powder and PAN/SWNT3 
composite films. 
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Figure A.23. RBM band in Raman spectra for SWNT4 powder and PAN/SWNT4 
composite films. 
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Figure A.24. RBM band in Raman spectra for SWNT5 powder and PAN/SWNT5 
composite films. 
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Figure A.25. RBM band in Raman spectra for DWNT powder and PAN/DWNT 
composite films. 
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Figure A.26. G band in Raman spectra for CNT powders and PAN/CNT composite films. 
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Figure A.27. G’ band in Raman spectra for CNT powders and PAN/CNT composite 
films. 
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Figure A.28. WAXD patterns for control PAN and PAN/CNT composite films with 5 
wt% CNT loading. 
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Figure A.29. WAXD patterns for control PAN and PAN/CNT composite films with 10 
wt% CNT loading. 
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Figure A.30. WAXD patterns for control PAN and PAN/CNT composite films with 20 
wt% CNT loading. 
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Figure A.31. Scanning electron microscopy (SEM) images for various CNTs.  
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Figure A.32. SEM images for PAN/CNT composite films with 5 wt% CNT loading. 
(Low magnification) 
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Figure A.33. SEM images for PAN/CNT composite films with 5 wt% CNT loading. 
(High magnification) 
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Figure A.34. SEM images for PAN/CNT composite films with 10 wt% CNT loading. 
(Low magnification) 
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Figure A.35. SEM images for PAN/CNT composite films with 10 wt% CNT loading. 
(High magnification) 
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Figure A.36. SEM images for PAN/CNT composite films with 20 wt% CNT loading. 
(High magnification)  




