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ABSTRACT OF THE DISSERTATION 

Purification and Processing of Graphitic Carbons 
 

by 

Kimberly Anne Worsley 

Doctor of Philosophy, Graduate Program in Chemistry 
University of California, Riverside, December 2010 

Dr. Robert C. Haddon, Chairperson 

Carbon materials exist in several forms and have a wide range of 

applications that are commonly encountered in everyday life.  The more familiar 

applications range from car tires to cosmetics.  The breadth of applications is 

solely due to the various graphitic and amorphous structures of carbon, which 

gives rise to a wide range of properties that can be engineered to obtain the 

desired feature or function.  Allotropes of carbon include diamond, fullerenes, 

graphite (graphene) and carbon nanotubes.  The latter two are the focus of this 

dissertation and their characterization, purification, and functionalization will be 

described in detail.       

High solubility of purified single-walled carbon nanotubes (SWNTs) and 

graphene is desired for their utilization in various applications.  In the case of 

SWNTs, concentrated nitric acid treatment is the most common form of purification 

currently used.  It is highly effective in the removal of residual metal catalysts, but 

generates unwanted carbonaceous byproducts known as carboxylated carbons 

(CCs).  Little is known about the nature of these species (CCs), and it is has been 
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suggested that because of their high carboxylic acid functionality and their 

adhesion to the SWNT side wall, that upon functionalization of an oxidized 

nanotube sample, the majority of the functionalization is occurring on the CCs and 

not the SWNTs, and that upon their removal, the SWNTs are rendered insoluble.  

Similar to SWNTs, soluble graphene is desirable to achieve facile manipulation of 

the material for device applications although the exfoliation of graphite to form a 

single layer has proven to be challenging.  

In this dissertation, the characterization of the CCs will be discussed and 

upon their removal, it is demonstrated that solubility of the purified SWNTs is 

retained upon covalent functionalization with octadecylamine (ODA).  Soluble 

graphene layers were formed by reacting graphite fluoride with alkyl lithium 

reagents.  Functionalized graphene can be readily prepared by this technique and 

dispersed in organic solvent and upon annealing, the intrinsic properties can be 

partially restored.  This dissertation serves to extend the achievements previously 

developed by the Haddon research group and adds to the continued progress in 

the advancement of carbon materials chemistry. 

ix 



 TABLE OF CONTENTS 

List of Figures ........................................................................................................ xiiii 
List of Acronyms .................................................................................................. xviiii 
 
Chapter 1:  Introduction to Graphitic Carbon Material  1 

1.1 Single-Walled Carbon Nanotubes (SWNTs) ........................................... 3 
1.1.1 Synthesis..................................................................................... 6 
1.1.2 Characterization.......................................................................... 8 
1.1.3  Purification ................................................................................ 13 
1.1.4 Functionalization....................................................................... 14 

1.2 Graphite ................................................................................................. 17 
1.3.1 Production and Synthesis ......................................................... 18 
1.3.2 Characterization ........................................................................ 19  
1.3.3 Chemical Processing and Exfoliation........................................ 19  
1.3.4 Functionalization ....................................................................... 21 

1.3 Summary ............................................................................................... 22 
1.4 References ............................................................................................ 22 
 

Chapter 2:  Isolation and Characterization of Carboxylated Carbons 31 
2.1 Introduction ............................................................................................ 31 
2.2 Experimental Methods........................................................................... 33 

2.2.1 Starting Materials ...................................................................... 33 
2.2.2 Characterization........................................................................ 33 
2.2.3 Concentration Optimization Procedure..................................... 35 
2.2.4 Base Washing Procedure ......................................................... 35 
2.2.5 Acid Neutralization Procedure .................................................. 36 
2.2.6 Acid Neutralization Calculation ................................................. 36 

2.3 Results and Discussion ......................................................................... 38 
2.3.1 Concentration Optimization for NH4OH Washing of SWNT-
COOH ................................................................................................... 38 
2.3.2 FT-IR Spectra of Materials ........................................................ 40 
2.3.3 Characterization of Materials by TGA....................................... 41 
2.3.4 Analysis by TEM ....................................................................... 43 
2.3.5 XRD Patterns of Bulk Powders ................................................. 43 
2.3.6 Purity Evaluation by NIR and Raman Scattering 
Characterization ..................................................................................... 44 
2.3.7 Assessment of Acid Content..................................................... 45 
2.3.8 Conductivity of Materials ........................................................... 47 

2.4 Conclusions ........................................................................................... 47 
2.5 References ............................................................................................ 48 
 

x 



Chapter 3:  Isolation and Identification of Low Molecular Weight Carboxylated 
Carbons Derived from the Nitric Acid Treatment of Single-Walled 
Carbon Nanotubes 54 

3.1 Introduction ............................................................................................ 54 
3.2 Experimental Methods........................................................................... 56 

3.2.1 Starting materials. ..................................................................... 56 
3.2.2 Extraction of CCs ...................................................................... 56 
3.2.3 Functionalization and Separation.............................................. 57 
3.2.4 Characterization. ....................................................................... 57 

3.3 Results and Discussion ......................................................................... 58 
3.3.1 Solvent Selection. ..................................................................... 58 
3.3.2 Formation and Characterization of the Methyl Esters .............. 60 
3.3.3 Identification of the Methyl Esters. ............................................ 61 

3.4 Conclusions ........................................................................................... 64 
3.5 References ............................................................................................ 65 
3.6 Appendix................................................................................................ 68 
 

Chapter 4:  Functionalization and Dissolution of Nitric Acid Treated Single- 
Walled Carbon Nanotubes 70 

4.1 Introduction ............................................................................................ 70 
4.2 Experimental Methods........................................................................... 74 

4.2.1 Starting Materials and Characterization.................................... 74 
4.2.2 Concentration Optimization Procedure..................................... 75 
4.2.3 Base Washing Procedure ......................................................... 75 
4.2.4 Acid Neutralization Procedure .................................................. 76 
4.2.5 Synthesis of SWNT-CONH(CH2)17CH3..................................... 77 
4.2.6 ODA Loading Calculation by Mid-IR ......................................... 77 
4.2.7 ODA Loading Calculation by Acid Neutralization...................... 78 
4.2.8 Determination of the Solubility of SWNT-CONH(CH2)17CH3 .... 81 

4.3 Results and Discussion ......................................................................... 81 
4.3.1 Concentration Optimization for NaOH Washing of SWNT- 
COOH ................................................................................................... 81 
4.3.2 Near-IR and Raman Scattering Characterization ..................... 83 
4.3.3 Based Washed SWNT-COOH Functionalization...................... 84 
4.3.4 Mid-IR Characterization ............................................................ 85 
4.3.5 Characterization of Base Washed and Functionalized 
Materials by TGA ................................................................................... 86 
4.3.6 ODA Loading by Mid-IR Spectroscopy and Acid 
Neutralization Techniques ..................................................................... 89 
4.3.7 TEM Comparison of Base Washed and Functionalized 
Materials ................................................................................................ 90 
4.3.8 Solubility of Functionalized Materials........................................ 92 

4.4 Conclusions ........................................................................................... 93 
4.5 References ............................................................................................ 93 

xi 



 
 

Chapter 5:  Soluble Graphene as Derived from Graphite Fluoride 101 
5.1 Introduction .......................................................................................... 101 
5.2 Experimental Methods......................................................................... 103 

5.2.1 Synthesis of Functionalized Graphene ................................... 103 
5.2.2 Characterization ...................................................................... 105 

5.3 Results and Discussion ....................................................................... 106 
5.3.1 AFM Characterization of Functionalized Graphene Layers.... 106 
5.3.2 FT-IR Spectra of Covalently Functionalized Graphene .......... 107 
5.3.3 Solution Phase Characterization of Soluble Graphene       
Layers ................................................................................................. 109 
5.3.4 Raman Spectroscopic Characterization of Functionalized 
Graphene ............................................................................................. 110 
5.3.5 Dealkylation of Functionalized Graphene by Annealing ......... 111 

5.4 Conclusions ......................................................................................... 114 
5.5 References .......................................................................................... 115 
 

Chapter 6:  Conclusions 119 
 

 

xii 



 LIST OF FIGURES AND TABLES 

Figure  Page 
 
 Figure 1.1: Graphitic Carbon Structures.................................................................. 2 

 Figure 1.2: TEM images of MWNTs. From left to right: 5, 2 and 7 walls ................ 3 

 Figure 1.3: (a) Armchair, (b) zigzag, and (c) screw axis structures of SWNTs....... 5 

 Figure 1.4: The lattice structure of a graphene sheet depicting the axes of the 
possible chiralities, their (n,m) integers and semiconducting or metallic 
behaviour ....................................................................................................... 5 

 Figure 1.5: Schematic of A) Arc-discharge, B) laser ablation, and C) CVD 
apparatus for carbon nanotube synthesis ..................................................... 7 

 Figure 1.6: Schematic of a near-IR spectrum of EA produced SWNTs showing 
the interband transitions.  Inset is a close-up of the S22 peak used to 
calculate the relative purity ............................................................................ 9 

 Figure 1.7: Typical Raman spectrum of EA produced SWNTs............................. 11 

 Figure 1.8: Typical TGA measurements showing weight change (black line) 
and its derivative (red), together with residual metal oxide (6.9%) ............. 11 

 Figure 1.9: A) TEM, B) SEM, and C) tapping mode AFM images of purified 
SWNTs ........................................................................................................ 13 

Figure 1.10: Schematic depicting: (1) ODA functionalization of termini via nitric 
acid purification followed by (2) sidewall functionalization of SWNTs by 
the addition of dichlorocarbene ................................................................... 16 

 Figure 1.11: AFM of single stranded DNA-wrapped SWNTs................................ 17 

 Figure 1.12: Schematic of the structure of graphite.  Hexagonal ABAB stacking 
(indicated by the vertical lines) of graphene layers with an intermolecular 
spacing of 0.34 nm ...................................................................................... 18 

 Figure 1.13: Exfoliation of graphite........................................................................ 20 

Figure 1.14: Graphene nanoscroll .......................................................................... 21 

xiii 



 Figure 2.1: Amount of CC (wt %) removed from a single washing of A) SWNT-
COOH with 0.001, 0.01, 0.1, and 1 M of NaOH, and B) 0.01, 0.1, 1, 3, 7, 
and 14 M NH4OH......................................................................................... 39 

Figure 2.2: Mid-IR transmittance spectra collected from thin films of SWNT-
COOH, w-SWNT-COOH, and CC on ZnSe ................................................ 41

Figure 2.3: TGA weight change (black line) and its derivative (red line) for A) 
SWNT-COOH, B) w-SWNT-COOH, and C) CC. TEM images of D) 
SWNT-COOH, E) w-SWNT-COOH, and F) CC. Scale bar in each image 
represents 100 nm....................................................................................... 42 

Figure 2.4: A) XRD patterns of bulk samples and B) Raman spectra of SWNT-
COOH, w-SWNT-COOH, and CC.  Raman spectra are normalized at 
the G-band and shifted vertically for clarity ................................................. 44 

Figure 3.1: Near-IR absorbance spectra of CC removed from solvent washing 
with (CH3)2CO, EtOH and THF.................................................................... 59 

Figure 3.2: Reaction scheme.................................................................................. 60 

Figure 3.3: Baseline corrected mid-IR transmittance spectra of thin films of CCs    
in their acid form (CC-OH) and after methylation (CC-OMe) with 
(TMS)CHN2.................................................................................................. 61

Figure 4.1: (A) Absorbance spectra showing the v(C-H) stretching vibrations of 
the ODA standard solutions in CCl4 using a quartz cell with path length 
of 1 mm. (B) Absorbance at 2854 cm-1 versus concentration for the ODA 
standard solutions.  Slope = 61 L/mol, R2 = 0.9996.................................... 78 

Figure 4.2: Normalized absorbance at 550 nm of the filtrate after base washing 
of nitric acid treated SWNTs.  A) Single washing with 0.001, 0.01, 0.1, 
and 1 M NaOH; B) serial washing with 0.01 M NaOH ................................ 83 

Figure 4.3: A) Near-IR spectra and relative carbonaceous purities, B) Raman 
spectra and ID/IG values of SWNT-COOH materials (0W, 1W, 3W, and 
FW correspond to 0, 1, 3, and full washes).  Raman spectra are 
normalized at the G-band and shifted vertically for clarity .......................... 84 

Figure 4.4: Schematic of reaction pathway ............................................................ 85 

Figure 4.5: Mid-IR transmittance spectra of thin films of A) unfunctionalized 
SWNT-COOH material and B) SWNT-CONH(CH2)17CH3 material 
(baseline corrected spectrum) deposited on a ZnSe substrate (0W, 1W, 
3W, and FW correspond to 0, 1, 3, and full washes) .................................. 86 

xiv 



Figure 4.6: TGA measurements showing weight change (black line) and its 
derivative (red), together with residual metal oxide: base washed 
samples (left column, SWNT-COOH) and functionalized samples (right 
column, SWNT-CONH(CH2)17CH3) (0W, 1W, 3W, and FW correspond 
to 0, 1, 3, and full washes)........................................................................... 88 

Figure 4.7: TEM images of unfunctionalized (SWNT-COOH) and functionalized 
SWNT-CONH(CH2)17CH3 samples (0W and FW correspond to 0 and full 
washes) ....................................................................................................... 91 

Figure 5.1: Schematic of reaction pathway .......................................................... 103 

Figure 5.2: Reaction procedure of the formation of functionalized graphene ...... 104 

Figure 5.3: Tapping mode AFM images of soluble Hexyl-CF1 samples on mica.  
A) A highly resolved image of functionalized graphene nanoplatelets 
(data collected in amplitude mode with a Z range = 1.5 V) and the 
corresponding height cross-section.  Height difference between red 
arrows = 1.7 nm.  B) A highly resolved image of 2 nanoplatelets (data 
collected in height mode with a Z range = 10 nm) and the corresponding 
height cross-section.  Height difference between red arrows = 1.2 nm.... 107 

Figure 5.4: A) Baseline corrected mid IR spectra collected from thin films of CF1 
starting material, and butyl and hexyl functionalized products.  B) 
Absorption spectra of Butyl-CF1 from 7500-25000 cm-1 at various 
concentrations in THF.  C) Raman spectra of CF1.2 and Butyl-CF1.2 ........ 108

Figure 5.5: A) Raman spectra of bulk samples of Hexyl-CF1 before and after 
annealing to 150, 300, 600, and 800 ºC.  B) Raman shifts of the G band 
and, C) ID/IG from data collected in A Schematic of reaction pathway ...... 112 

Figure 5.6: XRD patterns of a bulk powder sample of Hexyl-CF1 before and 
after annealing to 150, 300, 600, and 800 ºC............................................ 113 

Figure 5.7: Baseline corrected mid IR spectra collected from thin films of the 
Hexyl-CF1 before and after annealing to 150, 300, 600, and 800 ºC........ 114 

 

 
 
 
 
 
 

xv 



Table  Page 
 
Table 2.1: Extinction coefficients determined from aqueous solutions of SWNT-

COOH, w-SWNT-COOH and CC at 550 nm............................................... 34 

Table 2.2: Percent yield by mass, relative purity, ID/IG ratio, acid content data 
(given in mol% and meq/g) and the measured conductivity of SWNT-
COOH, w-SWNT-COOH, and CC............................................................... 45

Table 3.1: The retention times, molecular weights (MW) and structures of the 
identified compounds................................................................................... 62 

Table 4.1: Estimated ODA loading (Weight Percent) in SWNT-     
CONH(CH2)17CH3........................................................................................ 90 

Table 4.2: Solubility data of functionalized material calculated from the 
respective extinction coefficient................................................................... 92 

Table 5.1: Solubility and extinction coefficients of the products at 10000 cm-1 in 
THF............................................................................................................ 110 

Table 5.2: Raman Shifts of D and G bands.......................................................... 111 

 

  

 

xvi 



 LIST OF ACRONYMS 

  

AC Amorphous Carbon 

AFM Atomic Force Microscope 

AP-SWNT As-prepared Single-Walled Carbon Nanotube 

CACs Carboxylated Amorphous Carbons 

CCFs Carboxylated Carbonaceous Fragments 

CCs Carboxylated Carbons – CCFs and CACs combined 

CNP Carbon Nanoparticles 

CVD Chemical Vapor Deposition 

DMF N,N-Dimethylformamide 

EA Electric Arc-Discharge 

HC Hydrocarbon 

HOPG Highly Oriented Pyrolytic Graphite 

HPLC High Performance Liquid Chromatography 

IR Infrared 

LA Laser Ablation 

MWNT Multi-Walled Carbon Nanotube 

ODA Octadecylamine 

SEM Scanning Electron Microscopy 

SWNT Single-Walled Carbon Nanotube 

SWNT-COOH Nitric Acid Treated Single-Walled Carbon Nanotube 

TEM Transmission Electron Microscopy 

TGA Thermogravimetric Analyzer  

XRD X-Ray Diffraction 
 

 

xvii 



C h a p t e r  1  

  
  
  

 Introduction to Graphitic Carbon Materials 
 

 

 

There are a number of allotropes of carbon as a result of the three possible 

limiting hybridizations: sp, sp2, and sp3 together with various intermediate 

hybridizations which become important in distorted structures.  Linear chain 

polymeric carbynes and tetrahedral diamond structures are formed from sp and 

sp3 hybridization respectively.  Of more interest and the focus of this work, sp2 

hybridization gives rise to planar structures that can exist in several different forms 

and are referred to as graphitic carbon materials.  Such structures involve a 

hexagonal network of carbon atoms in a one atom thick graphene sheet molded 

into spherical, conical, tubular, or stacked arrangements.   

Fullerenes,1 nanohorns,2 graphite (graphene),3, 4 and carbon nanotubes5  

and their hexagonal, honey-comb framework are shown in Figure 1.1: 
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Figure 1.1: Graphitic Carbon Structures  

 

The sp2 lattice in each structure gives rise to unique electronic and thermal 

properties as well as high tensile strengths.  It is the shape and electronic structure 

of these materials that distinguishes them for use in various applications.  

Fullerenes, being similar in structure to a soccer ball, can be doped with alkali 

metals to form a superconducting crystalline material.6, 7  Nanohorns, resembling a 

cornucopia, have been utilized as an efficient gas-storing media.8  Graphite, 

composed of sheets of graphene, have been exploited in composites yielding light-

weight materials having exceptionally high thermal conductivity.9  Carbon 

nanotubes are seamless cylinders of graphene, open at the termini or with half 

fullerene caps at each end (seen in Figure 1.3).  They are sometimes referred to 

as “nanowires” and are used in various devises such as field effect transistors 

(FETs)10-12 and gas sensors.13, 14   

 The preparation of various forms of carbon nanotubes and graphite has 

been the focus of my research.  Optimization of the purification and processing of 

 2



these materials is essential in the development of useful applications for these 

materials as discussed earlier.   

 

1.1 Single-Walled Carbon Nanotubes (SWNTs) 

 

Carbon nanotubes have been observed as single- and multi-walled 

structures.  As seen in Figure 1.2, multi-walled carbon nanotubes (MWNTs) are 

composed of over-lapping layers of single-walled carbon nanotubes (SWNTs) 

(depicted in Figure 1.1).   

 

 

Figure 1.2:  TEM images of MWNTs.15  From left to right: 5, 2 and 7 walls. 
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Nanotube lengths can exceed 1 µm with typical diameters ranging from 1 to 2 nm 

and from 2 to 30 nm for SWNTs and MWNTs, respectively.  Their electronic 

properties may be attributed to the diameter and chirality of the hexagonal lattice, 

which designates the way in which the graphene sheet is rolled into the tubular 

structure.  Possible conformations include armchair, zigzag, and screw axis 

(chiral) SWNTs (Figure 1.3).  Each chirality is denoted by a pair of integers (n,m), 

(Figure 1.4) which are related to a1 and a2, which are the 2D lattice unit vectors.  

An armchair tubule occurs when the value of n equals m.  A zigzag tubule occurs 

when n or m equals zero.  A screw axis tubule occurs for values of n and m that 

do not satisfy the requirements for the armchair and zigzag structures.  The value 

of n and m can also indicate whether the nanotube is metallic (n − m = 3q, q = 0, 

1, 2, . ) or semiconducting (n − m = 3q±1, q = 0, 1, 2, . ).16, 17  It is these 

characteristics that give carbon nanotubes their intrinsic properties and which 

ultimately determines the possible applications. 
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Figure 1.3: (a) Armchair, (b) zigzag, and (c) screw axis structures of SWNTs.16 
 

 
 
Figure 1.4: The lattice structure of a graphene sheet depicting the axes of the 
possible chiralities, their (n,m) integers and semiconducting or metallic 
behaviour.16 
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1.1.1 Synthesis 

For the utilization of SWNTs in applications, it is important to optimize their 

production.  Industry requires high quality nanotubes in bulk quantities hopefully 

by using cost effective, high yield simple growth methods.  To date, the large-

scale synthesis of defect free nanotubes with controlled chirality and 

macroscopic lengths has been unattainable.  Current methods involve the 

exposure of a carbon source to a variety of environments which include high 

temperatures or pressures in an inert atmosphere and in the presence of metal 

catalysts.  Such methods include electric arc-discharge (EA),18, 19 laser ablation 

(LA),19-22 and chemical vapor deposition (CVD).23-25  The basic schematics of 

each technique is given in Figure 1.5: 
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Figure 1.5: Schematic of A) Arc-discharge, B) laser ablation, and C) CVD 
apparatus for carbon nanotube synthesis. 
 

Using the EA method (Figure 1.5a), carbon nanotubes are generated by 

evaporating a carbon anode in a helium plasma formed by high currents.  This 

method produces high quality single- and multi-walled carbon nanotubes on a 

gram scale.26, 27   

Similar to the EA method, LA (Figure 1.5b), also involves the 

condensation of carbon generated from the evaporation of a solid carbon source.  

In this case, a pulsed laser is used to irradiate a target containing both carbon 

and metal catalysts, such as cobalt and nickel, in a furnace at high 
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temperatures.28  The carbon nanotubes that form are condensed as they exhaust 

through the apparatus.  Laser-fabricated tubes are of the quite high quality, but in 

general, the yields are relatively low.  

 In CVD (Figure 1.5c), a hydrocarbon (HC) is passed through a furnace 

containing metal catalysts such as nickel, cobalt, and iron.24, 29, 30  Some 

examples of the HCs used are methane, acetylene and carbon monoxide.31, 32    

In all cases, unwanted by-products are formed.  These include fullerenes, 

amorphous carbon, carbon nanoparticles, and metal catalysts enclosed in 

shelled carbon particles.  Each technique can be optimized by varying the 

pressure, temperature, carbon source and catalysts to minimize these impurities, 

however, further processing is required to increase the purity.   

 

1.1.2 Characterization 

 Due to the varying qualities of carbon nanotube samples and the presence 

of impurities, it is important to assess the purity.  Techniques such as near-IR 

and Raman spectroscopy and thermogravimetric analysis (TGA) can give semi-

quantitative measurements that compare the relative purities of the samples.  

Other techniques that give qualitative data include scanning electron microscopy 

(SEM), transmission electron microscopy (TEM) and atomic force microscopy 

(AFM). 

 Using solution phase near-IR spectroscopy, the relative purity of EA 

produced SWNT samples dispersed in N,N-dimethylformamide (DMF) can be 
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quantitatively measured.33, 34  As seen in Figure 1.6, the absorption observed is 

due to the contribution of both the SWNTs and their carbonaceous impurities.  It 

is the distinct interband transitions (seen in blue in Figure 1.6) that are 

characteristic of semiconducting and metallic SWNTs and the intensity of these 

peaks can provide a measure of the purity of the sample.  

 

 

Figure 1.6: Schematic of a near-IR spectrum of EA produced SWNTs showing 
the interband transitions.  Inset is a close-up of the S22 peak used to calculate the 
relative purity.

34 
 

In order to calculate the relative purity (RP), the ratio of the areal absorbance of 

the second semiconducting interband transition, denoted as S22 (with spectral 
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cutoffs = 7750 to 11 750 cm-1),35 is compared to that of reference sample in the 

following equation: 

),(),(
),(),(

RTAARSAA
XTAAXSAARP =                          (1) 

where AA(S,X) is the areal absorbance of the S22 peak of sample X after 

baseline correction (blue area in inset of Figure 1.6), AA(T,X) is the total areal 

absorbance of the S22 peak (blue, gray and black area in the inset of Figure 1.6) 

of sample X, AA(S,R) is the areal absorbance of the S22 peak of the reference 

sample after baseline correction, and AA(T,R) is the total areal absorbance of the 

S22 peak of the reference sample.  The value of AA(S,R)/AA(T,R) of reference 

sample R2 is 0.141, which is considered to be a material of high purity.35   This 

method allows for a facile, quantitative analysis using material in solution phase 

that is representative of the total, bulk sample. 

Raman scattering of SWNTs also is a useful tool in semi-quantitatively 

assessing the quality of a sample.  Features observed are the low frequency 

radial breathing mode (RBM), and the high frequency D- and G-bands (Figure 

1.7).  The RBM is typically located in the range of 100 to 300 cm-1 and can be 

used to determine the diameter of the SWNTs present in the sample.36  The D-

band appears around 1300 cm-1, is associated with disordered sp3 hybridized 

carbon from defect sites and impurities and for this reason, is commonly referred 

to as the disorder band.  The G-band, or graphitic band is associated with sp2 

hybridized carbon, and appears around 1600 cm-1.  The ratio of the intensities of 
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the D- and G-band, ID/IG, gives an alternative method for evaluating the purity of 

a SWNT sample.37 
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Figure 1.7: Typical Raman spectrum of EA produced SWNTs. 
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Figure 1.8: Typical TGA measurements showing weight change (black line) and 
its derivative (red), together with residual metal oxide (6.9%).  
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 TGA (Figure 1.8) is a technique that directly gives a measure of the purity 

of the carbon sample.  In this case, it is not the quality of the graphene lattice of 

the nanotubes that is observed, but the amount of metal catalyst residing in the 

sample.  Typical measurements use around 5 mg of homogenized material and 

proceed at a heating rate of 5 ˚C/min in air.38, 39  The derivative of the weight (red 

line in Figure 1.8) gives rise to peaks that are associated with the combustion 

temperatures of the various forms of carbon present.  Lower burning 

temperatures are usually associated with amorphous carbon, while the larger 

graphitic structures oxidize at higher temperatures.40  Quantitative data from this 

observation is not easily obtained, however, due to the magnitude of possible 

structures in the mult-component material and the overlap in peaks resulting in 

difficult deconvolution by Lorentzian or Gaussian fittings.34  By reaching 

temperatures of 900 ˚C or more, the fraction of oxidized metal catalyst is found 

and is reduced by 20% to account for the amount of oxygen present in the 

pyrolized residue.  
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Figure 1.9: A) TEM, B) SEM, and C) tapping mode AFM images of purified 
SWNTs. 
 
 
 SEM, TEM and AFM are powerful tools that directly image the quality of 

carbon samples.  As seen in Figure 1.9, images show long, interweaving tubes 

with clusters of amorphous particle impurities at different scan sizes.  In industry, 

many companies that synthesize nanotubes erroneously offer these images as 

evidence of purity.  Samples can be imaged to exclude carbon impurities and 

metal catalysts due the inhomogeneity of the material.  Another serious 

drawback to microscopy is that these images are estimated to show less than  

10-12 g of material, and are not representative of a 10 g batch of material.34, 35       

  

1.1.3 Purification 

All techniques described in Section 1.1.1 produce soot, which consists of 

SWNTs and impurities.  These impurities in the as-prepared materials (AP-

SWNTs) are comprised of fullerenes, residual metal catalysts and carbonaceous 

byproducts including amorphous carbon (AC) and graphitized carbon 
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nanoparticles (CNP).  Several methods have been utilized to purify these 

materials, including oxidative procedures, and physical separation. 

Some oxidative procedures include combining AP-SWNTs with 

combinations of reagents and concentrated acids such as H2O2,41, 42 HCl,42 

H2SO4,43, 44, and HNO3
45 at various temperatures and for a wide array of reaction 

times.  In some studies, microwave heating46, 47 or sonication48 is employed.  

These treatments effectively remove metal catalysts, and in the case of HNO3, 

introduce acid functionality at termini and defect sites of the nanotube that can be 

further functionalized to improve solubility.49     

Purification by physical separation of SWNTs from their impurities has 

been successfully employed after treatment with HNO3 and other processing.  

These treatments include cross-flow filtration,45, 50 high performance liquid 

chromatography (HPLC),51, 52 and centrifugation.53, 54  Although progress is seen 

by purity evaluations such as near-IR, Raman spectroscopy, and TGA, a pure 

SWNT sample has not been easily obtained on any useful scale.   

 

1.1.4 Functionalization 

As discussed earlier, carbon nanotubes exhibit many exceptional 

properties that make them an ideal material in various applications.  However, 

their lack of solubility in aqueous and organic solvents limits their exploitation.  

Although SWNTs can be dispersed in solvents such as DMF, upon standing, 

precipitation occurs.  Modifying the material by producing supramolecular 
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complexes is often an essential step in the preparation of workable material.  

Modifications include covalent or ionic functionalization on the termini or basal 

plane of the nanotube, and non-covalent adsorption by macromolecules or 

surfactants along the basal plane or inner cavity. 

Covalent and ionic functionalization of carbon nanotubes has been widely 

explored and is often modeled after work that has been previously preformed on 

fullerenes.  Functional groups are tailored to optimize the material for the 

intended application, and by converting from sp2 to sp3 hybridization, the 

electronic properties are altered leading to semiconducting material.  Sidewall 

functionalization results in a high loading of functional groups, and examples 

include fluorination,55, 56 carbene cycloadditions,57-59 and radical reactions.60, 61   

Nitric acid treatment of carbon nanotubes not only purifies the nanotube, 

but also provides oxygenated functionality at the termini and defect sites that can 

be used as anchors for further functionalization.  As seen in Figure 1.10, the end 

cap of the nanotube is oxidized resulting in carboxylic acid functionalization.  

Amidation and esterification reactions are preformed directly on carboxylic acid 

groups or via the acyl chloride (Figure 1.10).49, 62-64   
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Figure 1.10: Schematic depicting: (1) ODA functionalization of termini via nitric 
acid purification followed by (2) sidewall functionalization of SWNTs by the 
addition of dichlorocarbene.59 
    

Wrapping molecules and surfactants aid in the dispersion and exfoliation 

by providing a compatible interface between the nanotube wall and the solvent 

without altering the desired electronic properties.  These macromolecules are 

ionic, polymeric or biological and are selected based on application and can be 

easily removed by simple washing or burning techniques if required.  Some 

examples include sodium dodecyl sulfate (SDS),65 poly(ethylene glycol),66 and 

DNA.67 
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Figure 1.11: AFM of single stranded DNA-wrapped SWNTs.67  
 

1.2 Graphite 
 
 

Graphite is a 3-dimensional lattice consisting of layers of carbon atoms in 

aromatic, sp2 hexagonal planar arrays.  A single layer is separated from its 

neighbor by a distance of approximately 0.34 nm, and is commonly referred to as 

graphene.  The cohesive properties of the graphene layers are due to weak van 

der Waals interactions.  It is the structure of this carbon allotrope that gives 

graphene its high mechanical, thermal and chemical stability resulting in a wide 

range of possible device fabrication in microelectronics.68-70   
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Figure 1.12: Schematic of the structure of graphite.  Hexagonal ABAB stacking 
(indicated by the vertical lines) of graphene layers with an intermolecular spacing 
of 0.34 nm. 
 
 

1.2.1 Production and Synthesis 

Graphite is produced synthetically and is also a naturally occurring 

material.  Depending on the origin, the lateral size and thickness as well as the 

crystallinity can vary.  Natural graphite is mined in several parts of the world in 

the form of large flakes (> 1 mm) with superior crystallinity.  Highly oriented 

pyrolytic graphite (HOPG) is a synthetic graphite that is produced by cracking a 

hydrocarbon at high temperature and pressures with subsequent heat treatment.  

It is undoubtedly the most common graphite utilized in research.71  Another type 

of synthetic graphite is “kish” graphite.  It is produced by the crystallization of 

carbon from molten steel during steel manufacturing and is generally larger than 

natural graphite flakes, although the crystallinity is not as high.71 
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1.2.2 Characterization 

Two important instruments which used to characterize graphite are 

Raman scattering and X-ray diffraction (XRD).  Raman scattering is used as 

described in Section 1.1.2 for assessing the purity of SWNTs.  The ID/IG ratio is 

related to the magnitude of the disorder in the material.  The frequency of the G-

band also is an indication of the extent of sp2 character.  Higher Raman shifts are 

observed for more extended π-systems.72     

XRD is a useful tool for determining the interlamellar space between 

graphene sheets.  The typical distance is 0.34 nm for hexagonal ABAB graphite, 

but higher values are observed for disordered turbostratic or intercalated 

graphite.  

 

1.2.3 Chemical Processing and Exfoliation 
 

Exfoliation of the graphite layers is necessary to acquire low density, high 

aspect ratio (surface area to thickness) materials that are desirable for the 

fabrication of nanocomposites and in electronic devices.  A one-atom thick 

graphene layer would be an ideal material due to its light weight, high strength 

and extensive surface area.  Separation of the graphene layers may be 

accomplished by intercalation with alkali metals73 or inorganic acids74 followed by 

exfoliation at high temperatures.  Typically, graphite is soaked in nitric or sulfuric 

acid and is allowed to stand for extended periods of time.  During this time, the 

acid molecules penetrate the sample altering the distance between the layers, 
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and functionalizing the edges of the graphite.  Alkali metals can also be used to 

intercalate the layers.  Exfoliation occurs at high temperatures, or as recently 

reported by Viculis et. al., in ethanol.75  Aqueous solvents, such as ethanol react 

vigorously with alkali metals and will exfoliate the graphene layers at room 

temperature.  As seen in Figure 1.13, addition of ethanol produces potassium 

ethoxide and hydrogen gas which aid in the separation of the graphene layers 

resulting in dispersed nanoplatelets of 2–10 nm in thickness.75  

 
 

 
 

Figure 1.13: Exfoliation of graphite.75 
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1.2.4 Functionalization 

Similar to carbon nanotubes, the solubility of exfoliated graphite is 

important.  Due to the extensive sp2 lattice the material is difficult to dissolve, and 

is therefore difficult to manipulate for direct application purposes.  Solubility 

through a variety of functionalization procedures has been achieved for carbon 

nanotubes,76, 77 and fullerenes,78, 79 and therefore it is logically expected that the 

same procedures could be extended to single graphene sheets.  Functionality 

can occur on the basal plane as seen in the formation of graphite oxide,80 or 

along the periphery.4  As well as improving the solubility of the material, both 

functionalization types prevent the re-aggregation and scrolling of the graphene 

layers.     

 

Figure 1.14: Graphene nanoscroll.81 
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1.3

1.4

 Summary 

 
Graphitic carbon materials, by definition, are carbon materials with varying 

contributions of the graphene structure.  They share a sp2 hybridized framework 

that gives rise to outstanding properties that can be exploited in many applications. 

The focus of this dissertation is the preparation and processing of carbon 

nanotubes and graphite for device application purposes.  Although further 

progress is necessary for the utilization of these materials in an industrial manner, 

this study serves as an important contribution by my group in the advancement of 

this area of nanotechnology. 
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C h a p t e r  2  

  
  
  

Isolation and Characterization of Carboxylated Carbons  

 

2.1 Introduction  

 
 

The development of single-walled carbon nanotubes (SWNTs) as a useful 

material has been highly dependent on their purification.1-6  For most 

applications, a high-quality sample yielding reproducible results is desired.  Upon 

formation by the various synthetic techniques (CVD, laser oven, electric arc) 

SWNT samples contain several contaminants, such as residual metal catalysts, 

amorphous carbon (AC) and graphitized carbon nanoparticles (CNP), and their 

removal has proven to be a strenuous and on-going challenge.  A multitude of 

procedures involving combinations of prolonged stirring or sonication,7 heat 

treatments,8 and microwave radiation5, 9, 10 in a variety of aqueous acidic 

solutions,8, 11-14 have been successfully employed in the removal of some of 

these impurities.  Other purification techniques utilize strong oxidative reactions 

that result in acid functionality on the SWNTs at the termini and defect sites - the 

most common of which, involves concentrated nitric acid at elevated 
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temperatures.11, 15, 16  With the generation of acid functionality, it has been 

reported that the oxidation of SWNTs also leads to the formation of additional 

carbonaceous impurities.1, 6, 11, 17-19  Techniques such as low and high speed 

centrifugation6, 20 have been previously employed to remove some of the carbon 

impurities generated, but more recently, it has been suggested that impurities 

formed from nitric acid oxidation, referred to as carboxylated carbons (CCs), are 

absorbed onto the nanotube and are not readily removed by the traditional 

purification procedures previously described.21  Their structure is reported to 

consist of polycyclic aromatic sheets with edge-terminated carboxylic acid 

functionality combined with larger, more cross-linked structures,1 and their 

removal using various concentrations of aqueous NaOH followed by filtration 

techniques has been widely studied.1, 11, 21-26  It is suggested that the absorption 

of the CCs onto the side-walls of the nanotube stems from the π−π interactions of 

the polycyclic structure, and under basic conditions, their dissolution occurs due 

to the presence of the deprotonated carboxylic acid residues.1  Due to the 

difficulties in removing the NaCl salt after filtration and neutralization, a pure CC 

sample is not easily isolated and thus, previous studies have characterized this 

material in its de-protonated form.21-24, 27  The remaining SWNTs are said to 

contain few acid sites for further functionalization which is essential in various 

applications as it increases their processability.21-26  In this chapter, the 

purification of nitric acid treated SWNTs by washing with dilute NH4OH is 

reported and shown to yield comparable results to that of base washing with 
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NaOH.  The washed SWNTs are shown to still contain a significant amount of 

acid functionality and the collected CCs are isolated upon simple evaporation of 

the base.  This allows for the full characterization of the CCs, verifying their 

composition as a bulk material consisting mainly of polycyclic aromatic carboxylic 

acids.     

 

2.2 Experimental Methods 

2.2.1 Starting materials   

SWNTs prepared by electric arc-discharge were obtained from Carbon 

Solutions Inc. (www.carbonsolution.com).  The SWNTs were refluxed in 

concentrated nitric acid for 1.5 h and then purified by low speed centrifugation.6, 

28  All other chemicals were purchased from Fisher Scientific and were used as 

received.   

 

2.2.2 Characterization  

Near-IR data was collected in a quartz cell of 1 cm path length on a Varian 

Cary 5000 spectrometer.  Extinction coefficients where determined by measuring 

the absorbance at 550 nm of a series of aqueous solutions of known 

concentrations (0.005, 0.01, 0.02, and 0.04 mg/mL).  These concentrations were 

prepared by diluting a 0.2 mg/mL stock solution and the mass of the material was 

corrected for metal and moisture content.  Mid-IR spectra of the materials were 
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collected from a thin film on ZnSe using a Nicolet Nexus FT-IR spectrometer.  

Thermogravimetric analysis was preformed at a heating rate of 5 ºC/min in air 

using a Pyris Diamond thermogravimetric/differential thermal analyzer (TG/DTA).  

Images from a high resolution transmission electron microscope (TEM) were 

obtained from a Technai12 instrument operating at 120 kV accelerating voltage.  

Raman spectra of the starting material and products were collected from a 

Bruker RFS 100/S type FT-Raman spectrometer using a Nd-YAG laser excitation 

source with a wavelength of 1064 nm and a resolution of 8 cm-1.  XRD data was 

collected using a Bruker AXS D8 Advanced diffractometer using CuKα radiation 

(1.54 Å).  The relative purity, as compared to a standard sample, was evaluated 

as described previously.29-31  The conductivity of thin films prepared by spraying 

dilute aqueous solutions of each material was measured using a Keithley 2700 

Multimeter/Data Acquisition System.  The thickness of the films (t) was estimated 

from the measured absorption at 550 nm and the extinction coefficient (ε550nm) of 

each material given in Table 2.1. 

 
 
Table 2.1: Extinction coefficients determined from aqueous solutions of SWNT-
COOH, w-SWNT-COOH and CC at 550 nm. 
 

Material ε550nm  
(L/g.cm) 

SWNT-COOH 25 

w-SWNT-COOH 23 

CC 15 
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2.2.3 Concentration Optimization Procedure  

The concentration of the base in the washing procedure was determined 

by a series of experiments: 100 mg of SWNT-COOH was combined with 100 mL 

of a known concentration of NH4OH (0.01, 0.1, 1, 3, 7, and 14 M), and was 

dispersed by sonication for 30 min in a polypropylene container.  The samples 

were then stirred for 48 hrs under an argon atmosphere.  Subsequently, the 

samples were filtered using a stainless steel frit through a 0.2 μm GV Millipore 

membrane and the filtrate was analyzed by near-IR spectroscopy to determine 

the amount of material removed using the appropriate extinction coefficient 

(given in Table 2.1).  The data obtained was compared to values found using the 

same procedure with known concentrations of NaOH (0.001, 0.01, 0.1, and 1 M).   

 

2.2.4 Base Washing Procedure  

After the optimal concentration of NH4OH was determined, the resulting 

base washing procedure was as follows: 100 mg of SWNT-COOH material was 

dispersed in 100 mL of 3 M NH4OH in a Teflon beaker and was filtered using a 

stainless steel frit fitted with a 0.2 μm GV Millipore membrane.  This was 

repeated several times until the filtrate was colorless.  The SWNTs were then re-

dispersed in 0.05 M HCl and were filtered using a 0.4 μm HTTP Millipore 

membrane and were further washed with water until the filtrate was pH neutral.  
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The CC solution collected was concentrated to dryness.  The yields of w-SWNT-

COOH and CCs collected by weight are roughly 70% and 30%, respectively.  

 

2.2.5  Acid Neutralization Procedure  

The acid content was determined by directly neutralizing each of the 

materials with NaOH.32  Briefly, 100 mg of SWNT-COOH or w-SWNT-COOH, or 

30 mg of CCs was combined with 25 mL of 0.0125 M NaOH in a sealed 

polyethylene container.  After 48 hours of stirring under Ar, the pH was measured 

with a Corning pH meter 445, and this value was compared to a blank solution 

(without carbon material) that underwent the same process. 

 

2.2.6 Acid Neutralization Calculation 

The concentration of NaOH remaining, [OH-], in each mixture can be 

determined by measuring the pH and using the following equations: 

 
                                                           14 – pH = pOH                                          (1) 
 
                                                          pOH = - log[OH-]                                        (2) 
 

The mmols of OH- are then calculated by multiplying by the volume (0.025 L). 

The difference between the number of mmols of OH- of the blank and that in the 

sample is assumed to be the number of mmols of OH- that were needed to 

neutralize the acid functionality present in the sample.32 This value is then 

divided by the starting mass (100 or 30 mg) to determine the acid content (given 
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in meq/g). In order to convert this result into mol%, the number of eq/g is 

multiplied by the atomic weight of carbon (CAW = 12.01 g/mol).  

 

For example: 

The pH of a 0.1009 g sample of SWNT-COOH and the blank solution was 
measured to be 11.39 and 12.10, respectively. 
 
Blank ][OH-

B : 

mmols 0.3147  ][OH  L 0.025
M 0.01259  ][OH
]log[OH-  1.90

1.90  pOH
12.10 - 14  pOH

-
B

-
B

-
B

=×

=

=

=
=

 

 

SWNT-COOH ][OH- : 

mmols 0.06137  ][OH  L 0.025

M 0.002455  ][OH

]log[OH-  2.61
2.61  pOH

11.39 - 14  pOH

-

-

-

=×

=

=

=
=

 

 
Acid Content: 
 

 gmmols 5112
g 10090

mmols 0.06137 - mmols 0.3147 /.
.

=  2.5 meq/g 

030150
mmols 1000
mol 1

mol 1
g 0112

g 1
mmols 2.511 ..

=××  3.0 mol% 
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2.3 Results and Discussion 

 

2.3.1 Concentration Optimization for NH4OH Washing of SWNT-COOH 

The formation of acid functionality on SWNTs by nitric acid oxidation has 

been briefly described in several publications.11, 33-35  The aggressive acid 

treatment etches the defect sites and highly strained end caps forming several 

types of oxygen functionality such as carbonyl, carboxyl, alcohols, and lactones.  

Base washing de-protonates the acid sites which are reported to be mainly on 

the CCs,21 resulting in their exfoliation and dissolution from the side-walls of the 

nanotube and allows for their full removal by repeated filtrations.  The efficiency 

of the dissolution of the CCs is dependent on the concentration of the base, 

which presumably represents a compromise between a number of factors 

including the pKa of the acid functionalities present in the CCs, the solution ionic 

strength, and the zeta potential.36  To determine the appropriate concentration, 

various dilutions were used in a single washing experiment, and the amount of 

material removed in weight percent (wt%) was calculated from the absorbance 

using Beer’s Law and the calculated extinction coefficient (ε) at 550 nm of an 

aqueous solution of CCs (Table 2.1, ε550nm = 15 L/g.cm).  It was found that 3 M 

NH4OH (pKb = 4.767)37  and 0.01 M NaOH solutions were equally as effective in 

the removal of CCs in a single washing, removing around 17% of the total 

material (Figure 2.1).  This corresponds to a pH of approximately 12 at 20 ºC in 

both cases.  Previous studies have utilized Salzmann’s protocol,21, 23 which 
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involves heating in 8 M NaOH at 100 ºC for 48 hrs.  This is a seemingly harsh 

treatment which may not be optimal for complete removal of the CCs.24  A 

strongly basic solution of 8 M NaOH is an extreme excess with respect to the 

amount of acid sites in the sample and it has been previously shown for electric-

arc produced SWNTs treated with various concentrations and durations of nitric 

acid, that the zeta potential is at a minimum (large negative value) when the pH 

of the aqueous SWNT dispersion is around neutral.20, 28  This suggests that when 

SWNT-COOH are combined with a concentrated basic solution (at high pH), the 

mixture would have a high ionic strength and a small absolute zeta potential, 

leading to a relatively poor colloidal stability and thus, a poor dispersion and 

separation of the CCs.    
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Figure 2.1: Amount of CC (wt %) removed from a single washing of A) SWNT-
COOH with 0.001, 0.01, 0.1, and 1 M of NaOH, and B) 0.01, 0.1, 1, 3, 7, and 14 
M NH4OH.   
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2.3.2  FT-IR Spectra of Materials 

After successive base washing using the optimized concentration, the 

starting material and isolated products were characterized by mid-IR 

spectroscopy (Figure 2.2).  Upon comparison of the transmission spectra of 

SWNT-COOH and w-SWNT-COOH, the removal of carboxylic acid sites is 

apparent from the reduction in the intensity of the C=O stretch centered at 1741 

cm-1.  However, these spectra are essentially featureless in comparison to the 

pronounced peaks exhibited by the transmittance spectra of the CCs indicating 

an increase in oxygen functionality with respect to the aromatic carbon 

framework.  The broad band at ~3200 cm-1 and sharp peaks at 1734 cm-1 and 

1591 cm-1 are features observed in the polycyclic aromatic spectra of fulvic 

acids38 and are assigned to the O-H, C=O, and C=C stretching vibrations, 

respectively.  Carboxylate ion peaks of CCs are reported to occur around 1620 

cm-1 and 1450 cm-1,24 and are not detected signifying that the NH4OH was 

adequately removed upon evaporation.  These observations are consistent with 

the proposal that the CCs contain a significant amount of acid functionality, 

although, some functionality still remains on the nanotubes after exhaustive 

washing with a NH4OH. 
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Figure 2.2: Mid-IR transmittance spectra collected from thin films of SWNT-
COOH, w-SWNT-COOH, and CC on ZnSe. 
 
 

2.3.3  Characterization of Materials by TGA  

Identification of the burning temperatures of the individual components of 

carbon nanotube samples from a TG scan is known to be ambiguous.31  The 

interaction between species in the multi-component material results in 

overlapping peaks that burn over a broad temperature range and are highly 

dependent on the nature and quantity of each individual component, such as the 

metal catalyst and carbon impurities.39  The TGA data of each of the three 

materials are presented in Figure 2.3A-C.  As seen in the derivative of Figure 

2.3A, SWNT-COOH shows 3 peaks centered at 495, 540, and 705 ºC with a 

metal oxide residue of 7.5 wt%.  After base washing of the SWNTs, the peak at 
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495 ºC is removed, and the metal oxide residue is increase to 9.4 wt% (Figure 

2.3B). The carbon material removed is seen in Figure 2.3C, with a burning 

temperature of 560 ºC.  This temperature is higher than expected and may be 

ascribed to the change in proportion of the components in the sample, such as 

the significantly lowered metal oxide content of 3.0 wt%.  The peak centered at 

220 ºC may be attributed to the high oxygen functionality present in the CC 

material. 

 
 

200 400 600 800
0

20

40

60

80

100

705 °C

540 °C

495 °C

W
ei

gh
t (

%
)

Temperature (°C)

7.5

  

 200 400 600 800
Temperature (°C)

9.4

705 °C
540 °C

 

D E F 

A B C 

200 400 600 800

3.0

Temperature (°C)

560 °C

220 °C

 

dW
/d

T

SWNT-COOH                      w-SWNT-COOH                           CC 

SWNT-COOH                    w-SWNT-COOH                             CC 
 

 
Figure 2.3: TGA weight change (black line) and its derivative (red line) for A) 
SWNT-COOH, B) w-SWNT-COOH, and C) CC. TEM images of D) SWNT-
COOH, E) w-SWNT-COOH, and F) CC. Scale bar in each image represents 100 
nm.   
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2.3.4  Analysis by TEM  

TEM images verify the effectiveness of the purification procedure (Figure 

2.3D-F).  In Figure 2.3D, the nanotubes appear to have a web-like coating that is 

assigned the CCs along the side-walls.  After base washing, the nanotubes 

appear free from this coating with smooth and well-defined walls (Figure 2.3E).  

The removed material (Figure 2.3F) appears amorphous, unlike the shell 

particles observed in TEM images of CNPs.20  Also observed in the TEM images 

is a change in bundle size upon removal of the CCs.  The base washed material, 

w-SWNT-COOH, is comprised of larger bundles than the SWNT-COOH starting 

material.  Due to the loss of the CC coating, more surface area is exposed 

resulting in more π−π interaction between nanotubes. 

 

2.3.5  XRD Patterns of Bulk Powders 

XRD patterns are shown in Figure 2.4A.  A peak corresponding to a d-

spacing of 0.34 nm is seen in SWNT-COOH and w-SWNT-COOH samples due 

to the intermolecular π−π stacking within the bundles.  This was not seen in the 

XRD pattern of the CCs, suggesting a composition of amorphous carbon 

particles or possibly a combination of smaller organic aromatic species with high 

acid functionality hindering π−π stacking as would be expected in the case of 

highly functionalized polycyclic aromatic carboxylic acids. 
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Figure 2.4: A) XRD patterns of bulk samples and B) Raman spectra of SWNT-
COOH, w-SWNT-COOH, and CC.  Raman spectra are normalized at the G-band 
and shifted vertically for clarity. 
 
 

2.3.6  Purity Evaluation by NIR and Raman Scattering Characterization 

Raman spectroscopy data was also used to characterize the materials 

and confirm their relative purities.  As seen in Figure 2.4B, there is a significant 

decrease in the disordered D-band of w-SWNT-COOH when compared to 

SWNT-COOH.  Although the D-band intensity is largest for CCs, a sizeable 

graphitic G-band is observed confirming the presence of polycyclic aromatic 

structure.  The ratio of the intensities of the D-band to the G-band, ID/IG, is given 

in Table 2.2.  Similar to previous studies, 21, 23, 24 the ID/IG ratio dramatically 

decreases from 0.23 to 0.04, as a result of the base purification, while the CCs, 

as expected, have the highest value of 0.40.  The effectiveness of the base-

washing is further confirmed by the relative purity values calculated from the 
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areal absorbance of the S22 transition in the near-IR.29, 31  The purification 

technique resulted in a relative purity increase from 108% to 128% upon base-

washing of the SWNT-COOH starting material, whereas CCs have no S22 

transition resulting in a relative purity of 0%. 

 
 
Table 2.2: Percent yield by mass, relative purity, ID/IG ratio, acid content data 
(given in mol% and meq/g) and the measured conductivity (σ) of SWNT-COOH, 
w-SWNT-COOH, and CC. 
 

Material Yield 
(%) 

Relative 
Purity 

(%) 
ID/IG 

Acid 
Content 
(mol%) 

Acid 
Content 
(meq/g) 

σ 
 (S/cm) 

SWNT-COOH - 108 0.23 3.0 2.5 200 

w-SWNT-COOH 70 128 0.04 1.1 0.9 187 

CC 30 0 0.40 7.3 6.1 0.0003 
 
   
 
 
2.3.7  Assessment of Acid Content  

In multi-walled carbon nanotubes (MWNTs), it was reported that CCs 

account for up to 43% of the total acid content.25  In this study it was found that 

CCs account for over 70% of the total acid content of the SWNT-COOH starting 

sample (0.3 x 6.1 / 2.5). This difference may be explained by the relative 

stabilities of the single-walled compared to multi-walled tubes.  MWNTs are 

structurally more stable than SWNTs, and are therefore more resistant to 

oxidation by nitric acid and subsequently, generate less CCs.23  The nitric acid 
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treatment of SWNTs produces more CCs, and this can be seen in the color of the 

base washing solutions.  Upon base washing of MWNTs, a yellow filtrate is 

observed,23, 25 whereas, SWNTs give a brown-black solution.21, 23, 24, 27  Although 

MWNTs may retain more acid functionality after base washing, approximately 

30% of acid sites still remain on SWNTs for further functionalization after full 

removal of the CCs. 

The quality of the nanotube can also be assessed by the acid content.  

For analysis, we assume that our SWNT sample is composed of (10,10) tubes in 

which the termini are cut perpendicular to the length of the tube; it has previously 

been calculated that the unit cell of a (10,10) SWNT contains 40 carbon atoms 

and that a 100 nm long nanotube would consist of ~ 16 000 carbon atoms, where 

40 of those atoms are available for functionality at the termini (neglecting 

anhydrides).17, 40  Thus, the expected acid content of a pristine SWNT is (40 x 

1000)/(16 000 x 12.01 g/mol) = 0.2 meq/g.  The measured value as seen in Table 

2.2 is 0.9 meq/g, indicating a significant contribution of functionality located at 

defect sites.  However, the total acid content of the starting material was found to 

be 2.5 meq/g, confirming the effectiveness of the purification procedure.  

The mole ratio of acid functionality to carbon atoms of CCs can also be 

estimated by the acid content.  The weight of acid functionality in 1 g of CC, 

assuming that all acid content is comprised of carboxylic acids, can be found by 

multiplying the acid content, 6.1 x 10-3 mol/g, by the molecular weight of a 

carboxylic acid group (-COOH = 45 g/mol).  This gives 0.27 g of acid functionality 
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and therefore, 0.73 g of remaining carbon in the CC sample.  This corresponds to 

a mol ratio of 0.0061 moles of acid functionality to 0.060 moles of carbon.  Thus, 

there are approximately 10 carbon atoms per carboxylic acid functionality in the 

CC impurity corresponding to an average structure similar to that of naphthalene 

carboxylic acid.   

 
 
2.3.8  Conductivity of Materials  

Lastly, conductivity experiments were performed on thin films of each 

material.  The conductivity (σ) of SWNT-COOH and w-SWNT-COOH were 

comparable at around 200 S/cm with films approximately 30 nm thick.  Films of 

CCs with thicknesses above 400 nm exhibited extremely poor conductivity.  This 

is not surprising, however, due to the high degree of functionality as confirmed by 

mid-IR, TGA, XRD, Raman and acid neutralization data. 

 

2.4 Conclusions 

 

Nitric acid purification of SWNTs results in the generation of oxygen 

functionality and CCs.  A mild base treatment using dilute NH4OH is an effective 

technique in the removal of CCs and gives comparable results to that of NaOH in 

a single washing.  Unlike NaOH, NH4OH can be readily evaporated allowing for 

characterization of a pure CC sample.  Mid-IR, TGA, XRD, Raman and acid 

neutralization data indicate that the CCs are composed of a highly functionalized 
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polycyclic material, although some functionality is retained on the nanotubes after 

repeated base washing.  TEM images show that the CCs are coated on the side-

walls and their exfoliation is readily seen by comparing the base washed to the 

starting material.  The effectiveness of the base washing procedure is verified by 

Raman scattering data and is confirmed by relative purity values measured by 

near-IR spectroscopy.  Acid neutralization data show that approximately 70% of 

the acid functionality in SWNT-COOH resides on the CCs, which may explain the 

absence π−π stacking observed in XRD data and the poor conductivity of thin 

films for this material.  Further study of this material will lead to possible 

identification of some of the compounds that constitute the CC impurities. 
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C h a p t e r  3  

  
  
  

Isolation and Identification of Low Molecular Weight 
Carboxylated Carbons Derived from the Nitric Acid 

Treatment of Single-Walled Carbon Nanotubes 

 

3.1 Introduction  

 
 

Literature reports on the utilization of nitric acid in the oxidation of coal 

date to late 1800s.1  This treatment was reported to form alkali-soluble material 

and has since been used on many forms of carbon including carbon fibers,2, 3 

petroleum asphaltenes,4 carbon xerogels,5 graphite,6-8 and carbon nanotubes.9-14  

Although it is a well developed procedure, the mechanism of this reaction is 

generally described as complex due to the formation of several types of 

functionality resulting from the molecular rearrangements of chemisorbed 

oxygen.  The severity of oxidation and type of functionality produced is known to 

be dependent on the extent of crystallinity and amount of surface area of the 

carbon material, and the conditions of the nitric acid treatment (temperature, 

pressure, concentration, reaction time).15 IR spectroscopy16 and acid-base 
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titrations17 have been effective in monitoring the types and amounts of 

functionality, respectively, which have been shown to include carboxylic acids, 

ketones, alcohols, ethers, lactones, anhydrides and nitro groups. 

The treatment of single-walled carbon nanotubes (SWNTs) with nitric acid 

is the most common oxidation reaction performed.  Not only is it an effective 

method in the removal of residual metal catalysts, but it improves the processing 

of nanotubes by increasing the hydrophilicity and also provides carboxylic acid 

functionality which may be used for further functionalization of the nanotubes, 

improving the solubility in organic solvents.18  It has also been observed that 

oxidation results in the generation of carboxylated carbons (CCs) that adhere to 

the surface of the nanotubes9, 10, 13, 19-21 and which can be removed by filtration in 

under basic conditions.10, 22-27  The structure of these molecules has been 

previously described as polycyclic aromatic sheets edge terminated with 

carboxylates (carboxylated carbon fragments, CCFs) together with cross-linked 

structures (carboxylated amorphous carbon, CAC).9, 10  

Previous studies have isolated and identified the low molecular weight 

CCs formed from nitric acid oxidation of coal; these species include simple 

aliphatic dibasic acids (succinic, glutaric, and adipic), benzene carboxylic acids 

(benzene di-, tri-, tetra-, penta-carboxylic and mellitic acids), and picric acid.15, 28-

30  The yield of each species is reported to be dependant on the kind of coal, 

physical and chemical pretreatment, particle size, the presence of catalysts and 

the nitric acid reaction conditions.28 
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In this work, some of the low molecular weight CCs were isolated by 

Soxhlet extraction with tetrahydrofuran (THF) and were methylated using 

(trimethylsilyl)diazomethane ((TMS)CHN2).  The resulting species were 

separated by column chromatography and thin layer chromatography and 

identified by GC-MS and 1H NMR.  

 

3.2 Experimental Methods 

3.2.1 Starting materials   

SWNTs prepared by electric arc-discharge were obtained from Carbon 

Solutions Inc. (www.carbonsolution.com).  The SWNTs were refluxed in 

concentrated nitric acid for 1 h and then purified by low speed centrifugation.13, 31  

All other chemicals were purchased from Aldrich and were used as received. 

 

3.2.2 Extraction of CCs  

The solvent was selected by first combining 10 mg of oxidized SWNT with 

4 mL of various solvents.  The mixtures were vigorously shaken and after 

precipitation, the absorption spectrum of the supernatant was measured.  THF 

was selected based on the relative amount of material that dissolved. 

A dry sample of SWNTs (4 g) was placed in a Saint-Gobain Alundum 

extraction thimble with pore size 5 µm and underwent extraction with THF for 4 

days in a Soxhlet extractor.  The filtrate collected was orange-brown in color and 
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was evaporated to dryness for further processing.  The yield by mass of the 

remaining SWNTs was found to be approximately 98 %. 

 

3.2.3 Functionalization and Separation 

Approximately 75 mg (6.2 x 10-3 mol) of CC was dissolved in 40 mL of 

MeOH and the mixture was cooled to 0 ˚C in an ice bath.  An excess of 2 M 

(TMS)CHN2 (9 mL, 1.8 x 10-2 mol) in diethyl ether was added drop wise and the 

reaction mixture was allowed to warm to room temperature overnight.  The crude 

product was evaporated to dryness on silica gel (400 mesh) and was separated 

into fractions by column chromatography using a hexane-ethyl acetate solution 

(4:1).  The fractions were clear and colorless to pale yellow.  Some fractions 

obtained contained several species and therefore, thin layer chromatography 

(TLC) was employed to further isolate these compounds.  These separations 

occurred on silica gel aluminum foils with a 254 nm fluorescent indicator using 

hexane-ethyl acetate. 

 

3.2.4 Characterization 

The formation of methyl derivatives by (TMS)CHN2 was verified by mid-IR 

transmission spectra obtained from thin films on a ZnSe substrate using a Nicolet 

Nexus FT-IR spectrometer at resolution of 8 cm-1.  The spectrometer chamber 

was purged with nitrogen during the spectra collection.  The 1H NMR spectra of 

the fractions collected were recorded at 300 MHz in CDCl3 on a Bruker 300 
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spectrometer.  The chemical shifts are given as δ values relative to 

tetramethylsilane as the internal standard. 

GCMS analysis was performed at 70 eV with a Waters GCT instrument 

using a DB-5 capillary GC column.  The mass spectrometer was set to acquire 

ions in the mass range 40 – 900 dalton.  Each compound was identified by 

comparing the EI-MS data to known compounds in the National Institute of 

Standards and Technology (NIST) mass spectra database.  The structures of 

compounds that were not identified in the NIST search were determined by using 

both 1H NMR and FI-GCMS (field ionization - GCMS).  FI was chosen because it 

is a very soft ionization process and ensures unambiguous identification of the 

parent ion, (M+).  1H NMR spectra were compared to data reported previously in 

literature. 

 

3.3 Results and Discussion 

 

3.3.1 Solvent Selection  

The removal of CC from nitric acid treated carbon nanotube samples in 

the recent literature has usually employed strongly basic solutions such as 

aqueous NaOH.10, 22-27  This is a tedious procedure which requires repeated 

filtration to remove all of the CC materials which are of a variety of compositions 

and molecular weights and is therefore restricted to analytical applications.  In 

this study, facile removal of low molecular weight CC occurred by Soxhlet 
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extraction using THF.  The solvent was selected based on the amount of material 

collected as compared to other solvents as seen in Figure 3.1.  
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Figure 3.1: Near-IR absorbance spectra of CC removed from solvent washing 
with (CH3)2CO, EtOH and THF. 
 

 

As noted by a number of authors, the color of the filtrate is an indication of 

the amount of material that is removed; the darker, and consequently, the higher 

the absorbance of the filtrate, the more concentrated the CC extract.  It is 

presumed that THF is more effective than ethanol or acetone, as seen in the 

near-IR absorbance spectra of Figure 3.1, due to the relative basicities of each 

solvent (pKa = -2.1, -2.3 and -7.2, respectively)32-34 and its chemical compatibility.  
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3.3.2 Formation and Characterization of the Methyl Esters 

The extracted material was isolated by evaporation, and underwent further 

processing with (TMS)CHN2 according to the reaction scheme given below: 

 

 

(TMS)CHN2

MeOH, 0 oC to rt
CC OH CC OMe

 
 
Figure 3.2: Reaction scheme.  
 
 

Successful functionalization of the CC is supported by mid-IR 

spectroscopy (Figure 3.3).  The small shift from 1735 cm-1 to 1740 cm-1and the 

suppression of the broad band at 3200 cm-1, which are assigned to the C=O and 

O-H stretching vibrations respectively, confirm the formation of the methylated 

material.  Also present in both spectra are the 1550 cm-1 (asymmetric stretching) 

and 1360 cm-1 (symmetric stretching) bands attributed to –NO2 functionality. 
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Figure 3.3: Baseline corrected mid-IR transmittance spectra of thin films of CCs 
in their acid form (CC-OH) and after methylation (CC-OMe) with (TMS)CHN2. 
 
  
3.3.3 Identification of the Methyl Esters 

When analyzing the mass spectra of organic acids it is important to 

differentiate between the mass difference between carboxylic acid functionality 

(CO2 = 43.9898 m/z) and that from polyethylene glycol (PEG, C2H4O = 44.0262 

m/z).  In this study, the resulting methyl derivatives were ideal for separation by 

chromatography in organic solvents and were unambiguously identified by GC-

MS and 1H NMR (given in the appendix).  Table 3.1 gives the identified material 

and their methylated structures.  
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Table 3.1: The retention times, molecular weights (MW) and structures of the 
identified compounds. 
 

Original Compound Methylated Compound 

Entry 
Name 

Retention 
Time 
(min) 

Structure MW 
(g/mol) 

1 3,5-dinitrobenzoic acid 26.58 

NO2

NO2MeO2C  

226 

2 4-nitrophthalic acid 26.97 
O2N C 2Me

CO2Me

O  
239 

3 1,2-dihydroxy-4,5-
dinitrobenzene 27.74 

O2N

O2N

OMe

OMe 
228 

4 trimellitic acid 28.26 
CO2Me

CO2Me

MeO2C  
252 

5 picric acid 29.20 

NO2

O2N N 2

OMe

O  

243 

6 1,8-dinitronaphthalene 34.60 

NO2 NO2

 

218 

7 pyromellitic acid 34.72 

CO2Me

CO2Me

MeO2C

MeO2C  
310 

 
 

 62



Table 3.1 continued: 
 

Original Compound Methylated Compound 

Entry 
Name 

Retention 
Time 
(min) 

Structure MW 
(g/mol) 

8 benzene pentacarboxylic 
acid 38.50 

MeO2C

MeO2C

CO2Me

CO2Me

CO2Me

 

368 

9 mellitic acid 41.81 
CO2Me

CO2Me

MeO2C

MeO2C

CO2Me

CO2Me  

426 

 

The CC material removed directly by THF extraction is comprised of small 

benzopolycarboxylic acids, alcohols and nitro compounds of low molecular 

weight (< 500 g/mol).  These compounds are expected to be analogous to the 

larger polycyclic aromatic sheets and cross-linked structures that are generally 

referred to as humic acids.29  

Due to the large scale of the extraction, the material removed could be 

fractionated to give an estimate of the yields of the individual compounds 

identified.  Of the 75 mg of material collected after Soxhlet extraction, around half 

of the material remained on the column and with further separation by TLC, some 

of the isolated material was identified as contaminants that are not directly 

attributed to the synthesis or purification of the nanotubes.  Contaminants include 

several common phthalates, THF stabilizers such as butylhydroxytoluene (BHT), 

and (TMS)CHN2 reaction byproducts.  The most abundant ester compounds 
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isolated from the reaction mixture were mellitic (~10 mg) and picric acids (~2 

mg), followed by benzene pentacarboxylic and pyromellitic acids (~1 mg each).  

The remaining compounds constituted only a relatively small proportion of the 

isolated compounds (> 1 mg each).  

 

3.4 Conclusions 

 

The extracted methylated CCs of nitric acid purified SWNTs were 

identified using GC-MS and 1H NMR and are found to be comprised of small 

benzopolycarboxyl acids and organic nitro compounds.  The majority of the 

identified material has been seen in previous literature reports on the material 

isolated after the treatment of coal with similar oxidation treatments.  The yield of 

each compound is roughly estimated, and as in the case of coal, is highly 

dependent on the starting SWNT sample, the nitric acid reaction conditions and 

overall processing of the material.  
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3.6 Appendix 

 

Methyl 3,5-dinitrobenzoate (1): 
 
EI-MS (70 eV): m/z (%): 226 (M+, 15), 196 (66), 195 (86), 181 (19), 149 (38), 133 
(19), 102 (14), 75 (100), 74 (52), 44 (20). NIST similarity index: 92.4 %. 
 
 
4-Nitrophthalic acid dimethyl ester (2): 
 
EI-MS (70 eV): m/z (%): 239 (M+, 3), 209 (11), 208 (100), 162 (40), 161 (7), 103 
(12), 76 (12), 75 (26), 74 (14), 44 (13). NIST similarity index: 96.2 %. 
 
 
1,2-Dinitro-4,5-dimethoxybenzene (3): 
 
EI-MS (70 eV): m/z (%): 228 (M+, 100), 181 (41), 137 (29), 93 (29), 92 (29), 78 
(29), 76 (52), 75 (41), 50 (38), 44 (68). NIST similarity index: 91.5 %. 
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Trimellitic acid trimethyl ester (4): 
 
EI-MS (70 eV): m/z (%): 252 (M+, 6), 222 (14), 221 (100), 162 (26), 119 (8), 103 
(21), 76 (8), 75 (19), 74 (9), 44 (10). NIST similarity index: 95.1 %. 
 
 
 
Methyl picrate (5): 
 
EI-MS (70 eV): m/z (%): 243 (M+, 23), 214 (7), 213 (100), 196 (10), 166 (12), 120 
(7), 93 (17), 80 (9), 75 (42), 62 (19). 1H NMR (CDCl3, 300 MHz): δ (ppm) 4.19 (s, 
3H), 8.91 (s, 2H). 
 
 
1,8-dinitronaphthalene (6): 
 
EI-MS (70 eV): m/z (%): 218 (M+, 9), 172 (65), 142 (18), 116 (13), 115 (14), 114 
(100), 113 (28), 88 (21), 63 (13), 44 (12). NIST similarity index: 97.5 %. 
 
 
Pyromellitic acid tetramethyl ester (7): 
 
EI-MS (70 eV): m/z (%): 310 (M+, 1), 280 (14), 279 (100), 233 (33), 162 (29), 161 
(14), 103 (13), 75 (21), 74 (13), 44 (20). NIST similarity index: 79.1 %. 
 
 
Benzenepentacarboxylic acid pentamethyl ester (8): 
 
EI-MS (70 eV): m/z (%): 368 (M+, 1), 338 (18), 337 (100), 291 (25), 220 (14), 162 
(23), 161 (11), 104 (13), 75 (11), 44 (80). 1H NMR (CDCl3, 300 MHz): δ (ppm) 
3.89 (s, 3H), 3.96 (s, 12H), 8.68 (s,1H). 
 
 
Mellitic acid hexamethyl ester (9): 
 
EI-MS (70 eV): m/z (%): 426 (M+, 1), 396 (21), 395 (100), 364 (5), 349 (20), 293 
(5), 220 (8), 162 (13), 104 (10), 44 (14). NIST similarity index: 97.2 %. 
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C h a p t e r  4  

  
  
  

 Functionalization and Dissolution of Nitric Acid Treated 
Single-Walled Carbon Nanotubes 

 

4.1 Introduction 

 

While there has been substantial progress in the purification of SWNTs,  

outstanding questions remain and the resolution of this issue constitutes one of 

the most serious obstacles to the realization of high quality SWNT specialty 

chemicals and to the exploitation of the unique properties of this material.   

The contaminants in the as-prepared materials (AP-SWNTs) are comprised of 

residual metal catalysts and carbonaceous byproducts including amorphous 

carbon (AC) and graphitized carbon nanoparticles (CNPs), which are generated 

by the various preparative techniques (electric arc, CVD, laser oven).  Oxidative 

procedures are often employed as a first step in the removal of these 

impurities,  and the most common technique involves a reflux of the AP-

SWNTs in nitric acid.   This treatment reduces the metal content, but it is 

known to consume some of the SWNTs and to produce additional carbonaceous 

1-18

19-21

13, 20

1, 2, 22
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impurities, commonly referred to as carboxylated carbons (CCs).   The 

nature of this problem was first recognized by the Smalley group who identified 

the CCs as polycyclic aromatic sheets, edge terminated with carboxylates 

(carboxylated carbon fragments, CCFs) together with cross-linked structures 

(carboxylated amorphous carbon, CAC).   While filter washing with mildly basic 

solution was shown to be effective in removing the CCs on a small scale, these 

workers noted that the process could not be scaled due to the tendency of the 

retained SWNTs to pack together and inhibit the filtration process as they 

accumulate deposited CCs.   The large scale purification of the nitric acid treated 

SWNTs utilized centrifugation followed by cross-flow filtration and an additional 

“polishing” step.  

1, 2, 22-25

1, 2

2

1, 2

Shortly thereafter the Haddon group introduced soluble SWNTs by 

chemically functionalizing the carboxylic acid groups that are introduced by nitric 

acid treatment with octadecylamine to produce SWNTs terminated with long 

chain amides (SWNT-CONH(CH2)17CH3).   Given the presence of CCs, the 

nature of the soluble SWNTs was of interest and the Haddon research group 

undertook a number of studies to clarify the role of carboxylated impurities in the 

dissolution process.  The amount of end-group and defect sites present in nitric 

acid treated SWNT samples was analyzed;  this was accomplished by 

converting the carboxylic acid groups to octadecylamide 

26

23, 27

(SWNT-

CONH(CH2)17CH3) and octadecylester (SWNT-COO(CH2)17CH3) groups via the 

acylchloride.  It was reported that the loading of octadecylamino (ODA) and 
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octadecyloxy (ODO) groups present in the sample was higher than the expected 

value of 0.25 mol percent functionality which would be characteristic of a perfect 

100 nm long (10,10) SWNT, which is cut perpendicular to the nanotube axis and 

terminated with carboxylic acid groups.   This result indicated that 

contaminating CCs could be retained in the samples that were produced during 

the nitric acid treatment, together with end- and defect-functionalized SWNTs. 

23, 27

The presence of highly carboxylated contaminants in the nitric acid treated 

SWNTs was further supported by the high acid content determined by acid–base 

titrations also reported by the Haddon group, which exceeded the theoretical 

value (above) by an order of magnitude in some cases.   The titration 

experiments were carried out in two steps: (1) a forward titration with base in 

which the conjugate base of the SWNT-COOH material was isolated by filtration, 

(2) a reverse titration step with acid neutralization of the conjugate base (SWNT-

COO  Na ) isolated in the first step. In general it was found that the acid content 

determined in the forward step (1) was higher than that in the reverse step (2), 

and the difference was attributed to the partial purification which is achieved in 

the basic titration as a result of dissolution of the CCs in step (1).    

24

- +

24

The Haddon group then utilized chromatography to investigate the nature 

of the material that was taken into solution by the ODA functionalization; due to 

the high solubility of ODA functionalized SWNTs, this material could be 

separated on HPLC columns resulting in fractions of SWNT-ODA and CC-ODA 

that were characterized by AFM, UV–vis absorption and emission, near-IR, and 
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Raman spectroscopy.   The fact that the 28, 29 SWNT-CONH(CH2)17CH3 fraction 

which separated on the column was recovered in high yield from the HPLC 

experiment suggested that this material maintained its solubility in the absence of 

functionalized CCs. 

  Recently there has been a resurgence of interest in this issue, and several 

groups have reported the removal of CCFs by washing nitric acid treated CNTs 

with NaOH.   In some cases it was found that the majority of the carboxylic 

acid functionality was present on the CCFs and that this contaminant must be 

removed prior to chemical functionalization. 

30-34

Surfactants  and side-wall functionalization  have been extensively 

employed to disperse SWNTs, but noncovalent interactions and π-stacking 

routes for the dissolution of SWNTs have also become well developed.   It is 

therefore plausible that it is the absorption of the functionalized CCFs on the 

SWNT surface that is responsible for the dissolution of materials such as 

2 35-40

41-48

SWNT-

CONH(CH2)17CH3.30-33   

There have been substantial advances in the analysis and postprocessing 

of nitric acid treated SWNTs so that it is now possible to contemplate the 

essentially complete removal of the CCs which is considered to be comprised of 

CAC and CCFs.   Thus it seemed worthwhile to revisit this issue, 

and consequently, base washed nitric acid treated electric arc SWNTs (SWNT-

COOH) that had been purified by low speed centrifugation,

1-3, 13, 20, 22, 49-51

22, 50 were 

functionalized with octadecylamine (ODA) and fully characterized (both starting 
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material, SWNT-COOH and products, SWNT-CONH(CH2)17CH3).  It is the 

purpose of this chapter to investigate the removal of the CCs and the role of this 

contaminant in the dissolution of SWNTs chemically functionalized with long 

chain amides (SWNT-CONH(CH2)17CH3).  The results lead to a consistent 

picture of the effect of base washing on SWNTs, the presence of residual 

carboxylic acid functionality, and the role of CCs in the solubility of functionalized 

SWNTs.    

 

4.2 Experimental Methods 

4.2.1 Starting Materials and Characterization  

As prepared SWNTs, produced by electric arc discharge, were obtained 

from Carbon Solutions, Inc. (www.carbonsolution.com).  The SWNTs were 

refluxed in concentrated nitric acid for 1.5 h and then purified by low speed 

centrifugation.22, 50  Other chemicals were purchased from Aldrich and used 

without further treatment.  The sonication of samples was performed in a VWR 

Ultrasonic Bath sonicator (model 550HT).  Solution phase near-IR data was 

collected in a quartz cell of 1 cm path length on a Varian Cary 5000 

spectrophotometer.  The mid-IR spectra of the materials reported in Figure 4.5, 

were obtained from thin films on a ZnSe substrate using a Nicolet Nexus FT-IR 

spectrometer at resolution of 8 cm-1 and the spectrometer chamber was purged 

with nitrogen during the spectra collection.  TGA was preformed at a heating rate 
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of 5 ºC/min in air using a Pyris 1 thermogravimetric analyzer (Perkin-Elmer).  

Raman spectra of the starting material and products were collected from a 

Bruker RFS 100/S type FT-Raman spectrometer using a Nd:YAG laser excitation 

source with a wavelength of 1064 nm and a resolution of 8 cm-1.  Images from a 

high resolution transmission electron microscope (TEM) were obtained from a 

Technai 12 instrument operating at a 120 kV accelerating voltage. 

 

4.2.2 Concentration Optimization Procedure  

The optimal concentration of the NaOH solution for base washing the 

SWNT-COOH material were determined by conducting a series of experiments 

to measure the amount of CCs that were removed in a single wash.  For these 

experiments, 100 mg of purified, nitric acid treated SWNT-COOH (0W) was 

dispersed in 100 mL of 0.001, 0.01, 0.1, or 1 M NaOH by sonication (~30 min) in 

a polyethylene container; this mixture was allowed to stir for 48 h under argon.  

The black mixture was filtered through a Millipore Durapore membrane with a 

pore size of 0.22 µm and a diameter of 90 mm supported on a stainless steel frit.  

The filtrate was then diluted to 500 mL, and the absorbance at 550 nm was 

measured and normalized by the concentration (A × 0.5 L/0.1 g). 

 

4.2.3 Base Washing Procedure  

Once the concentration of the base was optimized, successive base 

washings were performed in a Teflon beaker: 500 mg of 0W SWNT-COOH were 
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dispersed in 500 mL of 0.01 M NaOH by sonication for 30 min followed by stirring 

for 1 h.  To facilitate the filtration, which is very slow in the presence of high 

concentrations of CCs,2, 20 the mixture was divided into two equal portions which 

were processed in separate filtering stations comprised of a Millipore Durapore 

membrane with a pore size of 0.22 µm and a diameter of 90 mm supported on a 

stainless steel frit.  The material was recombined, and either the solid was 

neutralized (1W) or the previous steps were repeated two more times (3W) or 

until the filtrate was colorless (FW).  All samples were neutralized by addition of 

500 mL of 0.01 M HCl.  These mixtures were filtered using 0.4 µm polycarbonate 

membranes and were washed with DDI water until the filtrate was pH neutral.  

Each material was collected, dried, and fully characterized before undergoing 

functionalization. 

 

4.2.4 Acid Neutralization Procedure  

The acid content was determined by directly neutralizing each of the 

materials with NaOH.52  Briefly, 100 mg of SWNT-COOH material were combined 

with 25 mL of 0.0125 M NaOH in a sealed polyethylene container.  After 48 hours 

of stirring under Ar, the pH was measured with a Corning pH meter 445, and this 

value was compared to a blank solution (without SWNT material) that underwent 

the same process.  
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4.2.5 Synthesis of SWNT-CONH(CH2)17CH3

Functionalization of the carboxylic acid groups of the washed samples 

(1W, 3W, and FW) and the starting material (0W) was achieved by use of the 

1,3-dicyclohexylcarbodiimide (DCC) coupling reaction.  Approximately 100 mg 

(8.3 mmols) of material were sonicated in 100 mL of anhydrous N,N-

dimethylformamide (DMF, DrySolv) for 10 h.  In an argon atmosphere, the 

homogeneous suspension was then combined with 1 g (4.8 mmols) of DCC and 

was stirred for 30 min at room temperature.  Then 1 g (3.7 mmols) of 

octadecylamine (ODA) was added, and the reaction temperature was raised to 

120 ˚C. After 6 days, the resulting solution was cooled to room temperature and 

filtered on a 0.2 µm Millipore Fluoropore membrane.  The material was then 

redispersed in DMF and filtered repeatedly until the filtrate was colorless; this 

step was then repeated with ethanol.  The resulting black solid was dried at room 

temperature under vacuum in a desiccator (yield by weight was 100–110%). 

 

4.2.6 ODA Loading Calculation by Mid-IR  

By using the v(C-H) stretching vibrations that originate from the alkyl 

chains of the ODA in the mid-IR range, one can calculate the loading of ODA in 

the functionalized material based on a series of standard solutions of ODA in 

CCl4.23  
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Figure 4.1: (A) Absorbance spectra showing the v(C-H) stretching vibrations of 
the ODA standard solutions in CCl4 using a quartz cell with path length of 1 mm. 
(B) Absorbance at 2854 cm-1 versus concentration for the ODA standard 
solutions.  Slope = 61 L/mol, R2 = 0.9996 
 

Figure 4.1A shows the absorbance spectra of standard concentrations of 

ODA in CCl4. The absorbance is then measured for each standard at 2854 cm-1, 

and is plotted against the concentration and fitted with a straight line passing 

through zero (Figure 4.1B). By measuring the absorbance of a known weight of 

material, the concentration of the ODA in the sample can be determined. This is 

then multiplied by the molecular weight of ODA (ODAMW = 269.51 g/mol) and 

divided by the original sample weight to give the weight percent loading of ODA.  

 

4.2.7 ODA Loading Calculation by Acid Neutralization  

The concentration of NaOH remaining, [OH-], in each solution of ~0.1 g of 

SWNT-COOH in 25 mL of 0.0125 M NaOH, can be determined by measuring the 

pH and using the following equations: 
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                                                           14 – pH = pOH                                          (1) 
 
                                                          pOH = - log[OH-]                                        (2) 
 
 

The number of mmols of OH- are then calculated by multiplying by the 

volume (0.025 L). The difference between the number of mmols of OH- of the 

blank and that in the sample is assumed to be the number of mmols of OH- that 

were needed to neutralize the acid functionality present in the sample.52 This 

value is then divided by the starting mass (0.1 g) to determine the acid content 

(given in meq/g). In order to convert this result into mol%, the number of eq/g is 

multiplied by the atomic weight of carbon (CAW = 12.01 g/mol).  

 

For example: 

The pH of a 0.1024 g sample of 0W SWNT-COOH and that of the blank solution 
was measured to be 11.45 and 12.10, respectively. 
 

][OH-
B : Moles of base in blank Blank

-
B

-
B

-
B

-
B

OH mmols 0.3147  ][OH  L 0.025
M 0.01259  ][OH
]log[OH-  1.90

1.90  pOH
12.10 - 14  pOH

=×

=

=

=
=
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]-
0W[OH :- 0W SWNT-COOH

M 

mmols 0.07046  ][OH  L 0.025
M 0.002818  ][OH
]log[OH-  2.55

2.55  pOH
11.45 - 14  pOH

-
0W

-
0W

-
0W

=×

=

=

=
=

 

 
Acid Content: 

 

 gmmols 3852
g 10240

mmols 0.07046 - mmols 0.3147 /.
.

=   2.4 meq/g 

028640
mmols 1000
mol 1

mol 1
g 0112

g 1
mmols 2.385 ..

=××   2.9 mol% 

 

If one gram of SWNT-COOH was reacted with ODA, the theoretical ODA 

loading can be estimated by multiplying the acid content (in eq/g) by the 

molecular weight of ODA (ODAMW = 269.51 g/mol). This value is the maximum 

mass of ODA that can be gained in the product, assuming that all acid sites are 

functionalized. This value divided by the total mass of the product (one gram plus 

the ODA mass) gives the theoretical ODA loading.  

 

39130
164280

64280

64280
mol 1
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+
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4.2.8 Determination of the Solubility of SWNT-CONH(CH2)17CH3

The solubility of the functionalized material in tetrahydrofuran (THF) was 

estimated from a saturated dispersion: 50 mg of the functionalized material and 5 

mL THF were sonicated for 6 h, and the resulting suspension was allowed to 

stand overnight at room temperature.  Then 50 µL of the upper layer were 

carefully removed by syringe and further diluted to 25 mL with THF.  The 

concentration of the dispersions was calculated by estimation of the extinction 

coefficient at 550 nm, using a previously described procedure.53  

 

4.3 Results and Discussion 

4.3.1 Concentration Optimization for NaOH Washing of SWNT-COOH 

The optimum pH for the extraction of the CCs by base washing nitric acid 

treated electric arc SWNTs (SWNT-COOH) that had been purified by low speed 

centrifugation22, 50 was determined, while recognizing that this was unlikely to 

lead to a single step process for removal of the CCs (at least on any useful 

scale).   Thus, the effect of a single base washing step over a range of pH 

values using aqueous solutions of NaOH with 

2, 20

concentrations from 0.001 to 1 M 

was examined.  As noted by a number of authors, the color of the filtrate is an 

indication of the amount of material that is being removed in the washing step; 

the darker and, consequently, the higher the absorbance of the filtrate, the more 

concentrated the CC extract.30-32  Thus, the efficiency of the process was 
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monitored by spectroscopy (experimental section), by measuring the normalized 

absorbance of the extract at 550 nm.  As may be seen from Figure 4.2A, the 

maximum absorbance of the filtrate from a single NaOH extraction occurred in 

the vicinity of pH 12 and presumably represents a compromise between a 

number of factors including the pKa of the acid functionalities present in the CCs, 

the solution ionic strength, zeta potentials, and the filtration process.  As 

explained below, this latter factor is the most important in determining the 

efficiency of the process.2   

The removal of CCs by serial base washings (NaOH solution, pH=12) was 

performed to investigate the convergence of this technique.  By using 

spectroscopic techniques the continued removal of CCs was detected until 

washing number 15 (Figure 4.2B).  As noted previously, simple base washing is 

not a practical technique for the large scale purification of nitric acid treated 

SWNTs,2, 20 because the SWNTs pack together as the volume of the dispersion 

is reduced in the filter funnel resulting in a nanotube cake that acts as a second 

membrane which hinders the separation of the CCs and dramatically slows the 

permeation rate of the NaOH solution; thus the area of the filter membrane is the 

critical parameter.2 

The base washed SWNT-COOH material was characterized at various 

stages of the procedure: 0 washings, 1 washing, 3 washings, and full (15) 

washings (when no more material was observed to be removed), hereafter 

referred to as 0W, 1W, 3W, and FW, respectively.  The acid content of each of 
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these samples was determined, the purity assessed by near-IR absorption 

spectroscopy, and the Raman spectrum obtained.  Samples of each material 

were then functionalized with ODA and the ODA loading in the SWNT-

CONH(CH2)17CH3 product was estimated by mid-IR absorption.23    
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Figure 4.2: Normalized absorbance at 550 nm of the filtrate after base washing of 
nitric acid treated SWNTs.  A) Single washing with 0.001, 0.01, 0.1, and 1 M 
NaOH; B) serial washing with 0.01 M NaOH. 

 
 

4.3.2 Near-IR and Raman Scattering Characterization 

The relative carbonaceous purity of each sample of the base washed 

SWNT-COOH materials was characterized by use of near-IR spectroscopy;21, 54 

the relative purity of the SWNTs increased monotonically with the number of 

base washing cycles performed on the starting material (Figure 4.3A) 

presumably because the removal of the CCs decreases the background 

absorption of the carbonaceous impurities which underlies the S22 interband 
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transition.53, 55  The higher relative carbonaceous purity with increasing base 

wash cycles measured by near-IR analysis is supported by Raman spectroscopy 

(Figure 4.3B).  As seen in previous studies,30-32 the intensity ratio, ID/IG, is 

reduced upon base washing and the evolution toward an increasingly pure 

product from 0W to FW is observed.     
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Figure 4.3: A) Near-IR spectra and relative carbonaceous purities, B) Raman 
spectra and ID/IG values of SWNT-COOH materials (0W, 1W, 3W, and FW 
correspond to 0, 1, 3, and full washes).  Raman spectra are normalized at the G-
band and shifted vertically for clarity. 
 

 

4.3.3 Based Washed SWNT-COOH Functionalization 

Functionalization of each material (0W, 1W, 3W, and FW) was 

accomplished by a DCC coupling reaction that resulted in the attachment of ODA 

through an amide linkage to give SWNT-CONH(CH2)17CH3,23, 25, 26, 56-58 as seen 

in the reaction scheme given below:  
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Figure 4.4: Schematic of reaction pathway. 
 
 

Prior to functionalization, it is important to achieve a well dispersed 

mixture of SWNTs in DMF.  For the reactions, a 10 h sonication treatment was 

employed to ensure that the material was fully dispersed within the solvent.  Poor 

dispersions inhibit access of the reagents to the SWNT-COOH acid sites, which 

ultimately results in incomplete functionalization.  After completion of the 

functionalization reaction, initial filtration of the reaction mixture gave rise to a 

dark filtrate which may be assigned to the functionalized impurities previously 

isolated by chromatography.28, 29   

 

4.3.4 Mid-IR Characterization  

The removal of acid sites and the occurrence of the functionalization 

reactions are supported by mid-IR spectroscopy.  The broad peak centered at 

1741 cm-1, which is assigned to the C=O stretch of the carboxylic acid groups, 

decreases with base washing (Figure 4.5A).  Upon formation of the amide 

linkage, well-defined peaks are observed (Figure 4.5B); the prominent bands at 

2920 and 2850 cm-1 are due to the symmetric and asymmetric vibrations of the 

C-H groups, and the shift of the C=O stretch to 1655 cm-1 supports the 
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conversion of the carboxylic acid group to an amide.23  The peaks at 1590 and 

1465 cm-1 may be attributed to the C=C stretching of the polyaromatic backbone 

of the nanotubes.  The peak at 1720 cm-1 may be assigned to the presence of 

residual lactones or anhydrides59 that remain after functionalization.  
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Figure 4.5: Mid-IR transmittance spectra of thin films of A) unfunctionalized 
SWNT-COOH material and B) SWNT-CONH(CH2)17CH3 material (baseline 
corrected spectrum) deposited on a ZnSe substrate (0W, 1W, 3W, and FW 
correspond to 0, 1, 3, and full washes).  
 

 

4.3.5 Characterization of Base Washed and Functionalized Materials by TGA  

Identifying the burning temperatures of the individual components of 

carbon nanotube materials from a TGA scan is complicated by the interaction 

between the components – particularly the nature and quantity of metallic 

catalyst impurities.  Due to the interaction between the components, the TGA 

usually consists of overlapping peaks that burn over a broad temperature range 
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as shown in the TG derivative data.60  In Figure 4.6, the sharp peak at 480 ºC for 

the unwashed SWNT-COOH materials is evidently associated with the CCs due 

to its gradual disappearance with base washing. While this peak is prominent in 

the 0W material, it is estimated to be associated with no more than 17% of the 

total starting material by weight; this is comparable to the total weight of CCs 

removed at FW.  The CC peak has an overlapping peak at about 515 ºC seen in 

the 0W SWNT-COOH material.  With continual base washing, the burning 

temperature of this peak gradually shifts to 535 ºC as the CCs are completely 

removed.  This peak and a broad peak at 700 ºC may be attributed to residual 

SWNTs and other large graphitic structures such as CNPs.  When functionalized, 

a peak at 345 ºC appears, indicating the presence of the ODA in the samples.  

This peak is observed to be the largest in the 0W SWNT-CONH(CH2)17CH3 

material, indicating a higher loading when compared to the other functionalized 

material.    

 

 87



0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

200 400 600 800

515°C
700°C

SWNT-CONH(CH2)17CH3

1W

5.4%

 

6.9%

480°C 0W
SWNT-COOH

 

 

 

700°C
520°C

3W

7.4%

 

 

700°C
525°C

FW

6.3%

  

 

 

535°C 700°C 

200 400 600 800

 

 

 

345°C

0W

 

  

0.0

-0.2

-0.4

-0.6

-0.8

-1.0

dW
/d

T

W
ei

gh
t (

%
)

Temperature (°C)

  

 

 

345°C

1W

6.3%

7.1%

7.6%

0.0

-0.2

-0.4

-0.6

-0.8

-1.0

 

 

 

345°C

3W

0.0

-0.2

-0.4

-0.6

-0.8

-1.0

  

 

345°C

FW

5.8%

200 400 600 800
0.0

-0.2

-0.4

-0.6

-0.8

-1.0

0.0   

0.0   

 
0.0   

 

Figure 4.6: TGA measurements showing weight change (black line) and its 
derivative (red), together with residual metal oxide: base washed samples (left 
column, SWNT-COOH) and functionalized samples (right column, SWNT-
CONH(CH2)17CH3) (0W, 1W, 3W, and FW correspond to 0, 1, 3, and full 
washes).  
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4.3.6 ODA Loading by Mid-IR Spectroscopy and Acid Neutralization Techniques  

It was previously shown that solution phase mid-IR spectroscopy may be 

used to determine the loading of the ODA functionality present in the SWNT-

CONH(CH2)17CH3 material based upon the measured absorbance of the C-H 

stretch at a known sample concentration.23  The reduction in the degree of 

functionalization of the SWNT-CONH(CH2)17CH3 material with base washing of 

the starting material suggests that under standard washing conditions some of 

the CCs become functionalized and are retained in the final product. In a 

previous determination of the acid content of the SWNT-COOH material an acid–

base titration sequence was utilized as discussed above.24, 61  However this 

method involves the filtration of a basic dispersion of the SWNT-COOH material, 

and it was previously reported that it removes CCs in the first step of the 

procedure;24 thus in the present work, direct base titration experiments were 

employed to determine the acid content.52  If none of the CCs were removed 

during functionalization, the loading of ODA determined for the SWNT-

CONH(CH2)17CH3 material would be identical to the values obtained from the 

acid content data in the SWNT-COOH starting material; the fact that the degree 

of functionalization is always less than the acid content data suggests that the 

filtration with DMF and then ethanol during the workup of the reaction is partially 

effective in removing the functionalized CCs. 
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Table 4.1: Estimated ODA loading (Weight Percent) in SWNT-
CONH(CH2)17CH3.a  
 

Mid-IR Data Acid Content Data 

Sample Sample 
Weight 
(mg) 

ODA 
Weight 
(mg) 

ODA 
Loading

(%) 

Acid 
Content of 

Starting 
Material 
(mol %) 

Acid 
Content of 

Starting 
Material 
(meq/g) 

Theoretical
ODA 

Loading 
(%) 

0W 1.0 0.33 33 2.9 2.4 39 

1W 0.9 0.22 25 1.9 1.6 30 

3W 1.0 0.24 24 1.6 1.4 27 

FW 1.0 0.20 20 1.2 1.0 21 
 
aMaterials calculated from solution phase mid-IR and acid content data. 0W, 1W, 
3W, and FW correspond to 0, 1, 3, and full washes. 
 

As seen in Table 4.1, there is a gradual decrease in the degree of 

functionality for both the starting material and functionalized samples as a 

function of the number of base wash cycles.  The analysis shows that the amount 

of acid sites is reduced from 2.4 to 1.0 meq/g; this is still higher than the value of 

0.25 mol percent functionality (0.21 meq/g), which would be characteristic of a 

perfect 100 nm long (10,10) SWNT, which is cut perpendicular to the nanotube 

axis.23, 27  Nevertheless this value represents a theoretical minimum for SWNTs 

of this length, and given the damage that is apparent after nitric acid treatment,57, 

62 it may be that this result is characteristic of such samples. 
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4.3.7 TEM Comparison of Base Washed and Functionalized Materials  

TEM images verify the effectiveness of functionalization and the base 

wash in purifying nitric acid treated SWNTs (Figure 4.7).  In the SWNT-COOH 

starting material (0W), the nanotubes have a web-like coating along the side 

walls which presumably corresponds to the CCs.  After several washes with 

dilute NaOH, the material is freed from this coating and well-defined side-walls 

become visible (FW).  Upon functionalization the final SWNT-CONH(CH2)17CH3 

materials are indistinguishable, and it is apparent that the careful workup of 

functionalized SWNTs and exhaustive base washing of the starting SWNT-

COOH material are effective in producing high quality materials.      

 

 

Figure 4.7: TEM images of unfunctionalized (SWNT-COOH) and functionalized 
SWNT-CONH(CH2)17CH3 samples (0W and FW correspond to 0 and full 
washes).    
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4.3.8 Solubility of Functionalized Materials 

Finally, the solubility of each of the functionalized materials was evaluated 

by using the extinction coefficients calculated for each material at 550 nm. The 

solubility of SWNT-CONH(CH2)17CH3 was found to be approximately constant at 

7 g/L (Table 4.2), and thus the CCs retained in the samples exert a relatively 

minor effect on the dissolution of this material. These SWNT derivatives dissolve 

in organic solvents in much the same way as high polymers to give extremely 

viscous solutions. This result serves to emphasize the ability of chemical 

functionalization to modify and enhance the properties of single-walled carbon 

nanotubes and encourages the view that SWNT specialty chemicals are within 

reach.   

 

Table 4.2: Solubility data of functionalized material calculated from the respective 
extinction coefficient.a   
 

SWNT-CONH(CH2)17CH3
ε 

(L/g·cm) 
solubility 

(g/L) 

0W 19 7.6 

1W 21 7.6 

3W 21 7.0 

FW 20 6.6 
a0W, 1W, 3W, and FW correspond to 0, 1, 3, and full washes. 
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4.4 Conclusions 

Nitric acid purification of SWNTs generates carboxylic acid functionalized 

carbon nanotubes and carbon fragments.  The degree of functionalization and 

the concentration of the carboxylated carbons in the final product are dependent 

on the nature of the acid treatment and the postprocessing of the SWNT product.  

However, even after exhaustive base washing, the SWNTs contain detectable 

amounts of acid functionality which are susceptible to covalent chemical 

functionalization reactions in quantities that are sufficient to modify the material 

properties and, in the case of octadecylamine functionalization, to produce 

compounds that are soluble in organic solvents.  
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C h a p t e r  5  

  
  
  

 Soluble Graphene Derived from Graphite Fluoride 

 

5.1   Introduction 

 

The unique sp  structure of covalent carbon-carbon lattice, graphene, 

serves as the building block for several forms of carbon materials including 

graphite, and multi- and single-walled carbon nanotubes.  The strong covalent 

bonds between carbon atoms provide graphene with 

2

high mechanical, thermal 

and chemical stability.  It is considered to be one of the strongest known 

materials per unit weight with a theoretical Young’s modulus of 1060 GPa1 and 

also conducts electricity through the π-electron cloud resulting in a wide range of 

applications with great promise for quantum electronics.  2-5

In the normal 3-D form of graphite the graphene sheets stack to produce 

an insoluble material that is difficult to process; solution phase manipulation of 

carbon based materials such as carbon nanotubes,6-11 have already been 

demonstrated through chemical functionalization reactions.  Recently, similar 
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chemical functionalization reactions of graphene layers have been attempted by 

several research groups in order to solubilize graphene sheets.12, 13 

Exfoliation of graphite is necessary for the production of graphene sheets 

that are desirable for the fabrication of nanocomposites and electronic devices.  

Separation of the graphene layers is currently accomplished by intercalation of 

graphite with acid or alkali metals followed by an exfoliation step,14, 15 but 

exfoliated graphite does not disperse in organic solvents and re-aggregates 

readily.  Functionalization of the basal plane is necessary to increase the 

solubility and prevent the formation of π−π interactions and scrolling.15  Such 

functionalization can also result in the loss of the intrinsic electronic properties 

upon the formation of sp3 carbon centers, although in some cases the electronic 

properties of the functionalized graphene could be recovered by simple reduction 

or annealing.13  Covalent intercalation compounds of graphite such as graphite 

oxide and graphite fluoride are appropriate starting materials for this approach 

and recently, the potential of graphite oxide has been demonstrated in several 

reports.16-18  This chapter will discuss the production of functionalized graphene 

layers starting from an alternate precursor: graphite fluoride.  Characterization by 

use of spectroscopic and microscopic techniques will give evidence for 

production of the structures given below.   
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Figure 5.1: Schematic of reaction pathway. 
 
 

5.2   Experimental Methods 

5.2.1 Synthesis of Functionalized Graphene 

Graphite fluorides and the alkyl lithium reagents were purchased from Alfa 

Aesar and were used as received.  Tetramethylethylenediamine (TMEDA) 

(Aldrich) was distilled from KOH and stored in a glove box.  All reactions were 

carried out in an oven-dried, two-necked round bottom flask, fitted with a reflux 

condenser under argon atmosphere.  Before each reaction, 100 mg (2.3, 3.2, 3.4 

mmols of F in (CFx)n, where x = 0.5, 1.0, 1.2, respectively) of graphite fluoride, 

was placed under vacuum for three hours in a round bottom flask and heated to 

remove moisture.  A mixture of TMEDA (2.5 equiv.; 5.8, 8.1, 8.6 mmols) in 30 mL 
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hexane was added and the resulting black solution was stirred for one hour.  The 

reaction temperature was lowered to 0 ºC with an ice bath and the alkyl-lithium 

reagent (1.25 equiv; 2.9, 4.0, 4.3 mmols) added drop wise; after stirring for 1 

hour the reaction was allowed to come to room temperature.  After stirring for 3 

days the reaction was quenched with 5 mL of isopropanol, and then diluted to 

100 mL with ethanol.  The product was filtered using a 0.2 μm GTTP millipore 

filter paper giving a solid black powder which was dispersed by sonication in 100 

mL of ethanol and then filtered two more times.  The reaction scheme19 for the 

various graphite fluorides is given below; the products are denoted as R-CFx, 

where x corresponds to the composition of the starting graphite fluoride and R to 

the alkyl group in the R-Li reagent used for functionalization.  The reaction 

proceeds by two reaction pathways (Figure 5.2): the alkyl lithium reagent both 

replaces fluorine by alkyl groups and introduces additional double bonds by 

eliminating molecular fluorine; thus in general z < x – y.   

 

(CFx)n (Ry-CFz)n
R-Li, TMEDA

a. x = 0.5
b. x = 1.0
c. x = 1.2

Hexanes
1. R = Butyl
2. R = Hexyl

 

Figure 5.2: Reaction procedure of the formation of functionalized graphene. 
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5.2.2 Characterization  

AFM images of freshly prepared samples were obtained on a Digital 

Instruments Nanoscope (IIIA), operating in tapping mode.  Solutions of each 

product in acetone were evaporated on freshly cleaved mica substrates in air.  

Mid-IR spectra of the starting materials and the products were collected from a 

thin film on ZnSe using a Nicolet Nexus FT-IR spectrometer.  Near-IR data was 

collected in a quartz cell of 1 cm path length on a Varian Cary 5000 

spectrometer.  In determining the extinction coefficient, dispersions of each 

product at various concentrations (0.1, 0.05, 0.025, and 0.00125 mg/mL) were 

prepared by diluting a 0.2 mg/mL stock solution in THF.  The solubility was 

calculated by dispersing 30 mg of each product in 10 mL of THF for 2 minutes 

with sonication using a VWR Ultrasonic Bath sonicator (model 75T).  Raman 

spectra of the starting materials and products were obtained from a Bruker RFS 

100/S type FT-Raman spectrometer using a Nd-YAG laser excitation source with 

a wavelength of 1064 nm and a resolution of 8 cm-1.  XRD data was collected 

using a Bruker AXS D8 Advanced diffractometer using CuKα radiation (1.54 Å), 

with a step size of 0.05° and step time of 1 s/step. 
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5.3   Results and Discussion 

5.3.1 AFM Characterization of Functionalized Graphene Layers 

 Figure 5.3A shows a representative image of Hexyl-CF1 graphene 

nanoplatelets collected in amplitude mode.  From a population of over 150 

nanoplatelets, it was found that the average lateral size and thickness are 1.6 μm 

and 0.95 nm, respectively.  In Figure 5.3B (height mode AFM), the roughness of 

the nanoplatelets is clearly visible, as expected for graphene that is highly 

functionalized in the basal plane.18  Previous studies from our group have shown 

smooth surfaces for edge functionalized graphene nanoplatelets,12 but the 

surface roughness of the current preparation is clearly depicted in the height 

cross-section, where maximum heights were found to be 1.7 nm (Figure 5.3A) 

and 1.2 nm (Figure 5.3B); areas of low functionalization are seen at lower heights 

with similar color to that of the background.  The variability in the height may be 

attributed to the local degree of functionalization, with high points representing 

areas of the samples where the functionalization is especially dense and the 

hexyl groups are standing perpendicular or at a substantial angle to the graphene 

plane.  Another possible contribution to this roughness may be the crumpling of 

graphene sheets.20, 21  Also apparent in some images is an increased height in 

the center of many of the nanoplatelets that also appears as a rough surface and 

this has been previously reported as solvent trapped between the graphene layer 

and the substrate.2, 12, 22     

 106



 
 
 
Figure 5.3: Tapping mode AFM images of soluble Hexyl-CF1 samples on mica.  
A) A highly resolved image of functionalized graphene nanoplatelets (data 
collected in amplitude mode with a Z range = 1.5 V) and the corresponding 
height cross-section.  Height difference between red arrows = 1.7 nm.  B) A 
highly resolved image of 2 nanoplatelets (data collected in height mode with a Z 
range = 10 nm) and the corresponding height cross-section.  Height difference 
between red arrows = 1.2 nm.  
 
 

5.3.2 FT-IR Spectra of Covalently Functionalized Graphene   

Each (CFx)n starting reagent and its respective butyl and hexyl-

functionalized products were further characterized by FT-IR spectroscopy.  

Figure 5.4A shows the spectra of (CFx)n, where x = 1, and the corresponding 

products: Butyl-CF1 and Hexyl-CF1. The strongest band at 1210 cm-1 in the 

spectrum of CF1 is attributed to the C-F stretching vibration of the tertiary carbon 

atoms in the basal plane, while the weak bands located on each side of the 
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dominant peak, at 1340 and 1075 cm-1, are the asymmetric and symmetric 

stretching vibrations of the peripheral –CF2 groups.23  In the spectra of the 

corresponding butyl and hexyl products, the signals of the C-H stretch of the alkyl 

groups appear in the range of 2850-3000 cm-1, and bands in the 1450-1600 cm-1 

region can be attributed to C=C stretch.  The broad band at approximately 1200 

cm-1 indicates the possible presence of residual fluorine in the products.  As 

expected, the peaks of the C-H stretching of the hexyl products are more 

prominent than those of the butyl products.  
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Figure 5.4: A) Baseline corrected mid IR spectra collected from thin films of CF1 
starting material, and butyl and hexyl functionalized products.  B) Absorption 
spectra of Butyl-CF1 from 7500-25000 cm-1 at various concentrations in THF.  C) 
Raman spectra of CF1.2 and Butyl-CF1.2. 
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5.3.3 Solution Phase Characterization of Soluble Graphene Layers 

In analogy to other Teflon materials, (CFx)n is insoluble in all solvents, but 

the alkylated materials can be dispersed in halogenated solvents such as 

dichlorobenzene and dichloromethane, and THF.  In all cases, solution-phase 

near-IR absorption spectra show a featureless monotonic spectrum that 

increases in intensity towards higher frequency, as seen in Figure 5.4B for Butyl-

CF1.  By using Beer’s law the extinction coefficient was calculated at 10000 cm-1 

in THF (Table 5.1), and this allowed the determination of the solubility.24  The 

extinction coefficient of the products was found to be ε ≈ 7 L.g-1·cm-1
 at 10000  

cm-1; slightly higher than the ODA-functionalized graphene (3.3 L/g·cm).12  After 

sonication and a 24 hour standing period, the solubility of each product was 

determined by spectroscopy.  The hexyl products were found to be more soluble 

than the butyl products and the most soluble product was found to be Hexyl-CF1 

(0.54 g/L), having a solubility comparable to that of edge functionalized ODA 

graphene nanoplatelets (0.5 g/L).12  The powders were found to disperse readily 

and were stable in solution for months. 
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Table 5.1: Solubility and extinction coefficients of the products at 10 000 cm-1 in 
THF. 
 

Sample Solubility 
(g/L) 

Extinction Coefficient 
(L/g·cm) 

Butyl-CF0.5 0.002 8.5 

Butyl-CF1 0.14 7.7 

Butyl-CF1.2 0.24 6.7 

Hexyl-CF0.5 0.39 8.2 

Hexyl-CF1 0.54 8.0 

Hexyl-CF1.2 0.35 6.8 
 
 

5.3.4 Raman Spectroscopic Characterization of Functionalized Graphene 

As in other carbon allotropes, the Raman spectrum of (CFx)n contains two 

characteristic bands: the tangential G-mode and the disorder-induced D-mode.  

Extensive studies have determined that the positions, intensities and widths of 

these bands are dependent on the ordering of the sp2 sites in varying 

compositions of amorphous and crystalline carbon compounds.25, 26  As seen in 

the spectrum of CF1.2 (Figure 5.4C), both Raman modes are weak and broad due 

to a high level of disorder of the graphene layers.  All three starting materials 

gave a similar spectrum, although the peak position of the G band shifted to 

lower frequencies with increasing fluorine content (from 1586 to 1487 cm-1, Table 

5.2).27  In other work, the G band is observed as two peaks,27, 28 but this was not 

observed in our studies, possibly due to the line broadening and overlap of the 

bands.  Upon functionalization, the D and G bands sharpen, and the frequency of 
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the G band is shifted to 1591-1601 cm-1, indicating the formation of 

nanocrystalline graphite.26  A higher sp2 content would be expected due to the 

formation of additional unsaturation.      

 
Table 5.2: Raman Shifts of D and G bands. 
 

D Band G Band 

Sample Raman Shift 
(cm-1) 

Raman Shift 
(cm-1) 

CF0.5 1265 1568 

CF1 1237 1563 

CF1.2 1243 1487 

Butyl-CF0.5 1271 1601 

Butyl-CF1 1279 1595 

Butyl-CF1.2 1275 1593 

Hexyl-CF0.5 1266 1593 

Hexyl-CF1 1277 1591 

Hexyl-CF1.2 1279 1592 
 
 
 

5.3.5 Dealkylation of Functionalized Graphene by Annealing 

Upon annealing of the functionalized R-CFx, the G band shifts to higher 

frequencies, and the ratio of the intensities (ID/IG) increases with graphitization 

(Figure 5.5).  This corresponds to a transformation from amorphous to 

nanocrystalline graphite on the proposed amorphization trajectory.26  X-ray 

diffraction patterns of starting materials show a d-spacing of 0.61 nm for the 
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graphite fluoride; this d001 value is typical of a (CFx)n covalent stage I compound27 

and the corresponding structure was described in terms of a chair 

conformation.29  Upon functionalization no peaks are found in the diffraction 

pattern indicating that the reaction has fully separated the nanoplatelets; on 

annealing, a peak corresponding to a d-spacing of 0.34 nm appears, confirming 

the formation of nanocrystalline graphite (Figure 5.6).  Further support is 

provided in the IR spectra of the annealed samples, where it may be seen that 

the functionality is lost upon exposure to high temperatures (Figure 5.7).    
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Figure 5.5: A) Raman spectra of bulk samples of Hexyl-CF1 before and after 
annealing to 150, 300, 600, and 800 ºC.  B) Raman shifts of the G band and, C) 
ID/IG from data collected in A.   
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Figure 5.6: XRD patterns of a bulk powder sample of Hexyl-CF1 before and after 
annealing to 150, 300, 600, and 800 ºC.   
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Figure 5.7: Baseline corrected mid IR spectra collected from thin films of the 
Hexyl-CF1 before and after annealing to 150, 300, 600, and 800 ºC. 
 
 

5.4   Conclusions 

 

In a one-step synthesis, soluble graphene layers were formed by 

subjecting graphite fluoride of various stoichiometries to n-butyl or n-hexyl lithium 

reagents.  The products were characterized using AFM, mid-infrared, UV-vis-

near infrared, and Raman spectroscopy.  The solubility and extinction coefficient 

of each product was calculated, and an extension of sp2 character in the lattice of 

the products was detected.  Dealkylation occurs upon annealing the bulk 
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samples, further extending the π-system and thus, restoring the electronic 

properties of the nanocrystalline graphene.  Functionalized graphene layers can 

be readily prepared by this technique and dispersed in organic solvent and upon 

annealing, the intrinsic properties of the graphene layers can be partially 

restored.  
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C h a p t e r  6  

  
  
  

 Conclusions 

 
 

 

Graphitic carbon materials such as SWNTs and graphene exhibit 

exceptional properties.  Their sp2 hybridized framework, can be modified by 

functionalization, which can render the material soluble in aqueous or organic 

solvents leading to their exploitation in various applications.  This dissertation has 

focused on the preparation and processing of these materials in order to optimize 

their performance.   

Nitric acid purification of SWNTs results in the generation of oxygen 

functionality and carboxylated carbons (CCs).  A mild base treatment using dilute 

NH4OH is an effective technique for the removal of CCs.  Upon their isolation, 

they could be characterized as a bulk material and were discovered to be 

composed of highly functionalized polycyclic material. 

The extracted CCs of low molecular weights were identified after 

converting them to their methylated form.  They were determined to be 

comprised of small benzopolycarboxylic acids and organic nitro compounds.  The 

majority of the identified material has been seen in previous literature for oxidized 
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coal, and the yield of each compound was roughly estimated although this result 

is highly dependent on the starting SWNT sample, the nitric acid reaction 

conditions and overall processing of the material.  

After exhaustive base washing and the removal of the CCs, the remaining 

SWNTs were observed to contain detectable amounts of acid functionality which 

are available for covalent chemical functionalization.  Functionalization with 

octadecylamine was shown to produce material that is soluble in organic 

solvents.  

In a one-step synthesis, soluble graphene layers were formed by 

subjecting graphite fluoride to alkyl lithium reagents.  The products were fully 

characterized and the solubility was determined.  Dealkylation occurs upon 

annealing, further extending the π-system and partially restoring the electronic 

properties of the nanocrystalline graphene.  Functionalized graphene layers can 

be readily prepared by this technique. 

  Future work would involve the testing of these materials as thin films or 

composites in applications such as sensors, fuel cells or other devices and 

comparing them to other materials. 
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