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ABSTRACT 

Study of Single-Walled Carbon Nanotube Reactivity and Applications of the 

Functionalized Species 

" By 

Condell D. Doyle 

Significant advancements have been made recently in the area of single-walled 

carbon nanotube (SWCNT) functionalization using diazonium salts. Specifically research 

using oleum and molten urea as the solvent has opened the door to potentially high 

volume methods that yield predominately functionalized individuals. Once 

functionalized, these materials can be used for a variety of applications including super 

capacitors, fuel cell membranes and hydrogen storage media. Aside from advancement in 

materials chemistry, recent insights into the mechanism of diazonium salt 

functionalization have yielded results that could lead to viable separation techniques. 

Spectrally resolved fluorescence spectroscopy of mixed SWCNT samples has been used 

to measure structure-dependent relative reactivities in the initial stages of these reactions. 

For several 4-substituted benzenediazonium salts, Ar-R (Ar = N2+-CeH4 and R = CI, NO2, 

OMe), reactivities at pH 10 were found to be greatest for SWCNTs having the largest 

band gaps. The magnitude of this band gap dependence varies according to the R-group 

of the salt, with R = OMe showing the strongest variation. For R = OH, acidification of 

the sample to pH 5.5 results in reversal of the structural trend, as smaller band gap 

SWCNTs show slightly greater reactivities. The derivatization reactions observed here 
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proceed concurrently, although at different rates, for semiconducting and metallic 

SWCNT species. 
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Introduction 
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Since the discovery of single-walled carbon nanotubes (SWCNTs), 

researchers have noted their remarkable chemical, structural, optical and electrical 

properties.' Many groups have focused on various ways of improving the 

production, functionalization, separation and processing of SWCNTs in an effort to 

utilize their amazing mechanical and electrical properties.3"5 The mechanical 

properties range from a theoretical modulus of 1- TPa.to a tensile strength of 53 GPa.5 

The electrical properties for metallic nanotubes are theorized to have zero resistance 

to electrical conductivity. 

SWCNTs exist in a variety of structural forms differing in diameter and chiral 

angle (indexed by a pair of integers (n,m)), and having metallic or semiconducting 

electronic properties. Statistically, a mixed sample of HiPco-derived SWCNTs will 

contain 1/3 metallic and 2/3 semiconducting species. Normally, a SWCNT structure 

is described by using an imaginary graphene sheet that is rolled up by the integer 

indices (n,m).6 These (n,m) indices can be used to determine the type of nanotubes 

by the ratio (n-m)/3. The SWCNTs will exhibit metallic behavior if the remainder of 

(n-m)/3 equals zero. Conversely, if the remainder is 1 or 2 then the SWCNT will 

exhibit semiconducting behavior. " 

Current practical SWCNT production methods result in significant structural 

polydispersity. " To facilitate the use of SWCNTs in optical and electronics 

applications, techniques for separating SWCNTs by structural type will be very 

valuable. Many reported separation attempts have exploited chemical reactivity 

differences among SWCNT types, but none of these methods have yielded 
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structurally monodisperse products. Instead, only enrichment of metallic or 

semiconducting subpopulations has been found.13'22 

When working with nanotube samples it is important to characterize the 

material adequately to understand the value each sample can provide. For bulk 

processing, a variety of instruments can be used: fluorescence spectroscopy, Raman 

Spectroscopy, ultraviolet/visible spectroscopy and x-ray photoelectron spectroscopy 

(XPS). If analysis on the nanoscale is needed, then atomic force microscopy (AFM), 

transmission electron microscopy (TEM) or scanning tunneling microscopy (STM) 

can be used. Analysis of the bulk material can be used to quickly screen the product 

of a reaction or the quality of a starting material. Fluorescence spectroscopy is a very 

sensitive method for analyzing bulk samples of semiconducting SWCNTs. 

Fluorescence of a SWCNT sample can show how well the tubes are suspended in the 

solution and the distribution of tube types in the sample. Raman spectroscopy 

provides a quick assessment of the integrity of the sidewalls of the nanotubes and the 

approximate proportion of the tube types in the sample.23 Pristine SWCNTs exhibit a 

resonance Raman enhanced mode which is the enhancement of signal to noise.24'25 A 

common method of determining functionalization or sidewall attachment is to 

compare the intensities of the diamondoid (D) peak located at roughly 1350 cm"1 and 

the graphitic (G) peak located at roughly 1590 cm"1. The larger the D to G ratio, the 

higher the amount of functionalization. At Rice we have access to three lasers on our 

Raman instrument, 514 nm, 633 nm, 785 ran. In a normal HiPco sample, the 514 ran 

shows emission from mainly the metallic types, while the 785 nm predominately 

excites the semiconducting tubes. The 633 nm is commonly used to show properties 
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representative of both metallic and semiconducting tubes. Optical absorption 

spectroscopy provides a direct means of determining if the sample is functionalized 

greater or less than 1 functional group to 100 carbons.26 If the sample is pristine or 

has a low degree of functionalization, then van Hove transitions will be seen in the 

region between 350 nm and 1600 nm. In general the transitions observed most often 

are grouped in three regions in order of decreasing energy: the metallic 1st van Hove 

region, the semiconducting 2nd region and 1st van Hove transitions. XPS is useful 

in determining the elemental composition on the surface of a bulk sample and may 

provide an easy test for functionalization success if the groups to be introduced 

contain S, CI or other XPS-detectable heteroatoms. AFM can be used when data is 

needed regarding the physical dimensions of the nanotube sample. When interpreting 

the data from AFM images, one must keep in mind the added height associated with 

the functional groups or any other adherent molecules that could be present. 

Since this thesis covers nanotube functionalization, it is appropriate to give a 

short background of the functionalization work that has been done. One of the best 

ways to append functional groups to the sidewalls of SWCNTs is by using diazonium 

salts.28"37 The first work was done using a nanotube buckypaper as an electrode in an 

electrochemical reaction in the presence of diazonium salts.28 The first example of 

the functionalization of individual SWCNTs using diazonium salts came when 

diazonium salts were added to a suspension of individually wrapped surfactant-coated 

nanotubes.14 The major drawback with this method was the scalability; approximately 

7 to 8 mg of material can be produced in 6 h. This scalability issue was resolved 

when diazonium salts were used to functionalize SWCNTs suspended in oleum. 
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Since scalability was potentially no longer problematic, research shifted to focus on 

more selective forms of functionalization and the use of environmentally sound 

solvents and reaction conditions. The selective functionalization methods were first 

developed by Strano et al. and later insight into the mechanism was provided by 

Doyle et al.39 Techniques using ionic liquids31 and "on water" methods40 showed that 

S WCNTs can be functionalized with little impact on the environment. 
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Chapter 1 

Functionalization of Single-Walled Carbon Nanotubes in Oleum 
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1. Introduction 

Single-walled carbon nanotube (SWCNT) composites promise to offer 

strengthened materials for future high performance applications.1 The interesting 

properties range from a theoretical modulus of 1 TPa to a tensile strength of 40 GPa. ' 

Many researchers hope to increase various physical properties of polymer systems with 

this exciting material. However, common problems that are encountered in preparing 

SWCNT composites are the poor dispersibility of the individual SWCNTs in the polymer 

matrix and inefficient interactions between the nanotubes and the host material. In order 

to achieve a good dispersion, one must overcome the ~0.5 eV/nm of cohesive interaction 

between any two tubes.4 That requires a solvent that will liberate portions of individual 

tubes while permitting addend bonding to the nanotube sidewalls, thereby inhibiting the 

nanotubes from reforming bundles. The nanotube-host dispersion difficulty can be 

similarly overcome through covalently functionalizing the sidewalls of the nanotubes 

with moieties that render the SWCNT more compatible with the matrix while promoting 

good interfacial adhesion through dipolar interactions, n - n attractions, hydrogen bonds 

or covalent bonds to the matrix.4 Many research groups have focused on obtaining 

individualized SWCNTs using various techniques.5"8 These techniques can be used to 

produce functionalized SWCNTs that are compatible with the solvent blending protocols 

of different classes of polymers. For example, SWCNTs can be made compatible with an 

organic solvent-soluble polymer by alkylating their sidewalls with iododecane according 

to Billups.7 In contrast, for aqueous soluble polymers, the SWCNTs can be 

functionalized using aminoisophthalic acid in oleum.6 This chapter describes the various 
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anilines used to functionalize SWCNTs suspended in oleum to produce a multitude of 

products on a large scale.6 

2. Results and Discussion 

We achieved the functionalization of SWCNTs in oleum using sodium nitrite, 

2,2'-azobis(isobutyronitrile) (AIBN) and a variety of anilines to covalently attach arenes 

to the HiPco-produced9 purified SWCNTs (p-SWCNTs) obtained by heating SWCNTs in 

a water-rich atmosphere at 220 °C followed by HC1 extraction.10 

1a. R = H, X = COOH, Y = COOH to 1b. R = H, X = COOH, Y = COOH 
2a. R = CI, X = H, Y = H to 2b. R = CI, X = S03H, Y = H 
3a. R = S03H, X = H, Y = H to 3b. R = S03H, X = H, Y = H 
4a. R = N02, X = H, Y = H to 4b. R = N02, X = H, Y = H 
5a. R = COOCH2CH(CH2CH3)C4H9, X = H, Y = COOCH2CH(CH2CH3)C4H9 to 

5b. R = COOCH2CH(CH2CH3)C4H9, X = H, Y = COOCH2CH(CH2CH3)C4H9 
6a. R = CN, X = H, Y = H to 6b. R = CN, X = H, Y = H 
7a. R = H, X = N02, Y = N02 to 7b. R = H, X = N02, Y = N02 
8a. R = CH3, X = H, Y = H to 8b. R = CH3, X = S03H, Y = H 
9a. R = COOH, X = H, Y = H to 9b. R = COOH, X =H, Y = H 
10a. R = H, X = CH3, Y = CH3to 10b. R = H, X = CH3, Y = CH3 
11a. R = C14H29, X = H, Y = H to 11b. R = C14H29, X = S03H, Y = H 

Scheme 1. Single functionalization of dispersed SWCNTs in oleum with a variety of 

anilines. 
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SWCNT 12b-13b 
12a,b.R = F 
13a. R = H to 13b. R = H and S03H (~11:1)a 

Scheme 2. Single functionalization of dispersed SWCNTs in oleum with fluorinated 

anilines. "The SO3H to H ratio was determined by XPS. 

In a typical experiment (Schemes 1 and 2) an oven-dried flask containing a stirbar 

was charged with oleum (1 mL oleum/mg SWCNT). The p-SWCNTs (75 mg, 6.2 meq C) 

were added and the mixture stirred at room temperature for 12-24 h to disperse the p-

SWCNTs. Upon SWCNT dispersion, the aniline (12.5 mmol) was added in one portion. 

After 5 min, the NaNC"2 (0.862 g, 12.5 mmol) was added. After the resulting exotherm 

had subsided, AIBN (0.205 g, 1.24 mmol) was added in one portion. The flask was 

capped with a septum and opened to air by a 20 gauge needle and the reaction allowed to 

stir at 80 °C for 1 h. The reaction was quenched by pouring the mixture onto 300 mL (4 

mL ice/mL oleum) of ice. The solids were isolated by filtration through a 0.22 um 

polycarbonate membrane. Further purification was done by re-suspending the filter cake 

in 100 mL DMF and filtering over a 0.45 um PTFE membrane with a final wash of 

acetone and ether. After the final wash, the filter cake was allowed to dry under vacuum 

overnight to yield the final product. 
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It is notable that 13b. was developed for blending into proton exchange 

membranes (PEM) commonly used in fuel cells. Current Nafion® membranes utilize 

sulfonic acid groups connected to the polymer for proton mobility. Nanotubes can 

surpass the mobility rating of Nafion® by having a higher specific content of acidic 

groups. Utilizing the nanotubes' high surface area (680 m2/g) and multiple 

functionalizations, one can place an acid group on every 5 to 7 carbons. This product's 

solubility is very high; in a mixture of 23 mL acetone/ 2 mL water, 13b was soluble at 

850mg/L. 

In most cases a single round of functionalization was enough to achieve the 

desired properties of dispersion or solubility. However, sometimes we were unable to 

obtain the desired amount of functional group coverage, so an iterative process was used. 

The iterative process is similar to the single step functionalization, but instead of using p-

SWCNTs as the starting material, the functionalized product from a previous reaction 

was used. It is important to note that a full workup of the product is required between the 

steps. In some cases a bifunctional product is produced (Scheme 3) by using different 

anilines in each step. 
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14b-23b 

R' 

NaN02, AIBN 
H2S04 (fuming), 80 °C, 1 h 

14a-23a 14c-23c 

14a. R = H, A = COOH, B = COOH, 14b. R' = H, X = COOH, Y = COOH to 
14c. R = H, A = COOH, B = COOH, R' = H, X = COOH, Y = COOH 

15a. R = S03H, A = H, B = H, 15b. R' = S03H, X = H, Y = H to 
15c. R = SO3H, A = H, B = H, R'= SO3H, X = H, Y = H 

16a. R = H, A = COOH, B = COOH, 16b. R'= SO3H, X = H, Y = H to 
16c. R = H, A = COOH, B = COOH, R'= SO3H, X = H, Y = H 

17a. R = H, A = N02, B = N02,17b. R' = S03H, X = H, Y = H to 
17c. R = H, A = N02, B = IM02, R' = S03H, X = H, Y = H 

18a. R = SO3H, A = H, B = H, 18b. R' = H, X = COOH, Y = COOH to 
18c. R = SO3H, A = H, B = H, R' = H, A = COOH, B = COOH 

19a. R = SO3H, A = H, B = H, 19b. R'= N02, X = H, Y = H to 
19c. R = SO3H, A = H, B = H, R'= N02, X = H, Y = H 

20a. R = CI, A = SO3H, B = H, 20b. R' = N02, X = H, Y = H to 
20c. R = CI, A = SO3H, B = H, R' = N02, X = H, Y = H 

21a. R = CI, A = SO3H, B = H, 21b R' = H, X = COOH, Y = COOH to 
21c. R = CI, A = SO3H, B = H, R' = H, A = COOH, B = COOH 

Scheme 3. Dual functionalization of dispersed SWCNTs in oleum with various anilines. 

3. Characterization 

Raman spectra of solid SWCNT samples were collected before and after reaction 

using 633 nm excitation on a Raman microscope (RM 2000, Renishaw Inc.). Visible and 

near-IR absorbance data (400 - 1600 nm) were collected on the NanoSpectralyzer (10 

spectral averages, 0.5 s acquisition time). Finally X-ray photoelectron spectroscopy 

(XPS) analyses were done. 

A representative set of experimental spectroscopic data is shown in Fig. 1, which 

shows the common signs of covalent functionalization. The top trace (line 1) in Fig. la 

shows the characteristic van Hove singularities of pristine (unfunctionalized) material 
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that disappear after functionalization11 in the bottom trace (line 2). The loss of these 

transitions after the reaction (Fig. la line 2) confirms that covalent functionalization is 

occurring on the surface of the SWCNTs. Fig. lb shows the Raman spectra of the 

nanotubes. The intensity of the ratio of the D-band (the region near 1370 cm"1) to the G-

band (region near 1590 cm"1) increased markedly following reaction. Likewise, the 

Raman resonance enhancement seen in unfunctionalized SWCNTs was lost after the 

reaction.4 XPS analysis of 3b (Fig. 2) confirms the presence of sulfur from the sulfanilic 

acid. The presence of the sulfur in combination with the loss of van Hove singularities 

and increased D to G ratio in the Raman led to the conclusion that the reaction produced 

covalently functionalized SWCNTs. 
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Figure 1. (a) Absorption spectra of.pristine"SWCNTs in DMF (top) and lb in DMF 

(bottom), (b) Raman spectra of the starting SWCNT (top) and lb (bottom). Raman 

spectroscopy was carried out on solid samples using a 633 nm He-Ne laser. 
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Figure 2. XPS analyses showing the elemental concentration from 3b; C = 75%; N = 

1%; O = 19%; S = 5%. The base pressure of the system was at 5 * 10"9 Torr. A 

monochromatic Al X-ray source at 100 W was used with a pass energy of 26 eV and with 

a 45° takeoff angle. The beam diameter was 100.0 urn. Binding energy values were 

referenced externally to a gold 4f peak at 84.00 eV and internally to a carbon Is binding 

energy of 280.50 eV (NIST XPS Database). 
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4. Experimental 

General Methods. All starting compounds were purchased from Sigma-Aldrich 

or Alfa-Aesar and used without further purification. SWCNTs were provided from the 

HiPco laboratory at Rice University and used after heating in a humid atmosphere at 220 

°C followed by HC1 extraction of the catalyst.10 Thermogravimetric analyses were 

performed from room temperature to 850 °G at 10 °C/min under argon. Raman 

spectroscopy was performed on a Renishaw Raman scope using a 633 nm He-Ne laser 

and taking the average of at least five scans. AFM samples were prepared from a DMF 

dispersion by spin coating the solution onto a freshly cleaved mica surface. XPS was 

carried out on a PHI Quantera SXM Scanning X-ray Microprobe. 
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Functionalized SWCNT (lb). The general reaction procedure was followed. 5-

Aminoisophthalic acid (3.017 g* 16.7 mmol) was the aniline used in the process with 0.1 

g (8.3 meq C) of p-SWCNT. The product lb was isolated as a bucky paper (0.135 g). 

Raman D/G 0.39, TGA mass loss 26%. XPS analysis: C Is 86%, N Is 0.2%, O Is 13.2%, 

S2p0.6%. 

Functionalized SWCNT (2b).6 The general reaction procedure was followed. 4-

Chloroaniline (1.275 g, 10 mmol) was the aniline used in the process with 0.06 g (5 meq 

C) of p-SWCNT. The product 2b was isolated as a bucky paper (0.072 g). Raman D/G 

ratio 0.36; XPS analysis: C Is 83.71%, N Is 0.92%, O Is 11.59%, S 2p 1.73%, CI 2p 

2.05%. 
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Functionalized SWCNT (3b).6 The general reaction procedure was followed. 4-

Aminobenzenesulfonic acid (2.88 g, 16.7 mmol) was the aniline used in the process with 

0.1 g (8.3 meq C) of p-SWCNT. Raman D/G ratio 0.25, TGA mass loss 28%. XPS 

analysis: C Is 72.64%, N Is 1.55%, O Is 20.99%, S 2p 4.81%. 

Functionalized SWCNT (4b).6 The general reaction procedure was followed. 4-

Nitroaniline (1.116 g, 8.33 mmol) was the aniline used in the process with 0.05 g (4.2 

meq C) of p-SWCNT. The product 4b was isolated as a bucky paper (45 mg). Raman 

D/G ratio 0.32; XPS analysis: C 1 s 89.4%, N 1 s 7.2%, S 2p 2.9%. 
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Functionalized SWCNT (5b). The general reaction procedure was followed. 

Bis(2-ethylhexyl)-5-aminoisophthalate (2.19 g, 5.4 mmol) was the aniline used in the 

process with 0.05 g (4.2 meq C) of p-SWCNT. The product 5b was isolated as a bucky 

paper (75 mg). Raman D/G ratio 0.25, TGA mass loss 36%. XPS analysis: C Is 62.1%, N 

Is 2.0%, O Is 30.1%, S 2p 5.0%, CI 2p 0.2%. 

Functionalized SWCNT (6b). The general reaction procedure was followed. 4-

Aminobenzonitrile (1.966 g, 16.7 mmol) was the aniline used in the process with 0.05 g 

(4.2 meq C) of p-SWCNT. The product 6b was isolated as a bucky paper (58 mg). 

Raman D/G ratio 0.26. 
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Functionalized SWNT (7b). The general reaction procedure was followed. 3,5-

Dinitroaniline (0.152 g, 8.3 mmol) was the aniline used in the process with 0.05 g (4.2 

meq C) of p-SWCNT. The product 7b was isolated as a bucky paper (10 mg). Raman 

D/G ratio 0.50, TGA mass loss 24%. XPS analysis: C Is 87.41%, N Is 1.29%, O Is 

10.05%, S 2p 1.00%, CI 2p 0.2%. 

Functionalized SWCNT (8b). The general reaction procedure was followed, p-

Toluidine (0.54 g, 5.0 mmol) was the aniline used in the process with 0.03 g (2.5 meq C) 

of p-SWCNT. The product 8b was isolated as a bucky paper (32 mg). Raman D/G ratio 

0.26, XPS analysis: C Is 83.29%, N Is 0.74%, O Is 13.74%, S 2p 1.89% CI 2p 0.34%. 
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Functionalized SWCNT (9b). The general reaction procedure was followed. 4-

Aminobenzoic acid (1.14 g, 8.3 mmol) was the aniline used in the process with 0.05 g 

(4.2 meq C) of p-SWCNT. The product 9b was isolated as a bucky paper (62.5 mg). 

Raman D/G ratio 0.06, TGA mass loss 21%. XPS analysis: C Is 70.4%, N Is 4.7%, O Is 

21.8%, S2p 3.1%. 

Functionalized SWCNT (10b). The general reaction procedure was followed. 

3,5-Dimethylaniline (1.01 g, 8.3 mmol) was the aniline used in the process with 0.05 g 

(4.2 meq C) of p-SWCNT. The product 10b was isolated as a bucky paper (52 mg). 

Raman D/G ratio 0.08. 
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Functionalized SWCNT (lib). The general reaction procedure ŷas followed. 4-

Tetradecylaniline (2.457 g, 8.5mmol) was the aniline used in the process with 0.051 g 

(4.2 meq C) of p-SWCNT. The product l ib was isolated as a bucky paper (0.63 g). 

Raman D/G ratio 0.08. 

Functionalized SWCNT (12b). The general reaction procedure was followed. 

Pentafluoroaniline (1.98 g, 10.8 mmol) was the aniline used in the process with 0.065 g 

(5.4 meq C) of p-SWCNT. The product 12b was isolated as a bucky paper (0.070 g)-

Raman D/G ratio 1.8. 
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Functionalized SWCNT (13b). The general reaction procedure was followed. 

2,3,5,6-Tetrafluoroaniline (2.941 g, 17.8 mmol) was the aniline used in the process with 

0.107 g (8.9 meq C) of p-SWCNT. The product 13b was isolated as a bucky paper (1.29 

g). Raman D/G ratio 0.99, TGA mass loss 40%. XPS analysis: C Is 34.68%, N Is 1.62%, 

0 1 s 16.14%, F Is 43.79%, S 2p 3.77%. XPS without O Is: C Is 41.39%, N Is 1.24%, F 

1 s 52.72 %, S 2p 4.64%. 

Functionalized SWCNT (14c). The general iterative reaction procedure was 

followed. 5-Aminoisophthalic acid (2.26 g, 12.5 mmol) was the aniline used in the 

process with 0.075 g (6.2 meq C) of SWCNT. The product 14c was isolated as a bucky 

paper (0.92 g). Raman D/G ratio 1.08 



25 

Functionalized SWCNT (15c). The general iterative reaction procedure was 

followed. 4-Aminobenzenesulfonic acid (10.082 g, 58.3 mmol) was the aniline used in 

the process with 0.350 g (29.14 meq C) of SWCNT. The product 15c was isolated as a 

bucky paper (0.419 g). Raman D/G ratio 0.54. 

Functionalized SWCNT (16c). The general iterative reaction procedure was 

followed. 5-Aminoisophthalic acid (3.017 g, 16.7 mmol) was the first aniline and 4-

aminobenzenesulfonic acid (2.88 g, 16.7 mmol) was the second aniline used in the 

process with 0.1 g (8.3 meq C) of SWCNT. The product 16c was isolated as a bucky 

paper (0.135 g). Raman D/G ratio 0.57, TGA mass loss 55%. 
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Functionalized SWCNT (17c). The general iterative reaction procedure was 

followed. 3, 5 - Dinitroaniline (2.287 g, 16.7 mmol) was the first aniline and 4-

aminobenzenesulfonic acid (2.88 g, 16.7 mmol) was the second aniline used in the 

process with 0.1 g (8.3 meq C) of SWCNT. The product 17c was isolated as a bucky 

paper (0.152 g). Raman D/G ratio 0.94, TGA mass loss 34%. XPS analysis: C Is 50.74%, 

N Is 5.45%, O Is 36.12%, S 2p 7.69%. 

Functionalized SWCNT (18c). The general iterative reaction procedure was 

followed. 4-Aminobenzenesulfonic acid (1.44 g, 8.3 mmol) was the first aniline and 5-

aminoisophthalic acid (1.508 g, 8.3 mmol) was the second aniline used in the process 

with 0.05 g (4.2 meq C) of SWCNT. The product 18c was isolated as a bucky paper 

(0.077 g). Raman D/G ratio 1.0, TGA mass loss 39%. 
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Functionalized SWCNT (19c). The general iterative reaction procedure was 

followed. 4-Aminobenzenesulfonic acid (1.23 g, 7.2 mmol) was the first aniline and 4-

nitroaniline (0.960 g, 7.2 mmol) was the second aniline used in the process with 0.043 g 

(3.6 meq C) of SWCNT. The product 19c was isolated as a bucky paper (0.052 g). 

Raman D/G ratio 0.23, TGA mass loss 25%. 

Functionalized SWCNT (20c). The general iterative reaction procedure was 

followed. 4-Chloroaniline (1.06 g, 8.3 mmol) was the first aniline and 4-nitroaniline 

(0.960 g, 8.3 mmol) was the second aniline used in the process with 0.05 g (4.2 meq C) 

of SWCNT. The product 20c was isolated as a bucky paper (0.071 g). Raman D/G ratio 

0.65, TGA mass loss 34%. 
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COOH 

COOH 

Functionalized SWCNT (21c). The general iterative reaction procedure was 

followed. 4-Chloroaniline (1.06 g, 8.3 mmol) was the first aniline and 5-aminoisophthalic 

acid (1.508 g, 8.3 mmol) was the second aniline used in the process with 0.05 g (4.2 meq 

C) of SWCNT. The product 21c was isolated as a bucky paper (0.066 g). Raman D/G 

ratio 1.00. 
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Chapter 2 

Environmentally Friendly Functionalization of Single-Walled Carbon Nanotubes in 

Molten Urea 
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1. Introduction 

Single-walled carbon nanotube (SWCNT) composites promise to offer toughened 

materials for future high performance applications.1 A common problem in preparing 

SWCNT composites is the dispersion of the individual SWCNTs into the polymer matrix 

and maintaining efficient interactions between the nanotubes and the host material. 

There is ~0.5 eV/nm of cohesive interaction between any two tubes,2 so one needs a 

solvent that will liberate portions of individual tubes while permitting addend formation 

to the nanotube sidewalls, thereby inhibiting the nanotubes from reforming bundles. The 

nanotube-host dispersion difficulty can be similarly overcome through covalently 

functionalizing the sidewalls of the nanotubes with moieties that render the SWCNT 

more compatible with the matrix while promoting good interfacial adhesion through 

dipolar interactions, n - n attractions, hydrogen bonds or covalent bonds to the matrix.2 

Although some environmentally sound protocols have been developed by us including 

the use of ionic liquids3 and on-water4 reactions, most other functionalizatioh protocols 

require lengthy reaction times or utilize hazardous solvents. '" Here we describe a facile 

route to functionalized SWCNTs with arenediazonium salts, formed in situ from anilines, 

using the environmentally benign solvent, urea. 

2. Results and Discussion 

An illustrative functionalization of SWCNTs in urea was conducted as follows. 

To an oven-dried three-necked round bottom flask containing 60 g of urea was added 50 

mg of purified SWCNTs (obtained by heating HiPco SWCNTs in a humid atmosphere at 

220 °C followed by HC1 extraction of the catalyst)9 and the mixture was heated to 140 °C 



32 

(Scheme 1). After the urea had become molten, the reaction was homogenized for 5 min 

using an adjustable speed Dremel tool (model 400xpr) equipped with a standard-capacity 

rotor-stator generator (Cole-Parmer no. A-36904-52) at the lowest setting. Once the 

SWCNTs were suspended in the molten urea, the aniline (2 molar equiv per nanotube 

carbon) was added to the solution and allowed to homogenize for 5 min. Solid sodium 

nitrite (4 equiv) was added in one portion and rapid outgassing was observed. In some 

cases the functionalized SWCNTs floated to the surface of the molten reaction mixture. 

After 15 min, the mixture was poured into an Erlenmeyer flask containing 200 mL of DI 

water. The mixture was then filtered through a PTFE (0.45 urn) membrane. Further 

purification was done by re-suspending the filter cake in ethanol and filtering over a 

PTFE membrane (2 x) and then re-suspending the filter cake in DI water and filtering 

over a polycarbonate (0.22 um) membrane (2 x). After the final water wash, the filter 

cake was washed with 50 mL of acetone and allowed to dry under vacuum overnight to 

yield the final product. 

1a,bX,Y,Z = H 
2a,bX = CH3,Y = H,Z = CH3 
3a,b X = OCH3, Y = H, Z = OCH3 
4a,b X = COOH, Y = H, Z = COOH 
5a,b X = H, Y = C(CH3)3, Z = H 
6a,b X = H, Y = S03H, Z = H 
7a,b X = H, Y = CI, Z = H 
8a,b X = H, Y = COOH, Z = H 

Scheme 1. Functionalization of purified SWCNTs in molten urea by diazonium salts 

formed in situ. 
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Raman spectra of solid SWCNT samples were collected before and after reaction 

using both 633 and 785 nm excitation on a Raman microscope (RM 2000, Renishaw 

Inc.). Visible and near-IR absorbance data (400 - 1600 nm) were collected on the 

NanoSpectralyzer (10 spectral averages, 0.5 s acquisition time). Finally, atomic force 

microscopy (AFM) imaging and X-ray photoelectron spectroscopy (XPS) analyses were 

done. 

A representative set of experimental spectroscopic data is shown in Fig. 1, which 

shows the common signs of covalent functionalization. The top trace (line 1) in Fig. la 

shows the characteristic van Hove singularities of pristine (unfunctionalized) material 

that disappear after functionalization5 in the bottom trace (line 2). The loss of these 

transitions after the reaction (Fig. la line 2) confirms that covalent functionalization is 

occurring on the surface of the SWCNTs. Fig.lb shows the Raman spectra of the 

nanotubes. The intensity of the ratio of the D-band (the region near 1370 cm'1) to the G-

band (region near 1590 cm"1) increased markedly following reaction. Likewise, the 

Raman resonance enhancement seen in unfunctionalized SWCNTs was lost after the 

reaction.10 XPS analysis of 6b (Fig. 2) confirms the presence of sulfur from the sulfanilic 

acid. The presence of the sulfur in combination with the loss of van Hove singularities 

and increased D to G ratio in the Raman lead to the conclusion that the reaction produced 

covalently functionalized SWCNTs. It is also noteworthy that the small shoulder at 

roughly 286.5 eV of the Cls spectra (Fig. 2) may be indicative of trace urea attachment to 

the carboxylic acids located at the ends of the oxidized tubes. This trace urea may also 

explain some of the nitrogen impurity in the sample.11' 12 The XPS also shows the 
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amount of nitrogen is higher than the amount of sulfur; this may be due to desulfonation 

of the aryl ring at the reaction temperature. 

10-, 

0.8-

o 0.6 

(U 
.Q 
k. 
O 
U> 

x> 
< 0.4 

0.2 

300 
— I — 
400 500 600 700 800 

Wavelength (nm) 

2.0-

1.6-

nj. 1.2-

2? 

In
te

ns
i 

b
 1 

0.4-

0.0-
JU J 

L / > ^ 

L . . 

b 

SL. 

•JL. 
1 ' 1 
0 500 

1 • 1 

1000 1500 
1 i 

2000 
1 ' . 1 • • • • ! 

2500 3000 3500 

Raman shift (cm') 

Figure 1. (a) Absorption spectra of pristine SWCNTs in DMF (top) and 6b in DMF 

(bottom), (b) Raman spectra of the starting SWCNT (top) and 6b (bottom). Raman 

spectroscopy was carried out on solid samples using a 633 nm He-Ne laser. 
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Figure 2. XPS analyses showing the elemental concentration from 6b; C = 77%; N = 

5%; O = 15%; S = 3%. The base pressure of the system was at 5 x 10"9 Torr. A 

monochromatic Al X-ray source at 100 W was used with a pass energy of 26 eV and with 

a 45° takeoff angle. The beam diameter was 100.0 urn. Binding energy values were 

referenced externally to a gold 4f peak at 84.00 eV and internally to a carbon Is binding 

energy of 280.50 eV (NIST XPS Database). 
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A range of anilines that formed products with SWCNTs, as evidenced by the 

Raman D to G ratios, is presented in Table 1. Functionalization of the SWCNTs was 

successful with the exception of 4-nitroaniline (9a, entry 9 in Table 1). 

The AFM image (Fig. 3) of 6b, which was taken from a DMF dispersion spin-

coated on freshly cleaved mica, shows many individual functionalized SWCNTs with a 

few small bundles. In the section analysis, the tubes are about 1 nm in height. This is 

consistent with the typical diameters of HiPco-produced tubes.13 

Table 1. Raman D to G ratio (633 nm excitation) of SWCNTs after reaction with various 

anilines in molten urea. 

itrj 

1 

2 

3 

4 

5 

6 

7 

8 

9 

t Aniline 

aniline (la) 

3,5-dimethylaniline (2a) 

3,5-dimethoxyaniline (3a) 

5-aminoisophthalic acid (4a) 

4-tert-butylaniline (5a) 

4-aminobenzenesulfonic acid (6a) 

4-chloroaniline (7a) 

4-aminobenzoic acid (8a) 

4-nitroaniline (9a) 

Raman D to G 

0.14 

0.21 

0.18 

0.15 

0.18 

0.32 

0.38 

0.34 

NR 
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Figure 3. AFM analysis showing individual and bundled functionalized nanotubes 6b. 

3. Conclusion 

In conclusion, SWCNTs can be functionalized in molten urea to afford products 

with an average Raman D to G ratio of 0.30 containing individual SWCNTs as well as 

some small SWNCT bundles. The product contains functional groups that are covalently 

bound with very little detectable trace of urea attached to the SWCNTs. Furthermore, 

this process is inexpensive using a solvent that could be considered to be environmentally 

friendly. 
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Chapter 3 

Structure-Dependent Reactivity of Semiconducting Single-Walled Carbon 
Nanotubes with Benzenediazonium Salts 
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Introduction 

Since the discovery of single-walled carbon nanotubes (SWCNTs), researchers 

have noted their remarkable chemical, structural, optical and electrical properties.1 

SWCNTs exist in a variety of structural forms differing in diameter and chiral angle 

(indexed by a pair of integers (n,m)% and having metallic or semiconducting electronic 

properties. Statistically, a mixed sample of HiPco-derived SWCNTs will contain 1/3 

metallic and 2/3 semiconducting species. The semiconducting subset contains a variety of 

band gaps that vary approximately inversely with nanotube diameter. Current practical 

SWCNT production methods result in significant structural polydispersity.2"5 To facilitate 

the use of SWCNTs in optical and electronics applications, techniques for separating 

SWCNTs by structural type will be very valuable. Many reported separation attempts 

have exploited chemical reactivity differences among SWCNT types, but none of these 

methods have yielded structurally monodisperse products. Instead, only enrichment of 

metallic or semiconducting subpopulations has been found.6"15 

In particular, prior research from this institution focused on covalent 

functionalization of SWCNTs by benzene diazonium salts.16 This work described the 

nearly exclusive reaction of these salts with metallic rather than semiconducting SWCNT 

species, as deduced mainly using bleaching of absorption spectra.16 The mechanism for 

this system has recently been delineated by Strano and co-workers using solution phase 

resonance Raman spectroscopy. This work also focused on the («,m)-dependent 

reactivities among semiconductor types, and found that the larger diameter SWCNTs 

reacted much more rapidly than the smaller diameter nanotubes.18'19 
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The optical properties of SWCNTs are dominated by sharp maxima in the 

electronic densities of states arising from the one-dimensional character of the 7r-electron 

states. A mixed sample of SWCNTs with average diameter near 1 nm shows three 

distinct optical absorption bands: the £n M transitions from -450 to 550 nm arising from 

metallic species, the E22 semiconducting transitions from -550 to 900 nm, and the E\\ 

semiconducting transitions from -900 to 1600 nm. Since the 2002 assignment of 

SWCNT spectroscopic transitions to specific (n,m) structural species in samples 

containing individually suspended nanotubes, it has become feasible to study structure-

dependent chemical reactions of SWCNTs through changes in their optical 

properties. ' ' Although both absorption and fluorescence spectra can be interpreted as 

superpositions of underlying (n,m) components, fluorescence spectra are more readily 

resolved because there is no broad background to subtract and overlapping emission 

features can be dissected by using different excitation wavelengths. Fluorescence also 

provides much higher sensitivity, allowing the study of dilute SWCNT samples. When 

SWCNTs undergo sidewall derivatization reactions, their absorption features are 

bleached and their fluorescence emissions are quenched. However, because nanotube 

excitons are mobile and can visit approximately 104 sites during their natural lifetime,23 

chemical perturbations can be detected far more sensitively by fluorescence quenching 

than by absorption bleaching. This permits reactions to be monitored at early stages of 

product formation. Nevertheless, fluorescence is restricted to semiconducting species; 

metallic nanotubes must be detected through their absorptions. 

We report here fluorescence-based studies of («,/w)-dependent reactivities of 

semiconducting SWCNTs toward a range of benzenediazonium salts. Strong kinetic 
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variations with nanotube structure, diazonium species, surfactant, and pH are found. 

These results lead to a better understanding of the dominant reaction mechanisms in this 

important system, and suggest future approaches to attaining effective bulk separation of 

nanotube species. 

Experimental 

Sample preparation 

All SWCNTs were produced by the HiPco process (Carbon Nanotechnology 

Laboratory, Rice University).3 Raw or purified SWCNTs were dispersed in aqueous 

solutions of 1 wt % sodium dodecylsulfate (SDS), sodium dodecylbenzenesulfonate 

(SDBS), or Pluronic F-87 (a non-ionic poly(ethylene glycol) / poly(propylene glycol) / 

poly(ethylene glycol) triblock copolymer with the average molecular weight of 7700, 

BASF mat. no. 30085465) via methods previously described.24 The resulting suspensions 

were then adjusted to the desired pH levels by addition of 1 N NaOH or 1 N HO. In 

experiments that exceeded 6 h, a fresh solution of diazonium salt was prepared every 6 h. 

The diazonium salts were stored in powder form under nitrogen at -20 °C until used. 

Diazonium solutions were prepared in a scintillation vial, wrapped in foil, and kept cold 

in the temperature-regulated bath that held the reaction vessels. 

Data collection 

Two-dimensional fluorescence emission data were collected using a J-Y Spex 

Fluorolog 3-211 spectrofluorometer equipped with a liquid N2-cooled InGaAs detector.2 

Scans were obtained using excitation intervals of 3 nm with a 10 nm spectral slit width, 

and emission intervals of 2 nm with a 6 nm slit width. Reaction runs were monitored 

using one-dimensional fluorescence emission spectra acquired with 661 nm laser 



' • ' 4 3 

excitation in an NS1 NanoSpectralyzer (Applied NanoFluorescence, LLC). Typical 

spectra were the average of 10 to 25 acquisitions of 0.5 s. All emission intensities were 

corrected for the wavelength dependent instrumental sensitivities. Visible and near-IR 

absorbance data (400 - 1600 nm) were collected on the NanoSpectralyzer (10 spectral 

averages, 0.5 s acquisition time). Raman spectra of solid SWCNT samples were collected 

before and after reaction using both 633 and 785 nm excitation on a Raman microscope 

(RM 2000, Renishaw Inc.). 

In a typical experiment (Scheme 1), 25 mL of decanted SWCNT/surfactant 

suspension and a stir bar were added to a round bottom flask and then placed in a 

circulating coolant bath (5 °C for Pluronic samples and 11 °C for SDBS samples) or left 

at room temperature. 

SWNT Decant 

0 © y = v 
B F 4 N 2 - ^ ^ - R 

1a-6a 
—: _ » 
1 MNaOHtopHIO 

1a,b R = CI 
2a,bR = N02 
3a,b R = N(CH3)2 
4a,b R = OCH3 
5a,b R = COOH 
6a,b R = OH 1b-6b 

Scheme 1. Functionalization of surfactant-wrapped SWCNTs by addition of 4-

substituted benzenediazonium salts at basic pH. 
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We added 20 to 40 aliquots, spaced by 1 h intervals, of ~4 mM aqueous solutions of 4-

substituted benzenediazonium salts, Ar-R (Ar = N2+-CeH4, R = CI, NO2, OMe, N(CH3)2, 

COOH, or OH). Each aliquot had a volume of 20 uL. The reaction conditions utilized are 

summarized in Table 1. 

Table 1. Reaction conditions for the various SWCNT + benzene diazonium studies. 

Experiment 

Tl 

T2 

T3 

T4 

T5 

T6 

T7 

T8 

T9 

T10 

Ti l 

T12 

Surfactant 

Pluronic F-87 

Pluronic F-87 

SDBS 

SDBS 

SDBS 

SDBS 

SDBS 

SDBS 

SDBS 

SDBS 

SDBS 

SDBS 

Diazonium salt3 

la 

la 

la 

la 

la 

2a 

3a 

4a 

5a 

6a 

6a 

6a 

Temp. (°C> 

5 

5 

20 

45 

pH 

10 

10 

10 

10 

4 

10 

10 

10 

10 

10 

5.5 

5.5 

[DZ]D(mM) 

4 

2 . 

4 ; 

4 

4 

4 

4 

4 

4 

4 

4 

4 
a See notations in Scheme 1. 
b Diazonium salt concentration. 

We removed a 400 uL sample of the reaction solution 1 h after each addition. It was 

allowed to warm to room temperature for spectrofluorimetric analysis and then returned 

to the reaction vessel. Since this procedure can lead to experiment runs in excess of 40 h, 

a short series of experiments was performed utilizing larger (200 uL) reactant additions 

every hour for 6 h. A control experiment using sodium tetrafluoroborate salt addition was 
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also performed. This gave no fluorescence quenching. The decant SWCNT samples that 

were used here had concentrations near 30 mg/L, but our results were not sensitive to this 

concentration. 

Results and Discussion 

A representative set of experimental fluorescence emission spectra is presented in 

Fig. 1. The emission intensity decreases markedly following addition of 4-

chlorobenzenediazonium salt (la) and continues to decrease with subsequent additions of 

the reactant. 
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Figure 1. a) Emission spectra following 20 uL additions of 4-chlorobenzenediazonium 

salt (la) to 25 mL of SWCNT Pluronic suspension (Tl). Spectra were measured after 1, 

5, 10, 15 and 20 injections, b) Absorption spectra of the same sample. The arrow points 

in the direction of increasing numbers of injections. Small offsets among traces below 

900 nm are measurement artifacts from optically mismatched cells. 
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However, during the course of the reactions, there was little change in the sample's 

absorption spectrum in the region of prominent semiconductor E^ transitions (900 to 

1350 nm, Fig. lb). Although the visible absorption spectrum shows an increasing 

background component (likely from an azo dye formed as a reaction byproduct), the 

spectral structure near 500 nm is noticeably reduced, indicating derivatization of metallic 

SWCNTs in the sample. 

A comparison of solid state Raman spectra measured before and after reaction is 

presented in Fig. 2. Considering the sampling uncertainties arising in such solid phase 

measurements,10 the two spectra show only minor differences in the primary areas of 

interest: the radial breathing mode region below 350 cm"1, the D-band region near 1300 

cm"1, and the G-band region near 1590 cm'1. The similarity of D/G ratios confirms that 

the extent of sidewall derivatization is very limited compared to the earlier study of 

Stranoetal.16 
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Figure 2. Raman spectra for SWCNT buckypaper prepared from SWCNTs before (left 

frame) and after (right frame) solution phase reaction with a diazonium salt (Tl). The 

excitation laser was at 633 nm. 

The fluorescence quenching shown in Fig. la is attributed to nonradiative exciton 

recombination at sites of localized perturbation to the semiconducting nanotube's n-

electron system.23 These may arise from 1) chemical reaction of SWCNT species with the 

diazonium salt, or 2) charge transfer complex formation on the surface of the SWCNT. It 

has been shown that covalent reaction with a single diazonium salt molecule quenches 

exciton emission from a ~90 nm segment of a SWCNT. As the SWCNT is further 
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functionalized, the extent of quenching increases until the fluorescence intensity drops 

below detectable limits. 

Using the (n,m) assignment of Bachilo etal.', emission from specific 

semiconducting species can be analyzed separately. One can compare the various (n,m) 

species by plotting the fractional decreases in emission intensity ys. concentration of 

diazonium reactant added, according to me equation 

(i X 
-log -f =<J,[DZ] 0) 

where IF and IQ are the fluorescence intensity after addition of a reactant and the initial 

intensity, respectively, a is a parameter representing extent of the quenching reaction, and 

[DZ] is the molar concentration of the diazonium salt. Fluorescence intensities of 

different (n,m) SWCNT species were deduced from the amplitudes of spectral peaks 

dominated by those species. Based on our previous study, we assume that the relative 

fluorescence quenching per reaction event is constant among the different species 23 

20 30 40 
Total [DZ] (nM) 

60 

Figure 3. Fluorescence quenching plots for eight different semiconducting SWCNT 

species in Pluronic suspension (Tl) following 20 uL additions of 4-chlorobenzene 

diazonium salt (la) solution. 
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The quenching of eight semiconducting SWCNT species was analyzed. These 

(n,m) structures, (8,3), (6,5), (7,5), (10,2), (7,6), (9,2), (9,5) and (9,7) were chosen 

because they are spectrally distinct in emission or nearly resonant in absorption with the 

excitation laser wavelength. Linear least-squares fitting of the data in Fig. 3a yielded a at 

value for each designated (n,m) species. We then took the ratios ax I a^y, to obtain the 

relative reactivities shown as cell border thicknesses in Fig. 4. 

zigzag 

Figure 4. Modified Bachilo-Weisman plot illustrating relative reactivities of 

4-chlorobenzenediazonium (la, Tl) for different semiconducting (n,m) species in 

aqueous Pluronic suspension. The thickness of each hexagonal border is proportional to 

the relative reactivities of the enclosed (n,m) species (not the abundances of the species). 

To help deduce the reaction mechanism, it is important to determine whether the 

large differences in relative reactivities are governed by nanotube diameter, chiral angle, 

or En optical band gap. Fig. 4 clearly shows an absence of significant chiral angle 
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dependence, letting us rule out that parameter. Distinguishing between diameter and 

optical band gap as governing factors is more difficult, however, because the two 

quantities are closely linked. We have therefore prepared separate plots of relative 

reactivity as a function of diameter and band gap (Fig. 5), and compared the R2 values of 

the respective linear best fits. We found the correlation with optical band gap to be 

stronger, implying that HOMO-LUMO differences play a more important role in the 

reaction than pyramidalization effects or strain associated with nanotube curvature. ' 

Fig. 5b shows the nearly linear relationship between o\ I (7(z,3) and optical transition 

frequency, with the larger En frequencies having higher reactivities. 
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Figure 5. Plot of relative reactivities (RR) versus a) nanotube diameters and b) E^ 

fluorescence frequencies for the eight (n,m) SWCNT species studied in reaction with 

4-chlorobenzenediazonium (la, Tl). 

In the 2003 study of SWCNT / diazonium reactions, which observed selective 

bleaching of metallic SWCNT absorption transition, the mechanism of selective 

functionalization was deduced to involve injection of electrons from the metallic 
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SWCNTs into the diazonium salt.16'27 This mechanism would imply that the 

semiconducting SWCNT species with smaller band gaps would react more readily than 

those with larger band gaps. However, the results shown in Fig. 5b reveal the opposite 

trend. An alternative mechanism can be considered under the Gomberg-Heys conditions 

(basic pH) used in this work. In this model the electron deficient diazonium salt 

becomes an electron rich diazotate that reacts with another molecule of diazonium salt to 

yield the diazoanhydride (Scheme 2). 

Scheme 2. Diazoanhydride formation under basic conditions, according to the Gomberg-

Bachmann mechanism. 

This electron rich anhydride could preferentially form charge transfer complexes with the 

larger band gap, electron-poor SWCNTs. While physisorbed to the surface of the 

SWCNT, the complexed anhydride could then cleave to form an aryl free radical that 

attacks the SWCNT, forming a covalently bonded sidewall adduct.29'30 This suggested 

mechanism is consistent with the reactivity pattern found in Fig. 5b. 

Because the proposed mechanism associates the diazoanhydride species with 

(«,m)-dependent reactivities, it predicts that greater reaction selectivity will occur for 
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diazonium salts in which the R group (Scheme 1) more strongly promotes diazoanhydride 

formation. To test this hypothesis, we have measured relative reactivities for a variety of 

benzenediazonium salts. The results for five such reactants are plotted in Fig. 6. 
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Figure 6. Relative reactivities vs. optical emission frequency, measured for various 

diazonium salts at 11 °G. See Scheme 1 and Table 1 for T4, T6 - T9 designations. 

The observed trend in reactive selectivity is 4-methoxy (4a) > 4-dimethylamino 

(3a) > 4-chloro (la) > 4-nitro (2a) > 4-carboxy (5a), whereas the trend expected from 

electron donating ability of the R groups would be 4-dimethylamino > 4-methoxy > 4-

chloro > 4-carboxy > 4-nitro. We suggest that the reduced reactivity of 4-dimethylamino 

species may reflect steric hindrance from its two methyl groups. The 4-carboxy species 

shows much lower reactivity and a very weak opposite variation with optical band gap. 

This can be attributed to the fact that it forms an ionic anhydride that may have limited 

access to the nonpolar micellar environment of the SWCNT. If our explanations account 

for the two exceptions, then the proposed mechanism is consistent with the observed 

1 i i i i | r—i i • | i i 1 i , i — . i . , r - T i i r 
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reactivity trends. We note that the patterns of relative reactivities were essentially 

independent of diazonium salt concentration within the range of 2 mM to 4 mM. 

The surfactant also plays a role in the rate of SWCNT functionalization. As 

shown in Fig. 7a, we find somewhat higher reaction rates for SWCNTs suspended in 

F87-Pluronic than in SDBS. This difference may be due to weaker and more permeable 

SWCNT wrapping by the highly disordered polymer coating as compared to SDBS 

micellar structures. The Pluronic coating would then allow the diazonium species to 

interact more readily with the SWCNT surface, facilitating functionalization. The same 

structure-dependent reactivity trends were found using SDS and SDBS surfactants under 

our standard reaction conditions (pH 10 and 11 °C). 
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Figure 7. a) Comparison of relative reactivities for reactions in Pluronic F-87 (Tl) versus 

SDBS (T4). Data have been normalized to the (8,3) Pluronic point, b) Comparison 

between 4-chloro (la, T5) and 4-hydroxy (6a, Tl 1) reactivities in acidic conditions. 

We also investigated the effects of pH for two diazonium salts. When the 4-chldro 

(la) salt was reacted at pH 4 rather than under basic conditions, we observed the same 
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trend (reactivity increasing strongly with increasing band gap). By contrast, the 

dependence of 4-hydroxy (6a) salt reactivities on band gap reversed when the reaction 

was run at pH 5.5 rather than 10. Under the acidic conditions, the smallest band gap 

species showed reactivities slightly greater (~5%) than the largest band gap species. 

These results are shown in Fig. 7b. Our acidic 4-hydroxy findings are consistent with the 

recent report by Strano and co-workers in which absorption spectra revealed 

preferential reactivity of this diazonium salt with small band gap semiconducting 

SWCNTs. 

Conclusions 

Near-IR fluorescence spectroscopy has been applied to study the structure-

dependent initial reactivities of semiconducting SWCNTs with a series of 

benzenediazonium salts. For most of these 4-substituted benzenediazonium salts, 

reactivities are greatest for SWCNTs having the largest band gaps, although weak 

opposite dependencies were found for the 4-hydroxy salt under acidic conditions and for 

the 4-carboxy species. We also found that reactivities were somewhat greater for 

SWCNTs suspended in Pluronic F-87 instead of SDBS. We propose that the dominant 

mechanism of the benzenediazonium reaction involves the formation of an electron-rich 

diazoanhydride, which preferentially complexes with large band gap SWCNTs. 

We note that metallic SWCNT species are known to be more reactive than 

semiconducting SWCNTs.16 Nevertheless, the reactions of semiconducting species 

observed here proceed concurrently with the reactions of metallic species; fluorescence 

spectroscopy is needed to detect the perturbations of the semiconductor sidewalls at low 
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reactant concentrations. This explains why separations based on Scheme 1, which was 

initially thought to selectively functionalize metallic nanotubes,16 were found to produce 

mixed products. It seems likely that different reaction mechanisms are dominant in the 

reactions of diazonium salts with metallic versus semiconducting SWCNTs. The 

structure-sensitive nanotube reactions studied here may prove useful for enriching a 

SWCNT sample in large or small band gap semiconducting species. 
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Chapter 4 

Investigation of Metal Doped Single Walled Carbon Nanotubes for Hydrogen 

Storage 
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1. Introduction 

The widespread acceptance of hydrogen and fuel-cell technologies for vehicle use 

is highly dependent on successful development of new materials that can store large 

amounts of hydrogen at near-ambient conditions. The Department of Energy has set the 

2010 system goals for stored hydrogen of 6 weight% and 45 g/L, which considerably 

exceeds that which can be obtained with compressed gas tanks at ambient temperatures.1 

Media that can physisorb hydrogen at ambient temperatures would have a considerable 

advantage over material which requires cryogenic temperatures, due to the added weight, 

volume, and complexity of a cryogenic system. 

While single walled carbon nanotubes (SWCNTs) do not have adequate van der 

Waals attraction to Hb molecules to store hydrogen at room temperature (RT), the 

physisorption of H2 can be enhanced by the addition of metals that can transfer partial 

charge to the SWCNT. The resultant charge-induced dipole attraction can then provide 

sufficient potential energy to take up the hydrogen at RT. 

In addition, this physisorption approach for use as on-board vehicle storage has 

almost all of the hydrogen bound as a solid at ambient temperatures to be released by 

moderate warming. In case of accidental rupture of the hydrogen container, the high 

entropy change aissociated with desorption of a small portion of the stored hydrogen will 

quickly cool the storage media to or below ambient temperature, with the great majority 

of fuel remaining in the ruptured tank in the solid form. Since the media would be a high 

density nanoporous material, there is little possibility of an intimate mixture of oxygen 

and gaseous fuel forming inside the tank, making a hydrogen tank explosion improbable. 

In contrast, rupture of a tank containing a liquid fuel often results in loss of a large 
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fraction of the fuel and the potential for explosive ignition of vapors both inside the tank 

and underneath the vehicle next to the hot exhaust system. 

An abundance of theoretical studies shows that a number of metal atoms, such as 

lithium and calcium, exhibit a sufficiently strong affinity for physisorption of the H2 

molecule at ambient temperatures. In the present case, lithium engages in charge 

transfer to the nanotube wall, and binds with about 0.5 eV, so it is expected that this 

complex will be quite stable, both physically and chemically. Theoretical work by the 

Goddard group at Caltech predicts 6 wt% hydrogen uptake at room temperature for such 

a complex, and higher uptake at somewhat reduced temperatures. Such proposed 

SWCNT structures have regular-sized pores and the consequent higher density generally 

makes the volumetric goals easier to reach using SWCNT-based frameworks as 

compared to most other adsorbent materials. While an effort is underway in our 

laboratory to make such expanded scaffolds of SWCNTs and graphene, it is desirable to 

have a parallel effort to determine the nature of alkali and alkaline earth metals doping of 

a sp carbon surface. It is expected that the results of the initial study here will be 

applicable to the scaffolds made of nanotubes and graphene. Exfoliated and solubilized 

graphene can also be made into a scaffold of regularly spaced pores whereby metal atoms 

can be intercalated, both of which have been considered theoretically. First, however, it 

would be useful to understand the basic interaction between the metal and the sp carbon 

sidewallofaSWCNT. 

In this study, metal atom functionalization (MAF) was used to put different 

metals on SWCNTs. Unfunctionalized SWCNTs have been demonstrated to have the 

superb thermal conductivity that will be needed to remove the heat of adsorption 
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resulting from the physiosorption of hydrogen. It has been demonstrated that SWCNTs 

can be assembled as aligned fibers with adjustable density and spacing that provides the 

appropriate tube-tube separation adequate to allow for facile access of the H2 molecules 

into the lattice and onto the metal atoms. The metal atoms in turn need a tough, inert 

scaffold that does not degrade with repeated fill cycles. Due to the curvature, binding of 

metals to SWCNTs is calculated to be considerably enhanced compared to that of 

graphene.4 It is necessary to determine the ability of metals to bind and transfer charge to 

pure SWCNTs as a first step in constructing a metal-doped scaffold of SWCNTs. 

There has been a report that physisorption of uncooled hydrogen on lithium-

impregnated carbon nanotubes,5 with a Li:C ratio of 1:15 was successful. Water was 

rigorously excluded. This showed a hydrogen gain of 2 wt% even though a BET surface 

area measurement was only 148 m /g, about a factor 15 less than the theoretical limit of 

2300 m2/g for SWCNTs. If all of the hydrogen molecules were distributed equally 

among the lithium atoms, calculations show this to be just under two H2 molecules per 

lithium. This indicates that the metal doping of SWCNTs can be a promising medium for 

storage of H2 at ambient temperatures. The main goal with the present research is to 

characterize the uptake of sodium, potassium and calcium on SWCNT sidewalls. 

2. Results and Discussion 

An illustrative doping of p-SWCNTs (Scheme 1) with metal in ammonia was 

conducted as follows. To an oven-dried three-necked round bottom flask containing a 

stir-bar and connected to a condenser, nitrogen inlet and bubbler was added approx 200 

mL of dry liquid ammonia and 10 mg of p-SWCNTs (in buckypaper form) held in a 
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stainless steel metal mesh container. The metal mesh container was suspended in the 

liquid by a 6 inch piece of wire that ran through the middle septum of the three-necked 

flask. A piece of electrical tape was placed over the wire and hole in the septum. 

Sodium metal was added to the liquid until a blue color persisted. The solution was 

stirred and kept in a dry ice/acetone bath for 3 h. After completion of the reaction, the 

metal mesh was raised out of the solution by the wire and the ammonia was allowed to 

evaporate leaving the excess metal on the bottom of the flask. The sealed reaction vessel 

was opened in a dry box where the doped buckypaper was quickly transferred to a NMR 

tube and sealed. A Raman spectrum was taken on the buckypaper inside the NMR tube. 

Metal 
1a-3a 

NH3l-78°C 

1a,b M = sodium 
2a,b M = potassium 
3a,b M = calcium 

P-SWCNT 
bucky paper 

1b-3b 
metal intercalated 
bucky paper 

Scheme 1. Metal doping of P-SWCNTs in liquid ammonia. 

Raman spectra of solid SWCNT samples were collected before and after reaction using 

785 nm excitation on a Raman microscope (RM 2000, Renishaw Inc.). Raman 

spectroscopy was used for the majority of the characterizations because the shift of the 

graphitic (G) band is diagnostic for metal interactions resulting in charge transfer and is 

commonly known as the Eklund shift. Generally, the amount of deviation from the 
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original value of 1592 cm"1 is an indication of how much charge is donated or withdrawn 

from the tube. If the shift increases towards 1600 cm"1, then the tube is positively 

charged. Conversely, if the shift decreases then the tube is negatively charged. While 

observation of this shift was indicative of the charged state of the nanotubes, it was found 

that the shift was not consistent. Within a given sample, the G band would shift as a 

result of being perturbed by the Raman laser. Raman scans were performed from 1% to 

100% power to minimize the disturbance by ensuring the lowest amount of power 

possible hits the sample for good signal-to-noise. While the laser focusing and intensity 

issue remained a problem, the asymmetric Breit-Wigner-Fano (BWF)7"9 resonance shifted 

the G peak as shown in Figure 1 and appeared to influence the peak more than the Eklund 

shift. If we were to take the G peak of 2b at 1556, that would give us a shift of roughly 
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Figure 1. Raman spectra of P-SWGNT tubes doped with sodium (lb) (top); 

potassium (2b) (bottom). 
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36 cm"1. This shift is consistent with the predictions made by Akdim.10 In fact, Akdim 

predicted that, for tubes with a radius of 4.0 to 5.5 A, the shift for potassium, rubidium 

and cesium would be 35 and 26 cm"1, respectively. 

Figure 2 shows the G band of lb that has been deconvolved into two peaks. If 

we consider that doping semi-conducting tubes gives the tubes enhanced metallic-like 

T - " '•• | | | | | | | | 

1000 2000 

Raman shift (cm1) 

Figure 2. Deconvoluted peaks from the G peak of sodium doped p-SWCNT 
(lb). 
r2 = 0.995449 for the peak fit. 

properties, then we would expect to see a BWF resonance.11 In addition, if these tubes 

behave like metallic tubes, since metallic tubes have a G peak positioned at 1577 cm"1 

then the resulting Eklund shift would be 14 cm"1 (1577 - 1563 cm"1), within what we 

would reasonably expect for a doped sample. Note that a BWF resonance is expected 
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only when the Fermi level is moved into the conduction band and phonon couples with 

the electronic density of states in the conduction band. 

A common characteristic of the data throughout this study was a large disorder 

peak during lower laser power scans. The low power yielded a low signal-to-noise-ratio 

(tubes showed a reduced resonance effect), so it was important to take multiple scans 

with increased power. As the power of the laser increased, the disorder peak irreversibly 

decreased until it was roughly that of starting material. The disorder peak can be 

attributed to sp3 carbons on the SWCNT. It is proposed that the metal donates an 

electron to the SWCNT yielding a radical anion. The radical then recombines with 

another radical leaving the tube negatively charged. It is known from our previous studies 

that the Raman laser can remove the functional groups from the sidewalls of the 

SWCNTs. Since those groups were covalently bound, it may be easier to remove the 

metal doping the surface of the SWCNT. This would explain why the disorder band 

decreases as a function of laser power. Our findings are consistent with previous studies 

that used rubidium to dope the SWCNTs.12 

The loss of the Raman resonance effect in conjunction with a high disorder peak 

shows that the tubes are perturbed. In previous studies, it was noted that tubes doped 

with electron donors such as potassium or cesium showed no Van Hove singularities in 

the absorption spectrum.13 It was also shown that semiconductors would lose the distinct 

absorption bands before the metallic SWCNTs. Our studies used the 785 nm laser and 

mainly probed the semiconductors. 

Pradhan et al. indicated that the doping of SWCNTs occurred in two different 

stages.14 The first stage was represented by a small shift in the G peak while the second 



66 

stage demonstrated a much larger shift. In our case, we collected data after the saturation 

for potassium and sodium; however the calcium data were collected on a sample that had 

not reached saturation as described. While all the reactions were run in a similar manner, 

the calcium sample did not exhibit the same behavior as the other two, due to the small 

pore size of the HiPco tubes. The majority of previous studies utilized tubes that were 

made by the arc discharge method, which produces tubes with a diameter of roughly 1.5 

nm while the HiPco tubes have a diameter of 0.9 nm. The arc tubes contain a pore size of 

roughly 1.23 A whereas the HiPco tubes have pore sizes of is roughly 0.7 A. If the 

smaller tubes bundles contain a smaller interstitial space between the tubes than the arc 

tubes, the calcium may have been the only metal in our study too large to fit into the 

bundles, preventing the sample from reaching saturation. Figure 3 shows a p-SWCNT 

sample that has been calcium doped. Note that the disorder peak roughly at 1292 cm"1 is 

quite broad. The broadness is due to non-homogeneous disorder on the tube surface. If 

the calcium was forming sp3 bonds on the outside of bundles, this would explain the peak 

broadening. It will also explain why the disorder band is much lower compared to lb 

and 2b. 
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Figure 3. Raman spectra of P-SWCNT tubes (3b) doped with calcium. 

3. Characterization 

Figure 3 shows the characteristic Raman spectrum from a sample of p-SWCNTs 

that has been doped with calcium. The G band is shifted by 5 cm'1, and it is indicative of 

negative charge residing on the surface of the SWCNT.14 The D band to the G band ratio 

is 0,32. The disorder may be a direct result of the calcium sitting on the surface of the 

nanotube. Since the calcium is in direct contact with the SWCNT, it is able to donate an 

electron forming a radical anion, thus providing the sp3 characteristic necessary to 

produce a disorder band in the Raman. 
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Chapter 5 

Functionalized Single Wall Carbon Nanotubes Treated with Pyrrole for 

Electrochemical Supercapacitor Membranes 
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1. Introduction 

Carbon nanotubes (CNTs) are being widely studied for electrochemical 

supercapacitor electrodes due to their unique properties and structure, which include high 

surface area, high conductivity, ' and chemical stability. Capacitance values from 20 to 

180 F/g have been reported and depend on CNT purity and electrolyte,4'5'6'7'8'9 as well as 

on specimen treatment such as CO2 physical activation,10 KOH chemical activation,11'12 

or exposure to nitric acid,13'14'15'16'17 fluorine,18 or ammonia plasma.19 On the other hand, 

conducting polymers, such as polyacetylene, polypyrrole, polyaniline, polythiophene, and 

their derivatives are also common electrode materials for supercapacitors. ' ' The 

modification of CNTs with conducting polymers is one way to increase the capacitance 

of the composite resulting from redox contribution of the conducting polymers.23 In the 

CNT/conducting polymer composite, CNTs are electron acceptors, while the conducting 

polymer serves as an electron donor. A charge-transfer complex is formed between CNTs 

in their ground state and aniline monomer.24 A number of CNT/conducting polymer 

composite studies in electrochemical capacitor application have been reported.25"33 

The CNT/conducting polymer composite prepared by polymerization of pyrrole 

on the nanotubes with ammonium persulfate as an oxidant exhibited capacitance value up 

to 180 F/g, while a single wall carbon nanotube (SWCNT)/polypyrrole composite 

exhibited capacitance value up to 260 F/g. In two separate studies, it was shown that the 

capacitance of an unoriented multi wall carbon nanotube (MWNT)/polypyrrole 

composite was at least two times higher than that of either component.27'28 Supercapacitor 

behavior of aligned arrays of NTs coated with polypyrrole has also been reported29 

Negatively charged MWNTs/polypyrrole layers were further investigated by co-

deposition via electrochemical oxidation of pyrrole. Electrochemical quartz crystal 
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microbalance (EQCM) confirmed the redox pseudocapacitance response of the 

polypyrrole with a mechanism involving rigid intercalation/deintercalation of counter 

ions into the polymer layer. The capacitance of the layer composite was reported to be 

more than 200 F/g in potassium chloride and tetrabutylammonium bromide solutions.30 

CNT matrices can provide a mesoporous scaffold, on which a porous layer of polypyrrole 

can be electrodeposited, hence a high charge dynamics during supercapacitor 

performance can be achieved. A MWNT/poly(3-methylthylthiophene) composite based 

supercapacitor was evaluated in 1 M LiC104 acetonitrile solution, and its specific 

capacitance was about 80 F/g. A MWNT/poly(3,4-ethylenedioxythiophene) composite, 

prepared by chemical or electrochemical polymerization, when evaluated in 1 M H2SO4, 

6 M KOH, or 1 M tetraethylammonium tetrafluoroborate (TEABF4) in acetonitrile, 

exhibited good cycling performance, and moderate capacitance values in the range from 

60 to 160 F/g.22 The capacitance of SWCNT/polyaniline (PANI) composite fabricated by 

in-situ electrochemical polymerization was 310 F/g, higher than that of pure PANI, 

because the complex structure in this composite offered more active sites for Faradaic 

reactions.33 In this chapter, methodology for the fabrication of nanoscale-enhanced 

electrochemical capacitor electrodes that can achieve very high capacitance is 

described.34 The electrodes are based on a composite of water-soluble arylsulfbnic acid-

functionalized SWCNTs that had been treated with pyrrole. This is the first correlation of 

capacitance with the pore size and surface area for carbon nanotube/pyrrole treated 

composite electrodes. 
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2. Experimental 

HiPco-produced SWCNTs were purified by heating in a water-rich atmosphere at 

220 °C followed by HC1 extraction to give purified SWCNTs (p-SWCNTs). In a typical 

SWCNT functionalization procedure,35 175 mg of p-SWCNT dispersed in 200 mL oleum 

via magnetic stirring (3 h) was treated with sulfanilic acid (10.08 g, 0.0582 mole), sodium 

nitrite (4.02 g, 0.0583 mole) and 2,2'-azobisisobutyronitrile (0.96 g, 0.0058 mole) at 80 

°C for 1 h to give a mixture that was carefully poured into water. The resulting 

suspension was filtered through a polycarbonate membrane (0.22 /an) and the filter cake 

was washed with water and acetone and dried to give a product in which 1 in 54 

carbons of the SWCNT were functionalized by an arylsulfonic acid group according to 

thermogravimetric analysis (TGA). Although sulfonated aromatic pyrolysates can be 

carbonaceous, thereby complicating the TGA data, Raman D- to G-band intensities were 

similar to those of known material of that degree of functionalization. In a typical pyrrole 

treatment, 28 mg of the functionalized SWCNT was mixed in 300 mL deionized water 

with Fe(II)Cl2 (50 mg, 0.39 mmol) and pyrrole (4.84 g, 72.1 rnmole). After mixing 

overnight on an orbital shaker, the suspension was filtered using a PTFE filter and the 

solid was washed with water. Various samples and sample designations are given in 

Table 1 and the general structure is given in Fig. 1. 
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Figure 1. The general structure of the arylsulfonic acid functionalized SWCNTs in 

samples 1 to 4. 

The scanning electron microscopy (SEM) was performed on LEO 1530 at 10 kV on 

gold-coated samples. X-ray photoelectron spectra (XPS) were collected on SSX -100 

ESCAE Spectrometer using Al Ka radiation (hv = 1486.6 eV) operating at 10 kV as an 

excitation source. The pass energy was 150 eV. The vacuum in the analysis chamber was 

about 5 xl0"9Torr. The spectra analysis was accomplished using ESCA 2000. 
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Table 1. Sample treatments and designations 

Sample 

name 

Buckypaper 

1 

2 

3 

4 

Chemical treatment 

untreated HiPco SWCNTs 

p-SWCNT* heavily functionalized with arylsulfonic acid moieties 

(mainly individual tubes) and then treated with pyrrole 

Raw SWCNT functionalized with arylsulfonic acid moieties and then 

treated with pyrrole. 

p-SWCNT* functionalized with arylsulfonic acid moieties and then 

treated with pyrrole; approx. 1 in 33 carbons functionalized by TGA. 

p-SWCNT* functionalized with arylsulfonic acid moieties and then 

treated with pyrrole; approx. 1 in 54 carbons functionalized by TGA. 

p-SWCNT= oxidatively purified material 

The isothermal N2 gas adsorption and desorption at 77 K were carried out on an ASAP 

2020 instrument (Micromeritics Inc.), on samples degassed at 90 °C for 16 h at 1 x 10"4 

Pa. The specific surface area, pore size and pore size distribution were determined using 

Brunauer, Emmet, Teller (BET) and density functional theory (DFT) methods.36 The 

double layer capacitance of the samples was evaluated by using a two-electrode cell. 

Two film electrodes (diameter = 0.8 cm) separated by a thin microporous membrane 

(Celgard® 3400) were sandwiched between nickel current collectors, and 6 M KOH 

aqueous solution was used as the electrolyte. Constant current charging and discharging 

(CC) and cyclic voltammetry measurements (CV) were carried out on Solartron 1470 

Cell Test at room temperature for capacitance evaluation. In CC measurements, the cell 
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was charged and discharged in 0 to 0.8 V range at a current of 0.5, 1, 5 and 10 mA. In 

CV measurements, scanning rates were 10, 20 and 50 mV/s. The capacitance, power 

density and energy density were calculated as described previously.37 

The work in this chapter was divided between two research groups.34 The 

samples were generated and characterized with TGA and SEM by me, while the Kumar 

group ran the BET, DFT, CV and capacitance experiments. 

3. Results and Discussion 

From SEM studies, the diameter of SWCNT bundles in the buckypaper was 

measured to be 48 ± 16 nm, and these bundles appeared to be densely packed and form a 

SWCNT rope network (Fig 2a). By comparison, SWCNT bundle diameters in the 

pyrrole treated samples were measured to be 61 ± 18 (2), 43 ±11 (3), and 51 ± 13 (4) nm. 

In comparison to buckypaper and pyrrole treated sample 2, the SWCNTs in 3 (Fig 2c) 

appear to be shorter and packed more densely. On the surface of these films, there are 

many pores among the abundant SWCNT or SWCNT/pyrrole treated rope networks. The 

difference in packing was apparently caused by the degree of arylsulfonic acid 

functionalization. Based on the TGA study, we conclude that 1 out of every 54 carbons 

were functionalized in 4, while 1 out of every 33 carbons were functionalized in 3. 
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Figure 2. SEM images of SWCNT and pyrrole treated functionalized SWCNTs 

electrodes surface. (a)Buckypaper; (b) 2; (c) 3; (d) 4. 

Buckypaper as well as SWCNT/pyrrole treated electrodes exhibit type IV 

nitrogen adsorption isotherm (Fig. 3), which is indicative of samples having relatively 

large pores. Data in Table 2 show that the pyrrole treated samples have a lower surface 

area than the buckypaper. The ideal specific surface area can be as high as 1315 m /g for 

0 1 

individual SWCNT with 1 nm diameter and about 500 m /g for bundles. KOH chemical 
17 3ft 

activation can increase the surface area of SWCNTs, ' while functionalization can 

diminish the surface area by destroying small-diameter SWCNTs.39'40 Based on IUPAC 

classification, the pore size is divided into three groups: micropores (pore width < 2 nm), 

mesopores (between 2 and 50 nm) and macropores (> 50 nm). As compared to 

micropores, macropores have negligible contribution to the total surface area.41'42 Based 

on the DFT model, it is shown that buckypaper is predominantly composed of 

micropores, while pyrrole treated samples are mainly composed of meso and macropores 

(Fig. 4). The surface area contribution for the pyrrole treated samples from macropores is 

as high as 61% of total DFT surface area (Table 2). Atomic concentration of the 

buckypaper and pyrrole treated SWCNTs electrode surfaces determined from XPS are 
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given in Table 3, which shows that 4 contains more pyrrole than 3. Since the ratio of N 

to S in 3 and 4 is 4.5 to 4.2:1 (respectively) by XPS, the majority of pyrrole is 

polymerized or otherwise associated with the functionalized SWCNTs; if only sulfonic 

acid/pyrrole salt were present, the ratio of N to S would be about 0.4:1.0. 

0.2 0.4 0.6 0.8 
Relative pressure (p/pO) 

Figure 3. Adsorbed N2 quantity vs. relative pressure of isothermal N2 adsorption (77 K) 

of SWCNT and pyrrole treated functionalized SWCNTs films. 

0.06 

50 200 10 
Pore width (nm) ' • • - • ' '. 

Figure 4. Pore size distribution determined by DFT model for SWCNT and pyrrole 

treated functionalized SWCNTs electrodes. 
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Table 2. Capacitance, surface area and pore volume of buckypaper and pyrrole treated 

SWCNTs electrodes 

Capacitance (F/g) * 

0.1 V 

0.7 V 

Mean value 

BET surface area (m2/g) 

Total Pore Volume (cm3/g) 

DFT surface area 
(m2/g) 

DFT Pore Volume 
(cm3/g) 

C B (uF/cm2) 
(0.1 V 
Capacitance) 

Total 

Micro** 

Meso 

Macro 

Total 

Micro 

Meso 

Macro 

BET 

DFT-Total 

DFT-meso&macro 

Buckypaper 

55 

41 

49 

546 

0.76 

297 

167 

128 

2 

0.69 

0.11 

0.52 

0.06 

10 

19 

43 

1 

176 

28 

102 

148 

0.47 

95 

12 

27 

56 

0.28 

0.01 

0.21 

0.06 

119 

186 

214 

2 

151 

41 

93 

205 

0.47 

122 

40 

46 

36 

0.32 

0.03 

0.25 

0.05 

74 

124 

183 

3 

114 

36 

80 

113 

0.34 

66 

32 

27 

7 

0.30 

0.02 

0.22 

0.06 

101 

173 

330 

4 " 

305 

45 

183 

198 

0.51 

125 

24 

25 

76 

0.25 

0.02 

0.18 

0.05 

154 

243 

302 

* 1 mA discharge current 

** Micro, meso and macro pore refers the pore size of < 2 run, 2 nm - 50 nm, and > 50 

nm, respectively. 

Table 3. Atomic concentration on SWCNT and pyrrole treated SWCNTs electrode 

surface obtained from XPS 

Buckypaper 

3 

4 

C(%) 

96 

70.9 

74.5 

o(%) 
4 

18.9 

12.3 

N (%) 

8.1 

10.3 

S(%) 

1.8 

2.4 

CI (%) 

0.3 

0.5 

Constant current discharge behavior of buckypaper is almost linear with time, 
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while for the pyrrole treated functionalized SWCNTs electrodes the discharge behavior is 

non-linear (Fig 5). Fig 6 compares a typical cyclic voltammogram for buckypaper and 

SWCNT/pyrrole film electrodes. The buckypaper voltammetric curve is closer to an ideal 

parallelogram shape, exhibiting no psuedocapacitance or very little contribution from 

redox reaction. However, in the case of pyrrole treated functionalized SWCNTs film 

electrodes, a peak at 0.1 - 0 . 2 V was observed which may correspond to the oxidation 

and reduction of polypyrrole that might have been formed during the pyrrole treatment. 

The CV peak current of pyrrole treated films was double (2 and 3, not shown) and four 

times (4) the value obtained for the buckypaper. The capacitance of the buckypaper was 

about 55 F/g, which was comparable to the value reported in the literature.37 The specific 

capacitance of polypyrrole is reported to be about 160 F/g.43 In this study, pyrrole treated 

sample 4 exhibited a specific capacitance of 350 F/g which is 7 times the value obtained 

for the buckypaper. 

Reduced time (t/tmax) 

Figure 5. Constant current discharge behavior buckypaper and pyrrole treated 

arylsulfonic acid functionalized SWCNTs. The current is 1mA. 
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Voltage (V) 

Figure 6. Cyclic voltammetry plots of SWCNT and pyrrole treated arylsulfonic acid 

functionalized SWCNTs. The scan rate is 10 mV/s. 

The discharging current density (A/g) is calculated by using I (HIA +niB)/(niAmB) 

in CC measurement (HIA and me are electrode masses, respectively), and using s*Csp in 

CV measurement (s is the scanning rate in cyclic voltammetry and Csp is the specific 

capacitance). Fig 7 shows the specific capacitance of buckypaper and pyrrole treated 

functionalized SWCNTs as a function of discharge current density. Except for 

buckypaper, the specific capacitances of the samples decreased rapidly at the relatively 

low discharge current density, and then tended to level off at higher current density. 

Sample 1 dropped faster than others from 205 F/g at 0.4 A/g to 50 F/g at 2.5 A/g. The 

decrease in specific capacitance of pyrrole treated functionalized SWCNT samples may 

be caused by some pores not being accessible efficiently at higher current density, and 

perhaps larger internal resistance of the pyrrole moieties in comparison to SWCNT. 
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0.0 5.0 10.0 15.0 20.0 25.0 30.0 
Discharge current density (A/g) 

Figure 7. Specific capacitance of buckypaper and pyrrole treated SWCNT electrodes as a 

function of discharge current density. 

Frackowiak et al. reported that micro pores make the main contribution to the 

specific capacitance because micropores wetted by the electrolytic solution contribute 

extensively to the adsoption of ions on the electrochemically active surface of the 

electrodes. Micropores result in the higher surface area, However higher surface area 

does not always result in higher specific capacitance (Fig 8a), as the specific capacitance 

depends on the pore size and pore size distribution. The capacitance did show a 

monotonic increase with the macropore surface area contribution to the total surface (Fig 

8b). All pyrrole treated samples show significant macropore surface area, while 

macropore surface area in the buckypaper is negligible. It is exciting to note that at 0,1 

Volt, the capacitances increased from 114 to 305 F/g with the macro surface area 

increasing from 7 to 76 m /g for the pyrrole treated samples. Extrapolation of Fig. 8b 
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suggests that much higher capacitance value, above 800 F/g, can be expected if the macro 

surface area can be doubled to about 150 m2/g. 

350 

300 

- 2 5 0 

.200 

1 1 5 0 -

100-

0 4 

o 1 

o 2 

o 3 

(a 

-

BuckypapeL 

350 

100 150 200 250 
Total surface area (m2/g) 

300 0 10 .-• 20 30 40 50 . 60 70 
Macro surface area (m2/g) 

80 

Figure 8. Specific capacitance (at 1 mA current) vs total surface area (a) and macro 

surface area (b) for SWCNT bucky paper and pyrrole treated SWCNTs electrodes. 

The double layer storage capacities of the SWCNT and pyrrole treated SWCNTs 

electrodes were calculated and are listed in Table 2. The double layer capacity of the 

buckypaper is 10 uF/cm , which is comparable to the value reported for activated carbon 

materials.44 The double layer capacity of the pyrrole treated samples is up to 154 uF/cm2 

based on the BET model, while higher values were obtained based on the DFT model. 

The Ragon plot (Fig 9) shows that the pyrrole treated samples have higher power (up to 

4.8 kW/kg), and energy (3.3 kJ/kg) densities than the buckypaper. At 10 mA discharging 

current, the power density of 4 is almost 25 times that of the control buckypaper 

electrode. 



83 

10 10 10 10 10 10 
Energy Density (J/kg) 

Figure 9. Ragone plots for various samples at 10 mA discharging current. 
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Appendix 1 

Spectra for Chapter 1 
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Appendix 3 

Source Code for Data Processing 
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1. Introduction 

The selective functionalization using the nanospectralizer produces a large 

amount of data per reaction. A normal reaction would normally require about 8 to 12 

hours of data entry and manipulation in excel to produce graphs that showed the needed 

trends. In an effort to cut down the time of processing, software was developed in 

Microsoft Visual Basic express edition 2005. This software was free to download from 

Microsoft's site. 

Once compiled, the software is easy to use. Just point the inputs to the 

appropriate directory and click "Go". The software will then process all the txt files and 

put the output into an excel sheet for easy manipulation. 

File list 

6 files were used 

Forml .Designer, vb 
Forml.resx 
Forml .vb 
Selective Functionalization.vbproj 
Selective Functionalization.vbproj .user 

4. Input/Output 

The input file format is as follows: (partial paste) 
8.95783E+2 1.04714E-11 
8.97167E+2 1.10087E-11 

The output is dumped into an excel spredsheet for user manipulation. 

3. Code 

Start file: Forml.Designer.vb 
<Global.Microsoft.VisualBasic.CompilerServices.DesignerGenerated()> _ 
Partial Class Forml 

Inherits System.Windows.Forms.Form 
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'Form overrides dispose to clean up the component list. 
<System.Diagnostics.DebuggerNonUserCode()>_ 
Protected Overrides Sub Dispose(ByVal disposing As Boolean) 

If disposing AndAlso components IsNot Nothing Then 
components.Dispose() 

End If 
MyBase.Dispose(disposing) 

End Sub 

'Required by the Windows Form Designer 
Private components As System.ComponentModel.IContainer 

"NOTE: The following procedure is required by the Windows Form Designer 
'It can be modified using the Windows Form Designer. 
'Do not modify it using the code editor. 
<Systern.Diagnostics.DebuggerStepThrough()> _ 
Private Sub InitializeComponent() 

Me.MenuStripl = New System.Windows.Forms.MenuStrip 
Me.ToolStripMenuIteml = New System.Windows.Forms.ToolStripMenuItem 
Me.Buttonl = New System.Windows.Forms.Button 
Me.DirPath = New System.Windows.Forms.TextBox 
Me.Labell = New System.Windows.Forms.Label 
Me.Label2 = New System.Windows.Forms.Label 
Me.Num_Start = New System.Windows.Forms.TextBox 
Me.LabeB = New System.Windows.Forms.Label 
Me.NumEnd = New System. Windows.Forms.TextBox 
Me.Label4 = New System.Windows.Forms.Label 
Me.ExcelName = New System. Windows.Forms.TextBox 
Me.Label5 = New System.Windows.Forms.Label 
Me.Label6 = New System.Windows.Forms.Label 
Me.Label7 = New System.Windows.Forms.Label 
Me.Exp_name = New System.Windows.Forms.TextBox 
Me.Label8 = New System.Windows.Forms.Label 
Me.EndOfFile = New System. Windows.Forms.TextBox 
Me.Exit_prog = New System.Windows.Forms.Button 
Me.MenuStrip l.SuspendLayout() 
Me. SuspendLayout() 

'MenuStripl 

Me.MenuStripl.Items. AddRange(New System. Windows.Forms.ToolStripItem() 
{Me.ToolStripMenuIteml}) 

Me.MenuStrip 1.Location = New System.Drawing.Point(0, 0) 
Me.MenuStrip 1. Name = "MenuStripl" 
Me.MenuStripl.Size = New System.Drawing.Size(444,24) 



Me.MenuStripl.Tablndex = 0 
Me.MenuStripl.Text = "MenuStripl" 

ToolStripMenuItem 1 

Me.ToolStripMenuItem 1.Name = "ToolStripMenuItem 1" 
Me.ToolStripMenuIteml .Size = New System.Drawing.Size(l 15,20) 
Me.ToolStripMenuItem 1. Text = "ToolStripMenuItem 1" 

'Buttonl 
' . - • . . 

Me.Buttonl.Location = New System.Drawing.Point(164, 321) 
Me.Buttonl.Name = "Buttonl" 
Me.Buttonl.Size = New System.Drawing.Size(75, 23) 
Me.Buttonl .Tablndex = 1 
Me.Buttonl.Text="Go" 
Me.Buttonl .UseVisualStyleBackColor = True 

*Dir_Path 

Me.DirJPath.Location = New System.Drawing.Point(79,112) 
Me.Dir_Path.Name = "Dir_Path" 
Me.Dir_Path.Size = New System.Drawing.Size(342, 20) 
Me.Dir_Path.TabIndex = 2 
Me.Dir_Path.Text = "C:\rice\results\selective functionalization\CDD-III-174\ 
i 

'Labell 
i' 

Me.Labell.AutoSize = True 
Me.Labell .Location = New System.Drawing.Point(25,119) 
Me.Labell.Name = "Labell" 
Me.Labell. Size = New System.Drawing.Size(48,13) 
Me.Label 1.Tablndex = 3 
Me.Labell.Text = "Dir_Path" 

'Label2 

Me.Label2.AutoSize = True 
Me.Label2.Location = New System.Drawing.Point(25,158) 
Me.Label2.Name = "Label2" 
Me.Label2.Size = New System.Drawing.Size(29,13) 
Me.Label2.TabIndex = 5 
Me.Label2.Text = "Start" 

TSfum Start 

http://Me.Dir_Path.Text
file://C:/rice/results/selective


Me.NumJStart.Location = New System.Drawing.Point(79,151) 
Me.Num_Start.Name = "Num_Start" 
Me.Num_Start.Size = New System.Drawing.Size(100, 20) 
Me.Num_Start.TabIndex = 4 
Me.Num_Start.Text = "' 1" 

'LabeB 

Me.LabeB.AutoSize = True 
Me.LabeB .Location = New System.Drawing.Point(25,184) 
Me.LabeB.Name = "Label3" 
Me.Label3.Size = NewSystem.Drawing.Size(26,13) 
Me.LabeB.Tablndex = 7 
Me.LabeB. Text = "End" 

"Num_End 

Me.NumEnd.Location = New System.Drawing.Point(79, 177) 
Me.Num_End.Name = "Num_End" 
Me.Num_End.Size = New System.Drawing.Size(100, 20) 
Me.NumEnd.Tablndex = 6 
Me.Num_End.Text = "29" 

'Label4 

Me.LabeW.AutoSize = True 
Me.LabeW.Location = New System.Drawing.Point(8, 280) 
Me.Label4.Name = "Label4" 
Me.Label4.Size = New System.Drawing.Size(64,13) 
Me.Label4.TabIndex = 9 
Me.Label4.Text = "Excel Name" 

'Excel_Name 

Me.Excel_Name.Location = New System.Drawing.Point(79,273) 
Me.Excel_Name.Name = "Excel_Name" 
Me.Excel_Name.Size = New System.Drawing.Size(100, 20) 
Me.ExceLName.Tablndex = 8 

'Label5 
i. 

Me.Label5.AutoSize = True 
Me.Label5.Location = New System.Drawing.Point(124, 66) 
Me.Label5.Name = "Label5" 
Me.Label5. Size = New System.Drawing.Size(39,13) 
Me.Label5 .Tablndex = 11 

http://Me.Num_End.Size
http://Me.Label4.Text


Me.Label5.Text = "Label5" 
> 

'Label6 

Me.Label6.AutoSize = True 
Me.Label6.Location = New System.Drawing.Point(238, 66) 
Me.Label6.Name = "Label6" 
Me.Label6.Size = New System.Drawing.Size(39, 13) 
Me.Label6.TabIndex = 12 
Me.Label6.Text = "Label6" 
! 

*Label7 

Me.Label7.AutoSize = True 
Me.Label7.Location = New System.Drawing.Point( 16,215) 
Me.Label7.Name = "Label7" 
Me.Label7.Size = New System.Drawing.Size(56,13) 
Me.Label7.TabIndex= 14 
Me.Label7.Text = "Exp Name" 

'Exp_name 

Me.Expname.Location = New System.Drawing.Point(8G, 208) 
Me.Expname.Name = "Expname" 
Me.Expname.Size = New System.Drawing.Size(100, 20) 
Me.Exp_name.TabIndex = 13 
Me.Exp_name.Text = ,,CDD-III-174" 

'Label8 

Me.Label8.AutoSize = True 
Me.Label8.Location = New System.Drawing.Point(15j 241) 
Me.Label8.Name = "Label8" 
Me.Label8.Size = New System.Drawing.Size(57,13) 
Me.Label8.TabIndex = 16 
Me.Label8.Text = "End of File" 

*End_Of_File 

Me.End_Of_File.Location = New System.Drawing.Point(79,234) 
Me.End_Of_File.Name - "End_Of_File" 
Me.End_Of_File.Size - New System.Drawing.Size(l 00,20) 
Me.End_Of_File.TabIndex= 15 
Me.End Of File.Text=" 784.txt" 

'Exit_prog 



Me.Exit_prog.Location = New System.Drawing.Point(310, 343) 
Me.Exit_prog.Name = "Exit_prog" 
Me.Exit_prog.Size = New System.Drawing.Size(75,23) 
Me.Exit_prog.TabIndex = 17 
Me.Exit_prog.Text = "Exit" 
Me.Exit_prog.UseVisualStyleBackColor = True 

'Forml 

Me. AutoScaleDimensions = New System.Drawing. SizeF(6.0!, 13.0!) 
Me.AutoScaleMode = System. Windows.Forms.AutoScaleMode.Font 
Me.ClientSize = New System.Drawing.Size(444, 418) 
Me.Controls.Add(Me.Exit_prog) 
Me.Controls.Add(Me.Label8) 
Me.Controls.Add(Me.End_Of_File) 
Me.Controls.Add(Me.Label7) 
Me.Controls.Add(Me.Expname) 
Me.Controls.Add(Me.Label6) 
Me.Controls.Add(Me.Label5) 
Me.Controls.Add(Me.Label4) 
Me.Controls.Add(Me.Excel_Name) 
Me.Controls.Add(Me.LabeD) 
Me.Controls.Add(Me.Num_End) 
Me.Controls.Add(Me.Label2) 
Me.Controls.Add(Me.Num_Start) 
Me.Controls. Add(Me.Label 1) 
Me.Controls.Add(Me.Dir_Path) 
Me.Controls. Add(Me.Buttonl) 
Me.Controls. Add(Me.MenuStrip 1) 
Me.MainMenuStrip = Me.MenuStripl 
Me.Name = "Forml" 
Me.Text = "Forml" 
Me.MenuStrip 1 .ResumeLayout(False) 
Me.MenuStrip 1 .PerformLayoutO 
Me.ResumeLayout(False) 
Me.PerformLayout() 

End Sub 
Friend WithEvents MenuStripl As System.Windows.Forms.MenuStrip 
Friend WithEvents ToolStripMenuIteml 

System. Windows.Forms.ToolStripMenuItem 
Friend WithEvents Buttonl As System.Windows.Forms.Button 
Friend WithEvents DirPath As System. Windows.Forms.TextBox 
Friend WithEvents Label 1 As System. Windows.Forms.Label 
Friend WithEvents Label2 As System. Windows.Forms.Label 
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Friend WithEvents NumStaft As System. Windows.Forms.TextBox 
Friend WithEvents Label3 As System.Windows.Forms.Label 
Friend WithEvents NumEnd As System. Windows.Forms.TextBox 
Friend WithEvents Label4 As System.Windows.Forms.Label 
Friend WithEvents Excel_Name As System.Windows.Forms.TextBox 
Friend WithEvents Label5 As System.Windows.Forms.Label 
Friend WithEvents Label6 As System.Windows.Forms.Label 
Friend WithEvents Label? As System.Windows.Forms.Label 
Friend WithEvents Expname As System. Windows.Forms.TextBox 
Friend WithEvents Label8 As System.Windows.Forms.Label 
Friend WithEvents EndOfFile As System. Windows.Forms.TextBox 
Friend WithEvents Exit_prog As Systerri.Windows.Forms.Button 

End Class 

End file: Form 1.Designer.vb 

Start file: Forml.resx 

<?xml version="1.0" encoding="utf-8"?> 
<root> 

< ! - - • - ' ; " 

Microsoft ResX Schema 

Version 2.0 

The primary goals of this format is to allow a simple XML format 
that is mostly human readable. The generation and parsing of the 
various data types are done through the TypeConverter classes 
associated with the data types. 

Example: 

... ado.net/XML headers & schema... 
<resheadername="resmimetype">text/microsoft-resx</resheader> 
<resheadername="version">2.0</resheader> 
<resheader name="reader">System.Resources.ResXResourceReader, 

System.Windows.Forms,.. .</resheader> 
<resheader name="writer">System.Resources.ResXResource Writer, 

System.Windows.Forms, ...</resheader> 
<data name="Namer'><value>this is my long string</value><comment>this is a 

comment</comment></data> 
<data name="Colorl" type="System.Drawing.Color, System.Drawing">Blue</data> 
<data name="Bitmapl" mimetype="application/x-

microsoft.net.object.binary.base64"> 

http://ado.net/XML
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<value>[base64 mime encoded serialized .NET Framework object]</value> 
</data> 
<data name="Iconl" type="System.Drawing.Icon, System.Drawing" 

mimetype="application/x-microsoft.net.object.bytearray.base64"> 
<value>[base64 mime encoded string representing a byte array form of the .NET 

Framework object]</value> 
<comment>This is a comment</comment> 

</data> 

There are any number of "resheader" rows that contain simple 
name/value pairs. 

Each data row contains a name, and value. The row also contains a 
type or mimetype. Type corresponds to a .NET class that support 
text/value conversion through the TypeConverter architecture. 
Classes that don't support this are serialized and stored with the 
mimetype set. 

The mimetype is used for serialized objects, and tells the 
ResXResourceReader how to depersist the object. This is currently not 
extensible. For a given mimetype the value must be set accordingly: 

Note - application/x-microsoft.net.object.binary.base64 is the format 
that the ResXResourceWriter will generate, however the reader can 
read any of the formats listed below. 

mimetype: application/x-microsoft.net.object.binary.base64 
value : The object must be serialized with 

: System.Runtime.Serialization.Formatters.Binary.BinaryFormatter 
: and then encoded with base64 encoding. 

mimetype: application/x-microsoft.net.object.soap.base64 
value : The object must be serialized with 

: System.Runtime.Serialization.Formatters.Soap.SoapFormatter 
: and then encoded with base64 encoding. 

mimetype: application/x-microsoft.net.object.bytearray.base64 
value : The object must be serialized into a byte array 

: using a System.ComponentModel.TypeConverter 
: and then encoded with base64 encoding. 

—> 
<xsd:schema id="root" xmlns="" xmlns:xsd="http://www.w3.org/2001/XMLSchema" 

xmlns:msdata="urn:schemas-microsoft-com:xml-msdata"> 
<xsd:importnamespace="http://www. w3.org/XML/1998/namespace"/> 
<xsd:element name="root" msdata:IsDataSet="true"> 
<xsd:complexType> 

http://www.w3.org/2001/XMLSchema
http://www
http://w3.org/XML/1998/namespace
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<xsd:choicemaxOccurs="unbounded"> 
<xsd:element name^"metadata"> 

<xsd:complexType> 
<xsd:sequence> 
<xsd:element name="value" type="xsd:string" minOccurs="0" /> 

</xsd:sequeiice> 
<xsd:attribute name="name" use="required" type="xsd:string" /> 
<xsd:attribute name="type" type="xsd:string"/> 
<xsd:attribute name="mimetype" type="xsd:string"/> 
<xsd:attribute ref="xml:space"/> 

</xsd:complexType> 
</xsd:element> 
<xsd:element name="assemblyM> 

<xsd:complexType> 
<xsd:attribute name="alias" type="xsd:string" /> 
<xsd:attribute name="name" type="xsd:string" /> 

</xsd:complexType> 
</xsd:element> 
<xsd:element name="data"> 
<xsd:complexType> 

<xsd:sequence> 
<xsd:element name="value" type="xsd:string" minOccurs="0" 

msdata:Ordinal="l"/> 
<xsd:element name="comment" type="xsd:string" minOccurs="0" 

msdata:0rdinal="2" /> 
</xsd: sequence> 
<xsd:attribute name="name" type="xsd:string" use="required" 

msdata:Ordinal="l"/> 
<xsd:attribute name="type" type="xsd:string" msdata:0rdinal="3" /> 
<xsd:attribute name="mimetype" type="xsd:string" msdata:0rdinal="4" /> 
<xsd:attribute ref="xml:space" /> 

</xsd:complexType> 
</xsd:element> 
<xsd:element name="resheader"> 

<xsd:complexType> 
<xsd:sequence> 

<xsd:element name="value" type="xsd:string" minOccurs="0" 
msdata:Ordinal="l"/> 

</xsd:sequence> 
<xsd:attribute name="name" type="xsd:strihg" use="required" /> 

</xsd:complexType> 
</xsd:element> 

</xsd:choice> 
</xsd:complexType> 

</xsd:element> 
</xsd:schema> 
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<resheader name="resmimetype"> 
<value>text/microsoft-resx</value> 

</resheader> 
<resheader name="version"> 
<value>2.0</value> 

</resheader> 
<resheader name="reader"> 

<value>System.Resources.ResXResourceReader, System. Windows.Forms, 
Version=2.0.0.0, Culture=neutral, PublicKeyToken=b77a5c561934e089</value> 

</resheader> 
<resheader name="writer"> 

<value>System.Resources.ResXResource Writer, System. Windows.Forms, 
Version=2.0.0.G, Culture=neutral, PublicKeyToken=b77a5c561934e089</value> 

</resheader> 
<metadata name-"MenuStripl.Tray Location" type="System.Drawing.Point, 

System.Drawing, Version=2.0.0.0, Culture=neutral, 
PublicKeyToken=b03f5f7flld50a3a"> 

<value>17,17</value> 
</metadata> 

</root> 

End file: Forml.resx 

Start file: Selective Functionalization.vbproj.user 

<Projectxmlns="http://schemas.microsoft.com/developer/msbuild/2003"> 
<PropertyGroup> 
<Proj ectView>ShowAHFiles</Proj ectView> 

</PropertyGroup> 
</Project> 

End file: Selective Functionalization.vbproj.user 

Start file: Selective Selective Functionalization.vbproj 

<?xml version='"1.0" encoding="utf-8"?> 
<Project DefaultTargets="'Build" 
xmlns="http://schemas.microsoft.com/developer/msbuild/2003"> 

<PropertyGroup> 
Configuration Condition=" ^(Configuration)1 = ' " ">Debug</Gonfiguration> 
<Platform Condition=" '$(Platform)' ==" ">AnyGPU</Platform> 
<ProductVersion>8.0.50727</ProductVersion> 

http://schemas.microsoft.com/developer/msbuild/2003
http://Functionalization.vbproj.user
http://schemas.microsoft.com/developer/msbuild/2003


<SchemaVersion>2.0</SchemaVersion> 
<ProjectGuid>{A57890FD-8878-4789-9C2A-2B2E60F36FB3}</ProjectGuid> 
<OutputType>WinExe</OutputType> 
<StartupObject>Selective_Functionalization.My.MyApplication</StartupObject> 
<RootNamespace>Seleetive_Fxinctionalization</RootNamespace> 
<AssemblyName>SelectiveFunctionalization</AssemblyName> 
<MyType>WindowsForais</MyType> 

</PropertyGroup> 
<PropertyGroup Condition=" '$(Configuration)|$(Platform)' == 'Debug|AnyCPU' "> 
<DebugSymbols>true</DebugSymbols> 
<DebugType>full</DebugType> 
<DefineDebug>true</DefineDebug> 
<DefineTrace>true</DefineTrace> 
<OutputPath>bin\Debug\</OutputPath> 
<DocumentationFile>Selective Functionalization.xml</DocumentationFile> 

<No Warn>42016,41999,42017,42018,42019,42032,42036,42020,42021,42022</NoWar 
n> 
</PropertyGroup> 
<PropertyGroup Condition^' '$(Configuration)|$(Platform)' == 'Release|AnyCPU' "> 
<DebugType>pdbonly</DebugType> 
<DefineDebug>false</DefineDebug> 
<DefineTrace>trae</DefineTrace> 
<Optimize>true</Optimize> 
<OutputPath>bin\Release\</OutputPath> 
<DocumentationFile>SelectiveFunctionalization.xml</DocumentationFile> 

<NoWarn>42016,41999,42017,42018,42019,42032,42036,42020,42021,42022</NoWar 
n> 
</PropertyGroup> 
<ItemGroup> 
<Reference Include=" System"/> 
<Reference Include="System.Data" /> 
<Reference Include="System.Deployment" /> 
<Reference Include="System.Drawing"/> 
<Reference Include="System.Windows.Forms" /> 
<Reference Include="System.Xml" /> 

</ItemGroup> 
<ItemGroup> 
<Import Include="Microsoft.VisualBasic" /> 
<Import Include=" System"/> 
<Import Include="System.Collections" /> 
<Import Include="System.Collections.Generic" /> 
<Import Include="System.Data" /> 
<Import Include="System.Drawing" /> 
<Import Include="System.Diagnostics" /> 



<Import Include=" System. Windows.Forms"/> 
</ItemGroup> 
<ItemGroup> 
<Compile Include="Forml.vb"> 
<SubType>Form</SubType> 

</Compile> 
<Compile Include="Forml.Designer. vb"> 
<DependentUpon>Form 1. vb</DependentUpon> 
<SubType>Form</SubType> 

</Compile> 
<Compile Include="Modulel.vb"/> 
<Compile Include="My Project\AssemblyInfo.vb" /> 
<Compile Include="My Project\Application.Designer.vb"> 
<AutoGen>True</AutoGen> 
<DependentUpon>Application.myapp</DependentUpon> 

</Compile> 
<Compile Include="My Project\Resources.Designer:vb"> 
<AutoGen>True</AutoGen> 
<DesignTime>True</DesignTime> 
<DependentUpon>Resources.resx</DependentUpon> 

</Compile> 
<Compile Include="My Project\Settings.Designer.vb"> 

<AutoGen>True</AutoGen> 
<DependentUpon>Settings.settings</DependentUpon> 
<DesignTimeSharedInput>True</DesignTimeSharedInput> 

</Compile> 
</ItemGroup> 
<ItemGroup> 
<EmbeddedResource Include="Forml .resx"> 
<SubType>Designer</SubType> 
<DependentUpon>Form 1. vb</DependentUpon> 

</EmbeddedResource> 
<EmbeddedResource Include="My Project\Resources.resx"> 
<Generator>VbMyResourcesResXFileCodeGenerator</Generator> 
<LastGenOutput>Resources.Designer.vb</LastGenOutput> 
<CustomToolNamespace>My.Resources</CustomToolNamespace> 
<SubType>Designer</SubType> 

</EmbeddedResource> 
</ItemGroup> 
<ItemGroup> 
<None Include="My Project\Application.myapp"> 
<Generator>MyApplicationCodeGenerator</Generator> 
<LastGenOutput>Application.Designer. vb</LastGenOutput> 

</None> 
<None Include="My Project\Settings.settings"> 
<Generator>SettingsSingleFileGenerator</Generator> 
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<CustomToolNamespace>My</CustomToolNamespace> 
<LastGenOutput>Settings.Designer.vb</LastGenOutput> 

</None> 
</ItemGroup> 
<ItemGroup> 
<COMReference Include="Excel"> 
<Guid>{00020813-0000-0000-C000-0G0000000046}</Guid> 
<VersionMajor>l</VersionMajor> 
<VersionMinor>5</VersionMinor> 
<Lcid>0</Lcid> 
<WrapperTool>primary</WrapperTool> 
<Isolated>False</Isolated> 

</COMReference> 
<COMReference Include="Microsoft.Office.Core"> 
<Guid>{2DF8D04C-5BFA-101B-BDE5-00AA0044DE52}</Guid> 
<VersionMajor>2</VersionMajor> 
<VersioiiMinor>3</VersionMinor> 
<Lcid>0</Lcid> 
<WrapperTool>primary</WrapperTool> 
<Isolated>False</Isolated> 

</COMReference> 
<COMReference Include="VBIDE"> 
<Guid>{0002El 57-0000-0000-C000-000000000046}</Guid> 
<Ver sionMaj or>5 </VersionMaj or> 
<VersionMinor>3<A^ersionMinor> 
<Lcid>0</Lcid> 
<WrapperTool>primary</WrapperTool> 
<Isolated>False</Isolated> 

</COMReference> 
</ItemGroup> 
<ImportProject="$(MSBuildBinPath)\Microsoft.VisualBasic.targets"/> 
<!— To modify your build process, add your task inside one of the targets below and 

uncomment it. 
Other similar extension points exist, see Microsoft. Common.targets. 

<Target Name="BeforeBuild"> 
</Target> 
<Target Name="AfterBuild"> 
</Target> 
—> 

</Project> 

End file: Selective Selective Functionalization.vbproj 

Start file: Forml.vb 
Option Explicit On 



Imports Microsoft.Office.Core 
Imports excel = Microsoft. Office. Interop.Excel 

Public Class Form 1 
Dim xlApp As Microsoft.Office.Interop.Excel.Application 
Dim xlBook As Microsoft.Office.Interop.Excel. Workbook 
Dim xlSheet As Microsoft.Office.Interop.Excel.Worksheet 

Dim I As Integer 
Dim X As Integer 
Dim Startnum As Integer 
Dim Endnum As Integer 
Dim FilePath As String 
Dim Excel_Nm As String 
Dim Exp As String 
Dim Last_of_File As String 

Dim FILE_NAME As String 
Dim TextLine As String 
Dim FirstTime As Boolean = True 

Dim Master(512, 50) As String 
Dim Pass_number As Integer =1 
Dim Column_number As Integer = 2 
Dim Num_Of_Lines As Integer 

Sub SaveDellTime() 
Excel_Nm = Excel_Name.Text 
File_Path = Dir_Path.Text 
Exp = Expname.Text 
LastofFile = End_Of_File.Text 

' Ensure that data is not clipped off 
Endnum = End_num +1 
For X = 1 To End_num Step 1 

ForI = lTo512Step l 
'The following statement puts text in the second row of the sheet 
xlSheet.Cells(I, X) = Master(I, X) 

Next I 
NextX 

' The following statement shows the sheet. 
xlSheet. Application. Visible = True 
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' The following statement saves the sheet to the specified directory. 
xlSheet.SaveAs(File_Path & Exp & Last_of_File & ".xls") 

End Sub 

Private Sub Button l_Click(ByVal sender As System.Object, ByVal e As 
System.EventArgs) Handles Button!.Click 

Start_num = Val(Num_Start.Text) 
Endnum = Val(Num_End.Text) 

xlApp = CType(CreateObject("Excel.Application"), 
Microsoft.Office.Interop.Excel. Application) 

xlBook = CType(xlApp.Workbooks.Add, 
Microsoft.Office.Interop.Excel.Workbook) 

xlSheet = CType(xlBook.Worksheets(l), 
Microsoft.Office.Interop.Excel. Worksheet) 

'If Passnumber < 10 Then 
' Exp = Exp + "0" 
•End If 
TILE_NAME = File_Path & Exp & Pass_number & Last_of_File 
'MsgBox(FILE_NAME) 
'If System.IO.File.Exists(FILE_NAME) = True Then 
' MsgBox("Whee") 
'End If 

' xlSheet.Name = "numba!" 
'xlBook.Worksheets.Add() 
'xlSheetName = "numba 2" 

'Startnum =1 
'End_num = 3 

For I •= Startnum To Endnum Step 1 

Call InputTxtFile() 

Next! 

Call SaveDellTimeQ 



ReDim Master(Num_Of_Lines, 50) 

End Sub 

Sub InputTxtFile() 
Dim LineNumber As Integer 
Dim lenght_pf_string As Integer 
Dim Left_part As String 
Dim Right_part As String 

ExcelJSfm = Excel_Name.Text 
FilePath = Dir_Path.Text 
Exp = Expname.Text 
LastofFile = End_Of_File.Text 

Master( 1,1) = "Wavelength nm" 
Master(l, 2) = "Tube naming" 
Master(l, 3) = "Initial points" 

•cdd-III-174 01_659.txt 

If Pass_number < 10 Then 
Exp = Exp + "0" 

Else 
Exp = Exp + " " 

End If 

FILE_NAME = File_Path & Exp & Pass_number & Last_of_File 
•MsgBox(FILE_NAME) 

If System.IO.File.Exists(FILE_NAME) = True Then 
Dim objReader As New System.IO.StreamReader(FILE_NAME) 
If InStr(FILE_NAME, "VIS") Then 

Num_Of_Lines = 2048 
Dim Master(Num_Of_Lines, 50) As String 

Else 
Num_Of_Lines = 512 

End If 

Line Number = 1 

Do While objReader.Peek() o -1 
TextLine = obj Reader. ReadLineQ 



lenght_of_string = Len(TextLine) 
Left_part = RTrim(TextLine.Substring(0,11)) 
Right_part = Trim(TextLine.Substring(l 1,10)) 

If FirstTime = True Then 
Master(Line_Number, 1) = Leftjpart 

End If 

Master(Line_Number, Columnnumber) = Right_part 

Line_Number = Line_Number +1 
Loop 
FirstTime = False 

objReader.Close() 

'MsgBox(Master(l, 1) & " —" & Master(l, 2) & " —" & Master(3, 3)) 
'MsgBox(Master(2,1) & " —" & Master(2, 2) & " —" & Master(3, 3)) 
•MsgBox(Master(3,1) & " —" & Master(3,2) & " —" & Master(3, 3)) 
•Label5.Text = "\" & Master(2,1) & "|" 
'Label6.Text = "|" & Master(2, 2) & "j" 

Pass_number = Pass_number +1 
Columnnumber = Columnnumber +1 

Else 
MsgBox(FILE_NAME & " File Does Not Exist") 

End If 

End Sub 

Sub CreateWorksheetsQ 

MsgBox(Startnum) 
MsgBox(Endnum) 

For I = Start_num To End_num 
xlSheet.Cells(2,2) = TextLine 
xlBook.Worksheets.Add() 

Next 
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End Sub 

Sub 01dCode() 
Dim Appxl As excel.Application 
Dim WBook As excel.Workbooks 
Dim WSheet As excel.Worksheet 
Dim FileName As String 
FileName = "C:\excel\test.xls" 

Appxl = CreateObject("Excel.Application") 
WBook = Appxl.Workbooks 
WSheet = WBook.Add.Worksheets.Item(6) 

Appxl.Visible = True 

End Sub 

Private Sub Exit_prog_Click(ByVal sender As System.Object, ByVal e As 
System.EventArgs) Handles Exit_prog.Click 

End 

End Sub 
End Class 

End file: Forml.vb 

4. Screen Shot 
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